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ABSTRACT

The increasing penetration e@énewable technologiegarticularly wind power,
raises concerns about the levels of flexibility needed to cope with the inherent
variability anduncertainties surrounding these sources of energy. Departing from the
common conception of providing flexibility using fostiel generators with fast ramp

rates, this work proposes the use of emerging technologies and solutions.

A technique to optimizethe balance between the flexibility provided by fast
generation units and the flexibility achievable from demand side management (DSM)
and storage of electrical enerngypresented. This methodology is based on an extended
unit commitmenbptimisationtha caters for both the shernd longterm aspects, i.e.,
operational and investment cosfglditionally, different methods to select the patterns
that model the demand and wind profiles from the date aayepresented,

The methodologys demonstratd usingan adaptedersion ofthe IEEE RTS (RTS

96), usingactual demand and wind profiles from central Scotland.
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Introduction

|. INTRODUCTION

.1. MOTIVATION FOR THE THESIS

Energy supply is one of the capital interests in our societies. This resource powers
the economy and maintains the welfare of the countries. The consumption of energy is
closely related tohe economical situatioand growth Despite the improvement of the
use of energy whilst maintaining sustainable levels of efficiency, consumption in

national economies continues to absorb growth.

Since the industrial revolution, fossil fuels such as eoaloil have poweredocal
and national economies and remained one of the staple elements of economic
developmentHowever, the perception on how these requirements of energy should be
fulfilled is changing in our societie$n recent yearsclimate chang has become an
increasing concerrit is a fact thathe CQlevelsin the atmosphereave doubled since
the industrial revolutionMost of the scientistbelieve that the increasen global
temperatures is related to the increaseGHG (green house gasses) emissidns.
continued increase on global average temperature can dervelting polar ice caps
and increase the sea level. This will ultimately lead to a series of consequences for the

environment and life on earth.

Moreover,fossil based energieme not renewable artierefore,humanity cannot
rely on them foreverAs Figure 1 shows, we are near to reach a point in whioh
supply of oil is not going to be able to cover all the demé#émd is known as peak oil
Every non renewable technology will reachntaximum capacity and ultimately will
not withstand its productio\s laws the economis suggestthe price is setd by the
equilibrium between offer and demand. If the supply cannot coveletihandthe price
is going to ascend dramaticalllfurthermore, the progressive peakseach resource
will probably affect other resources by shortening the time when humailiitseach

the next peak.

18



Introduction

Mexico 2004
Denmark 2004 }
NGL, USA 2002 %
Yemen 2001, ;
40 :

Norway 2001 o ,
Oman 2001 -, "'-. A

35 Australia 2000.,
UK 1999, ™

| Forecast
j | —

..,
Ecuador 1999., ™ ;Vietnam
30 - Colombia 1999., ™. /;Thailand
/ T, Eq. Guinea
Venizuelal199:1919168.‘__'\ ., Sudan, Chad
rgentina - + Neutral Zone
— 925 | o, - Brazil
> Malaysia 1997 r
% Gabon 1997, Angola
= o0 | Syria1995 , 7" ) : - China
@ India 1995 i
o Egypt 1993...,
§ Alaska 1989 ...
= 15 |- Indonesia 1977
Romania 1976 .
Canada (conv.) 1974 - L s
10 |-

Lower 48, USA 1971w/ =
Texas, USA 1971 ... P
5 | Germany 1967. o

Austria 1955 -....

1020 1930 1940 1950 1960 1970 1980 1990 2000 2010
Figure 1 Evolutionof world oil production and @akin production of different countrigd9]

Alternatively, ruclear energyhas been presentes an alternative to fossil fuels. It
provides a great amount of energy at a reasonable security of supply. The main concern:
against this tdmology are the management of nucleasteand the risk of accident.
Recently the life expectancy of nuclear facilitibas beerxtended and sonmuntries
are investingin this possibility However,the disaster at Fukushima«s nuclear power
plant hasncreased the concerns and currently several countriesm@seleringolans to

stop using this technology.

