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iiiAbstratDuring the last two deades, the inrease in eletriity demand andenvironmental onern resulted in fast growth of power prodution fromrenewable soures. Wind power is one of the most e�ient alternatives. Dueto the rapid development of wind turbine tehnology and inreasing size ofwind farms, wind power plays a signi�ant part in the power prodution mixof Germany, Spain, Denmark, and some other ountries.The best onditions for the development of wind farms are in remote,open areas with low population density. The transmission system in suhareas might not be dimensioned to aommodate additional large-sale powerinfeed. Furthermore a part of the existing transmission apaity mightalready be reserved for onventional power plants situated in the same area.In this thesis four alternatives for large-sale wind power integrationin areas with transmission bottleneks are onsidered. The �rst possibilityis to revise the methods for alulation of available transmission apaity.The seond solution for large-sale integration of wind power in suh areasis to reinfore the network. This alternative, however, may be expensiveand time onsuming. As wind power prodution depends on the windspeed, the full load hours of wind turbine generator are only 2000-4000hours per year. Therefore reinforing a transmission network in order toremove a bottlenek ompletely is often not eonomially justi�ed. Windenergy urtailments during ongestion situations is then the third solutionfor large-sale wind power integration with less or no grid reinforement.The fourth solution is to store exess wind energy. Pumped hydro storageor battery storage for the large-sale wind farms are still rather expensiveoptions, but existing onventional power plants with fast prodution ontrolapabilities and su�ient storage apaity, e.g., hydro power plants, ouldbe used for this purpose.As there is a lot of researh work on the �rst two alternatives, the thesisprovides a review and summarizes the main onlusions from the existingwork. The thesis is then direted towards the development of the methodsfor estimation of wind energy urtailments, evaluation of wind energy storagepossibility in hydro reservoirs and development of short term hydro powerprodution planning methods, onsidering oordination with wind power.Additionally in the thesis the strategy that minimizes imbalane osts ofa wind power utility, trading wind power on the short term power market iselaborated and analyzed
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Chapter 1IntrodutionDuring the last two deades, the inrease in eletriity demand andenvironmental onern resulted in a fast growth of power prodution fromrenewable soures. Wind power is one of the most e�ient alternatives. Dueto the rapid development of wind turbine tehnology and inreasing size ofwind farms, wind power plays a signi�ant part in the power prodution mixof Germany, Spain, Denmark, and some other ountries.Similarly to hydropower, wind power has to be build in an immediateproximity to the resoure � wind. The best onditions for installation ofwind power are in open, remote areas, with low population density. Thetransmission system in suh areas might not be dimensioned to aommodateadditional large-sale power infeed. Furthermore, a part of the transmissionapaity (TC) might already be reserved for onventional power plantsloated in the same area.It should, however, be pointed out that insu�ient export apabilityproblem would emerge for any type of new generation, planned in similaronditions, although wind power has some speial features that should beonsidered when solving this problem. Wind power is an intermittent,variable power output tehnology, whih annot be easily predited andontrolled. The wind farm full load hours are only 2000-4000 hours peryear. Wind speed usually follows seasonal variations [13℄ and the real-timewind speed measurements (and sometimes even temperature measurements)are available from the wind farm.Large sale integration of wind power in power systems with transmissionbottleneks is a relatively new problem for the wind power �eld. Therefore,1



2 Chapter 1. Introdutionthere is not muh researh in this area, although the methods elaboratedfor other purposes, e.g., grid expansion, generation expansion planning,generating apaity adequay assessment, prodution planning, et. ouldbe revised and applied in this area.In this thesis four alternatives for large-sale wind power integration inpower systems with transmission bottleneks are onsidered, Figure 1.1.
Revision of the methods
for calculation of available
transmission capacity

Transmission system
reinforcement

Excess wind energy
curtailment

Excess wind energy
storage

Wind power in power systems with transmission bottlenecks

1 2 3 4Figure 1.1: Alternatives for large-sale wind power integration in powersystems with transmission bottleneksOne possibility is to revise the methods for alulation of availabletransmission apaity. For example to use dynami estimation of the TC,thus, higher transmission ould be allowed in some periods, see [100℄, [18℄,[28℄, whih is partiulary advantageous for wind power integration, as windspeed measurements from the wind farm (WF) an be used for estimationof the TC of short transmission lines. In [49℄ it is shown that methodsand assumptions for alulation of available transmission apaity di�erbetween transmission system operators (TSOs) and even harmonizationof these methods ould result in an inrease of ross boarder TC. Windpower integration itself may impat the TC and also a�et the methodsfor determination of TC. However, in the reent years the requirementsfor onnetion of wind farms to the grid have been elaborated by systemoperators. If these requirements are ful�lled the impat of wind power onavailable transmission apaity an be minimized.Another solution for large-sale integration of wind power in suh areas isthe network reinforement (e.g., new transmission lines, shunt reative powerompensation, series ompensation, et.). Sine this measure is widely usedto improve operation of power system in general (not only in ase of largesale wind power integration) there exist well developed methods that anbe readily applied to �nd the best solution in eah partiular projet, see,



3e.g., [80℄. This alternative, however, may be expensive and time onsuming.Wind power prodution depends on the wind speed, moreover, wind powerprodution peaks do not neessarily our during the periods with insu�ienttransmission apaity. Therefore reinforing a transmission network in orderto remove a bottlenek ompletely is often not eonomially justi�ed.Wind energy urtailments during ongestion situations is then one ofthe solutions for large-sale wind power integration with less of nil gridreinforement. This solution has been suggested in, e.g., [42℄ and some gridonnetion requirements for wind turbine generators (WTGs), although themethods for assessment of this alternative were not provided. Thereforethere is a need for development of new methods that would help to evaluatethis alternative for new-oming projets.Instead of energy urtailment, the storage of exess wind energy duringthe periods with insu�ient transmission apaity should also be onsidered.Pumped hydro storage or battery storage for large sale wind farms is ratherexpensive, on the other hand existing onventional power plants apable offast prodution ontrol (e.g., hydro power plants or gas �red power plants)situated in the same area may be used for this purpose. The oordinationof wind power and hydro power has been studied earlier in onnetion withseveral di�erent problems. In [62℄ this option is onsidered in generationexpansion planning, where two investment possibilities are ompared: newhydro power plant (HPP) vs new wind farm. In [103℄, [104℄ it is analyzedhow wind power would a�et the market prie. The researh in [103℄, [104℄is direted towards assisting hydro power utilities onsidering investments inwind power. In [61℄ oordinated operation of several geographially spreadwind parks and aggregated hydro power plant sharing the same transmissionapaity, is simulated for several years, onsidering the wind and water in�owunertainty. None of these papers, however, treats hydro power produtionplanning for daily operation, onsidering the oordination with wind power.The purpose of this thesis is to study the auses of transmissionlimitations and methods to alulate available transmission apaity andto look into the possibilities for large-sale wind power integration inpower systems with transmission bottleneks. As mentioned above, fourpossibilities were onsidered, Figure 1.1, although it is not exluded thatthere may exist some other options. Sine there is a lot of researh regardingthe �rst two possibilities, the thesis provides a review and summarizesonlusions from the existing work. The thesis then further onentrates onthe development of the methods for estimation of wind energy urtailments,



4 Chapter 1. Introdutionevaluation of wind energy storage possibility in hydro reservoirs and thedevelopment of short term hydro power prodution planning methods,onsidering oordination with wind power.The present short term power markets are designed for tradingonventional (dispathable) generation. The time span after the marketlearing until the delivery hour an be up to 36 hours (Sandinavia) and upto 38 hours (Spain), any deviations from the submitted prodution plan arepenalized. As wind speed foreast error inreases with inreasing preditionhorizon, with foreast being needed 36 or 38 hours ahead of time, windgenerators may be subjeted to substantial imbalane osts. Additionally,in this thesis, the strategy that minimizes imbalane osts of wind powerutility, trading wind power on the short term power market is elaborated,analyzed and applied to a ase study.The next setion provides a more extensive outline of the thesis.1.1 The outline of the thesisThe thesis is strutured as follows. Chapter 2 provides the reader with somebakground information of interest for the researh topis of this thesis. Thehapter gives a short summary on the wind power development and theurrent state in Europe and Sweden in partiular, followed by a brief overviewof the Swedish power system and Nordi power market.The thesis summarizes eight publiations.
• Publiation A, J. Matevosyan, Chapter 20: Wind Power in Areaswith limited Transmission Capaity, in the book Wind Power in PowerSystems, edited by T. Akermann, published by John Wiley&Sons,ISBN 0470012676, January 2005
• Publiation B, J. Matevosyan, C. Jauh, T. Akermann, S.M. Bolik,International Comparison of Requirements for Connetion of WindTurbines to Power Systems, Wind Energy Journal, John Wiley&Sons,Ltd, vol.8, Issue 3, pp 295-306, 2005
• Publiation C, J. Matevosyan, T. Akermann, S. Bolik, Chapter 7:Tehnial Regulations for the Interonnetion of Wind Farms to thePower System, in the book Wind Energy in Power Systems, editedby T. Akermann, published by John Wiley&Sons, ISBN 0470012676,January 2005.



1.1. The outline of the thesis 5
• Publiation D, J. Matevosyan, L. Söder, Estimation of PotentialWind Energy Curtailment for Wind Power Plants in Power Systemswith bottlenek problems, in the proeedings of EPE-PEMC'2004, 11thInternational Power Eletronis and Motion Control Conferene, 2-4September 2004, Riga, Latvia.
• Publiation E, A. Jäderström, J. Matevosyan, L. Söder, Coordinatedregulation of wind power and hydro power with separate ownership,in the proeeding of the 4th International Conferene in EnergyEonomis, IEWT'5, February 2005, Vienna, Austria Revised versionof the paper was also presented at the onferene Hydropower'05, May2005, Stavanger, Norway.
• Publiation F, J. Matevosyan, L. Söder, Short Term Hydro PowerPlanning Coordinated with Wind Power in Areas with CongestionProblems, in Proeedings of PMAPS 2006, revised version submittedto Wind Energy Journal, John Wiley &Sons
• Publiation G, J. Matevosyan, M. Olsson, L. Söder, Hydro PowerPlanning Coordinated with Wind Power in Areas with CongestionProblems for Trading on the Spot and the Regulating Market, submittedto Eletri Power Systems Researh, Elsevier
• Publiation H, J. Matevosyan, L. Söder, Minimization of ImbalaneCosts Trading Wind Power on the Short Term Power Market, inProeedings of IEEE Power Teh Conferene, 27-30 June 2005,St. Petersburg, Russia, reommended for publiation in IEEE PESTransations, revised and published in IEEE Transations on PowerSystems, vol. 21, Issue 3, pp 1396 - 1404, August 2006These publiations are thematially divided into �ve groups. Chapters 3-7 ofthe thesis, summarize respetively eah group of the publiations. As these�ve subjets are only partly interonneted summary of all onlusions in aseparate hapter is omitted. The onlusions are instead provided at the endof eah hapter.Chapter 3 is a summary of Publiation A. The hapter starts with thede�nitions of transmission limits. It also gives an overview of the methodsapplied by European transmission system operators to determine availabletransmission apaity. This overview is mainly based on referenes [49℄and [37℄. The aim of the overview is to demonstrate and explain the



6 Chapter 1. Introdutionreasons for the di�erene between the physial transmission apaity and theavailable transmission apaity de�ned by a TSO. Some possible measuresto inrease transmission apaity are also disussed. The measures onernnot only transmission system reinforement (alternative 2 in Figure 1.1)but also possibilities to improve the methods for determination of availableapaity (alternative 1 in Figure 1.1) that in turn may result in transmissionapaity inrease. Congestion management is an alternative to transmissionapaity inrease, therefore a short summary on ongestion management isalso presented. The impat of wind power on transmission limits is thendisussed.To insure the seure operation of the power system with signi�ant levelof wind power penetration there arose a neessity for onnetion requirementsfor WTGs. These onnetion requirements, among other issues, lead toredued impat of wind power on the transmission limits (alternative 1 inFigure 1.1). Some ountries have hosen to reate separate requirementsjust for wind power, others try to apply existing grid odes to the WF.The main aspets of suh requirements from Germany, Denmark, Sweden,Sotland and Ireland and some other ountries1 are ompared in PubliationsB and C. Chapter 4, based on these publiations, attempts to answer thefollowing questions: Why grid onnetion requirements for wind turbinesemerged and what is the purpose? Why the omparison of the requirementsfrom di�erent ountries is neessary? What are the main aspets de�ned inthe requirements and why these aspets are important? At the end of thehapter the main onlusions of the omparison are summarized.Transmission system reinforement may be ostly and time onsuming.In Chapter 5 wind energy urtailments are onsidered as an alternative totransmission system reinforement (alternative 3 in Figure 1.1), integratinglarge-sale wind power into the system with ongestion problems. Thehapter starts with a brief introdution and an overview of previous researh,then estimation methods for wind energy urtailments, developed in thisthesis (Publiations A and D), are disussed in details. Finally a ase study,onerning large sale integration of wind power in Northern Sweden, ispresented and the main onlusions are summarized.Publiations E-G are summarized in Chapter 6. In this hapter thepossibility to oordinate wind power and hydro power in power systems1The hoie of the ountries is ditated by availability of the soure rather than byinstalled wind power apaity.



1.2. Contribution of the thesis 7with transmission bottleneks is onsidered (alternative 4 in Figure 1.1).First, the omprehensive overview of the previous researh on this subjet isprovided, followed by a brief summary of the pre-feasibility study ondutedin Publiation E. Then a planning algorithm for a hydro power systemoordinated with a wind farm in area with limited power export apability ispresented in detail. An evaluation algorithm is also developed to study theimpat of the oordinated planning on both wind power and hydro powerutilities in the long term. The developed methods are applied to the asestudy. The short summary of the ase study and its main �ndings onludethe hapter.Chapter 7, summarizes Publiation H. In this hapter the strategy forminimization of imbalane osts of the wind power utility, trading windpower on the short term power market is presented. First, some bakgroundand an overview of the previous researh on this subjet is provided. Thenthe main priniples of the bidding strategy is brie�y presented, followed bymodelling details. The developed bidding strategy is applied to the asestudy. The short summary of the ase study and its main �ndings onludethe hapter.1.2 Contribution of the thesisThe main ontributions of the thesis are listed bellow:
• An overview of the methods applied by di�erent TSOs determiningavailable transmission apaity and measures to inrease transmissionapaity are presented. Di�erene between the physial transmissionlimits and the available transmission apaity de�ned by TSO islari�ed.
• The impat of wind power on available transmission apaity isdisussed.
• The main aspets of the requirements for the grid onnetion oflarge-sale wind farms in Germany, Denmark, Sweden, Sotland andIreland are summarized and ompared.
• Wind energy urtailments are onsidered as one of the alternatives togrid reinforement, when integrating large sale wind power in power



8 Chapter 1. Introdutionsystems with transmission bottleneks. New methods are developedfor the evaluation of this possibility.
• Another alternative to grid reinforement is oordination of windpower with loal hydro power. First, the pre-feasibility study for thisalternative is onduted in the thesis. Then the planning algorithm isalso developed for a multi-reservoir hydro power system in oordinationwith a wind farm onsidering the unertainty of the wind speedforeast and the power market pries. The evaluation algorithm isalso developed to study the impat of the oordinated planning onboth wind power and hydro power utilities in the long term.
• Finally, an imbalane ost minimizing bidding strategy for a windpower utility is developed, onsidering the unertainty of the windpower foreast and the imbalane pries.
• The developed methods are applied in the ase studies onerninglarge-sale wind power integration in mountainous areas in northernSweden. The results are disussed in the thesis.



Chapter 2
Bakground
This hapter will provide the reader with some bakground information ofinterest for the researh topis of this thesis. The hapter will give a shortsummary on the wind power development and the urrent state in Europeand Sweden in partiular. Then a brief overview of the Swedish powersystem and Nordi power market will be provided.During the last two deades, inrease in eletriity demand andenvironmental onern resulted in fast growth of power produtionfrom renewable energy soures. Wind power is one of the most ost e�ientalternatives. In the 90's world wide wind apaity doubled approximatelyevery third year . The ost of eletriity from wind power has fallen to onesixth of the ost in the early 1980's [2℄. This trend ontinues and, presently,wind power already plays a signi�ant role in the power prodution mix ofGermany, Spain, Denmark and some other ountries (see Table 2.1).Wind energy tehnology itself is also rapidly developing, see Figure 2.1.This leads to inreased size of individual wind turbines (3-5 MW) and, inturn, to the development of larger wind farms with installed apaity of morethan 100 MW, typially o�shore. In the following setion a brief overview ofthe main wind turbine generator design onepts is provided.9



10 Chapter 2. BakgroundTable 2.1: Wind power apaity installed during the last 10 years in someEuropean ountries, [38℄Country 1995 1999 2001 2002 2003(June) 2004 2005Germany 1136 4445 8734 12001 12836 16629 18428Spain 145 1530 3550 4830 5060 8263 10027Denmark 619 1742 2456 2881 2916 3118 3122Italy 25 211 700 788 800 1265 1717UK 200 356 525 552 586 907 1353Netherlands 236 410 523 678 803 1079 1219Sweden 67 220 318 328 364 442 500
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Figure 2.1: Tehnology development of Vestas wind turbines2.1 Wind turbine generator design oneptsIn the generator of WTG mehanial energy is onverted to eletrial energy.The onversion system is shematially shown in Figure 2.2, [87℄.Present WTGs an be divided into 3 main types [86℄:1. Fixed speed with squirrel age indution generator,2. Variable speed with doubly fed indution generator,3. Variable speed based on diret drive synhronous generator.



2.1. Wind turbine generator design onepts 11

Figure 2.2: Wind energy onversion systemIn the �xed speed onept wind turbine rotor and squirrel age indutiongenerator are oupled via a gearbox. The stator windings are onneteddiretly to the grid. The variation of rotor speed is very small. Thesquirrel age indution generator onsumes reative power from the grid.This reative power demand is ompensated loally by shunt apaitors orSVC.In the variable speed onept, the wind turbine rotor and the doublyfed indution generator are onneted via a gearbox. The stator windingsare onneted diretly to the grid. The exitation is provided from the gridthrough AC/DC/AC onverter. As the rotational speed of the rotor varies,the eletrial frequeny of the rotor urrent an be adjusted by onverterontrol to keep the frequeny of the rotor urrent lose to 50 Hz. In thisonept the nominal power of the onverter is often only 1/3 of the generatorrating.In the last onept, turbine rotor and synhronous generator areonneted diretly, without gearbox. The synhronous generator isonneted to the grid via full rating AC/DC/AC onverter. Thus, mehanialspeed of the rotor is deoupled from grid frequeny, whih makes variable



12 Chapter 2. Bakgroundspeed operation possible.WTG reahes the highest e�ieny (highest power oe�ient cp) at therated wind speeds, whih is usually between 12-16 m/s. At this wind speedthe rated apaity of the generator is reahed. Above this wind speed themehanial power has to be ontrolled in order to prevent the generatoroperation above its rated apaity. There are two main priniples of suhontrol: stall regulation and pith ontrol.For the �xed speed onept the stall regulation is often applied. Due toairfoil pro�le the air stream reates turbulene in high wind speed onditionson the other side of the rotor blade. This so-alled stall e�et results inredution of aerodynami fores and subsequently power output of the rotor[1℄. The advantage of this onept is that it does not require investmentsin additional ontrol equipment. The disadvantages are that stall e�et isdi�ult to alulate exatly and rated power output is ahieved only at onewind speed, Figure 2.3. Stall ontrolled turbines have to be shut down onea spei� wind speed is reahed (ut-out wind speed).
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Figure 2.3: Power urves of pith ontrolled (urve 1) and stall ontrolled(urve 2) WTGsPith ontrol is ahieved by pithing the turbine rotor blades aroundtheir longitudinal axis, thus, the relative wind onditions and subsequentlyaerodynami fores are a�eted so that the power output remains onstantafter rated power is reahed [43℄, Figure 2.3. At high wind speeds somepith ontrolled turbines an gradually hange to no-load mode (pith angleapprox. 70 degrees), dash-dotted part of urve 1 in Figure 2.3. This feature is



2.2. Current state of wind power in Sweden 13applied in order to provide gradual power redution at high wind speeds. Therequirements to gradual WF power output redution are stated in onnetionrules of some TSOs, see Chapter 4.2.2 Current state of wind power in SwedenThe Swedish government proposed a bill [45℄ on planning objetives for windpower. Aording to this bill the planning objetive for 10 TWh of annualwind power prodution should be ahieved up to 2015. The bill was approvedin 2002. However, the development of wind power in Sweden is muh slowerompared to, e.g., Denmark, Germany and Spain. The installed apaity ofwind power amounts to 506 MW (May 2006) that orresponds to 771 WTGs,annual energy prodution in 2005 was about 870 GWh [79℄. The WFs andWTGs are mostly spread along the southern oast, on and near shore ofGotland and Öland islands, Figure 2.4a.

Figure 2.4: a. Wind power in Sweden; b. Existing transmission limitationsin Nordi power system, [71℄One of the auses of suh slow development is that about 50% of poweris already produed by a renewable soure - hydropower. Another reasonwas the absene of publi subsidies for wind power. In the beginning



14 Chapter 2. Bakgroundof 2003 so-alled transitional subsidies were introdued. The transitionalsubsidies are given for a �ve-year transitional period in whih the bonusis gradually phased out from 1.63 t/kWh to 0.33 t/kWh [81℄. In May2003 the eletriity erti�ate system was also introdued. Produers ofeletriity from renewable energy soures reeive an eletriity erti�ate forevery MWh of produed eletriity. This makes it pro�table to invest innew renewable eletriity prodution. To reate a demand for eletriityerti�ates, there is an annual quota obligation on the part of eletriitysuppliers to hold eletriity erti�ates orresponding to their sale and useof eletriity during the year. By selling these erti�ates, the produerreeives an extra inome in addition to the sale of eletriity [68℄. The thirdbarrier for the faster wind power development in Sweden are the existingbottleneks in the transmission system, Figure 2.4b.There are, however, extensive plans for development of large sale o�shorewind farms in Sweden in the near future. The onstrution of the wind farmLillgrunden o�shore in the south-east of Sweden has already been started.The WF will onsist of 48 turbines, with total installed apaity of 110MW, and is expeted to produe annually about 330 GWh. The WF issheduled for operation by the end of 2007. Another large sale o�shorewind farm is planned on Krigers �ak in the Balti Sea between Germanyand Sweden about 30 km south o� the Swedish ost. The WF would onsistof 128 turbines, with total installed apaity of 640 MW and is expeted toprodue annually about 2.1 TWh. It is planned to be onstruted in stagesbetween 2009-2014.2.3 Overview of the Swedish power systemThe Swedish transmission system was built up to use hydropoweras e�iently as possible following the expeted inrease in eletriityonsumption. The total installed apaity of generating units is about33 551 MW of whih 48 % is hydropower, 28 % is nulear power, 22 %thermal power and 1.3 % is wind power (end of 2004) [91℄.About 85 % of all hydropower is onentrated in the northern part of theountry. The eletriity onsumption in this area is rather low, around 20 %of total onsumption in Sweden. As a result the strong transmission systemwas built between northern and southern Sweden [8℄. Eight long (500-1000km) 400 kV transmission lines onnet the northern part of the transmission



2.3. Overview of the Swedish power system 15system with entral and southern parts, where the main load is onentrated.Power transmission in Sweden varies from year to year dependingon water in�ow in the river systems: inreasing during wet years anddereasing during dry years. Within a year power transmission dependson seasonal hanges (snow melting, temperature variations), within a daypower transmission varies with load variations. It also depends on marketpries. Generally the highest transmission is often but not solely during thespring �ood, late autumn and winter and it reahes its peaks during thedaytime [8℄. During these periods power transmission between North andCentral part of Sweden (so alled Cross setion 2) is almost at the limit,whih is determined by Swedish TSO as 7000 MW, Figure 2.4b. Howeverduring about 4000 hours of the year power transmission is lower than 60 %of total transmission apaity, Figure 2.5. There are also other bottlenekswithin Swedish power systems and with neighboring ountries, Figure 2.4b.
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Figure 2.5: Duration urves of power transmission through Cross setion 2[10℄As already mentioned above, the existing bottleneks in the Swedishtransmission system may be one of the barriers to further development ofwind power in Sweden. In 2002 the Swedish government ommissioned TSOSvenska Kraftnät (SvK) to draw up overall prerequisites for integration oflarge-sale wind power (10 TWh) in mountainous (in the North) and o�shoreareas. In the resulting report the ase with 4000 MW (assumed full loadhours � 2500) of wind power penetration in northern Sweden was onsidered[8℄. Aording to the report, 5 new 400 kV - transmission lines with the total



16 Chapter 2. Bakgroundost of 20 000 MSEK would be neessary to make eletriity transmissionavailable during 100 % of the year.Currently, eah partiular projet reeives the permission to be onnetedto the transmission network only if available transmission apaity of theonerned lines is more or equal to rated power of the wind farm. For examplein 2003 three wind power utilities were interested to install suessively 30,60 or 90 MW wind power in the mountains of northern Sweden near toNorwegian border [74℄. The preliminary power prodution (for 30, 1 MWturbines) would be about 100 GWh a year. SvK's 220 kV power line AL7between Grundfors and the Norwegian border has a total available apaityof 350 MW. On the Swedish side, 250 MW is reserved for hydro powerprodution and the rest, 100 MW, is reserved for power exhange withNorway (transit through Sweden). The power lines are seldom 100 perentutilized, but still a onnetion for wind power plants has been rejeted. Thisexample is used later in this thesis for the ase studies .2.4 Overview of the Nordi power market2.4.1 Spot marketOn the Nordi power market Norwegian, Finnish, Swedish and Danish atorstrade in hourly ontrats for the 24 hours of the oming day. The spotmarket is losing at 12:00 the preeding day. Purhasing and selling urvesare onstruted and the point where they ross determines the spot marketprie and the volumes being traded during eah hour the oming day [94℄.With suh market struture wind power foreast length should be 12-36hours to trade on the spot market.2.4.2 ElbasElbas is an adjustment market for the power exhange players in Sweden,Finland and East Denmark. The market opens for trade for the omingpower exhange day at 15:00 eah day, i.e., after the spot market losure.Trading in hourly ontrats is onduted eletronially and an take plae upuntil one hour prior to delivery. In this way, the players get the opportunityto arry out a �nal balane of their ontrats in order to ompensatethemselves for unexpeted events ourring after the spot market has losed.



2.4. Overview of the Nordi power market 17Trading on Elbas is more bene�ial for wind power beause more preiseforeasts an be made for the shorter time horizon. However urrently Elbasis not very ative and only small amounts of energy are traded there.2.4.3 Regulating marketThe transmission system operator is responsible for physial balane betweenprodution and onsumption. Prior delivery hour ators with power reservesare plaing bids for quik (up to 10 min) prodution inrease or dereaseto the so-alled regulating market. The bids are arranged in order of prieand form a stairase for eah delivery hour. At the end of eah hour, theregulation prie is determined in aordane with the most expensive upwardregulation measure that was taken by TSO, or the heapest down regulationmeasure that was taken by TSO [94℄.Sine Western Denmark was integrated into the joint regulatingollaboration in January 2006, the regulating market is now ommon forNordi ountries.Wind farm operators ould also plae bids for upward regulation ifa ertain prodution margin is kept on the WF for this purpose, e.g.,[23℄. The partiipation in downwards regulation means unneessary energyurtailments at the wind farm (exess wind energy annot be stored to thenext hour). This option is, thus, not eonomially e�ient.2.4.4 Balane settlementIn the Nordi ountries, all bulk eletriity prodution must be tradedthrough a balane responsible player. Via balane settlement, TSOdistributes the osts of regulation among balane responsible ators onthe power market. All ators pay or are getting paid for their unplanneddeviations from the balane. The proedures and priing for balanesettlement di�ers between Nordi ountries. The desription of balanesettlement in Sweden follows bellow.If upward regulation alone was ativated the upward regulation prieis paid by players with negative imbalane, while players with positiveimbalane are paid a spot prie.If downward regulation alone was ativated the downward regulationprie is paid to players with positive imbalane, while players with negativeimbalane pay a spot prie.



18 Chapter 2. BakgroundIf no regulation took plae all ators are settled at spot prie.If both up and downward regulation have been ordered depending onwhih regulation had higher volume up or downward regulation prie isapplied. If volumes for ordered up and downward regulation are equal thespot market prie is used [94℄.For wind power produers there are urrently three alternatives [52℄:
• To beome balane responsible player;
• To trade wind power and have a ontrat with balane responsibleplayer for balaning any mismathes;
• To sell all wind power to a balane responsible player. It is easier forbalane responsible player to keep the balane if there is a �exibilityin the prodution or onsumption portfolio.



Chapter 3Transmission limitsPubliation AThe hapter summarizes Publiation A. First, this hapter will de�ne thefators that limit transmission apability of AC power lines, i.e., thermallimits, voltage and rotor angle stability onsiderations. Then an overviewof the methods used by di�erent TSOs to determine available transmissionapaity will be given along with some methods to inrease transmissionapaity. A brief setion on ongestion management will be also provided.Finally the impat of wind power on transmission limits will be disussed.Power transmission in a system may be subjeted to the thermal limits ofthe ondutors and assoiated equipment as well as to limits de�ned byvoltage and rotor angle stability onsiderations. Thermal limits are assignedto eah separate transmission line and the respetive equipment. Limitsarising from voltage and rotor angle stability onsiderations are alwaysstudied by taking into aount the operation of the entire interonnetedpower system or a part of it.3.1 Thermal limitsThe thermal limit of an overhead transmission line is reahed when theeletri urrent �ow heats the ondutor material up to a temperature abovewhih the ondutor material gradually loses mehanial strength and sags19



20 Chapter 3. Transmission limitsdue to ondutor expansion, thus learane to ground is dereased.The maximum allowable ondutor temperatures based on annealingonsiderations are 127 ◦C for ondutors with high aluminium ontentand 150 ◦C for other ondutors [63℄. However the maximum permissibleondutor temperature is further limited by ondutor age, geometry, theheights of the towers and the seurity standards regarding learane toground. Therefore, the maximum allowed ontinuous ondutor temperaturevaries from 50 ◦C to 100 ◦C [49℄.The maximum allowable urrent (or so-alled urrent-arrying apaity)depends on the ambient temperature, wind veloity, solar radiation, surfaeonditions of the ondutor, and altitude above the sea level [53℄. Figure 3.1illustrates the dependene of the ondutor urrent-arrying apaity onwind speed and ambient temperature [96℄.
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Figure 3.1: Dependene of urrent-arrying apaity on wind speed andtemperature for ACSR ondutor, Curlew, 2 Al-wires, 593 mm2Other network elements suh as breakers, voltage and urrenttransformers and power transformers ould further restrit the transmissionapaity of some network branhes. The thermal limit of the transmissionline is then given by the lowest rating of the assoiated equipment.3.2 Voltage stability limitVoltage stability is the ability of the system to maintain steady aeptablevoltages at all buses in the system under normal onditions and after beingsubjeted to a disturbane [63℄. Instability ours in the form of a progressive



3.2. Voltage stability limit 21fall or rise of voltages in some buses. A possible outome of voltage instabilityis loss of load in an area or generation outages. Furthermore, loss ofsynhronism may result from these outages or from operation under �eldurrent limit [101℄.The relationship between transferred power and the voltage an beillustrated by so-alled nose urve. Figure 3.2 shows nose urves fortwo-terminal network (onsisting of onstant voltage soure on the sendingend, transmission line with ertain impedane and load on the reeiving end)for di�erent values of load power fator. The lous of ritial operation pointsis shown by dotted line in the �gure. Only the operating points above theritial points represent satisfatory operation onditions; a sudden hange ofthe power fator an ause the system to go from stable operating onditionsto an unaeptable or unstable, operating onditions [63℄.Improving power fator at the reeiving end of the line by loal reativepower ompensation (unity or leading load power fator) higher maximumative power transfer an be permitted. Transmission of the large amountsof reative power (lagging load power fator at the reeiving end) results inlower maximum ative power transfer. Loal reative power ompensationalso results in voltage inrease at the reeiving end. The amount ofompensation should, thus, be hosen to keep the voltage at the reeivingend within the aeptable limits.
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22 Chapter 3. Transmission limitsThe line length has a signi�ant impat on the voltage stability. A linereatane inreases with the line length and reative power onsumption ofthe transmission line at heavy loading auses a derease of maximum powertransfer. Figure 3.3 illustrates the performane of the lines with di�erentlength, assuming unity load power fator.
0

0.5

1

1.5

2

0 0.5 1 1.5 2

Active load power PR/Po

L
o

a
d

v
o

lt
a

g
e

U
R

/U
S

800 km

600 km

400 km
300 km

200 km

Figure 3.3: Relationship between reeiving end voltage, line length, and loadof the transmission lineFor the line length above 400 km apaitane of the transmission linepartly ompensates the reative power onsumption of the line but result inhigh voltage at the reeiving end espeially at the light loading when reativepower onsumption of the line is lower. For the lines longer than 600 km,series reative power ompensation is used to redue the reatane of theline and thus onsumption of the reative power [63℄.3.3 Rotor angle stabilityThe rotor angle stability phenomenon is separated into two ategories:small-signal stability and transient stability. Small-signal stability is abilityof the power system to remain in synhronism after small disturbanes, e.g.,small load or generation hanges.Transient stability is the ability of the power system to maintainsynhronism, when subjeted to severe transient disturbanes. Stabilitydepends on both initial operating state and the severity of the disturbane[63℄. The disturbanes, whih are usually onsidered in transient stability



3.4. Determination of ross-border transmission apaity 23studies are phase-to-ground, phase-to-phase-to-ground or three-phase shortiruits. They are usually assumed to our on the transmission lines. Thefault is leared by the opening of the appropriate breakers to isolate thefaulted element.In reality it is di�ult to separate pure voltage stability phenomenonand pure rotor angle stability phenomenon, sine they an interat witheah other, espeially during and after the disturbane in the system.Dynami simulations of the whole system or a part of it are neessary toinvestigate voltage and rotor angle stability and their impat on maximumpower transfer. The role these simulations play in determination of availabletransmission apaity is disussed in the next setion.3.4 Determination of ross-border transmissionapaityTo provide onsistent apaity values, European TSOs are publishing nettransmission apaities (NTC) twie a year. For eah border or set ofborders, the NTC is determined individually by all adjaent ountries and,in ase of di�erent results, negotiated among involved TSOs.In [49℄ the approahes of TSOs to determine the transmission apaitybetween EU member states, Norway and Switzerland were studied.Aording to this study the methods applied by TSOs follow the same generalpattern (summarized in Publiation A). The interpretations and de�nitionsare, however di�erent for di�erent TSOs. For example NTC depends onassumptions of the base ase load �ow. The base senario may hange innext alulation yle and in�uene NTC even if tehnial parameters remainonstant. Modelling of generation inrease/derease, with regard to base aseload �ow, also di�ers among TSOs.When determining limits of feasible network operation, some TSOsonsider a di�erentiation of thermal limits throughout the year andthroughout their areas of responsibility (e.g., SvK, Finngrid, Elkraft,Statnet). Others apply probabilisti model based on meteorologial statistis(e.g., TSOs in Belgium and Great Britain). Some TSOs assume onstantambient onditions throughout the entire year (e.g., Eltra, German TSOs).The maximum allowed ontinuous ondutor temperature di�ers largelyfrom one TSO to the other with values from 50◦C to 100◦C. Some TSOsallow higher ontinuous urrent limits in (n− 1) ontingeny situations, i.e.,



24 Chapter 3. Transmission limitsoutage of a single network element. However, the perentage of aeptedoverloads is di�erent for di�erent TSOs. Many TSOs tolerate higher urrentlimits in ontingeny situations only when the loading an be dereased bymeans of TSO ations bellow normal limits within short time (10-30 min).Voltage stability and rotor angle stability are assessed for normal systemoperation as well as operation after (n−1) ontingenies that are onsideredrelevant for seurity assessment. Some TSOs investigate not only singlefailures, but also ertain failure ombinations. Nordi TSOs (Fingrid,Stanett, Svenska Kraftnät) onsider busbar failures as the severity of possibleonsequenes endangers the seurity of the system.The methods for unertainty assessment as well as soures ofunertainties onsidered are also di�erent between TSOs.Apart from determination of NTC twie a year, available transmissionapaity (ATC) is determined on weekly or daily basis. Availabletransmission apaity is alulated as a di�erene between NTC and alreadyalloated transmission apaity (AAC) due to bilateral ontrats [37℄,Figure 3.4. The pattern for NTC determination is the same as before,although base ase is now re�eting a load �ow foreast based on day-beforesnapshot and sometimes also weather foreast. System models are updatedaording to known hanges in topology and swithing status. Weatherforeasts are used by some TSOs to allow higher thermal transmission limits.As there are also less unertainties in short term horizon, the atual nettransmission apaity an vary substantially from the NTC values alulatedtwie a year.
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3.5. Determination of TC within the ountry 253.5 Determination of TC within the ountryFor the area of responsibility of eah TSO omplete system models areused for assessment of the available transmission apaity. The methodsare similar for all TSOs but again the seurity standards and base senarioassumptions may di�er.Thermal limits are evaluated for eah partiular line depending onmaterial, age, geometry, the heights of the towers, the seurity standardsimposing limitations on learane to ground et. There an be di�erentpoliies regarding tolerane of overloads during the ontingenies.Di�erent senarios are elaborated for load �ow alulations that are usedfor voltage stability assessment at normal operation and after most frequentand severe ontingenies. The seletion of failures to be assessed is basedon impliit distintion between "frequent" and "rare" failure and between"severe" and "minor" onsequenes [49℄. As disussed in the previoussubsetion the types of onsidered ontingenies are di�erent.Rotor angle stability is investigated by performing dynami simulationsof the system during and after the fault. The transmission limits for thepower lines are de�ned by the most severe set of onditions.Inner transmission limits are taken into aount in seurity assessmentfor ross-border apaity alloation. The inner transmission limits an putadditional limitations on ross border transmission apaity.Inner transmission limits are also taken into aount during systemoperation (to provide orretive measures in ase of ongestion: re-dispathof the generators, swithing, load shedding); to prepare tehnialprerequisites for onnetion of new generation to the grid, et.3.6 Measures to inrease TCThe measures to inrease transmission apaity an be summarized in twogroups: the "soft" measures and reinforement measures.The "soft" measures onern the improvements for the methods oftransmission apaity determination and, thus, may result in inrease oftransmission apaity at relatively low osts. The list of some "soft"measures is provided in Publiation A. These measures mostly onernross border transmission apaity however some of them may be appliedto inrease the TC within the ountry.



26 Chapter 3. Transmission limitsExtensive use of system protetion shemes, espeially automati ontrolations following ritial line outages, an also be used to relax transmissionongestion without substantial investments. The main purpose of theseshemes would be primarily to enable inreased transmission limits not onlyto redue onsequenes of disturbane or interruptions [18℄.The reinforement measures to inrease transmission apaity aredisussed bellow.If thermal urrent limit is the ritial fator, reinforement measures(apart from the onstrution of new lines) an either be aimed to inreaseof the urrent limits of individual lines and/or assoiated equipment (e.g.,breakers, voltage and urrent transformers, et.) or to optimize thedistribution of load �ows to derease loading of the ritial lines. The list ofthe possible measures is also provided in Publiation A.In ase of voltage limits or when voltage stability is the determiningfator for transmission apaity, additional soures of reative power (shuntapaitors, shunt reators or FACTS elements) an be installed at ritialloations to smoothen the steady state voltage pro�le and to inrease reservesto mitigate voltage stability problems. If voltage instability is aused bypower transfer at long distanes, series apaitors an be installed to dereasethe impedane of the lines. The appliability of the suggested reinforementmeasures depends on individual network topology.One way to inrease TC is to onvert power lines from HVAC to HVDC.This allows to inrease power transmission rating 2-3 times and reduetransmission losses [50℄. Depending on the ondition of the existing systemthe ost for onversion from HVAC to HVDC an be from 30% to 50%lower ompared to onstrution of a new transmission line. However theonstrution of the two onverter stations is not inluded in this �gure.The obvious and e�etive measure to inrease transmission apaity isto build a new transmission line. However this is time onsuming (about 5years) and expensive option. The ost of one new transmission line is approx.4 MSEK/km [8℄. During the last years due to environmental onern, it isdi�ult to reeive a permission for building new overhead transmission lines.