Consequently, it is important that humanity moves towards other energy resources.
Because of the impaoh severahspect®f a society, lie mix of @ergy technologies is
more a polical than a technical decision. Governments usually limit investnment
technologiedoy regulation orestablishing limitson the maximum amount of capacity
installed. Taking into account the necessary shift towards wab& resources, the
European Union set in 2000 the 20/20/20 targélese 2020 initiatives entail the
reduction of 20% of emissions in greenhouse gases, the increase of 20% of energy
efficiency in the EU and achieving 20 % of renewable generation ih ¢oergy

consumption in the European Union.

All thesefactorshave driven investmerior new power plantanto low-carbon and
renewabletechnologieswith wind powe being the leader among all the possibilities
These technologies hageveraladvantags: no contributionto the emissiof GHGs,

19
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an unlimitedin supply in a human timeframe, atiéé reductionn the impors of energy
from foreign sources. Therefore theenergy dependence ro other the countriesis
reduced Because of these reasons the inwestt in new wind farms has followea a
exponentiagrowthoverthe last few yearsas shown ofrigure2.

250,000 [MW]

200,000 ...

150,000 --

100,000

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
6,100 7,600 10,200 13,600 17400 23,900 31700 39,431 47620 59,091 74,052 93,820 120,291 158,908 197,039

Figure 2 Global cumulative installed wind capacity 192610[46]

On the other handvind, sun, tides and waves cannot be controlled to provide energy
when it is equired by the system. Consequently, with the progressive introduction of
these technologies more flexibility will be required to cope with their inherent

variability.

Furthermorethe uncertainty on the forecast of the generaiticneass the reserve
required to maintain security at a reasonable le¥él these issues make the provision
of flexibility rather expensiverherefore,it is important to know how much flexibility

is needed in a given power system.

Flexibility is usually provided by some gentenas that havea fast start time, high
rampup and down rates, and low minimwp and downrtimes. Interconnectiogawith
other (flexible) systems represent another conventional solution. Emerging technologies
have the potentidb provide these servicensteffectively. Energy storage can be used
to absorb the fluctuationsm wind power. By displacing (peak) consumption to low
price periods, demand side management (DSM) schemes can also contribute to the
flexibility of the system

Other factors could ereasehe uncertaintyin the provision ofeserves in the future.
If not handled properly, the inclusion of smart appliancesrdsdondo the electricity
market price could trigger greater fluctuasan demand when prices are around the
triggering candition of the appliance to start demanding enefidye introduction of
distributed generatiomould increase the uncertainties on ttetload profile since its

prediction will be more difficult to be made because of its distribution along the grid.
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[.2. AIMS OF THE RESEARCH

In this context, it is necessary to evaluate how much flexibility our systems require to
handle the progressive integration of wind generation. Furthermore, it is necessary to
assess among the sources of flexibilitgse thatire the mosinteresting for the system
and which is the best equilibrium to cope with uncertainties and allow further

penetration of wind technologyost effectively

Therefore it is important thix some objective$or this research project:

¥ Evaluate how much flexibiy is requiredwith a progressive in increase wind
generatio(WG) increasesor a given power systeniChapter|)

¥ Evaluate the contribution of storage to flexibility required by the progressive
introduction of WG. Analysis of the different technologies and possibilities.
(Chaptenll)

¥ Evaluatethe potentialcontribution ofdemand side managenteto flexibility and
the contribution to WG integratiorOverview of the policieso progressively
introduce demand side managemanpower systems. (ChaptBr)

¥ Evaluate the overall contribution of storage and responsive detodtekibility .

Compareand optimize the amount of external resources of flexib{i@hapterV)

This projectsvas carried ouds a parallel developmetata model created during the
progress of a PhD. degreeTdie University of Manchester: OModelling the flexibility
in the generatiotoad balanceO carried out by Ma Juan. An analysis tool was developed
for that projectto analyse the flexibility requirements power systems. The main
contribution that has been maklg this project is the addition aftorage technologies
and demand management to ftitexibility model. Furthermore some improvements
were maden the management of the data and in some dethilmaalelling of the

constraints of the model.

|.3. CONTRIBUTION MADE BY THIS WORK

The main contribution performed in this worls the assessment of the economic
impactof two of the flexibility resources that can be introducedan electrical power
system:storage, anddemand sidenanagement. This valugepend on the amountof
renewable generatipnwind generation in particular This analysis requiredhe

following developments:
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Improvement of the athoddeveloped by Juan Ma herPhD. thesis: OModelling

the flexibility in the generatiodoad balance@at evaluats flexibility requirements
consideringoperational and capacity cost$ie main improvement is that the model
considers the repeatability of the patterns in the constraints. Additionally the next
two contributions could be applied in her thesis and are original of this

Development of a ethod tosummarizethe demand ofn whole year by some
representative patternssing clustering techniqueshis method is especially useful

to look for patterns tht are repetitivedays and weeks.