3.7. Congestion management 273.7 Congestion managementIn order to handle the bottleneks ongestion management methods areapplied. The ongestion management methods should deal with short-termongestion in an eonomially e�ient way and provide inentives fornetwork and generation investment in the right loations [36℄. An overviewof the existing ongestion methods is provided in [73℄ and [105℄. In thissetion two methods applied in Nordpool are brie�y desribed.Every day prior the spot market opening the system operators de�neATC for the market. When the system prie is alulated, the desired �owsare heked against these ATC values. If transmission lines are not ongested,the ross point between supply and demand is set without onstraints. Thisis the ase for the Nordpool market during approx. 40% of the year [66℄. Ifa bottlenek ours, the market is split into two separate bidding areas oneah side of the bottlenek in order to maintain power transfer limit. Thus ahigher prie is established in the reeiving end area than in the sending endarea; power is then bought from the sending end area until the ATC reahesthe limit. The inome from buying power in the low prie area and sellingpower in the high prie area is divided between involved TSOs. This methodis alled market splitting and is applied in the Nordi power market.In order to manage the bottleneks during the atual operation hour TSOruns frequently updated load �ow simulations for normal operation of thenetwork to hek orrespondene for thermal and voltage stability margins.The same load �ows are performed for operation after (n− 1) or sometimeseven a sequene of ontingenies. The transmission limit is de�ned by themost severe onditions. In fat this limit an be exeeded but with a greatrisk for equipment failure or even voltage ollapse. The alulated limits areompared with atual load �ow1. If the bottlenek ours in atual operationhour, the orretive measures are taken by TSO in terms of re-dispath ofseleted power plants on eah side of the bottlenek or through disonnetionof interruptible loads. The prie for re-dispathing in eah area is given bybid urve in the regulating market. The purhase will be made by TSO atprie that is equal or higher than the unonstrained upward regulation prieand the sale at prie that is equal or lower than unonstrained downwardregulation prie [95℄. The system operator will take additional osts forongestion. This method is alled ounter-trading and is used, e.g., within1The voltage stability an be assessed base on the load �ow only, see [99℄



28 Chapter 3. Transmission limitsSweden and within eah prie area in Norway.3.8 Wind power impat on transmission apaityWhen a WF is planned in an area with limited transmission apaity, thereexist several important fators that have to be onsidered in evaluation ofWF's power output:
• Wind power prodution urve provided by manufaturer is appliablefor the standard onditions of 15◦C air temperature, 1013 mBar airpressure (0 m above the see level) and 1.225 kg/m3 air density 2.In Figure 3.5, power urve for BONUS 600 kW stall regulated turbineis shown. The �rst power urve is given for standard onditions. Atthe air density onditions other than standard the power urve 1 is notvalid anymore, Figure 3.5, urve 2 and 3. This is beause air densityis a funtion of ambient temperature and pressure.
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3.8. Wind power impat on transmission apaity 29wind speed than in the standard onditions. Therefore there will befewer hours with rated wind power prodution than in the standardonditions.
• WTGs have low full load hours and the hours with rated powerprodution do not neessarily oinide with peak power transmissionin the onsidered transmission line. Furthermore, not all WTGs withina WF meet same wind speed, thus maximum power prodution of theWF is less often equal to the sum of rated power produtions of eahWTG, Figure 3.6, [75℄. Due to these reasons there ould be just somehours per year, when transmission limit is exeeded beause of windpower. The question arises whether it is eonomi to inrease TC toover all possible situations? As it will be shown further in the thesissometimes it is more eonomi to urtail or store exess wind energyduring transmission ongestion periods.

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0 5 10 15 20 25 30

Wind speed (m/s)

P
o

w
e

r
(p

e
r

u
n

it
)

(k
W

/m
2
)

Single MultipleFigure 3.6: Power urve of a modern large-sale wind turbine and smoothedWF power urve, normalized by number of turbines in WF, [75℄After wind power prodution is arefully evaluated onsidering aspetsdesribed above, wind power an be treated as any onventional generationin evaluation of thermal limits. Moreover, the wind speed measurementsfrom WF an be used for on-line estimation of urrent-arrying apaityof the short transmission lines as urrent-arrying apaity is inreasing athigh wind speeds. In some areas, where wind speeds are high in winter,the low temperatures also ontribute to the inrease of urrent-arrying



30 Chapter 3. Transmission limitsapaity. This will allow an inrease of power transmission. However,the on-line estimation beomes di�ult for longer transmission lines. Windspeed and temperature hanges onsiderably with the distane and it wouldbe neessary to have wind speed and temperature measuring equipment inmany plaes along the transmission line. This option would, thus, beomeexpensive.The indution generators, mainly used in wind power appliation,onsume reative power. If no reative power ompensation is provided, thisresults in lagging power fator at WF onnetion point. This may dereasethe maximum power transfer fromWF to the network, set by voltage stabilityonsideration.Reative power ompensation of WTG is usually provided by shuntapaitor banks, SVC or by ontrolling AC/DC/AC onverter of WTG.Reative power ompensation provided by shunt apaitor banks dependson voltage at the onnetion point and, therefore, may not be su�ient atlower voltage, whih is typial for systems reovering from a fault. However,if ontinuous reative power ompensation is used (by, e.g., SVC or ontrol ofAC/DC/AC onverter), wind power does not have an impat on maximumpower transfer, set by voltage stability onsiderations. Moreover, if leadingpower fator at WF onnetion point is provided, the maximum powertransfer over the onsidered line ould be inreased [80℄.During and after the faults in the system, the behavior of wind turbinesis di�erent from onventional power plants. Conventional power plants usesynhronous generators that are able to ontinue to operate during severevoltage transients produed by transmission system faults. Earlier, variablespeed WTGs were allowed or in some ountries even required to disonnetfrom the grid during a fault in order to protet the onverter. If a largeamount of wind generation is tripped beause of the fault, the negative e�etsof that fault ould be magni�ed [42℄. This may in turn a�et transmissionapaity in areas with signi�ant amounts of wind power, as a sequeneof ontingenies would be onsidered in seurity assessment instead of oneontingeny. Fixed speed WTG may, during a fault, onsume large amountsof reative power from the system. This may make a reovery from the faultmuh slower [85℄. This fat ould also a�et transmission apaity.In order to ensure the seure operation of power system, the grid odesare elaborated by TSOs. In the grid odes the requirements to, e.g., ativepower and frequeny ontrol, power quality, protetion et. are stated. Inthe reent years the requirements partiulary for WTGs were also reated



3.8. Wind power impat on transmission apaity 31in some ountries. If WTGs an omply with these requirements, espeially,regarding reative power ompensation, ative power redution and voltageoperating range during and after the fault, the impat on transmission limitsmay be dereased or eliminated. The grid odes of some European ountriesare further disussed in the next hapter.Integration of large-sale wind power may also have speial impaton determination methods of available transmission apaity due to thefollowing reasons:
• The power output of the WF depends on wind speeds, thereforewind foreasts should be used by TSOs to prepare base ase forday-ahead NTC alulation and wind speed statistis to prepare basease for determination of NTC twie a year. This ould result inhigher unertainties assoiated with errors in predition of generationdistribution and therefore inrease of transmission reliability margin,in other words derease of net transmission apaity.
• WFs have less developed models of generator harateristis omparedto onventional generation. This would make simulation results lessreliable, i.e., some TSOs would hoose to inrease a transmissionreliability margin to aount for that.Apart from impat on TC determination methods, wind powerintegration also requires higher investments for some of the measures forinrease of TC, e.g., it ould be signi�antly more expensive to providesophistiated protetion shemes for WFs distributed over an area than foronventional generation of equivalent apaity [42℄. WF are built in remoteareas where neessity for grid reinforement is higher and more expensivethan in areas lose to industrial loads, where onventional generation isusually built.





Chapter 4Requirements for onnetion ofwind turbines to power systemsPubliations B and CThe hapter summarizes Publiations B and C. This hapter will disussgrid onnetion requirements (GCR) for wind turbines. The hapter will tryto answer the following questions: Why GCRs for wind turbines emergedand what is the purpose? Why a omparison of GCRs from di�erentountries is neessary? What are the main aspets de�ned in GCRs and whythese aspets are important? At the end of the hapter the main onlusionsof the omparison will be summarized.The relationship of transmission system operator with all users of thetransmission system (generators, ustomers, et.) is set out in grid odes.The objetives of the grid odes are to seure e�ieny and reliability ofpower generation and transmission, to regulate the rights and responsibilitiesof the entities ating in the eletriity setor.In the past there were usually no wind power onneted to power systemor the perentage of wind power penetration was extremely small omparedto total power prodution. Therefore onnetion requirements for the windfarms were originally not inluded in the grid odes. As wind powertehnology started to develop more atively in the end of 1980's, eah networkompany that was faing the inreasing amount of WFs developed its own33



34 Chapter 4. Requirements for onnetion of wind turbinesonnetion rules.The reason why the established requirements for onnetion ofonventional generation ould not apply to WTG is a di�erene in designonepts and, onsequently, operation priniples. In wind power appliationindution generators are mainly used, wind power prodution is variableand di�ult to dispath and ontrol, et., see Chapter 4 in [2℄ for a detaileddesription of di�erent wind turbine design onepts. These fators resultin di�erent behavior of WTGs during normal operation and faults in thesystem.During the 1990s, the onnetion rules were harmonized on a nationallevel, e.g., in Germany and Denmark. This harmonization proess involvednational network assoiations as well as national wind energy assoiations,whih represented the interests of wind farm developers and owners.Inreasing share of wind power in overall prodution mix of the ountries,development of wind turbine tehnology and onnetion of larger wind farmdiretly to the high voltage grids have resulted in ontinuous reformulationof the requirements for WTGs even on transmission level. It was alreadymentioned in the previous hapter that if WF an omply with theserequirements the impat of wind power on transmission limits may bedereased or eliminated. That is why the omparison of the GCRs in di�erentountries is also of interest for this thesis.Some TSOs still have uni�ed requirements for all prodution units, whihmakes it very di�ult for WTG produers and WF developers to ful�l. OtherTSOs have de�ned speial requirements for WTGs based on the existingrequirements for onventional prodution units.Unfortunately, the ontinuously hanging network rules as well as theliberalization of the power marked make a omparison or evaluation of thealready very omplex onnetion rules very di�ult and only a small amountof literature exists on this topi [15℄, [24℄, [34℄. The omparison is howeverimportant and useful due to the following reasons:
• Analysis and omparison of onnetion requirements may help toredue ontroversies between WF developer and network operator.This also onerns wind power impat on the transmission limits.
• The ful�lment of new onnetion requirements is a hallenge for WTGproduers. New hardware and ontrol strategies have to be developed.The omparison of onnetion requirements in di�erent ountries mighthelp WTG produers to get a better overview of the existing rules.



35
• Provide a better understanding of relevant issues for those ountries,regions, or utilities that are in the proess for developing onnetionrequirements for WFs.In Publiation B the most important aspets of onnetion requirementsof TSOs in western Denmark (Eltra), [32℄, E.ON Netz, one of �ve GermanTSO's (E.ON), [33℄, Eletriity Supply Board National Grid in Ireland(ESBNG),[35℄, TSO in Sweden (SvK), [93℄ and guidane note of SottishPower Transmission & Distribution and Sottish Hydro-Eletri (Sottish),[82℄, for WTGs are disussed and ompared. These douments generallyontain minimum requirements by TSO to the WF owner (or generally powerproduer) to ensure the properties essential for power system operation,regarding seurity of supply, reliability and power quality.In Publiation C additionally the reommendations for onnetion ofwind turbines to medium and low voltage networks of Denmark [26℄,[27℄, Sweden [92℄, Germany [102℄, UK [30℄, [31℄ and Norway [84℄ areompared. In ontrast to transmission grid onnetion requirements,these reommendations are usually not obligatory and direted towardsdistribution network ompanies, wind turbine manufaturers and WFoperators as well as others that are interested in onneting wind farms tothe low or medium voltage network. The objetive is to establish guidelinesfor wind turbines and networks in ompliane with appliable standards forpower quality and reliability of supply. The guidelines also deal with thetehnial data needed to assess the impat of wind turbines on power qualityand disuss the requirements to be met by networks to whih wind turbinesare to be onneted (power quality on the ustomer side).Most of the onsidered grid odes and the onnetion reommendationsinlude requirements to ative power ontrol, frequeny range and frequenyontrol, and reative power ontrol, fault tolerane and wind farm ontrolin order to insure seure system operation during and after faults.The importane of these aspets is brie�y explained in the subsequentsubsetions.Sine onnetion requirements, espeially those newly and spei�allydeveloped for wind farms, are subjet to frequent revision it is di�ult tomake omparison that is always up to date. Thus in this thesis (PubliationsB and C) the requirements in fore, or published as proposals, at the end2003 - beginning 2004 are onsidered.



36 Chapter 4. Requirements for onnetion of wind turbines4.1 Ative power ontrolFrom a power system operator's point of view the ability to ontrol ativepower is important for two reasons: during normal operation, to avoidfrequeny exursions; during transient fault situations to guarantee transientand voltage stability.To seure stable power system operation the power prodution and poweronsumption in the grid has to be in balane. Changes in power supplyor demand an lead to a temporary imbalane in the system and therebya�et operating onditions of power plants as well as onsumers. To avoidlong-term unbalaned onditions the power demand is foreasted and powerplants are adjusting their power prodution respetively. The requirementsfor ative power ontrol are thus stated in order to ensure stable frequenyin the system, prevent overloading of transmission lines, insure that powerquality standards are ful�lled, avoid large voltage steps and inrush urrentsat start-up and shut down of WTGs.Power ontrol is also important for transient and voltage stability duringfaults. When a 3-phase short iruit fault ours in the system the voltageat the generator terminals drops to a level depending on the loation of thefault, and the WTG might not be able to export as muh power as is inputby the wind. This leads to imbalane between input mehanial power andoutput eletrial power and the wind turbine and therefore aeleration of theturbine. This in turn implies higher reative power demand of the generatorafter the fault is leared and thus muh more di�ult for the voltage reoveryat the WF terminals, see setion 4.4 for further details. If the mehanialpower an be redued e�iently as soon as a fault ours, the turbine an beprevented from going into over speed [3℄. Considering turbines with diretlygrid onneted indution generators, the reative power demand is then lessafter the fault is leared, whih helps re-establishing the grid voltage [4℄.Another onern from the viewpoint of the power system operator is the ratewith whih power is ramped up after a fault is leared. The requirement forramp rates is made to avoid power surges on the one hand, and to avoidthat generation is missing beause generators ramp up too slowly on theother hand. Both ases would mean power imbalane, whih ould lead toinstability although the initial fault is leared.Power ontrol is required in all onsidered onnetion requirements forWTG. The requirements vary greatly and depend among other fatorsmainly on the short iruit apaity of the system onsidered. The lower the



4.2. Frequeny range and ontrol 37short iruit apaity the more demanding is the power ontrol neessary forkeeping the system stable during and after a fault.4.2 Frequeny range and ontrolFrequeny in the power system is an indiator of the balane betweenprodution and onsumption. For the normal power system operation thefrequeny should be stable and lose to its rated value. In Europe thefrequeny is usually between 50 ±0.1 Hz and falls out of 49-50.3 Hz rangevery seldom.The imbalane has to be atered for by the generation, sine load isusually not ontrollable. For this purpose primary and seondary frequenyontrol is used (e.g., Nordi power system). The primary ontrol unitsinrease or derease their generation until the balane between produtionand onsumption is restored and the frequeny has stabilized. The frequenyis then not neessarily stabilized on its rated value and primary ontrolreserves are partly engaged. The time span for this ontrol is 1-30 seonds.In order to restore the frequeny to its rated value, and to release engagedprimary reserves, the seondary ontrol is employed with a time span of10-15 min. In some ountries automati generation ontrol is used, in otherountries the seondary ontrol is aomplished manually by request fromthe system operator.At normal operation the power output of a WF an vary 10-15 %of installed apaity within 15 minutes [64℄. This ould lead toadditional imbalanes between prodution and onsumption in the system.Considerably larger variations of power prodution may our during andafter extreme wind onditions. When omparing the frequeny operatingranges the sti�ness of the grids onsidered has to be borne in mind. Smallsystems are more prone to deviate from rated frequeny in ase of unbalanebetween load and generation than large systems. The Danish system and theSottish system for example beome small when their few onnetions to theirneighboring systems are lost. In addition the Danish system is weakeneddue to the many small, dispersed generators; and the Sottish system isembedded in the British system, whih is inherently small, ompared to thesystem on the European ontinent. Figure 4.1 illustrates the requirements forfrequeny range tolerane and frequeny ontrol in the onsidered ountries,see Publiation B for further details.
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Figure 4.1: Requirements for frequeny range and frequeny ontrol of WF.A transient fault in an interonneted power system an lead to swingsin the system frequeny. It is desirable that the frequeny tolerane ofgenerators is as wide as possible, to avoid that under suh post faultonditions the situation gets worse beause generation gets disonneted.Extensive frequeny operating ranges have e�ets on the operation ofturbines. The speed of onstant speed WTGs depends diretly on the gridfrequeny. The aerodynami properties of the WTG's blades is nonlinearlydepending on the tip speed ratio, and hene on the speed of the turbine [48℄.In ase of the Sottish system onstant speed stall WTGs are pratially



4.3. Reative power ontrol 39ruled out by the new requirements. The power of onstant speed stallontrolled turbines, in higher wind speeds, drops more than pro rata withfrequeny [90℄, whih is not allowed aording to the Sottish requirements.Variable speed turbines, on the other hand, an run at the desired speedirrespetive of the grid frequeny.4.3 Reative power ontrolUtility and ustomers' equipment is designed to operate at ertain voltagerating. Voltage regulators and ontrol of reative power at the generators'and onsumers' onnetion points are used in order to keep the voltage withinthe required limits, and to avoid voltage stability problems, see setion 3.2.WTGs are also required to ontribute to voltage ontrol in the power system.In Figure 4.2 the reative power requirements are ompared in termsof power fator. Note that the notation "lagging" on this �gure refers toprodution of reative power and "leading" to absorption of reative power.In generator sign onvention the urrent lags the voltage when reative andative urrent are positive. In Figure 4.2 only the operating limits areonsidered, i.e., it is not taken into aount under whih voltage onditionsthe respetive amount of reative power is demanded.

Figure 4.2: Comparison of power fator ranges as required by the di�erentgrid odes.



40 Chapter 4. Requirements for onnetion of wind turbinesReative power is in the �rst instane required to ompensate for thereative power demand of the generator, transformer and other indutiveequipment, so that the wind power installation does not burden the powersystem with reative power demand. If the wind power installation absorbsreative power, the thermal apaity of the ondutors, onneting theinstallation with the power system, is to a lesser extend available forative power transfer. In addition the voltage at the generator terminalsis suppressed due to the voltage drop aused by the reative urrent �owinginto the wind power installation, see setions 3.2 and 3.8.The seond reason for reative power requirements is that generatorsan atively ontrol the voltage at their terminals by ontrolling reativepower exhange with the grid. Espeially during transient faults, thevoltage has to be supported sine the reative power demand of indutiongenerators inreases when the voltage drops [65℄, [5℄. The requirement to thevoltage operating range are disussed in the next setion. Generators withvoltage soure inverters an support the system voltage at their terminalsby exporting reative power [6℄, in order to boost their ative power exportduring the fault and hene mitigate the problem of aeleration.The reason why generators are also required to absorb reative power(leading power fator), as illustrated in Figure 4.2, is operating onditionslike lightly loaded system ondutors, see setion 3.2.Comparing the reative power requirements for onnetion of WFs tothe high voltage networks [32℄, [33℄, [35℄, [93℄ and [82℄ with reommendationfor onnetion of WTGs to medium and low voltage networks [26℄, [27℄,[92℄, [102℄, [30℄ and [84℄ it beomes lear that the more WFs get similarto onventional power plants (big apaity and onneted to a high voltagelevel), the wider the power fator range demanded, see Publiations B andC for details.4.4 Transient fault and voltage operating rangeThe response of the power system to a disturbane (frequeny hanges dueto generator trips or load hanges; voltage drops due to a short iruit, et.)is determined mainly by the generators.Previously, almost all power has been generated by onventionalsynhronous generators onneted diretly to the grid. The response of suhgenerators under various disturbanes has been studied for deades. Wind



4.4. Transient fault and voltage operating range 41turbines use di�erent types of generators (squirrel age indution generatorsor generators that are onneted to the grid via power eletroni onverter).The interation of this generator types with the grid is di�erent from thatof onventional synhronous generators [2℄.In the early 90's wind turbines were allowed to disonnet from thenetwork during the fault to protet itself against damage. However, aswind power penetration ontinues inrease, the additional loss of signi�antamount of generation during the fault may put the stability of the powersystem at risk. Thus, in onnetion requirements is stated that wind farmsare now required to "ride through" the fault for a ertain time withoutdisonnetion.When a 3-phase short iruit fault ours in the system the voltage atthe generator terminals drops to a level depending on the loation of thefault, and the WTG might not be able to export as muh power as is inputby the wind [65℄. If a WF is onneted by a radial feeder only, and a 3-phaseshort iruit ours on this feeder, the WF an only export as muh poweras is dissipated in the resistanes of the generators, transformers, lines andthe fault. Only in Eltra WFs are exempted from having to attempt to ridethrough transient faults that open iruit the WF terminals. The amountof power dissipated during suh a fault is, depending on the operation pointof the WF, often only a fration of the mehanial input power. As soon asthe iruit breakers open, to isolate and lear the fault, the WF is isolatedand annot export any power. Hene during the fault, and even more duringthe learane of the fault, the WTGs an only store the mehanial energyby aelerating. As long as the WTGs are freely aelerating the slip in thegenerators (assuming indution generators) is zero. But aeleration impliesthat the slip after the learane of the fault is bigger than prior the fault. Thebigger the slip, the bigger the reative power demand of the generator, andthis implies that it is muh more di�ult for the voltage at the WF terminalsto reover after the fault is leared. The longer it takes for the voltage toreover, the longer the period during whih the WT is in unbalane betweenmehanial input power and eletrial output power, i.e., the WT aelerates,or at least draws more reative power [4℄, [59℄, [85℄.In ase of a 2-phase fault, the unbalane between input and output power,as well as the speed and reative power demand problem, as desribedabove, are less severe. But with this type of fault the voltage beomesunbalaned and this implies that the urrent beomes unproportionatelymore unbalaned, again assuming indution generators. This an be



42 Chapter 4. Requirements for onnetion of wind turbinesexplained by means of the equivalent iruit of indution mahines wherethe rotor resistane is divided by slip. Under normal operation slip is small(< 0.1), i.e., the rotor resistane is big. If the voltage at the generator isunbalaned it ontains a negative sequene (NPS) omponent. This NPSvoltage rotates in opposite diretion of the grid voltage; hene onsideringthis NPS voltage, slip is very big (approximately 2), i.e., the rotor has asmall resistane. This implies that the NPS omponent of the grid voltagedrives a large NPS urrent, whih might trip the protetion equipment andhene prevents the turbine from riding through the fault.
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4.5. Power quality 43no orrelation to ative or reative power, as spei�ed in the onnetionrequirements, is onsidered here.4.5 Power qualityPower quality is related to fators that desribe the variability of voltagelevels as well as distortion of voltage and urrent waveforms [64℄. Dependingon the time sale of the phenomena the various power quality parametersfall into di�erent ategories, suh as harmonis, voltage �iker, rapid voltagevariations, inrush urrents, et. Voltage variations and harmonis andamage and shorten the lifetime of the utility and ustomer equipment.Voltage �iker auses visible variations of the light intensity in bulblamps. Inrush urrent may ause nuisane tripping of the equipment byits protetion.Individual wind turbines might ause power quality problems at start upof the wind turbine, as well as, due to rapid wind speed variations, pithingrotor blades, onnetion/disonnetion of reative power ompensation.However, these problems do not our simultaneously at all wind turbinesand therefore they are mainly anelled out within larger wind farms.On the other hand power quality problems ause more onern in thedistribution networks due to the diret impat on the ustomers. Therefore,more attention is paid to power quality aspets in the reommendationsfor onnetion of wind turbines to medium and low voltage levels, seePubliation C for details.4.6 Disussion of the onnetion requirementsThe brief overview of the interonnetion regulations presented inPubliations A and B and summarized above shows that the regulationsvary onsiderably and that it is often di�ult to �nd a general tehnialjusti�ation for the di�erent tehnial regulations that are urrently in useworld-wide. This applies partiularly to power quality regulations suh as�iker and harmonis limits.Many of the di�erenes in the tehnial regulations are aused by di�erentwind power penetration levels (perentage of wind power installed apaityin the prodution mix of the onerned power system) in the national powersystems and di�erent power system robustness. For instane, ountries with



44 Chapter 4. Requirements for onnetion of wind turbinesa rather weak power system suh as Sotland or Ireland have to onsiderthe impat of wind power on network stability issues, whih means thatthey require fault-ride-through apabilities of WTGs already at a lowerwind power penetration level ompared to ountries whih have very robustsystems.Disussions with wind turbine manufaturers showed that they wouldprefer a greater harmonization whenever possible, but they generally alsosay that they are able to omply with the di�erent tehnial regulations.They are, however, muh more onerned about the ontinuous hanges inthe tehnial standards world-wide, the very short notie for updates andhanges and the little in�uene WTG manufaturers have on these aspets.Large WTG manufaturers, for instane, employ 4 to 5 or even more expertsto keep trak of the ongoing hanges in tehnial regulations and to doumentthe tehnial apabilities of their wind turbines. Smaller wind turbinemanufaturers, whih annot employ as many experts in this area, oftenstay out of ertain national markets beause they annot follow the hangesin regulations and the orresponding required tehnial doumentation andvalidation of the tehnial apabilities of their produt.In addition, new network interonnetion regulations inrease the ostsof wind turbines. Aording to wind turbine manufaturers, allowing windturbines with doubly-fed indution generators to "ride through a fault", asde�ned in many European regulations for wind turbines, inreases the totalosts of a wind turbine by up to 5%.Hene, it an be summarized that interonnetion regulations should beharmonized in areas that have little impat on the overall osts of windturbines, i.e., power quality regulations. In other areas, interonnetionregulations should take into aount the spei� power system robustness,the penetration level and/or the generation tehnology. Therefore,interonnetion standards of di�erent ountries may also vary in the futurebetween. It is important that national regulations should aim at an overalleonomially e�ient solution, i.e., ostly tehnial requirements suh as a"fault-ride-through" apabilities of wind turbines should only be inluded ifthey are tehnially required for a reliable and stable power system operation.



Chapter 5Wind energy urtailments inareas with limited transmissionapaityPubliations A and DThe hapter is based on Publiation A (subsetion 20.6.2.) and PubliationD, but ontains more details regarding modelling and results of the asestudy. In this hapter wind energy urtailments are onsidered as analternative to ostly and time-onsuming transmission system reinforement,integrating large-sale wind power into the system with transmissionbottleneks. The hapter will start with a brief introdution and an overviewof previous researh, then estimation methods for wind energy urtailments,developed in this thesis, will be disussed in detail. Finally the ase study,onerning large sale integration of wind power in Northern Sweden, willbe presented and main onlusions will be summarized.The transmission system reinforement in order to inrease transmissionapaity may be time-onsuming and expensive. Furthermore, underderegulated market onditions it is also not lear how the investments fora new transmission apaity should be divided between TSO, produtionutilities and distribution ompanies. Di�erent poliies for distribution ofwind farm grid onnetion osts and grid reinforement osts apply in45



46 Chapter 5. Wind energy urtailmentsdi�erent ountries, see Chapter 18 in [2℄ for an overview and the examplesfrom Denmark, Sweden, Germany and UK. Some of these poliies areambiguous and it might take additional time to solve the ontroversies.Additionally, transmission apaity should not be inreased at any ost.The optimal balane should be found between extra bene�t and osts foradditional transmission apaity. It is obvious that it normally will not beoptimal to remove a bottlenek ompletely. Thus, some other alternatives areneessary to handle the ongestion problems and make large-sale integrationof wind power possible. One possibility is urtailment of exess wind energy,when transmission is ongested.Wind energy urtailments were previously evaluated as an alternative togrid reinforement, e.g., in [97℄, where this alternative was onsidered for apartiular network during one year in order to show how muh automatigeneration ontrol for avoiding transmission line overloading an in�ueneannual wind energy output1. In [42℄ as well as in some grid onnetionrequirements, e.g., [32℄, [93℄, the possibility of wind energy urtailments,partiulary in ase of ongestion problems is mentioned.In this thesis the estimation methods for wind energy urtailments aredeveloped for the basi system shown in Figure 5.12.
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LoadTransmission is limitedFigure 5.1: Power system with hydro and wind power prodution on thesame side of the bottlenekThe estimation methods are based on analysis of statistial data forpower transmission through the studied transmission line and wind speedmeasurements from the atual site. These methods an be used by WFdevelopers at the early stage of pre-feasibility study for the projet but whenthe wind speed measurements are already available or wind speed probability1The alulation method applied in that paper is alled "diret method" later in thishapter and used for omparison with the other estimation methods developed in thethesis.2This �gure is further used in the next hapter, where oordination between wind farmand hydro power system is disussed, that is why hydro power is also mentioned on the�gure.



5.1. General assumptions 47distribution an be estimated, by TSO preparing tehnial prerequisitesfor onnetion of WF to the network or by authorities for evaluation oflarge-sale wind power integration projets.5.1 General assumptionsThe following assumptions and approximations are made for the estimationmethod:
• Statistial data (wind speed and power transmission measurements)are assumed representative for the studied site.
• The power prodution of the WTG is alulated using its power urve,provided by manufaturer. WTG is assumed to be pith ontrolled.
• All wind turbine generators are assumed to be of the same type.
• All WTGs within one WF are assumed to meet the same wind speedsimultaneously. This assumption an be relaxed using the a wake e�etmodel developed in [57℄ 3, however this model require statistial dataon wind diretion and data about the WF layout. The wake e�et anbe onsidered when evaluating partiular projets.
• All WFs within the area with limited export apaity are also assumedto meet the same wind speed simultaneously. The models for so alledsmoothing e�et due to geographially spread wind farms are developedin, e.g., [75℄ and [9℄. These models require data about wind diretionand loation of the wind farms. Thus this e�et an be inluded whenevaluating partiular projets.
• Available transmission apaity for the studied lines is assumed to bedetermined by TSO and is onstant during the studied period.
• Only ative power �ows are onsidered in the estimation methods.
• It is assumed that all produed wind power may be onsumed on theother side of the bottlenek.3The wake e�et model from [57℄ is also brie�y summarized in subsetion III.B ofPubliation H.



48 Chapter 5. Wind energy urtailments5.2 Simpli�ed estimation methodThe simpli�ed method for estimation of wind energy urtailment in areawith limited TC is based on the simpli�ed assumption that wind powerprodution and power transmission through the studied transmission linehave orrelation oe�ient 1. This means that maximum power transmissionwill our at the same time as expeted maximum wind power prodution,see also Appendix A.1. This assumption may not neessarily be realisti forthe studied site but it represents the most extreme situation that an our.To analyze the transmission and wind power prodution data over thelong time period, it is onvenient to use duration urves. Transmissionduration urve (TDC) shows for eah given transmission level the number ofhours, when this transmission level was exeeded, Figure 5.2. Wind powerprodution duration urve (WPDC) shows for eah given prodution levelthe number of hours, when this level was exeeded, Figure 5.2. As windpower prodution and power transmission are assumed to be orrelated withorrelation oe�ient 1, TDC and WPDC an be summed to represent newduration urve for desired power transmission, inluding power produtionof the studied WFs, Figure 5.2.
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5.3. Probabilisti estimation method 49When wind power prodution is too high, it ould be impossible totransfer all generated power beause transmission apaity is limited. Ifexess wind energy annot be stored it has to be urtailed. With theassumptions listed above wind energy urtailment an be estimated asfollows:
Wspill =

∫ tC

0
(TDC(t) + WPDC(t) − C)dt, (5.1)where C is the transmission limit in MW, and tC is number of hourswhen TDC(t) + WPDC(t) ≥ C, i.e., TDC(tC) + WPDC(tC) = C. Theperentage of spilled wind energy an now be expressed as follows:
η =

Wspill

Ww
· 100% (5.2)where Ww is energy generated by WF during the studied period T :

Ww =

∫ T

0
WPDC(t)dt (5.3)Figure 5.2 illustrates the example of the results of the estimation method.The shaded area orresponds to the total neessary wind energy urtailment.5.3 Probabilisti estimation methodThis method is lose to probabilisti prodution ost simulation [14℄4.Applying the probabilisti estimation method, it is possible to alulateprobability that transmission limit is exeeded, similarly to loss of loadexpetation in probabilisti prodution ost simulation. It is also possible toestimate neessary wind energy urtailments, similarly to expeted energynot served. For this estimation method wind power prodution and powertransmission are assumed to be independent stohasti variables.Depending on the amount of available data, the probabilisti methodan be split into disrete probabilisti method and ontinuous probabilistimethod.4The original referene [11℄ is in Frenh



50 Chapter 5. Wind energy urtailments5.3.1 Disrete probabilisti methodIn the majority of ases, when plans for new wind farms are assessed,long-term wind speed measurements are available from the site. If a powertransmission data series (not neessarily for the same period as wind speedmeasurements) is also available, the disrete probabilisti method an beused for estimation of possible wind energy urtailments.For simpliity, let X be the amount of power in MW transmitted throughthe bottlenek before wind power is installed. Let Y orrespond to expetedwind power prodution in MW. As mentioned above X and Y are assumedto be disrete independent variables 5.The distribution funtion for transmitted power and orrespondingprobability mass funtion are FX(x) = P (X ≤ x), fX(x) = P (X = x),where P (X ≤ x) is the probability that transmission X is less than or equalto a level x and P (X = x) is the probability that power transmission X isexatly x. For the disrete ase:
fX(x) = P (X = x) = freqX(x)/N (5.4)where freqX(x) is frequeny of level x MW, N is number of measurementsper year;
FX(x) = P (X ≤ x) =

∑

i:xi≤x

fX(xi) (5.5)Similarly, distribution funtion and probability mass funtion is expressedfor wind power output Y , FY (y) = P (Y ≤ y), fY (y) = P (Y = y). Usinglong-term wind speed measurements, the power output Y of the plannedWF an be obtained from the power urve of the WTG. Then distributionand probability mass funtions of Y are alulated. Now we introdue thedisrete variable Z, suh that Z = X + Y . Z is the desired transmissionafter wind power is installed in the area with the bottlenek problems. Itsprobability mass funtion fZ(z) is obtained from the onvolution expressionas follows [46℄:
fZ(z) =

∑

x

fX(x)fY (z − x) =
∑

y

fX(z − y)fY (y) (5.6)5Here the notation X, Y, Z, is hosen for wind power prodution and powertransmission in order to make equations more understandable



5.3. Probabilisti estimation method 51The distribution funtion of the disrete variable Z is:
FZ(z) =

∑

i:zi≤z

fZ(zi) (5.7)Figure 5.3 illustrates the results of the disrete probabilisti estimation forthe same ase as in Figure 5.2. As FZ(z) = P (Z ≤ z), the value 1 − FZ(C)in Figure 5.3 orresponds to the probability that the transmission limit C isexeeded.
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Power (MW)Figure 5.4: Wind power prodution, atual transmission, desiredtransmission duration urves 1−FX(x), 1−FY (y), 1−FZ(z) and transmissionlimit C for disrete probabilisti estimation method; WTG availability=95%,solid urves; WTG availability=100%, dashed urves5.3.2 Continuous probabilisti methodContinuous probabilisti method is a generalization of disrete probabilistimethod and an be applied when long-term measurements are not available.Variables X, Y, Z an then be assumed ontinuous6 with known probabilitydistribution. Power transmission distribution funtion is losely relatedto load distribution. In some ases Gaussian distribution funtion isrepresentative for the load. Thus, for power transmission variable X, theGaussian funtion with known mean m and standard deviation σ is assumedhere. The probability density funtion for the Gaussian distributed variableis expressed as follows:
fX(x) =

1

σ
√

2π
e

−(x−m)2

2σ2 (5.8)The orresponding distribution funtion is:
FX(x) =

∫ x

−∞

fX(u)du =
1

σ
√

2π

∫ x

−∞

e
−(u−m)2

2σ2 du (5.9)6Note that for ontinuous variable, e.g., X, probability density is fX(x) = P (x1 <

X < x2), for the �nite interval (x1, x2), where x1 < x2



5.3. Probabilisti estimation method 53For wind power appliation Rayleigh or Weibull distribution is used [43℄. Forthe Weibull distribution the shape parameter β an be adjusted to ahievebetter �t to the disrete data. The probability density funtion is:
fV (v) =

β

α

( v

α

)β−1
e−( v

α)
β (5.10)The orresponding distribution funtion is

FV (v) =

∫ v

0
fV (u)du =

β

αβ

∫ v

0
uβ−1e−( u

α)
β

du (5.11)where v is a wind speed in m/s, β and α are the shape and sale parametersof Weibull distribution.The mean value v̄ and the variane σ2
V of the Weibull distribution aregiven by the following expressions, see Appendix A.2 for derivation:

v̄ = αΓ

(

1 +
1

β

) (5.12)
σ2

V = α2Γ

(

1 +
2

β

)

− v̄2 (5.13)If the mean and variane of the wind speed for the studied site are known,the equations (5.12) and (5.13) an be solved diretly for α and β. Anapproximation for β is provided in [55℄:
β =

(σV

v̄

)−1.086 (5.14)When β is determined (5.12) is solved for α

α =
v̄

Γ(1 + 1/β)
(5.15)Now from the wind speed distribution it is neessary to de�ne wind powerprodution distribution funtion. Power prodution as a funtion of windspeed, or power urve, is expressed as follows, using simpli�ed notation:

y =
1

2
cp(v)A ρ v3 · 10−6 (5.16)where y is wind farm power output in MW, A is swept area in m2, cp(v) isoverall e�ieny of turbine, ρ is air density in kg/m3.



54 Chapter 5. Wind energy urtailmentsIf wind speed is expressed as a funtion of power v(y) from (5.16) andsubstituted to (5.10) and (5.11), the probability density funtion fY (y) anddistribution funtion FY (y) for wind power prodution an be obtained. Inorder to express v(y), the power urve needs to be inverted, however, on theintervals 0 < v < vcut−in and vrated < v < vcut−out it is not invertible that isseveral values of v orrespond to one value of y. To solve this problem, thepower urve on these intervals an be approximated by a smooth, inreasingfuntion, Figure 5.57. The probability of eah prodution level then beomesequal to probability of the respetive wind speed.
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v(y) = 3

√

2 y · 106

A cp(y) ρ M
(5.17)Substituting (5.17) to (5.10), and (5.11) probability density anddistribution funtions for wind power output of the WF are obtained:

fY (y) =
β

αβ
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e
−

�
3
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2 y·106
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�β (5.18)7For illustrative purposes the deviation of the approximated power urve from the realone is somewhat exaggerated on the �gure.
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FY (y) =
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0
fY (u)du
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dy (5.19)where n =
(

3

√

2·106

A ρ M

)The probability density funtion for the desired transmission fZ(z) isobtained from the onvolution expression [46℄:
fZ(z) =

∫ ymax

0
fX(z − y)fY (y)dy (5.20)Substituting fX from (5.8) and fY from (5.18) to (5.20) and after somesimpli�ations:

fZ(z) =
1
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2π
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�
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cp(y)α3
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dy(5.21)It is di�ult to simplify (5.21) further beause of overall e�ieny
cp(y), whih is not a ontinuous funtion, but a set of experimentallyobtained values. cp(y) an be alulated from the power urve of the WTGprovided by manufaturer that is a set of disrete values obtained fromtest measurements. The overall e�ieny cp(y) depends on aerodynamiperformane, internal mehanial transmission system type and generatordesign of the WTG. Due to the hoie of measured points we take cp(y) bypieewise monotone funtion and approximate it by pieewise linear funtion,Figure 5.6.Equation (5.21) is then modi�ed as follows:
fZ(z) =
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(5.22)where S is the number of linear segments of overall e�ieny urve cp(y);
aiy + bi is equation of a linearized segment i; i is integer number:

ai =
cp(yi+1) − cp(yi)

yi+1 − yi

bi = cp(yi) − aiyi = cp(yi+1) − aiyi+1 ∀ i ∈ [1, (S − 1)]
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FZ(z) =

∫ z

0
fZ(z)dz (5.23)

1 − FZ(C) orresponds to the probability that the transmission limit C isexeeded. The area under 1 − FZ(C ≤ z < ∞) is equal to wind energy thatshould be spilled.Figure 5.7 illustrates the results of ontinuous probabilisti estimationmethod using known distribution funtions for the same ase as theother methods. In Figure 5.7 duration urves for wind power prodution,transmission before wind power is installed and desired transmission areshown. For omparison the results of disrete probabilisti method, Figure5.3 are plaed on the same �gure. The hosen ontinuous distributionfuntions for wind power prodution and power transmission approximatequite good the disrete distribution funtions obtained from statistial data.5.3.3 Diret methodSine wind power is only being planned, it is not possible to omparethe results of the estimation methods, presented above, with any atualmeasurements. However, wind speed measurements v(k) from a site andpower transmission measurements Pt(k) for its assoiated transmission line(see Figure 5.1) for the same time period with the same time resolutionmay be used for this purpose. For eah time step k the wind speed
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Pw(k) using power urve, as before. The desired power transmission (withwind power) is then alulated as Pd(k)=Pw(k)+Pt(k) for eah time step
k, thus, atual orrelation between power transmission and wind speedduring the onsidered period is taken into aount. If transmission limit
C is assumed onstant, wind energy urtailment for eah time step wheretransmission limit is exeeded, i.e., where Pd(k) > C, an be alulated as
Pspill(k) = Pd(k)−C. Total wind energy urtailment at ertain level of windpower penetration is:

Wspill =
∑

k

Pspill(k) (5.24)The perentage of spilled wind energy an be expressed in aordane with(5.2), where Ww an be alulated by (5.3) or as follows:
Ww =

∑

k

Pw(k) (5.25)The resultant wind energy urtailment at eah level of wind powerpenetration is onsidered as the atual ase. In this thesis the results of