Elaboration of anethod to choose sontepresentative pattern$ wind generation

in a deterministic manner with the objective of searching for the wasst
scenario. This procedurgvas created for analysisvhen stochascity is not
employed Furthermore, the methazhnselectpatterns with low and high variability

in wind generation

Analysis of the contribution of storage technologits power system flexibilityAn
examinationof the different storageechnologies anthe expected contribution of
storagewere performedThe flexibility modelwas improved to analse different
storage technologies. The results showhdt storage is cost effective if it
participatesin reserve provision and it is very igd for this service. Storage
improves overall efficiency allowing further utilization of base generation especially
in high wind generation scenarios.

Analysis of the contribution of demand side managemémt power system
flexibility. An assessment of #potentialcapacity and atudy of different poli@s

and tariffs were madeThe flexibility model has been improved to introdubes

type of schemes, modelling separately demand that will be shifted and dégraand
can becurtailed. The resultshowedthe potential contribution of DSM to flexibility

in power systems. Similarly to storage, the overall costs were reduced and further
utilization of base generation wasadepossible It also proved its contribution in

high variable wind scenarios but with a

Combined analysis of both possibilities. The introduction of these external resources
in the model developed by Juan Ma was made with the objective of developing a
model that could introduce both at the same tikh@wever, thecomputingtime
requiredto perform this analysis made it impossible to be used to show some

relevant results. Therefore, this final analysis focused @aymparisorof the results
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from both possibilities. From a general point of vi¢he results showed that storage

is more suitale to provide reserves and DSM has better characteristimsever,

its potential contribution is limited due to its effect on the comfort of the customers.
Therefore, storage shoubthly be part of the solution.

|.4. OUTLINE OF THE THESIS

Based on the conpts and objectivethat have beeexplained abovehe thesis is
organised in six chapters afide appendixesThe document is structured follows:

¥ Chapter Il explains the concept of flexibilitythe requirementdor reservesin
power systemand gives a general idea of the impact of wind generatiqgroosmr
systems Starting from thesethe methodlogy to evaluate the flexibility of a
generation portfolicand generate a simplifieset of demand and wind profileis
presentedFinally some resultgshat assess the performance of the model and the
effect of an increasin wind generationin conventioml power systemsre
presented

¥ Chapter lll presents the analysis that has been madsedmage technologiesvhy
storage technologies provide Aibility, which technologies are more suitalle
provide this service, the methodology folled to model flexibility provided by
storageandthe results achievethasedon thestudy casedescribedn the previous
chapter

¥ Chapter IV illustratesthe contribution that demand side management (DSM) could
maketo this problemstarting from an analysis of the different agentsgmts the
electricity markets, the tariffs that would increase demand responsiveness and the
possible contribution of DSM to power systems. Then, the improvements to model
DSM in the method present@d Chapterl arediscussedFinally an analysis of the
results accomplished with the flexibility modelgisen

¥ Chapter V presents the combined analysis of the flexibility resources storage
and demand side managemehhe combined modek presented but it was not
employedin the final results because of the computational burden.chiapter
presentsa complete overviewandcomparisonof the resultspresentedn previous
chaptersabout storage and demand side management

¥ Chapter VI preserdg the conclusions of the thesis and the possible improvements

that could be made to the work that has been performed.
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¥ Appendix A: Presentshe available generation portfolio that has bessdto obtain
theresults with the proposed methodology.

¥ Appendix B: Presents the results achieved with the clustering methodahogy
modelling the whole yearsingsome representative days.