58 Chapter 5. Wind energy urtailmentsTable 5.1: Comparison of estimation methods for wind energy urtailmentsMethod Data requirement Advantages DisadvantagesSimpli�ed statistial data easy to alul. assumption of orr=1 mayno need for synh. not be representativeinput data seriesProbabilisti statistial data no need for synh. assumption of orr=0 maydisrete input data series not be representativeProbabilisti parameters of Weibull no need for long assumption of orr=0 mayontinuous and Gaussian distrib. input data series not be representativetangled for di�erentWTG typesDiret synh. data series onsiders atual input data di�ult toorrelation obtainthe simpli�ed and probabilisti estimation methods presented above areompared with the diret method in order to illustrate the impat of di�erentassumptions on the results.5.3.4 Comparison of estimation methods for wind energyurtailmentsThe appliation of the suggested methods depends on available time anddata as well as neessary auray, see Table 5.1.The simpli�ed and disrete probabilisti methods require wind speedmeasurements from the studied site as well as power transmissionmeasurements (or estimated duration urve) for the studied line. However,as the assumption about the orrelation between power transmission andexpeted wind power prodution is made (orrelation is 1 or 0) there is noneed for synhronous data series8.If only the mean value and the variane of the Weibull distribution for thewind speed and Gaussian distribution for power transmission are availablethe ontinuous probabilisti method may be used.The simpli�ed method is straight forward and may be applied in areas,where wind speed and power transmission are strongly orrelated. For theareas where orrelation between wind speed and power transmission is lowerthan 1, the simpli�ed method gives the worst ase approximation of windenergy urtailments. If there is low or no orrelation between wind speed andpower transmission, the probabilisti methods (disrete or ontinuous) givemore aurate results. This is shown in a ase study in the next subsetion.8Data series for the same time period



5.4. Case study, estimation of wind energy urtailments 59For the estimation methods it is assumed that all WTGs within one WFare of the same type, whih is not always true. This ompliation an beeasily treated in simpli�ed and disrete probabilisti prodution method, butthe ontinuous method beomes rather tangled beause of it.5.4 Case study, estimation of wind energyurtailmentsThe developed estimation methods for wind energy urtailments are testedon the Swedish power system. The ase with up to 4000 MW (≈ 10 TWh)wind power in northern Sweden is studied in order to ompare eonomiallosses due to wind energy urtailments with investments neessary for thegrid reinforement suggested in [8℄, this study is also brie�y mentioned insetion 2.2.To adopt the model for the ase study to the two area model in Figure 5.1,Sweden is divided into two parts, North and South of Cross setion 2 (inFigure 2.4b). Thus, we have a two-area model with mainly hydropowerprodution and load on one side of the bottlenek, where also up to 4000MW wind power are tested, and thermal power prodution and load on theother side of the bottlenek.Power transmission through the bottlenek is assumed onstantly limitedto 7000 MW. The power �ow on the other transmission lines are for simpliityassumed una�eted by wind power integration. This assumption is notrealisti as there exist transmission possibilities to Norway and Finland, seeFigure 2.4.b, but represents the worst ase senario for the Cross setion 2.Data from January-November 2001 are used for the ase study. Hourlyloads in northern Sweden inluding export/import to the neighboringountries and hourly prodution in northern Sweden are used to alulatehourly power transmission in 2001 (see also Figure 2.5). Wind powerprodution is alulated using 10-minute average wind speed measurementsfrom the site Sourva in northern Sweden (additional information about thissite is available in [13℄ and [21℄). From these wind speed measurementshourly average wind speeds are alulated and onverted to power using thepower urve for a 600 kW pith ontrolled with turbine. Then, alulatedpower output is saled to represent di�erent levels of wind power penetrationin northern Sweden.



60 Chapter 5. Wind energy urtailments5.4.1 General resultsSome of the results for simpli�ed, disrete probabilisti and ontinuousprobabilisti methods were already presented above in Figures 5.2, 5.3and 5.7 respetively. These �gures illustrated the results with 2000 MWwind power integrated in northern Sweden. Eah �gure indiates numberof hours (simpli�ed estimation), or probability (probabilisti estimation),when transmission limit is exeeded as well as potential energy urtailments.Figure 5.7 also shows that both probabilisti methods (disrete andontinuous) give quite lose results. This an be explained by our hoieof parameters α, β and m for Weibull and Gaussian distributions in theontinuous estimation. In this ase study, the parameters were alulatedfrom the same statistial data as used in disrete estimation. Also theGaussian and the Weibull distribution funtions itself have proved to bequite good approximation. Sine the results of ontinuous and disreteprobabilisti methods are so lose, only disrete probabilisti method isonsidered in the proeeding analysis.
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5.4. Case study, estimation of wind energy urtailments 61�gure. For the diret method 4 various penetration levels of wind power aretested.Diret method is used in this thesis to illustrate how the results ofestimation method agree with "reality". Sine in a diret method thesynhronous data series for wind speed and power transmission are used,the atual orrelation between these two data series is inluded in theresults. The atual orrelation oe�ient during 2001 between wind speedin Sourva and power transmission, alulated from these data series is -0.06,i.e., during that year the tendeny was that the highest wind speeds innorthern Sweden were during the time when transmission was somewhatlower than the maximum. Therefore, the resulting wind energy urtailmentpoints from diret method are lower than the urtailment urve alulated byprobabilisti method. As mentioned in the previous hapter the synhronousdata series may not be available. Furthermore, more extensive analysis ofdata series is neessary to make the onlusion about atual dependenybetween wind speed and power transmission. In the following analysisthe results of probabilisti methods are used to insure that wind energyurtailment is not underestimated.Table 5.2: The perentage of spilled wind energy at various levels of windpower penetrationInstalled Transm. limit Spill, % Spill, %wind power [MW℄ exeeded [h℄ (disrete probabilisti method) (diret method)1000 94 1.9 0.82000 453 5 3.43000 750 10.1 7.44000 1019 16.7 12.45.4.2 Eonomial evaluationTransmission grid reinforement is eonomially motivated only if the ostsfor the wind energy urtailment exeed the osts for new transmissionlines. The following eonomi evaluation is made in order to ompare theseosts. Aording to [8℄ 4000 MW of additional transmission apaity osts20 000 MSEK, whih at 10% interest rate and 40 years lifetime gives 2 000MSEK/year. This orresponds to �ve new 400 kV transmission lines withtransmission apaity of approximately 800 MW/line. Therefore, if a new



62 Chapter 5. Wind energy urtailmentslines were build, it should redue wind energy urtailment with at least 400MSEK/year.
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5.4. Case study, estimation of wind energy urtailments 63300 MSEK/year. Consequently, a new transmission line dereases osts forenergy spillage to 540-300=240 MSEK/year. The onlusion is that even inthis ase it is not eonomially motivated to build a new line.5.4.3 Impat of the assumptions on alulation resultsIt is important to point out that the preeding analysis provides answers twoquestions:
• How muh wind energy is urtailed?
• Is it eonomially motivated to build a new line?The estimated wind energy urtailment may hange with theassumptions. However, as the assumptions are the same for eah level, therelative di�erene in the results for eah level of wind power penetrationwill still be the same. Therefore the answer to the seond question will nothange, unless the osts for the transmission line are estimated di�erently(e.g., with lower interest rate). A new transmission line may also derease arisk for apaity de�it, the ost for a new line ould then be split betweenTSO and WF developer. This orresponds to lower osts for the transmissionline in the analysis above.The following explains how the hanges of assumptions may in�ueneestimated wind energy urtailment:
• In the preeding analysis wind data from one site and the power urveof one turbine were used and saled to represent various wind powerpenetration levels. In reality, however, the wind power turbines willbe of various types and spread around a wide area. Wind energyurtailments are likely to our at high wind speeds. With large spatialdistribution of wind turbines it will be more unusual for all turbinesin the studied area to fae the same high wind speed simultaneously.The studies on spatial smoothing e�et are provided, e.g., in [9℄, [40℄,[75℄.
• It was assumed in the analysis that all WTGs are of the same type.This is not always true and may have di�erent impat on wind energyurtailment. Assume for example that turbines designed for low windspeed sites, i.e., with lower rated wind speed and lower rated power, are



64 Chapter 5. Wind energy urtailmentsused at high wind speed sites. Thus, wind power prodution peaks willbe redued, but annual energy yield may still be the same. Dependingon annual power transmission variations this may help to redue windenergy urtailment.
• Transmission limit assumed in this ase study is de�ned by TSO isonstant. However, as it was desribed in setions 3.4 and 3.5, it ispossible to de�ne the transmission limits as, e.g., a funtion of weatheronditions, power pries and other fators a�eting the grid operatingosts. Then the transmission limit beomes variable and the spillageof wind energy ould be a�eted. The impat will generally depend onorrelation between wind power prodution and transmission limit.
• It was assumed that there is no wind power prodution oordinationwith power prodution at loal onventional power plants, loal �exibleload or any kind of storage. If this is used, the wind energy spillagean be substantially redued. This will be further disussed in the nexthapter.The estimation is based on the assumption that wind power an beonsumed in southern Sweden. If the ongestion problem our more often,the onsumption variations would need to be balaned by power plants southof Cross setion 2. It is possible that it is less expensive to build new line sothat onsumption variations ould be balaned by northern hydropower. Iftransmission to Norway and Finland an be used to balane this variations,the problem will be less signi�ant. This ould be further studied in thefuture.



Chapter 6Coordination of wind powerand hydro power in powersystems with transmissionbottleneksPubliations E, F, GIn this hapter the possibility to oordinate wind power and hydro powerin power systems with transmission bottleneks will be disussed. First,the omprehensive overview of the previous researh on this subjet will beprovided, followed by a brief summary of the pre-feasibility study ondutedin Publiation E. Then a planning algorithm for a hydro power utilityoordinated with wind power utility in area with limited power exportapability developed in Publiations G and F will be presented in details.An evaluation algorithm developed to study the impat of the oordinatedplanning on both utilities in the long term will also be given in details. Thedeveloped methods are applied to the ase study. The short summary of thease study and its main �ndings will onlude this hapter.In the preeding hapter the possibility of wind energy urtailment inpower system with transmission bottleneks was onsidered as one of thealternatives to transmission grid reinforement. Another alternative would65



66 Chapter 6. Coordination of wind power and hydro powerbe to store exess wind energy during the ongestion situations and useit later, when ongestion is relaxed. A battery storage or pumped hydrostorage for large sale wind power is still very expensive. On the otherhand existing onventional power plants with possibility of fast produtionontrol and su�ient storage apaity (e.g., hydro power plants or gas �redpower plants) situated in the same area may be used for this purpose.6.1 Overview of previous researhThe interest for oordination of wind power and hydro power has inreasedduring the last ouple of years. It is studied by utilities (e.g. Vattenfall [69℄,Hydro-Quebe [62℄) as well as by researh organizations (e.g. SINTEF inNorway [97℄, [98℄, [61℄, NTNU in Norway and VTT in Finland [103℄, [104℄,Universidad Carlos III de Madrid in Spain, [7℄),The oordination of wind power and hydro power has been studied inonnetion with several di�erent problems. The researh an be divided intotwo main ategories:1. "Pre-feasibility" studies, where oordination possibility is evaluated fordi�erent purposes, using available tools [103℄, [104℄, [69℄, [97℄, [98℄ ordeveloping new evaluation methods [62℄, [61℄, Publiation E;2. Planning methods that is development of new planning methods forhydro power utility onsidering oordination with wind power [60℄,[22℄, [7℄, Publiation F and G.In [62℄ the oordination option is onsidered in generation expansionplanning, where two investment possibilities are ompared: new hydro powerplant vs new wind farm. In [103℄, [104℄ the e�et of wind power on the marketprie is analyzed. The researh in [103℄, [104℄ is direted towards assistinghydro power utilities onsidering investments in wind power.In [97℄ and [98℄ wind energy storage in hydro reservoirs is onsidered inonnetion with bottlenek problems in the network. The paper shows towhat extent automati generation ontrol of WF and and HPP for avoidingline overloading may in�uene the annual energy output of eah of theseprodution soures. [61℄ o�ers further in-depth evaluation of the oordinationpossibility. The oordinated operation of several geographially spreadwind farms and aggregated hydro power plant1 sharing same transmission1Equivalent of the HPP system, modeled as one HPP



6.1. Overview of previous researh 67apaity, is simulated over a period of several years, onsidering windand water in�ow unertainty. The simulation uses oordination strategythat maximizes wind power penetration. The paper shows that due tooordination, signi�antly more wind power an be developed in the studiedarea.In Publiation E several oordination strategies are elaborated whihonsider separate ownership of wind power and hydropower. Theoordination strategies are then evaluated using historial data of waterin�ow and wind speed measurements from the studied site. The evaluationmethod is rather lose to the latter referene, [97℄, although there aresome di�erenes in modeling and input data. Also in ontrast to [97℄, inPubliation E, several oordination strategies are suggested, modeled andevaluated.None of the papers above, however, treats hydro power produtionplanning for daily operation, onsidering the oordination with wind power.In [60℄ the dynami programming algorithm is presented for a dailyplanning of oordinated operation of wind parks and generi energy storagein area with limited export apability. In [22℄ the optimization problem isformulated for daily prodution planning of wind park and pumped storagehydro power plant, though transmission bottleneks are not onsidered.Also, in [60℄ and in [22℄ the storage is owned by the wind power utility,wind power prodution is assumed to be deterministi and multi-reservoirhydro power systems are not onsidered. These limitations are overome inplanning algorithms developed in this thesis in Publiations F and G.One of the most reent publiations on oordinated planning of windand hydro power plants is [7℄. In that paper the oordination is applied inorder to minimize WF imbalane osts, setion 2.4. Thus, the oordinationwith HPPs is employed only on the intra-day market. Atual wind powerprodution is onsidered known, spot market pries and imbalane penaltiesare treated as deterministi. The transmission onstraints are not onsideredin the planning.



68 Chapter 6. Coordination of wind power and hydro power6.2 Coordination strategies for wind power andhydro power with separate ownershipIn this thesis also the "pre-feasibility" study of wind-hydro oordination inareas with limited export apaity has been onduted �rst2.The oordination of wind power and hydro power prodution may takemany di�erent forms. Some of the possible strategies are elaborated in thisthesis in Publiation E:1. Business as usual-"unoordinated ase"; The HPPs system ismanaged as if there was no wind power. Both wind power andhydro power are produed if transmission apaity is not exeeded.If the ongestion ours, wind power is urtailed. An advantage ofthis strategy is that no oordination is neessary, but the amount ofurtailed wind energy an be large.2. Buy wind power prodution; In this strategy the HPP owner buysthe whole wind power prodution every hour and then manages theoperation as if he owned the WF too. Wind or water are spilled,or stored if possible, when the total prodution exeeds maximumtransmission apaity.3. Store hydro power and sell later on the spot market; Duringongestion in the transmission line, the hydro power owner an dereasethe hydro power prodution, if it is possible to store water. The WFan then use available transmission apaity. Stored power at the HPPsis sold later at the spot market. It is assumed that wind power owneris paying hydro power owner for eah MW of transmission apaitythat is made available due to oordination with HPPs.It is important to note that the hydro power produer an redue theprodution only at hours with ongestion. HPP prodution an onlybe inreased (ompared to the prodution plan for the unoordinatedase) when there is no ongestion in the transmission lines.4. Fored regulation; During ongestion in the transmission lines,the hydro power owner must derease the hydro power prodution2This study was onduted by A. Jäderström as a thesis for M.S. degree, undersupervision of J. Matevosyan



6.3. Overview of the planning algorithm 69(ompared to the prodution plan for the unoordinated ase), if itis possible to store water. The WF an use available transmissionapaity. Stored power at the HPPs is sold later at the spotmarket. Eonomial losses due to the fored redution of hydro powerprodution are assumed ompensated by the system operator, who inturn bene�ts from grid tari�s due to more intensive utilization of thetransmission lines. This strategy an be put into e�et, e.g., by speialagreement between involved parts or by applying ounter-trading tothe transmission line in question, see setion 3.7.The strategies are modeled for a partiular ase study. Wind speedmeasurements from the studied site are used to simulate WF operation.Linear programming is applied in order to simulate HPP prodution foreah strategy based on deterministi loads, wind speeds, water in�ows, andeletriity pries. Unertainties with regard to water in�ow, wind speedsand market pries as well as HPP partiipation in regulating market arenot onsidered. This evaluations still provides a su�ient basis to quantifyrelative impat of the transmission bottleneks and oordinated operationof wind and hydro power plants. The results of oordinated operation(strategies 2-4) are ompared to the unoordinated strategy. As this studywas onduted just as a pre-feasibility study the modeling details are notdisussed here and the reader is suggested to onsult Publiation E fordetails. The results of the ase study are summarized in setion 6.5.In Publiation F and G the planning algorithm for hydro power inoordination with wind power aording to strategy 3 is developed. Theplanning algorithm is presented in detail in the following setions.6.3 Overview of the planning algorithmIn this thesis the daily planning algorithm is developed for a onventionalmulti-reservoir hydro power system oordinated with a wind farm. Itonsiders the unertainty of the wind power foreast (Publiations F and G)and the unertainty of the spot and regulating market pries (PubliationG).Wind power and hydro power are assumed to be owned by di�erentutilities. It is assumed that the wind farm and the HPP system share thesame transmission lines, but that the hydro power utility has priority touse the transmission apaity. Consequently, oordination is neessary in



70 Chapter 6. Coordination of wind power and hydro powerorder to minimize wind energy urtailments during ongestion situations onthe transmission lines. The wind power utility is assumed to be paying thehydro power utility for the oordination servie.A hydro power system is assumed to be oordinated with a WF in thefollowing way: for eah hour of the oming day, if transmission ongestion isexpeted, the hydro power utility dereases its planned prodution dependingon onstraints of the hydro reservoirs. Energy is then retained in the hydroreservoirs and the wind farm an use available transmission apaity. EahMW of stored hydro power orresponds to 1 MW of transmission apaitythat is made available for exess wind energy. Stored hydro power an thenbe used in the hours without ongestion. This orresponds to oordinationstrategy 3 in the preeding setion.The hydro power utility and the wind power utility are assumed to beprie takers. Cooperative behavior of the hydro power utility is also assumed.
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6.3. Overview of the planning algorithm 71The planning algorithm developed in this thesis (Publiations F and G)is shown on the Figure 6.1. In this setion a brief overview of the planningalgorithm is provided. The modeling details are explained in the followingsetions.The hydro power planning for the oming day is assumed to be ondutedat 11:00 the day before, in order to plae the bids on the spot market thatloses at 12:00, setion 2.4. For the day to whih the planning refers (theplanning day) input data are loaded (bloks 1-2): the water in�ow, the initialreservoir ontent at the beginning of the planning day and the �nal reservoirontent at the end of the urrent week, the spillage and the disharge in thepreeding hours to aount for the water delay time between the reservoirsand the spot pries.In order to deal with unertainty of the spot pries a set of the spotprie senarios is used. Eah spot prie senario orresponds to a partiularrealization of the stohasti proess. Here, to generate a set of spot priesenarios, sampling from historial spot prie time series is employed. Equalprobability is assigned to eah spot prie senario.The set of spot prie senarios form a senario tree. The root node ofthe tree orresponds to a known spot prie at the time of planning. Thetree then branhes into the nodes of the subsequent hours. Eah node hasa unique predeessor node but possibly several suessors. The branhingontinues to the nodes of the last hour of the planning day [51℄. The numberof the nodes for the last hour of the planning day orresponds to the totalnumber of spot prie senarios. The shemati struture of the spot priesenario tree is shown in Figure 6.2.
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72 Chapter 6. Coordination of wind power and hydro powerThe wind power utility is assumed to pay to the hydro power utilityfor the oordination servie. Therefore it is important in the oordinatedplanning to keep trak of the exat amount of hydro power produtionhanges due to wind power and ongestions on the transmission lines. Forthis purpose the planning is divided into two parts:1. Base ase hydro power planning for the spot market withoutonsideration of wind power (bloks 3-4);2. Re-planning of hydro power prodution for the spot marketand regulating market, onsidering oordination with wind power(bloks 9-10).The results of the base ase planning - water disharge, hydro powerprodution, water spillage are passed to the re-planning part of the planningalgorithm as parameters.The re-planning part of the algorithm requires wind power produtionsenarios as an input data. Wind speed foreast is assumed available for theplanning day. Wind speed foreast error is a stohasti proess. In this thesisthe wind speed foreast error model is based on Auto Regressive MovingAverage series (ARMA), (blok 5). By sampling from ARMA series windspeed foreast error senarios an be generated. The sum of the wind speedforeast and the foreast error senario represents wind speed senario for theoming day with hourly resolution. Wind speed senarios are onverted towind power prodution senarios (blok 6). A speial senario redutiontehnique is then used to redue the number of wind power produtionsenarios.The re-planning part of the planning algorithm also require the regulatingmarket pries as an input data. For eah spot prie senario (fromblok 2), a pair of regulating prie senarios (upwards and downwardsregulation pries) is generated. The regulating pries are modeled withAuto Regressive Integrated Moving Average (ARIMA) series (blok 8). Thesenario redution tehnique is used to redue number of senarios.In addition to the oming day the rest of the urrent week is also inludedin the planning (blok 3 and blok 9) for two reasons:
• To aount for the wind power that might be produed during thefollowing days in the re-planning part of the planning algorithm.
• Hydro reservoir ontent at the end of the week is �xed in aordanewith the mid-term planning, [41℄;.



6.3. Overview of the planning algorithm 73It is possible to use a more �exible representation of the end onditionsfor hydro reservoirs. In the short term hydro planning the so-alled watervalue funtion is often used. The water value funtion shows the expetedfuture inome of the hydro power utility as a funtion of hydro reservoirontent [41℄. However, in a disussion with hydro produers, it was pointedout that by using the water value funtion the e�et on operation of thehydro power system from oordination with the wind farm would extend tolonger periods. Operation of the hydro power system would then be stronglya�eted by oordination with wind power. By �xing reservoir ontent atthe end of the week to a ertain value, the e�et of oordination does notextend beyond that week, although it might negatively a�et wind energyurtailments.In Publiation F only the planning for the spot market is onsidered,spot pries are assumed deterministi. The base ase planning part (blok3) is formulated as deterministi linear optimization program. In there-planning part also only the planning for the spot market is onsidered,blok 8 is thus exluded from the �ow hart in Figure 6.1. The re-planningproblem (blok 9) is formulated as a stohasti optimization program - manywind power prodution senarios are onsidered simultaneously. However,one the hydropower prodution bid is plaed on the market it annotbe hanged. The solution of the stohasti optimization problem should,therefore, ful�ll the transmission onstraints for all wind power produtionsenarios, so-alled "fat solution", [56℄.In Publiation G the planning algorithm from Publiation F is furtherimproved3. The base ase part of the planning algorithm is optimizationunder spot prie unertainty. This part is formulated as a stohastiprogram. In the re-planning part the planning for the spot marketis onduted onsidering oordination with wind power and, as windpower prodution is unertain, hydro power prodution adjustments arealso planned for eah wind power prodution senario. Bids for theseadjustments an be made as upward or downward regulation bids to theregulating market during the day when wind power prodution foreastwould beome more preise. The optimization problem is then formulatedas a two-stage stohasti program with reourse [56℄ and hydro power3Sine Publiation G gives further improvement to the algorithm developed inPubliation F, in the following setion the modeling details for the planning algorithmfrom Publiation G are presented.



74 Chapter 6. Coordination of wind power and hydro powerprodution adjustments are reourse variables. The unertainty of powermarket pries is also onsidered.In addition to the planning algorithm disussed above, an evaluationalgorithm has also been developed to quantify the impat from theoordinated daily planning on the operation of the HPP system and the WFin the long term. The purpose of this algorithm is to run the oordinateddaily planning suessively day by day over a ertain period of time (e.g.,one year). For evaluation it is onvenient to hoose some period in the past,so that atual power market pries and wind speeds would be available. Theoordinated and unoordinated operation ould then be ompared.6.4 Mathematial formulation of the planningalgorithm6.4.1 Base ase hydro power prodution planningThis subsetion disusses modeling details of the base ase hydro powerplanning part, without onsideration of wind power, (blok 3), Figure 6.1.Generally, hydropower prodution is planned di�erently by di�erentutilities. There is a large variation in modeling for example the degree ofdetails and representation of unertainties. Furthermore, atual operation isnot always in aordane with prodution plan beause of unexpeted events,for example generator outages or partiipation in the regulating market et.The hydro power prodution harateristi of eah unit in a hydro powerplant is a family of nonlinear funtions of the respetive reservoir head,e�ieny of the turbine/generator set and water disharge. The generationfuntions of all prodution units form a family of nonlinear and nononaveprodution urves eah for a spei�ed value of the water head [25℄.In most short-term planning methods the head dependene is negletedto avoid nonlinearities, whih allows to use a single prodution urve.Furthermore this single prodution urve is usually approximated by either:
• modeling just the best loal e�ieny points, Figure 6.3, whih leadsto linear mixed-integer optimization problem, [70℄, or
• modeling prodution urve without head dependane, by a onavepieewise linear funtion, e.g., one of the linear funtions in Figure 6.3.This leads to linear optimization problem, [47℄.



6.4. Mathematial formulation of the planning algorithm 75A more detailed method is presented for example in [25℄, where headdependene is onsidered and prodution harateristi is represented as afamily of nononave pieewise linear funtions eah for spei�ed value ofthe head, Figure 6.3.Linear stohasti optimization problems an be solved in reasonably shorttime, in ontrast to linear mixed-integer or nonlinear stohasti optimizationproblems. Also, the main fous in this thesis is not on hydro powerplanning itself but on oordination with wind power in hydro power planning.Therefore, the hydro power prodution harateristi is approximated byone onave pieewise linear funtion. The loal best e�ieny of theatual generation funtion and the point of maximum disharge are used asbreakpoints. The slope of eah linear segment is alled prodution equivalent,
µis.
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Figure 6.3: Hydropower generation as a funtion of disharge. Generationfuntions are shown for three di�erent reservoir levels (RL), RL1 < RL2 <
RL3Water in�ow unertainty is negleted in the most short term planningmethods in order to shorten omputational time, e.g., in [25℄, [70℄. Waterin�ow unertainty is also less signi�ant in the short term ompared to, e.g.,unertainty assoiated with power market pries. Therefore water in�owunertainty is usually onsidered in the mid-term or long term planning [41℄.The stohasti optimization (blok 3) �nds an optimal deision, i.e.,hydro power prodution bids to the spot market for eah spot prie senario.



76 Chapter 6. Coordination of wind power and hydro powerThe stohasti deision proess then has the same tree struture as the spotprie senario tree.Hydrologial onstraintsThe hydrologial onstraints desribe the ouplings between the adjaentHPPs in the multi-reservoir hydro power system.
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∑
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∀ i ∈ I,∀ k ∈ K, ∀n ∈ Nk (6.1)where xi(k+1, ñ), uis(k, n), ujs(k, n), yi(k, n), yj(k, n), xi(k, n) are variables,
wi(k) is a parameter; Nk is a subset of nodes of the spot prie senario treeat hour k; ñ is a hild node of node n, nτij

is relative node of node n at hour
k − τij , Figure 6.2.The reservoir ontent of the partiular HPP is a�eted by water spillageand disharge of the HPPs diretly upstream. The delay time τij betweenHPP j and HPP i diretly downstream is assumed to be de�ned in Hj hoursand Mj minutes. The disharge onsidering the delay time is then expressedas:
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(6.2)By analogy, the spillage onsidering the delay time an be determined [89℄.Transmission onstraintsPower transmission from the studied site is limited, therefore:

∑

i∈Ic

∑

s∈Si

uis(k, n)µis − D(k) ≤ P̄12, ∀ k ∈ K, ∀n ∈ Nk (6.3)



6.4. Mathematial formulation of the planning algorithm 77where D(k) is hourly load in the studied site and P̄12 is power transmissionlimit from the studied site. Both parameters are assumed deterministi inthis paper.Fixed valuesThe initial reservoir ontent is assumed known and reservoir ontent at theend of the ongoing week is �xed in aordane with the mid-term produtionplanning, as disussed in setion 6.3:
xi(0) = xo

i ; (6.4)
xi(n, Klast) = xlast

i ∀n ∈ Nk (6.5)Variable limitsThere are also reservoir ontent, spillage and disharge limitations:
0 ≤ xi(k, n) ≤ x̄i; 0 ≤ yi(k, n) ≤ ȳi ∀ i ∈ I, ∀ k ∈ K, ∀n ∈ Nk (6.6)

0 ≤ uis(k, n) ≤ ūis, ∀ i ∈ I, ∀ s ∈ Si, ∀ k ∈ K, ∀n ∈ Nk (6.7)Objetive funtionThe objetive of the hydro power produer is to maximize the expetedinome from produed power:
max zb =

∑

k∈K

∑

n∈Nk

cs(k, n)pn(k, n)
∑

i∈I

∑

s∈Si

uis(k, n)µis, (6.8)where uis(k, n) is the water disharge at hour k, at node n of the deisionsenario tree, at a power plant i, in a segment s of the prodution funtion;
cs(k, n) is a spot prie at hour k, at node n of the spot prie senariotree, ∑i∈I

∑

s∈Si
uis(k, n)µis is, the power that the hydro power produerwould bid on the spot market at hour k, for the prie cs(k, n), pn(n) is theprobability of the node nTo summarize, the optimization model is as follows: maximize theobjetive funtion (6.8), subjeted to the onstraints (6.1), (6.3)-(6.7).As it is mentioned in setion 6.3 it is also possible to use so-alled watervalue funtion instead of �xing reservoir ontent at the end of the week. The



78 Chapter 6. Coordination of wind power and hydro powerobjetive funtion is then a trade o� between using the water now or storingit for the future:
max zb =

∑

k∈K
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cs(k, n)pn(n)
∑

i∈I

∑

s∈Si

uis(k, n)µis

+ cf
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n∈N(Klast+1)

pn(n)
∑

i∈I

xi(Klast + 1, n)νi



 (6.9)where cf is estimated prie for future power generation, νi is futureprodution equivalent of a power plant i.The optimization problem would thus be as follows: maximize theobjetive funtion (6.9), subjeted to the onstraints (6.1), (6.3)-(6.4) and(6.6)-(6.7)4.This subsetion has presented the modeling details for the base asepart (blok 3) of the planning algorithm, Figure 6.1. The results of thebase ase hydro power planning (blok 4): planned water disharge, HPPprodution, spillage, reservoir ontent - are passed as parameters to there-planning program that inludes oordination with wind power (blok 9).6.4.2 Wind power foreast error senariosIn the re-planning part of the planning algorithm, the hydro power plantsare oordinated with a wind farm. Thus, wind power prodution should beonsidered. Day ahead wind power prodution annot be predited withertainty. In this thesis wind power prodution senarios are generated(bloks 5-7) and used as input data for the re-planning part of the planningalgorithm.Presently, there are many di�erent tehniques for wind speed foreasting,see [67℄ for review. In this work a wind speed foreast for the planning dayis assumed to be available.A model for wind speed foreast error (blok 5) is developed in [88℄.It is assumed that data onerning auray of the foreast are available.The model then simulates possible outomes of the wind speed foreasterror whose stohasti properties are lose to those of the atual wind speed4De�nition of the optimization problem, using water value funtion is not inluded inPubliations F and G.



6.4. Mathematial formulation of the planning algorithm 79foreast error. The model is based on ARMA, [19℄, de�ned as:
∆V (0) = 0; Z(0) = 0

∆V (k) = α∆V (k − 1) + Z(k) + βZ(k − 1) (6.10)where ∆V (k) is wind speed foreast error in k-hour foreast, Z(k) is randomGaussian variable with standard deviation σZ , α and β are the parameters.These are identi�ed using the least square �tting, minimizing a di�erenebetween sample foreast error variane, based on data from the site, andmodeled foreast error variane, see [88℄ for details.An example of the standard deviations of the atual foreast error andthe foreast error modeled with ARMA series are shown in Figure 6.4. Inthis example real wind speed data and foreasted wind speeds for 2003 forEast Denmark are used. For eah hour of the year there were one atualwind speed and one wind speed foreast available for the estimation of theparameters of ARMA series.
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Figure 6.4: Standard deviations of the real wind foreast error (*) andstandard deviations from ARMA series with α = 1.0073, β = 0.0327, and
σZ = 0.1372 (solid line)By sampling from the ARMA model (6.10) the set of wind speed foreasterror senarios an be generated. Equal probability is assigned to eahsenario. The wind speed foreast error senarios form a senario tree.A possible outome of wind speed foreast error ∆V (k), orresponding tohour k and node m of the foreast error senario tree is denoted ∆v(k, m). A



80 Chapter 6. Coordination of wind power and hydro powerwind speed v(k, m) at hour k and node m of the senario tree is alulated asa sum of wind speed foreast error ∆v(k, m) and wind speed foreast vf (k)for hour k:
v(k, m) = vf (k) + ∆v(k, m),∀m ∈ Mk (6.11)where Mk is a subset of nodes of the foreast error senario tree at hour k.Obtained wind speed senarios are then onverted to wind powerprodution senarios (blok 6) using power urves of the respetive windturbines of the WF, see subsetion 5.3.2 . Wind power prodution senariosform a senario tree with the same struture as the wind speed senario tree.Wind power prodution at hour k, node m of the wind power produtionsenario tree is denoted P̄w(k, m).
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Figure 6.5: Example of wind power prodution senarios for 60 MW windfarm for the planning day (Thursday in this example) and for the rest of theongoing week inluded in planningThe wind power senario model is only applied for the planning daythat is for k ≤ Kday
last. Wind power foreasts for a longer time horizon arehighly unreliable. For the remaining days of the urrent week inluded inthe planning, monthly average wind power prodution P av

w is used insteadof wind power senarios 5, shown in Figure 6.5. It is alulated from themonthly average wind speed derived from statistial data.5In the following subsetions the equations are written in general form, however, forall k > K
day
last P̄w(k, m) should be substituted by P av

w



6.4. Mathematial formulation of the planning algorithm 816.4.3 Power market prie modelRegulating market prie modelThis subsetion disusses blok 8 in Figure 6.1. The model for generationof regulating market pries is based on ARIMA series [17℄ and Markovproesses [76℄. This model is fully desribed and motivated in [78℄ and abrief desription follows.The regulating market prie series used in this thesis are haraterizedby the following:
• There are di�erent pries for upward and downward regulation.
• Not all hours have de�ned upward and/or downward pries. The priesare de�ned if the orresponding quantities of regulating power is largerthan zero.
• The ourrene of upward and downward regulating pries arenegatively orrelated.
• If de�ned, the regulating pries have bounds set by the spot prie: theupward prie is always higher and the downward prie is always lowerthan the spot prie.The models for upward and downward regulation are partly separate, butare based on the same mathematis. The developed regulating power priemodel takes the ourrene of unde�ned pries into aount by modeling theregulating power pries for hour k as

cr(k) =

{

a(k), b(k) = 1,not de�ned, b(k) = 0,
(6.12)where b(k) is a binary stohasti variable. The ontinuous part of the model,

a(k), is modeled using an ARIMA proess, while the disrete part, b(k), ismodeled with a Markov proess.The ontinuous part re�ets the behavior of the pries when they arede�ned and an be expressed in terms of the spot prie and the di�erenebetween the spot and regulating prie as a(k) = cs(k)+δ(k). The spot pries
cs(k) are known at this stage, while δ(k) are stohasti variables modeled



82 Chapter 6. Coordination of wind power and hydro powerwith an ARIMA(2,1,2) proess:
(1 − B)Φ(B)(δ(k) − δav) = Θ(B)Z(k),
Φ(B) = 1 − φ1B − φ2B

2,
Θ(B) = 1 + θ1B + θ2B

2.
(6.13)The orrelation between the ourrene of upward and downward priesare handled by using Markov proesses to model bu(k) and bd(k), i.e.,

b(k) for upward and downward respetively. Four states overing allpossible ombinations of bu(k) and bd(k) an be identi�ed: (bu(k), bd(k)) =
{(0, 0), (0, 1), (1, 0), (1, 1)}, with assoiated probabilities for transitionbetween states.The parameters of a(k) and b(k) are estimated by using historial prieseries, see [78℄ for details.Power prie senario treeAs it is desribed in subsetion 6.3, the planning is onduted before the spotmarket losure, and the unertainty of spot pries, upward and downwardregulating pries should therefore be onsidered. The stohasti powermarket prie proess is then three-dimensional:

ξ = {Cu(k), Cd(k), Cs(k); ∀k ∈ K}, (6.14)where Cs(k) denotes the stohasti spot prie at hour k. The regulatingprie model desribed in the previous subsetion requires that the spotpries are known when generating the regulating prie senarios. In thismodel, observed historial prie series spot market are used as spot priesenarios. From eah spot prie senario, one upward regulation priesenario, and one downward regulation prie senario are generated bysampling from the ARIMA model presented in the previous subsetion.Therefore three di�erent types of pries in the expression (6.14) are available.Equal probability is assigned to eah power market prie senario. Thepower market prie senarios form a senario tree. An outome of thethree dimensional stohasti market prie proess ξ, orresponding tohour k and node n of the power market prie senario tree is denoted
cu(k, n), cd(k, n), cs(k, n).



6.4. Mathematial formulation of the planning algorithm 836.4.4 Senario redution and bundlingWind power prodution senarios (bloks 5-6) and power prie senarios(bloks 2 and 8) generated as desribed in the previous subsetions formthe senario trees. To assure that stohasti properties of the proess arerepresented orretly many senarios should be generated.The omputational e�ort for solving senario-based optimization modelsdepends on the number of senarios. Therefore it is neessary to redue theoriginal senario tree so that it would have a smaller number of senarios butstohasti properties would not be hanged more than neessary omparedto the original senario tree.The senario redution approah applied here (blok 7) is presented indetails in [51℄ and [29℄. The method is based on omparison of the probabilitydistane between sample probability distribution of the original senariotree, P , and sample probability distribution of the redued senario tree,
Q. The probability distane trades o� senario probabilities and distanebetween senario values. This method uses the Kantorovih distane, DK ,of probability distribution. For disrete probability distributions with �nitelymany senarios the DK is found by solving:

DK(P, Q) =
∑

i∈J

pi min
j /∈J

cK(ξi, ξj), (6.15)where ξ = {ξk}K
k=1 is n-dimensional stohasti proess with the probabilitydistribution P , whih is approximated by �nitely many senarios ξi =

{ξi
k}K

k=1, i = 1, ...S and their probabilities pi; Q is redued probabilitydistribution of ξ, i.e., support of Q onsists of senarios ξj , j ∈ {1...S}and J denotes the set of redued senarios, J ⊂ {1....S}.
cK(ξi, ξj) =

K
∑

k=1

|ξi
k − ξj

k|, (6.16)where | · | denotes some norm on R
n, i.e., cK measures the distanebetween senarios on the whole time horizon.The probabilities of the senarios in the redues senario tree arealulated as:

qj = pj +
∑

i∈J (j)

pi, (6.17)where J (j) = {i ∈ J : j = j(i)}, j(i) ∈ arg minj /∈J cK(ξi, ξj),∀i ∈ J



84 Chapter 6. Coordination of wind power and hydro powerIn this redution method it is possible either to redue a �xed number ofsenarios or to use a tolerane riteria to deide how many senarios shouldbe redued. The tolerane riteria represents the di�erene between theoriginal senario tree and redued senario tree.The redution algorithm presented in [51℄ allows to reursively redue thenumber of nodes in the senario tree and also modify the tree struture bybundling senarios by suessive senario redution tehnique. The algorithmompares the Kantorovih distane of original and redued subtrees on
{1, ..., K}, k = K, K − 1, ..., 2, 1 and deletes nodes if the redued tree isstill lose enough to the original, Figure 6.6.
Figure 6.6: Constrution of a senario tree by suessive senario redutionand bundlingSummarizing, subsetions 6.4.2, 6.4.3 and 6.4.4 has presented the modelsfor the input data (wind power prodution senario tree, power market priesenario tree) to the re-planning part (blok 9) of the oordinated planningalgorithm.6.4.5 Hydro power re-planning oordinated with windpowerThis subsetion disusses the re-planning part (blok 9) of the planningalgorithm, Figure 6.1. If, aording to the base ase hydro power produtionplan (blok 4) and wind power prodution senario (blok 7), transmissionongestion is expeted, then planned hydro power prodution ould bedereased, in order to allow the WF to use available transmission apaity.For eah hour k the subset of node ombinations (n, m) of the marketprie senario tree and the wind power prodution senario tree, at whihongestion on the transmission lines is expeted, an be de�ned from the



6.4. Mathematial formulation of the planning algorithm 85following ondition:
if
∑

i∈Ic

∑

s∈Si

µisuis(k, n) + P̄w(k, m) − D(k) > P̄12, then k, n, m ∈ Kc(n, m).(6.18)For eah hour k the subset of node ombinations (n, m), at whih noongestion on the transmission lines is expeted, an be de�ned from theondition:
if
∑

i∈Ic

∑

s∈Si

µisuis(k, n) + P̄w(k, m) − D(k) ≤ P̄12, then k, n, m ∈ Knc(n, m),(6.19)where∑i∈Ic

∑

s∈Si
µisuis(k, n) is planned hydro power prodution in a plant

i, at hour k aording to the base ase, P̄w(k, m) is potential wind powerprodution at node m of the wind power prodution senario tree, at hour
k and P̄12 is available transmission apaity.It is assumed that the hydro power produer is paid for reduing powerprodution at the stations Ic, whih are sharing the transmission apaitywith the wind farm, as this relieves ongestion on the transmission linesand allows the WF to produe energy that would otherwise be urtailed.The prie c, SEK/MWh, is estimated as yearly average eonomi losses ofthe wind power utility due to wind energy urtailments, based on historialdata:

c <

∑

k∈Kc
cs(k)

(
∑

i∈Ic
P h

i (k) + P̄ h
w(k) − P12

)

∑

k∈Kc

(
∑

i∈Ic
P h

i (k) + P̄ h
w(k) − P12

) (6.20)where P h
i (k) is hydro power prodution in stations Ic without oordination,obtained from historial data, P̄ h

w(k) is wind power prodution alulatedfrom historial wind speed data and cs(k) is a spot prie for the same periodin the past. The numerator orresponds to the eonomial losses due towind energy urtailments aording to historial data and the denominatororresponds to total wind energy urtailments in that period. Thus c isthe upper limit for the prie that the wind power utility is prepared topay the hydro power utility for the oordination. The exat value of theoordination servie prie depends on the agreement between the wind powerutility and the hydro power utility. More �exibility ould be added, forexample by estimating c as monthly average eonomi losses due to windenergy urtailments. Di�erent value of c would then apply to eah month.The stohasti optimization (blok 9) determines an optimal deisionthat is hydro power prodution bid to the spot and regulating markets



86 Chapter 6. Coordination of wind power and hydro powerfor eah ombination of power market prie and wind power produtionsenarios. The stohasti deision proess then has a tree struture onsistingof ombinations (n, m) of nodes of the market prie senario tree and windpower prodution senario tree as shown in Figure 6.7.