¥ Appendix C: Showsthe results achieved with the clustering methodology
modelling the whole yearsingsome representative weeks.the final simulation,
because of the computational burden, only some representativevdegsused
However, this chapter proves that the methaglpis equally valid for weeks.

¥ Appendix D: Presents the data for wind generation and the results achinettesl
wind profiles selection applyindpe methodology explained chaptenl.3.3.

¥ Appendix E: Presents how the piecewise linear approximation for the cost of
generation is implemented the model.

|.5. RESOURCESREQUIRED

To accomplish the study that hasen carried out for this thesis the following

resourcesvere used

¥ Model developed by Juan Mabout flexibility analysis of generating units

elaborated irthe Mosel languageDespite starting from this model, the complete
modelis describedn the thesis

TheFICO XpressVE optimisationsuitewhich is basedh Mosel language.

OZoteroO, an add for Mozilla Firefox internet browseto organise the
references

Microsoft Excelto analy® the data angroducegraphs of the results.

Matlab 7.6 R2008was ugd to draw certain graphs and for the clustering analysis.

Microsoft Wordfor writing the thesis.

Every one of these resources wather open sourcgfree) or was provided by
Manchester University.
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Flexibility: Concept and analysis tool

I[I. FLEXIBILITY : CONCEPT AND

METHODOLOGY

I1.1. INTRODUCTION

Currently the planning and operatiomf power systemgeflects anequilibrium
between securit{fear)and economical efficiencfgreed) This equilibrium iscurrently
challengedby the increasing penetratioof renewablegeneration This integration
requires anincrease irthe flexibility of the system to maintain the reliability of supply
at an acceptable leveDur systems are already flexibbecause if they were not,
blackouts would be a commatcurenceHowever,more flexibility is needed to cope

with this situation

Flexibility in power systems is the capacity maintain the balamc between

generation and demaraler a range of operating conditiorla order to do so, it is

necessary to have resourtleatcover fast deviationsom this equilibrium and enough

reservesof energy to cover unpredictesituations.However providing flexibility is
expensive. Thus, it is important to know how much flexibilityneeded in a given

power system.

Flexibility has usually been provided st generatorsTheir main characteristics
are fast start time, high rampp and down rates, and low minimump- and down
times. Interconnection with other (flexible) systemspresents another conventional

solution. Emerging technologiedso have the potential to provide these servicest
effectively. Energy storaganddemand side management (DS&themes camdeed

contribute to the flexibility of the systel@SM and stoage will be explainedn the
next chaptersyhile interconnection with other systems ist of the scope of this thesis.

Achieving an optimal flexible generation portfolio is a problem that has been studied
for many year$l]. The liberalization of the electricity markets has made this issue even
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more complex given that it is necessary to take into account regulasoigs when
analysng the flexibility provided by the different participants of the system in order to
optimize the corresponding bid strategi@$. In a context where more renewable
generation is being connected, it has also been shown that when the stochastic nature ¢
wind power is taken into account, rolling commitment strategies would lead to
improved economic performant®cause therror an wind predictions decreasgs.

The consequenas a reduced overall utilization of expensive peaking units.

Taking into account that wind is theading renewable technologyhis thesis
focuses on the increased flexibility requifed the economic and reliabletroduction

of wind generation.However, the method could be applied to other technologies

especially if stochasticity is introducdd order to do sotiwould be required to model

specifically the new renewable resource.

Outline of the chapter

This chapter startby analysing the impact of wind generation (WG) on power
systems.Then the methodologysedto analy® the impact of WG on éhgeneration
portfolio, and the procedures used to model demand and WG are presented. Finally

some reslts are discussed

[1.2. IMPACT OF WIND ON POWER SYSTEMS

As wasmentionedin the introduction, wind generation (WG) has an impact on the
required generatq units to supply the demand. Furthermore, Weé&quires a
modification ofthe reserve requirementsthe system. Thesghanges in turaffect the
investment decisiaon the generation miXn this project, the impact of wind in a

power system is mainly observed by tihgpact on the generation portfolend the

impact on thegeneration schedyléaking into account theeserve requirementsf the

system. A general analysis of these problesnysésented separatetythis section

[1.2.1 Generationschedule andnvestment decisios

As a first approach, it is interestirig considerthe load duration curve of a power
system(Figure 3). The load duration curve shows the load data ordered from the

maximum to the minimum value along the year. Hv&ry useful tool because it allows
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the observation of the investment costs and the operational codte same figure.
The investment costs are the maximum power available for each technology. This can
be seen on the vertical axes. Furthermore, the generation costs are related with the are

below the curve.
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Figure 3 Operational and investment costs on the load generation curve