Figure 6.7: Shemati struture of the senario treeHydrologial onstraintsIn the re-planning part of the planning algorithm two new variables areintrodued: additional disharge ∆uis(k, n) and power prodution derease
∆Pis(k, n). The new variables make it possible to trak hanges in theoordinated prodution plan ompared to the base ase plan. Additionaldisharge ∆uis(k, n) onverted to power and power prodution derease
∆Pis(k, n) are added to the hydro power prodution bids to the spotmarket alulated in the base ase planning. The details are explainedbellow, when de�ning objetive funtion. Also, as wind power produtionforeast is unertain, hydro power prodution adjustments are plannedfor eah wind power prodution senario, P up

is (k, n, m) and P d
is(k, n, m).Bids for these adjustments an be made later during the day as upwardor downward regulation bids to the regulating market, when wind powerforeast would beome more preise. The re-planning is thus formulated asa two-stage stohasti optimization program with reourse [56℄ and hydropower prodution adjustments are the reourse variables. The reourse



6.4. Mathematial formulation of the planning algorithm 87variables will emerge in the transmission onstraints, as will be shownfurther.
xi (k + 1, ñ, m̃) = xi(k, n, m) −

∑

s∈Si

uis(k, n) − yi(k, n) + wi(k)

+
∑

j∈Ωi





∑

s∈Sj

ujs(k − τij , nτij
) + yj(k − τij , nτij

)





+
∑

s∈Si

(

∆Pis(k, n) − P up
is (k, n, m) + P d

is(k, n, m)

µis
− ∆uis(k, n)

)

−
∑

j∈Ωi

∑

s∈Si

∆Pjs(k − τji, nτij
) + P up

js (k − τji, nτij
, mτij

)

µjs

+
∑

j∈Ωi

∑

s∈Si

(

P d
js(k − τji, nτij

, mτij
)

µjs
+ ∆ujs(k − τji, nτij

)

)

∀ i ∈ I, ∀ k ∈ K, ∀n ∈ Nk,∀m ∈ Mk (6.21)Here disharges uis(k, n), ujs(k, n) and spillages yi(k, n), yj(k, n) arealready known parameters alulated in the base ase planning (bloks 3-4)and other quantities are variable. The last three rows in (6.21) inludethe e�et on the hydro reservoir ontent from the hydro power produtionredution and from the disposal of stored water, in the loal station andthe stations diretly upstream. The hydro power prodution redution
∆Pis(k, n) and upward and downward adjustments for the regulating market
P up

is (k, n, m) and P d
is(k, n, m) are in MW. However the reservoir ontent inthe hydrologial onstraints is expressed in hour equivalents (HE). Therefore

∆Pis(k, n), P up
is (k, n, m) and P d

is(k, n, m) are onverted to the orrespondingwater disharge in HE, using the prodution equivalent µis of the plant i,segment s of the prodution funtion, see Figure 6.3.For the rest of the urrent week inluded in the planning,
Kday

last < k ≤ Klast, deterministi pries and wind power produtionare assumed, subsetion 6.4.2 , however, the deision variables in the lasthour of the planning day di�er, depending on market prie senarios andwind power prodution senarios. Thus, the deision senario tree from thelast hour of the planning day till the end of the week will still onsist ofparallel branhes, eah emanating from one senario dependent state in thelast hour of the planning day, Figure 6.7.



88 Chapter 6. Coordination of wind power and hydro powerTransmission onstraintsFormulating the transmission onstraints, let us, �rst, onsider the situation,where planning for the spot market only is done (Publiation F); andthe prodution plan, one submitted to the spot market, ould not behanged during the day. This means that the solution of the stohastioptimization problem should satisfy all onstraints at any outome of windpower prodution senarios, the so-alled "fat solution", [56℄.In the oordinated planning, hydro power prodution at the stations Icshould only be redued during the ongestion on the line, in order to dereasewind energy urtailment.
∑

i∈Ic

∑

s∈Si

∆Pis(k, n) ≤
∑

i∈Ic

∑

s∈Si

µisuis(k, n) + P̄w(k, m) − D(k) − P̄12,

∀k, n, m ∈ Kc(n, m). (6.22)Constraint (6.22) states that stored wind energy should be less than or equalto potential wind energy urtailment during the ongestion situation (6.18).Here for eah hour k the minimal wind power prodution senario determinesthe solution. The exess wind power, ompared to minimal wind powerprodution senario, would be urtailed in the real time operation in orderto meet the transmission onstraint.Conversely, during the hours when no ongestion on the lines is expetedas expressed in equation (6.19), additional hydro power prodution shouldnot exeed the transmission apaity margin:
∑

i∈I

∑

s∈Si

∆uis(k, n)µis ≤ P̄12 + D(k) −
∑

i∈I

∑

s∈Si

µisuis(k, n) − P̄n
w(k, m),

∀ k, n, m ∈ Knc(n, m). (6.23)In this onstraint for eah hour k the maximal wind power produtionsenario determines the solution and this orresponds to reserving highertransmission apaity for the wind, when no ongestion is expeted in thetransmission line.Obviously the onstraints (6.22) and (6.23) would lead to higher windenergy urtailments on the one hand and less intensive utilization of thetransmission apaity on the other. These onstraints do not inlude the�exibility that is o�ered in the presene of the regulating market.Now let us assume that after the outome of wind power prodution,
P̄w(k, m∗), beomes known the violation of transmission onstraints (6.22)



6.4. Mathematial formulation of the planning algorithm 89and (6.23) an be ompensated by respetive derease or inrease of hydropower prodution. These hydro power prodution adjustments are assumedto be traded on the regulating market, shortly before the operating hour, i.e.,when more preise wind foreast is available. The transmission onstraints(6.22) and (6.23) should then be rewritten as follows:
∑

i∈Ic

∑

s∈Si

∆Pis(k, n) + P d
is(k, n, m) ≤

∑

i∈Ic

∑

s∈Si

µisuis(k, n)

+P̄w(k, m) − D(k) − P̄12, ∀ k, n, m ∈ Kc(n, m), (6.24)
∑

i∈Ic

∑

s∈Si

∆uis(k, n)µis + P up
is (k, n, m) ≤ P̄12 + D(k)

−
∑

i∈I

∑

s∈Si

µisuis(k, n) − P̄w(k, n, m),

∀ k, n, m ∈ Knc(n, m). (6.25)
P up

is (k, n, m) and P d
is(k, n, m) are reourse variables, orresponding to upwardand downward power prodution adjustments at power plant i, segment

s of the prodution urve, at hour k, at node ombination (n, m). Suhonstraints better represent the �exibility of the power market and wouldlead to lower energy urtailments.If transmission is not ongested, no additional energy is stored in hydroreservoirs of the Ic stations:
∑

i∈Ic

∑

s∈Si

∆Pis(k, n) + P d
is(k, n, m) = 0

∀ k, n, m ∈ Knc(n, m) (6.26)Otherwise, if transmission is ongested there should be no additionalhydropower prodution in the Ic stations that is:
∑

i∈Ic

∑

s∈Si

∆uis(k, n)µis + P up
is (k, n, m) = 0

∀ k, n, m ∈ Kc(n, m) (6.27)Average wind power prodution is assumed from the end of the planningday until the rest of the week, instead of wind power prodution senarios,Figure 6.5.



90 Chapter 6. Coordination of wind power and hydro powerFixed valuesAs average wind power prodution is assumed for the rest of the weekinluded in planning, see subsetion 6.4.2, the adjustment bids to regulatingmarket are not onsidered for this period.
P up

is (k, n, m) = 0, P d
is(k, n, m) = 0, ∀ k > Kday

last (6.28)Initial reservoir ontent is assumed known, as in (6.4):
xi(0, n, m) = xo

i , ∀n ∈ N0, m ∈ M0 (6.29)The reservoir ontent at the end of the planning period is �xed in aordanewith mid-term prodution planning, similar to (6.5) :
xi(Klast, n, m) = xlast

i , ∀n ∈ NKlast
, m ∈ MKlast

(6.30)Variable limitsThere are also reservoir ontent limitations, similar to base ase part of theplanning (6.6) and (6.7):
0 ≤ xi(k, n, m) ≤ x̄i, ∀ i ∈ I, ∀ k ∈ K, ∀n ∈ Nk, m ∈ Mk (6.31)The derease of disharge should not exeed planned disharge uis(k, n),aording to the base ase part:

∆Pis(k, n) + P d
is(k, n, m) ≤ uis(k, n)µis,

∀ i ∈ I, ∀ s ∈ Si, ∀ k ∈ K, ∀n ∈ Nk, m ∈ Mk (6.32)Also, water disharge should always be within the limits set by tehnial andenvironmental onstraints that is:
∆uis(k, n) +

P up
is (k, n, m)

µis
≤ ūis − uis(k, n),

∀ i ∈ I, ∀ s ∈ Si, ∀ k ∈ K, ∀n ∈ Nk, m ∈ Mk (6.33)The new variables, introdued in oordinated planning, should be positive:
∆uis(k, n), ∆Pis(k, n), P d

is(k, n, m), P up
is (k, n, m) ≥ 0

∀ i ∈ I, ∀ s ∈ Si, ∀ k ∈ K, ∀n ∈ Nk, m ∈ Mk (6.34)Additional water spillage due to energy storage in hydro reservoirs is notallowed in the oordination strategy. It seems meaningless to integrate windpower if it results in energy urtailments at other power plants.



6.4. Mathematial formulation of the planning algorithm 91Objetive funtionThe objetive of the hydro power produer is, as in the base ase planning(6.8), to maximize the expeted inome of the hydro power produer:
max ztot = zc + zup − zd (6.35)where zc is the expeted inome from trading on the spot market andfrom oordination with wind power and zd and zup are expeted reourseosts/inome from trading respetively downward and upward hydro powerprodution adjustments on the regulating market. These are de�ned asfollows:

zc =
∑

k∈K

∑

n∈Nk



cs(k, n)qs(k, n) +
∑

i∈Ic

∑

s∈Si

c · ∆Pis(k, n)



 pn(n), (6.36)
zd =

∑

k∈K

∑

n∈Nk

∑

m∈Mk

qd(k, n, m) · pn(n) · pm(m) · cd(k, n), (6.37)
zup =

∑

k∈K

∑

n∈Nk

∑

m∈Mk

qup(k, n, m) · pn(n) · pm(m) · cup(k, n), (6.38)where qs(k, n), qd(k, n, m) and qup(k, n, m) are bids on the spot market anddownward and upward regulation bids on the regulating market respetively.These are de�ned as follows:
qs(k, n) =

∑

i∈I

∑

s∈Si

((uis(k, n) + ∆uis(k, n))µis − ∆Pis(k, n)) , (6.39)
qd(k, n, m) =

∑

i∈I

∑

s∈Si

P d
is(k, n, m), (6.40)

qup(k, n, m) =
∑

i∈I

∑

s∈Si

P up
is (k, n, m), (6.41)where P up

is (k, n, m) and P d
is(k, n, m) are upward and downward adjustmentsat HPP i and segment s of the prodution funtion.The hourly bids to the spot market are assumed to onsist of quantity

qs(k, n) in MWh per hour k at prie cs(k, n) in SEK/MWh. Bids to theregulating market are assumed to be made as lose to the operating houras possible (e.g., regulating market losure in Nordi market is half anhour before the operating hour, setion 2.4). Thus, it is assumed that the



92 Chapter 6. Coordination of wind power and hydro powerrealization of wind power prodution senario P̄w(k, m∗) for the operatinghour k is known with ertainty and orresponding quantities qd(k, n, m∗) and
qup(k, n, m∗) an be hosen to bid on the regulating market.Summarizing, the re-planning program is formulated as follows:maximize the objetive funtion (6.35), subjet to the onstraints (6.21),(6.24)-(6.34) and (6.36)-(6.41).If water value funtion is used, instead of �xing the reservoir ontentat the end of the week, the objetive funtion (6.35) would be hanged asfollows:

max ztot = zc + zup − zd +

+ cf





∑

n∈N(Klast+1)

∑

m∈M(Klast+1)

pn(n)pm(m)
∑

i∈I

xi(Klast + 1, n, m)νi



(6.42)The optimization problem would thus be as follows: maximize theobjetive funtion (6.42), subjeted to the onstraints (6.21), (6.24)-(6.29),(6.31)-(6.34) and (6.36)-(6.41)6.This subsetion has presented the modeling details for the re-planningpart (blok 9) of the planning algorithm, Figure 6.1. The results ofthe re-planning part of the optimization: re-planned water disharges,re-planned HPP prodution to bid on the spot and regulating markets, newreservoir ontent at the end of the day (blok 10).6.4.6 EvaluationIt is important to evaluate the long term impat of the oordinated planningalgorithm presented above on the operation of the hydro power utility andthe wind power utility. In this thesis the evaluation algorithm is developedfor this purpose, Figure 6.8.For eah day in the evaluation period the oordinated planning is doneaording to Figure 6.1. The results of the optimization: re-planned waterdisharge, water spillage, reservoir ontent at the end of the day (blok 10).These are stohasti deision variables. In order to �nd the outome of thedeision variable one needs to know the atual outome of wind speed as well6De�nition of the optimization problem, using water value funtion is not inluded inPubliations F and G.



6.4. Mathematial formulation of the planning algorithm 93as spot and regulating market pries. It is therefore onvenient to hoose aperiod in the past for the evaluation, thus, the atual wind speed and marketpries would be already known for the whole period. Hene, total re-plannedwater disharges utot
is (k, n∗, m∗)7, water spillage y(k, n∗), reservoir ontent atthe end of the day x(K last

day + 1, n∗, m∗) an be hosen from the solution ofthe oordinated planning, (n∗, m∗) is the ombination of the nodes of thedeision senario tree, Figure 6.7, orresponding to atual realization at hour
k.
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Figure 6.8: Evaluation algorithm of the short term hydro power produtionplanning oordinated with wind power (evaluation period 1 year)Atual daily inome of HPP system is alulated substituting atualpower pries and wind power prodution as follows:7utot
is (k, n∗, m∗) orresponds to total disharge, i.e., inludes base ase disharge andthe disharge hanges due to oordination
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ztot = zc + zup − zd,

zc =
∑

k∈K



cs(k)qs(k, n∗) +
∑

i∈Ic

∑

s∈Si

c · ∆Pis(k, n∗),





zd =
∑

k∈K

qd(k, n∗, m∗) · cd(k),

zup =
∑

k∈K

qup(k, n∗, m∗) · cup(k), (6.43)
utot

is (k, n∗, m∗), x(K last
day + 1, n∗, m∗), y(k, n∗) are then used as input data forthe next day planning. The yle ontinues until the end of the evaluationperiod as shown in Figure 6.8.For omparison the unoordinated planning for the same period of timeshould be performed. The same work �ow as in Figure 6.8, exluding thebloks 5-10, is used. As above, the deision variables (disharge, spillage,reservoir ontent) are hosen here depending on the atual values of the spotpries and passed to the next day as input data.Atual daily inome of HPP system is then alulated substituting atualpower pries as follows:

zb =
∑

k∈K

cs(k, n∗)
∑

i∈I

∑

s∈Si

uis(k, n∗)µis (6.44)where n∗ is the node of power prie senario tree, orresponding to atualrealization of the spot prie at hour k.To evaluate the impat of oordination on the wind power utility WFprodution and inome of the utility are alulated for eah day in theevaluation period, for the oordinated and unoordinated ases. In bothases during the hours without transmission ongestion (6.19) all wind powerprodution that orrespond to atual realization m∗ of the wind speed
v(k, m∗) at hour k an be fed to the grid. In hours with transmissionongestion (6.18) wind power prodution an be at most equal to theavailable transmission margin, alulated as a di�erene between availabletransmission apaity and atual hydro power prodution. The daily inomeof the wind power utility is alulated separately for hours with and withouttransmission ongestion. In oordinated ase wind power utility is assumed



6.5. Case study 95to pay hydro power utility for eah MW of transmission apaity that ismade available due to oordinated planning, see subsetion 6.4.5 :
zw
nc =

∑

k∈K

cs(k, n∗)P̄w(k, m∗),∀k ∈ Knc(n
∗, m∗) (6.45)

zw
c =

∑

k∈K

cs(k, n∗)
(

P̄12 − qs(k, n∗) − qup(k, n∗, m∗) + qd(k, n∗, m∗)
)(6.46)

−
∑

k∈K

∑

i∈Ic

∑

s∈Si

c · ∆Pis(k, n∗),∀k ∈ Kc(n
∗, m∗) (6.47)Hene, the total daily inome of wind power utility is

zw = zw
nc + zw

c (6.48)To alulate the inome of wind power utility in the unoordinated asesame equations (6.45) and (6.46) are used but qup(k, n∗, m∗), qd(k, n∗, m∗),
∆Pis(k, n∗) are equal to zero, and qs(k, n∗) =

∑

i∈I

∑

s∈Si
uis(k, n∗)µis.6.5 Case studyThe developed planning algorithm is tested in a ase study. The ase studyis based on the atual ase where a ompany is interested in building a WFin the mountainous area in northern Sweden near the Norwegian border.The apaity of the planned wind power installation is 30 to 90 MW. Thewind onditions are very good in this area but the transmission apaity ofthe lines is limited to 350 MW. On the Swedish side of the border 250 MWis reserved for hydro power prodution from �ve HPP stations on the Umeriver and the other 100 MW is reserved for power exhange with Norway.Although the power line is not always utilized to 100%, the onnetion ofthe WF has been rejeted [74℄.In the ase study nine stations of the Ume river shown in Figure 6.9are modeled and prodution of the �ve upper stations with a total installedapaity of 250 MW are assumed to be oordinated with a 60 MW windfarm8. These stations and the wind farm are sharing 250 MW of thetransmission apaity.8In the "pre-feasibility" study of the wind-hydro oordination (Publiation E) aseswith 30, 60 and 90 MW wind power, were tested
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Figure 6.9: Studied HPP system of Ume riverThe methods developed in this thesis and presented in previoussubsetions are applied to this ase study. However the assumptions andavailable input data di�er between Publiations E,F and G. In the nextsetion, the main �ndings and onlusions of the ase study are summarizedfrom these three publiations. A reader is suggested to onsult the respetivepubliations for the further details.6.6 ConlusionsIn Publiation E, the pre-feasibility study of oordination possibility wasonduted. Three di�erent oordination strategies were modeled for thease disussed in the preeding setion. Water in�ow data, wind speed data,power pries from 2001 were used as input data. HPP system operationwas simulated for a period of one month. The results of the oordinatedstrategies were ompared to HPP system operation, without oordinationfor the same period.The results of the onduted pre-feasibility study has proven that itis possible to �nd strategies, whih make installation of wind power neara hydro power system pro�table for all parts (hydro power owner, windpower owner and the system operator) involved. Three strategies were testedand ompared to the ase when no oordination strategy is applied. In allthree oordination strategies the wind energy urtailments are signi�antlyredued. Coordinated regulation results in more transferred power in the