In order to recover the investment cost of the base generation, it is necessary that it is
connected to the system and working for as much time as possible. This is the reasor
why this typeof generation is committed during the whole yeasupplythe minimum
demand On the other hand, peak generation consists of power plants that have high
flexibility, low investment costs but expensieperatingcosts. For these reasons, they
are committed gpeak times duringhe few hours of the yeavhen thedemand is very
high. These peak situatiose usually called critical price periods because they are
associated with high prices the electricity market
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Figure4 showsthe effect of wind generation on the load duration agptbhportion
of energy supplied by wind generation increases. The curves show that as the ratio of
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WG increases the difference between peak hours and off peak hours also increase

Therefore, asvas shownon Figure 3, wind farms reduce the commitment of base

generationand increase th@eed forfast generationto cope with the variability
Thereforewind generation requisgfurther investmenin fast generationFurthermore,

Figure 4 shows that with high rates of wind generation (50% and 7084 of the
energy generatefitom thewind is wasted because the enemypplied is greater than

the demand.

From a general point of vievihe generation schedule follows tipattern derived
from the load duration curvébase units are committed as much as possible and fast
flexible units cover the fluctuations the demandHowever, the dynamic constraints
on the generatorssuch as minimum time cooling and working, ramp limits, hot/cold

stat, must be taken into account.
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Figure 5 Wind daily fluctuations \./.ersus demand .

Stating from these problemgiigure 5 shows why wind fluctuations are an
inconvenient to the power system. Wind generation is not controllable and usually the
wind production is not related to the fluctuationsm demand. This increases the
difference between peak and -piak periods and therefore, the system requires the
commitment ofexpensiveunits with greater dynamic capabiliti¢surthermore, for the
same reasonsgind generation does not ensure the reliability of supply so it requires the

connection of units that can provide this service to the system.

Situations with an excess of renewable generation have already led to strange results
in electricity marketsFor example,Figure 6 shows how in Spain there were several
days when the market reached marginal prices of 0!//MWh. The reasons for this
situation were that the beginning of 2010 was a period in which wind anad hyd

generation were massive. Thsgtuation, combined with the presence of nuclear
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technology which is very expensive to be turned I&fl to these results when the
demand was too low to require any other generating unit which could have set the
marginal pice at a level aboveero. Similar situations have happened in Denmark
where excess of wind generation sets negative pndég electricity market.
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Figure 6 Hourly price of the electricitjor one day in a situation with excess of renewable generation,
Iberian electricity markef50]

As an introduction to next chapters, both storagg @demand side management are
possible solution to avoid this situatioms the electricity markets because both

possibilities can take advantage of low cost periods.

[1.2.2 Reserve requirements

The purpose of reservesteskeep the reliability of the power sgshs at a reasonable
level. Usually, electricalsystemswere supported by thermdtonventional)generation
and the main function of reserves wa®vering the possible loss of the biggest
generating unit, apart frolasserissues such atealing with theuncertainty of demand.

The schedule of generating units is usually made on an hourly basis. Since the
demand of energy fluctuates instantly, to maintain the equilibrium of the system under
control it is necessary to have several Ocontrol loopsO whialinaaeypsecondary and

tertiary reserves.