6.6. Conlusions 97existing network. Water spillage ould also be redued due to oordination.It is di�ult to onlude whih of the tested strategies is the best due to shortsimulation periods and also as the e�et of eah strategy on the involvedators is di�erent. The deision on whih strategy is the best totaly dependson aeptane of the involved parts.In Publiation F the planning algorithm Figure 6.1 (exl. blok 8) isalso applied to the same ase study. Here only the planning for the spotmarket is onsidered, spot market pries are assumed deterministi. Thesesimpli�ations lead to rather short omputation time, allowing to evaluatethe developed oordinated planning method for a period of one year or more.The ase study has shown that for the whole year wind energy urtailmentis redued from about 38 GWh in the unoordinated ase to about 17 GWhin the oordinated ase, i.e., more than 50 %. Some wind energy urtailmentstill prevails due to the tehnial limitations of the onsidered HPP systemand also due to the fat that only the spot market is onsidered in theplanning. For the whole year the di�erene in inome of the studied HPPsystem between the oordinated and the unoordinated ases is 5.5 × 106SEK.If water value funtion is inluded in the objetive funtion, instead oflimiting the reservoir ontent at the end of the week, the advantage of theHPP system from the oordination about is 13% higher, than above, but onthe other hand wind energy urtailments are inreased to 60%.The inome of the wind farm owner in the unoordinated ase and in thease with oordination is almost the same, due to the fat that maximumprie for oordination servie (6.20) is applied in this ase study. In pratiethis prie should be based on agreement between HPP and WF owners andshould be less than the maximal value.The results of the ase study in Publiation F has on�rmed that "fatsolution" of the stohasti optimization problem, leads to unneessary windenergy urtailments during ongestion hours and to reserving exessivetransmission apaity in other hours. Thus, in Publiation G the possibilityto trade on the regulating market is also inluded in the planning algorithm.The market pries are represented with 3-dimensional senario tree, asdisussed in setion 6.4.3. This improved planning algorithm is appliedto the same ase study as before. Due to longer omputation times, theperiod of one week was hosen to evaluate the improved oordinated planningalgorithm. Wind energy urtailments are redued during the studied weekfrom 1414 MWh in the unoordinated ase to 372 MWh in the oordinated



98 Chapter 6. Coordination of wind power and hydro powerase, i.e., by almost 75% (for omparison, with planning algorithm inPubliation F for the same week, wind energy urtailments are redued from1312 MWh in the unoordinated ase to 659 MWh in the oordinated ase,i.e., by about 50%). Some wind energy urtailment still prevails due to thetehnial limitations of the onsidered HPP system.For the studied week the inome of 9 HPP stations of Ume river is
1.6 × 107 SEK in unoordinated ase and 1.9 × 107 SEK in ase if hydropower planning is oordinated with the WF (for omparison, with planningalgorithm used in Publiation F for the same week, the inome of 9 HPPstations of Ume river is 8.9 × 106 SEK in unoordinated ase and 8.7 × 106SEK in oordinated ase).For the studied week, the inome of the wind farm owner in theunoordinated ase is 8.3 × 105 SEK and in the ase with oordination is
8.6×105 SEK. As in Publiation F, the di�erene is not high due to the fatthat maximum prie for oordination servie (6.20) is applied in this asestudy.For the sake of summary, the table bellow illustrates how the researhon oordination of wind power and hydro power in areas with limited powerexport apability is progressing from Publiation E to Publiation F:Table 6.1: Di�erenes between Publiations E-FProperty Publiation E Publiation F Publiation GFous pre-feasibility study short-term planning short-term planningConsidered market spot market spot market spot, regulating marketProblem type deterministi stohasti stohastiUnertainty � wind foreast wind foreast,power market priesOptimization type linear linear, stohasti linear, stohasti"fat solution" 2-stage with reourseNumber of 3 1 (strat. 3 from E) 1 (strat. 3 from E)onsidered strat.Evaluation period 1 month 1 year 1 weekSummarizing, oordination of wind power and hydro power an bemutually bene�ial for the wind power utility and hydro power utility. Theoordination greatly dereases wind energy urtailments and also leads tomore e�ient utilization of the existing transmission lines, without negativeeonomial impat on hydro power produer. The following improvementsof the planning model need to be addressed in the future:

• The ase study is applied to a period in the past. It is thus assumed



6.6. Conlusions 99that the outomes of all stohasti variables are known when theplanning for the next day is being onduted. In reality planning therealization of some stohasti variables for the urrent day would stillbe unknown. This problem would need to be dealt with in future work.
• A longer ase study would need to be onduted in the future.
• The impat of the oordination on start-ups of the hydro power plantswould need to be investigated.





Chapter 7Minimization of imbalane osttrading wind power on theshort term power market.Publiation HIn this hapter the strategy for minimization of imbalane osts of the windpower utility, trading wind power on the short term power market will bepresented. First, some bakground and an overview of the previous researhon this subjet will be provided. Then the �ow hart of the bidding strategywill be presented brie�y, followed by modeling details that will be given inthe subsequent setions. The developed bidding strategy is applied to thease study. The short summary of the ase study and its main �ndings willonlude this hapter.The present short term power markets are designed for trading onventional(dispathable) generation. The time span after the market learing untilthe delivery hour an be up to 36 hours (Sandinavia) and up to 38 hours(Spain), any deviations from the submitted prodution plan are penalized.Although the wind power foreasting tehniques have onsiderably improvedover the last deade, those will never give perfet results. Furthermore, theforeast error inreases with inreasing predition horizon. With foreastbeing needed 36 or 38 hours ahead of time, wind generators may be101



102 Chapter 7. Minimization of imbalane ostsubjeted to substantial imbalane osts.In the Nordi ountries, all bulk eletriity prodution must be tradedthrough a balane responsible player. For a wind power owner there are,thus, three options available. One option is to beome a balane responsibleplayer, seond is to trade wind power and have a ontrat with balaneresponsible for balaning any mismathes, third is to sell all wind power tothe balane responsible player [52℄. In the �rst ase wind power owner ispaying a market imbalane prie for its imbalanes. In the other two aseswind power owner is paying ontrated imbalane prie, whih is often lowerthan market imbalane prie, due to the fat that the balane responsibleplayer has other energy soures in its portfolio and an balane wind powermismathes internally. When trading wind power on the short term powermarket the balane responsible player may hoose the following strategies:1. Assume wind power foreast as ertain, bid it on the market and paythe imbalane penalties for the mismathes.2. Bid the amount that minimizes expeted osts for imbalanesonsidering possible senarios of wind power prodution and imbalaneosts.7.1 Overview of previous researhThe minimization of imbalane osts of wind power utility has beenpreviously studied in [12℄. In [12℄ wind power prodution senarios aregenerated using statistial methods based upon historially observed powerprodution. The energy output of the wind farm is divided into severalenergy bands and, given the band where the WF prodution resides initially,the probabilities that the WF prodution resides in eah of the energybands are alulated for eah foreast delay and form probability tables.There is, however, a di�ulty with generating these probabilities as theyrequire signi�ant quantity of historial data. The drawbaks of thismethod, reported in [12℄: one year of data is not enough to produe smoothprobability tables; and, sine wind exhibits seasonal behavior, probabilitytables are likely to di�er between seasons and years. The imbalane priesare assumed deterministi in [12℄. The method for minimization of imbalaneosts suggested in [12℄ is appliable only for a small number (about 10) ofenergy bands.



7.2. Overview of the bidding strategy 103The same problem is also studied in [7℄. The methods are rather loseto [12℄. The energy output of the wind farm (WF) is disretized and,given the prodution state, in whih the WF prodution resides initially,the probabilities that the WF prodution resides in eah of the produtionstates are alulated (from historial data) for eah foreast delay and formprobability distributions. The imbalane pries are assumed deterministiin [7℄. The optimization problem is only summarized in the paper and thedetails about the optimization approah are not disussed.7.2 Overview of the bidding strategyIn this thesis the imbalane ost minimization, trading wind power on thespot market, is studied further.As in Chapter 6, the "planning" of wind power prodution for the omingday is assumed to be performed at 11 am the day before, in order to plae thehourly bids on the spot market that loses at 12 am. The bidding strategyis formulated as a stohasti optimization problem with the objetive tominimize the expeted imbalane osts.Note that the wind power produer is assumed to be a "prie taker"here, it means its bidding strategy does not e�et power pries. In ountrieswith small amounts of wind power (less than 5% of total power produtionaording to a study in [58℄) this is a reasonable assumption. It is alsoassumed that the WF has low marginal osts and its bid on the spot marketis always taken.The �owhart for the developed bidding strategy and its evaluation isgiven in Figure 7.1. In this setion a brief overview of the �owhart ispresented. The modeling details are provided in the subsequent setion.Wind power prodution senarios are generated based on day ahead windspeed foreast and statistial data about the foreast error. A wind speedforeast for the oming day is obtained from, e.g., numerial meteorologialprograms (blok A1). Wind speed foreast error senarios are modeled (blokA2) by ARMA series in the same manner as in subsetion 6.4.2. The sumof wind speed foreast and foreast error senarios represents wind speedsenarios for eah hour of the oming day. Wind speed senarios are thenonverted to power prodution senarios (blok B) as in subsetion 5.3.2.The advantage of this method is that the foreast error is modeled andadded on top of the day ahead wind power prodution foreast that already



104 Chapter 7. Minimization of imbalane ostaounts for seasonal and daily wind variations. In ontrast to [12℄ one yearof the foreast error data proved to be su�ient to alibrate the foreasterror model [88℄.In blok C, senario redution is applied to redue omputational e�ort.Same senario redution tehniques as desribed in subsetion 6.4.4 is usedhere.
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Figure 7.1: Flowhart for the bidding strategy and its evaluation.The imbalane prie depends on spot market prie and regulating marketpries, setion 2.4.4. As an illustration, in this thesis the regulating marketpries from the previous days are used as regulating prie senarios for theplanning day. The spot market prie is assumed deterministi or the spotprie foreast an be used. From this data several imbalane prie senariosare derived (blok D1).



7.3. Mathematial formulation 105There is no oupling between the subsequent hours of the planning, henethe stohasti optimization problem is formulated for eah hour to maximizethe expeted pro�t of the WF and, onsequently, minimize the imbalaneosts (blok D). Mixed integer programming is used here to obtain thesolution for larger number of wind power prodution senarios and imbalaneprie senarios.In order to evaluate atual imbalane osts resulting from the suggestedbidding strategy, it an be tested against atual data for the same period,for whih foreast error statistis and imbalane pries are available. Realwind speed measurements (blok E1) should be onverted to power followingthe same proedure as wind speed senarios above (blok B). If atual powerprodution measurements are available no onversion is needed. The atualpower prodution data and bids, obtained from the optimization are thenused to alulate imbalane osts (blok E) from the suggested biddingstrategy, using atual imbalane pries.The proposed method, Figure 7.1, an be used to:
• determine the energy level to bid on the day ahead market, to minimizethe imbalane osts of the WF;
• estimate the value of using better foreasting tehniques.The imbalane ost minimizing strategy is developed with Nordi powermarket in mind, see setion 2.4 for the overview, but with some minoradjustments it an be applied in other power markets.7.3 Mathematial formulationThe models of bloks A1, A2, B and C have already been disussed in detailsin subsetions 6.4.2 , 5.3.2 , 6.4.4 respetively. The following subsetionswould thus present the imbalane prie model, the formulation of theoptimization problem as well as the expressions for alulation of atualimbalane osts (blok E).7.3.1 Imbalane prie senariosIn aordane with subsetion 2.4.4, the imbalane pries are expressed asfollows:



106 Chapter 7. Minimization of imbalane ost
• cimb,p(k) = cs(k), where cs(k) is a spot prie at hour k, if the atoris in positive imbalane in hour k and no downward regulation isundertaken;
• cimb,p(k) = cd(k), where cd(k) is a prie for downward regulationat hour k, if ator is in positive imbalane in hour t and downwardregulation is undertaken with cd(k) < cs(k);
• cimb,n(k) = −cs(k), where cup(k) is a prie for upward regulation athour k, if ator is in negative imbalane in hour k and no upwardregulation is undertaken or cup(k) < cs(k);
• cimb,n(k) = −cup(k), if ator is in negative imbalane in hour k andupward regulation is undertaken with cup(k) > cs(k);The negative sign means that the balane responsible player is payingthe prie for imbalane, the positive sign means that the balane responsibleplayer is getting paid.The spot market pries for the oming day are assumed deterministi.The regulating pries cd

j (k) and cup
j (k) from the previous days of operationare used as regulating prie senarios for the oming day. Imbalane priesenarios cimb,p,j(k) and cimb,n,j(k) are then alulated as desribed aboveand probability qj is assigned to eah senario (blok D1).In this thesis the optimization problem and its solution as well as thegeneral work �ow for the suggested bidding strategy was of major interesttherefore this simpli�ed imbalane prie model is applied. The prie modeldoes not a�et the optimization method hosen in this thesis and the analysisof the optimization problem, provided in Publiation H, is also general, anddoes not depend on the prie model. In the real appliation of this biddingstrategy, the stohasti model of the market pries developed in [78℄ andbrie�y overed in subsetion 6.4.3, an be used to obtain more realistiimbalane prie senarios.7.3.2 Optimization problemFormulationIn ontrast to a multi-reservoir hydro power systems, see Chapter 6, inwind farm(s) operation there is no oupling between subsequent hours. Thestohasti optimization problem an thus be formulated separately for eah



7.3. Mathematial formulation 107hour of the oming day. The objetive is to maximize WF owners expetedpro�t and, onsequently, minimize the imbalane osts:
max

{

csPb +

[ ∑

j cimb,p,jqj
∑

i(Pi − Pb)pi, Pb ≤ Pi
∑

j cimb,n,jqj
∑

i(Pb − Pi)pi, Pb ≥ Pi

]} (7.1)where Pb is variable and the rest are parameters. Pb is a bid of the WFoperator to the spot market, Pi is wind power prodution aording tosenario i, pi is probability of wind speed senario i, qj is probability of theimbalane prie senario j, cs is spot prie foreast. The terms ∑j cimb,jqjare equivalent to mean imbalane prie cimb of the given set of prie senarios
J . For the small number of the prodution senarios the optimizationproblem (7.1) an be solved analytially, as in [12℄. With ARMA seriesthousands of senarios an be generated, this improves the solution, butmakes it impossible to solve (7.1) by hand. Therefore here mixed integerprogramming is applied to solve (7.1). The hourly optimization problem isexpressed as follows (blok D):

z = max[cspPb +
∑

j

cimb,n,j · qj ·
∑

i

(Pb − Pi) ×

×pibi +
∑

j

cimb,p,j · qj ·
∑

i

(Pi − Pb) · pi · (1 − bi)]

(Pb − Pi) ≤ M · bi,∀i ∈ Ir

(Pi − Pb) ≤ M · (1 − bi),∀i ∈ Ir

Pb ≤ PWF , (7.2)where PWF is total installed apaity of the WF, bi is a binary variable, M isa large positive number that exeeds any maximum feasible value of Pb and
Ir is a set of preserved senarios after senario redution, see setion 6.4.4for brief desription of senario redution method. bi = 1, if it is optimal tokeep Pb ≥ Pi (underprodution), and the third term of the objetive funtionwould disappear; bi = 0, if it is optimal to keep Pi ≥ Pb (overprodution),and the seond term of the objetive funtion would vanish.The detailed analysis of the solution to the optimization problem (7.2)is provided in setion IV of Publiation G.



108 Chapter 7. Minimization of imbalane ost7.3.3 Evaluation of bidding strategyThe atual power prodution data and bids, obtained from the optimizationare used to alulate atual imbalane osts (blok E) as follows:
zimb =

[

cimb,p,real(Preal − Pb), Pb < Preal

cimb,n,real(Pb − Preal), Pb > Preal

] (7.3)where, cimb,p,real and cimb,n,real are atual imbalane pries, known ex-post forthe studied hour for the balane settlement, see subsetion 2.4.4 . The use ofatual imbalane pries allows more realisti evaluation of the imbalane ostminimizing bidding strategy ompared to [12℄ and [7℄, where same imbalanepries are used for the planning and for alulation of imbalane osts.The imbalane osts from imbalane ost minimizing bidding strategy anthen be ompared to imbalane osts from, e.g., bidding foreast strategy.7.4 Case studyThe bidding strategy has been applied in ase studies. Real wind speed dataand foreasted wind speeds for 2003 for East Denmark were available. Foreah hour of the year there is one wind speed and one wind speed foreast.These wind speeds are alulated bakwards from the total wind powerprodution of East Denmark and, thus, smoothing e�et due to geographialdispersement of WTGs is imbedded in the wind speed series. For a singlewind farm larger foreast error ould be expeted.By using the method de�ned in [88℄ and brie�y desribed insubsetion 6.4.2, the parameters of ARMA series are estimated. Figure 6.4in subsetion 6.4.2 illustrates the standard deviations of the atual foreasterror from East Denmark and the foreast error modeled with ARMA series.Wind diretion data and data about WF layouts were not availabletherefore the prodution harateristis of one V80 (Vestas, 2 MW) windturbine is used to test the bidding strategy.Six days from 2003 are tested. During these days, aording to data,the foreast errors were large. Spot pries from orresponding hours of 2003are used. Regulating pries from days before and after1 the tested day were1Suh sampling is hosen here for the sake of testing, in order to use representativeregulating prie senarios, i.e., if the tested day is working day, the regulating priesenarios should be sampled from the working days and vie versa.



7.5. Conlusions 109used as prie senarios to alulate respetive imbalane prie senarios. Theresults of the bidding strategy are ompared against the alternative strategy,where the wind power foreast is bidden on the spot market.Pro�t evaluation is also made for the whole January 2003, see PubliationH for more detailed results of the ase study. The main onlusions aresummarized in the next setion.7.5 ConlusionsThe results of the ase study have shown that imbalane ost minimizingbidding strategy generally results in higher or equal pro�ts than the strategywhere a wind power utility bids the foreasted wind power produtionand then pays imbalane osts. The alulation of optimal bids withsuggested strategy does not require any additional data inputs and is fastwith regards to omputational e�orts. The bidding strategy was designedhaving Nordi eletriity market in mind, however it an be easily adjustedto �t other markets, e.g., with di�erent market losure delay. The followingimprovements an be made in future:
• As the outome of bidding strategy is sensitive to the hoie ofimbalane prie senarios, in the future they will be substituted bystohasti prie model developed in [78℄ and brie�y presented insubsetion 6.4.3 ;
• Here wind power produer is assumed to be a prie taker, but, as it anbe seen from the simulation results, the use of this bidding strategy maylead to higher imbalanes in the system and thus will e�et imbalanepries. This e�et should also be onsidered in the future.
• In [7℄ oordination with hydro power utility on the intra-day market isused in order to minimize imbalane osts of the wind power utility. Itwould be interesting, to add this possibility to the oordinated planningmethod presented in Chapter 6 and study it further.
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Appendix AMathematial de�nitionsA.1 Correlation Coe�ientThe orrelation oe�ient is a quantity, whih gives the quality of the leastsquare �tting to the original data. To de�ne the orrelation oe�ient let us�rst onsider the sum of squared values ssxx, ssyy, ssxy of a set of n points
(xi, yi) about their respetive means.

ssxx =
∑

i=1:n

(xi − x)2 =
∑

i=1:n

x2
i − nx2 (A.1)

ssyy =
∑

i=1:n

(yi − y)2 =
∑

i=1:n

y2
i − ny2 (A.2)

ssxy =
∑

i=1:n

(xi − x)(yi − y) =
∑

i=1:n

xiyi − nx · y (A.3)For linear least square �tting, the oe�ient b in y = a + bx is given by:
b =

n
∑

i=1:n xiyi −
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i=1:n xi
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i=1:n yi

n
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i=1:n x2
i − (
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i=1:n xi)
2 =

sxy
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(A.4)and oe�ient b′ in x = a′ + b′y is given by

b′ =
n
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i=1:n xiyi −
∑

i=1:n xi
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i=1:n yi

n
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i − (
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124 Appendix A. Mathematial de�nitionsThe orrelation oe�ient r2 is then de�ned by
r =

√
bb′ =

n
∑

i=1:n xiyi −
∑

i=1:n xi
∑

i=1:n yi
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2
)(
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i=1:n yi)
2
)(A.6)A.2 Derivation of mean and variane of theWeibull distributionThe de�nition of mean value and variane are

v̄ =

∫ ∞

0
vfV (v)dv (A.7)

σ2 =

∫ ∞

0
(v − v̄)2fV (v)dv (A.8)The probability density funtion of the Weibull distribution is de�ned asfollows:
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α
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e−( v
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β

for v ≥ 0 (A.9)Substituting (A.9) to (A.7):
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dt (A.10)De�nition of gamma funtion is:

Γ(x) =
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e−ttx−1dt (A.11)



A.2. The Weibull distribution 125Thus (A.10) is simpli�ed as follows:
v̄ = α Γ

(

1 +
1

β

) (A.12)Similarly,
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