Primary reservédorings backthe equilibrium between demand and generation but it
doesnat return thefrequencyto its nominal valueThe time of deployment of this
reserve is between2D seconds. &ondary reservesturnsthe frequency deviation in
no more than 15 min. These firsto control loops are automatic. Finalligrtiary
reservesubstitutesthe power required by the previous reserwath an economic
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criterion. This analysis focuses on the optimal provisas flexibility and the impact on
the generation portfolio. Therefore, the interest of this analysis is looking at the tertiary

reserves
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As has been highlighted previously, the introduction of wind generation increases
flexibility requirementsin power systems. The main reasdaos this increase are the
requirement of flexible generating units that are able to cope with the iamypsd
generation and the uncertainty on the forecast of the final wind generation (WG). The
uncertaintyin the wind generation requires an increasdhe reserves provided by
generating units in order to maintain the reliability of the sysidmerefore, there ar
two reserve requirements that need to be considerdtlis project generalor system

and the wind requirements

Since the model doewt allow to model big scopes of time and has been elaborated

in adeterministic manner, the generation outages havbeaen considered

11.2.2.1 System reserve requirements

Reserve requirements and terminology vary between each electrical system and
country [43]. Among allthe possibilities, the main focus of this thesis is the reserve
provided at the tertiary level, i.e. reserves that are committed on a scope of time of more
than 15 minutesThis reserve needs to be schedwded inseveralsystems there is a

specific markefor the provision of reserves.

In most of the systemshe reserve requirements are determined by the SO. These
needsvary between different synchronised systems. Usually, the reserves must be able
to handle the worst case scenafior example,n the completeUCTE, the reserves
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cover thepossibleloss of two nuclear power plan@hout 3000MW. This looks like a
very improbable event buthe size of the system is enough to handle this af/¢né
interconnections between the different countries areamttrained.

In other systems such dbke Uhited Kingdom tertiary reserves are divided in
standing reserve and spinning reser8einning reserve caters for the most common
variations from the schedule that happen in short times. For greater and longer
variations, the system relies in standing reserve, which is provided by the units that have
a fast start capability.

Some author#d], [6], have considered the difference between standing and spinning
reservesHoweer standing reserves are not being considered in this project for several
reasons. First of all, it was proved that the inclusion of this possibility increased the
simulation timeto a value that was not affordable. For similar reaswesportfolio that
is considered in thiproject is does not have a great variety of ursts,it is not
reasonable to include specific units capable of providtagding reserveOn the other
hand, when considering reserve provided by storage, since it is not logicéthghat
whole system reliability relies on batteries, it is going to be considered that the
maximum reserves provided by this technology will be the standing reserves.

Other sources of imbalancésat would require an increagsereserve requirements
would bethe uncertainties on the demand sidebig systemsthe forecast of @mands
sufficiently accurateto avoid an impact on the resutithe scheduling of generators.
However, in small systems an error of few a megawatts could force the commitment of
expensive unitsOn the other hand, the expectddvelopment of smart grids and
distributed generationcan increasethe uncertainty of the & forecastunless some
measures are taken. Since this thesis doegperform an analysed based future
scenarig this possibleincreasein reserve requirements is not going to be taken into

account.

11.2.2.2 Reseve requirements due to windgeneration

The commats presented in this subsection are mainly a summary of the analysis that

was performed by4]. To perform such analysis it is hecessary certata that has not

available.

As it has been mentioned befpthe introduction ofvind generation (WG) requires
more flexibility in any system. fiere are two factorsn WG that characterise this
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increase wind variability and wind forecast uncertaintyVind variability is related to
the selection of wind profiles and will be explained in chapt&.3 where it is
explained how wind generation hdaseen modelled.Wind uncertainty is the

characteristic thanhodifiesreserve requirements.

Wind forecast error varies with the time scale. Error on scope of seconds/minutes is
low if there are enough wind farmsand they are located in different regioi®3n a
bigger time scal¢he forecast of meteorological conditions must be taken into account.
However, these models are not very accuratés fEsults on bigger errors that require
greater reserve requirements. Because of its importaoteonly for electrial

generationwind forecasts an active field of research.
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Figure 8 Error on wind prediction 30 min ahedd]
Severalauthors have shown thatet distribution has a bell shape similar to the
normal distribution. However, it cannot be approximated by a normal distribution
becausehe tals arebigger. Therefore,san [4],[6] it will be assumed th&t5timesthe

standard deviatiolof wind errof! .45 captures approximatef the 99.7% of the data

and therefore, itovers the reserve requiremedésived from wind uncertainty

[1.3. METHODOLOGY ON THE ANALYSIS OF FLEXIBILITY

This section explains the different procedures that have been followed to develop the
proposed analysis. More specifically, the main model tralyes the flexibility
requirements of a given power systems is presented. Then the methods to provide the
main data, demand load profile and wind generation profile, for this model are

explained.
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Figure 9 General structure of the model

Figure9, gives an overviewf the inputs for the model and the results derived from
it. The flexibility model requires a portfolio of generators that are available to be
invested and committed to supply the demand. Furthermore, it needs some demanc
profiles and some wind patterns. How the flexibility model has been implemented and
how the simplification of the demand and the wind generation is explained along this
chapter.

It is important to mention that this project has been performed as an evalutien
model developed by Ma Juan in her PhD thesis project: OModelling the flexibility in the
generatiorload balance®owever, several modifications and improvements have been
made to her model. Therefore, the complete model is explained in the npie¢rcha
However, he work performedn the selection of the demand profiles and the wind

profiles is original.

[1.3.1 The flexibility analysis model

As has beementionedbefore, the assessment of the flexibility requirements of a
power system needs tmmbinethe short term operational costs with the long term
investment costs in order to achieve the required flexibility in the most efficient way
(Figurel0)
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Figure 10 Optimisationobjective of the model

The short term analysis is usually solved with unit commitment models (UC). There
are three main mathematical methods nbodel this type of problem: Dynamic
programminglagrangian Relxation and Mixed Integer Linear Programming (MILP).
Dynamic programming was thérst method to be invented and has now been
supersededDynamic programming does not provide a perfect solution beaause
considers only a subset dhe feasible space. Theore the other methods are
preferable. Tao Li and M. Shahidehpour have proven that MILP is faster than
Lagrangian Relaxatiofb]. Therefore, as thas been made in the vast majority of studies
over the lastfew years [6]-[16]), the model developetlas beernmplemented using
mixed integer linear programng (MILP).

As their name indicatesnilinear programming models every function must be
linear. Non linear functions can be introduaesing piecewise linear segmentssing
precisionin the final solution. If resolutiorsicritical, the number of segments can be
increasedSeveral methodsire usedo solve amodel made withmixed integer linear
programming modelBranch and bound (B&B), branch and cut (a mixture of B&B and
the cuttingplane methods) E

To implement the MILP model, bkl languagevasemployedas writing language
andDash Xpress asolver The following sections explain the mathematical formation

of the model objective function and main constraints

11.3.1.1 Objective function:

I TN

) !
"4 !2! ()1 z Z(!" L e ML) Equationl

I M Il e (D11 W C
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The objective functionEquation 1, minimizes generation costs !(!!!) and the
amortized investment codt# (!). All costs are multiplied by the corresponding
weighting factod (1) of the each considereduster Finally)! (!) is a binary variable
that indicates whether a uthihas been selected from the avagabplortfolio or not
Finally, the possibility to curtail wirltl..s (1) is penalized by a cost, ! which is
greater than any of the generation cost of the other generation technologies. Wsis allo
the model to curtail wind in situatisrwhere too much wind wouldot permit the
model to converge but at the same time avoids too much wind curtailment. This
fictitious cost is not taken into account when the generation costs are analysed.

BN I ZZZ' po (HITEY IR LICAE Y Loy 1) Lot I Equation2
N ORI ()

" () %8 () Equation3

The generation cosEquation 2, includesthe start up codt'# !(!), the no load
cost!"# I(1) andthe production cost of each unit! !(!!! ) on each of the parts of the
piecewise linear approximationEquation 3 includes the amortized investment
cost!"# (1) of the generating unitdn order to do so, the investment cd%t$ !(!)!
"% (1) is divided by the fe expectancy of the generatt#$%&'1(1).

11.3.1.2 System constraints:

(1) ! Z! dDIRIP N OIRERE Equationd

The mpwer balance between generatiofi!!) and demandl (!) is considered in
Equation4. Wind generatioh .45 (!) is separated from the rest of the generation to
emphasize that it is not among the available generatioroportft could be moved to

the left and be considered a Onegative demandO.

Z!!(!!!)! M@y rem)rmn, Muerr Equation5

The reserve requirements of the system are evaluateduation5. The generatorsO

contribution to reserve is the difference between the maximum power availdblg)
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and thecurrentpower output !!!!! of those units committéld !!!!! atthe considered
instantt.
T | | N T L Equation6
The eserve requiremerits !, include the possible losd the largest generation

unit!" 1., and a Owind factorO which accounts for the uncertainties of wind
generatioht ! 1 1., 1% . The reason and value of this wind factor has been
explainedin 11.2.2.2.1t is important to highlight the value on assessing the requirements
of flexibility of this constraint since it forces the commitment of peaking units at peak
timesto cope withreserve requirement$he greater is the system modelled the lower is
the impact of this constraint.

11.3.1.3 General generators constraints:

YOI Z!!(!!!) Equation7

1
The previous equation enforces that if a umis not beenetected from the

generation portfolith! (1) ! !'!, then it cannot beommitted! , (!!!) at any instant

In this equation together with the objective function is where the main originality of

the model resideg.he existence binary decision varidb(@) is the variable that allows

the model to decide between the available genergitinge generation portfolio

Ly rrE e ey oy rr e rwrnr Equation8

If a unit has been committed at a ceriabtantt (, (!!!) ! ), then its power output
I1(111) has to be between its boundatiéd (Dt "# (1). Equation8 together with the
equations describeth the Appendix E model the generation outpand the costs
associated to the power output at each instant t.

g (D0 Vg (D1 D pgg 11 EESSE 1 111 Equation9

As was commentedin the objective function, it is necessary to alldar the
possibility of curtaiing wind in order to allow the model to achieve a solution in
situations with high wind penetration. To model this possibility,
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11.3.1.4 Limits on time working and cooling of the gaerators

AR NI

E tion10
Prrnmrr e v (e () Araon
Equation10 forces that ifa unit has startedd , (!!!) ! I, (111 1)y 11 then it must
be working for the instants of time t1 delimitedtbye!! . (!).
e @ ()
' ' ' Equation11

PEL LI T (g (D! 1)

Similarly, to Equation10, Equation11 ensures that if a unit has stoppéd(!!! !

Dyt 1 then it must be cooling for the instants of time t1 delimited by
timel! g ().
11.3.1.5 Limits on the ramp rates of thegenerators

As it happened with the minimum time up and down constraints, the structure of the

formulation for ramp up and down constraints are very similar among them.

L Qe e (e ne ()i e 1 Equationd 2
D) r b (M E e (DLt 1l Equationl3
Equation12 models that nly when the unit hasot started!" !',. (1!1)! ! it has to

follow the ramp up/down constrainn that case, the output of the unit between two
different instants of time tds to be below the ramp lirtit. (1).
rrrmyr e nyr (! A (!!!))!! Frrmrr i Equationl4

(FQUE DT EI)E Pg (DD T L (D)

Equationl5

Similarly to the ramp up constraint, only if a umithas not been turned off,
" 1w (M1) 1 1 it has to follow the ramp down constraint. In that case, the output of

the unit between two different instants of time t has to be below the ramp limit.

11.3.1.6 Simplifications introduced in the model

The next paragraphs show some constraints that could be introduced to increase the
accuracyin the modd#ing of the generatord-dowever, these constraints increased the
simulation time making it impossible to achieesultsin a reasonable amount of time
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Thereforetaking into account that their impact on the final results was not critical, they

were removed.

The reserve provided by generatthts!., (!!!) shouldby limited the ramprates.
This constraint coulthe modelled as shown Equation16. The contribution of each of
the generators should be taken into account separately and theniratltedeserves
constraint. To reduce the impact on the results of the suppression ajrtbisamt, the
range between the minimum and maximum generation for base and medium units has

been reduced. This modification reduces their contribution to reserves.

L (DT 1" Ty (HDUTT 1

Equation16
NI (G!"# e (!!!))! Mo, (HIOHTT TN

The possibility to differatiate between standing resenl&#$%!,., (!!!), and
spinning reserv&#$ !.. (1), could be taken into accourfince he most flexible
generatingunits (fast) have low heating and cooling times, the main impact of this
constraint ison the cost account of the no load cddte contribution of this constraint
could be theoptimisation of standing and spinning reserves. The standing reserve
provided ly a unit that has not been committéd ((!!) ! !) would be the available
power to be provided at a reasonable amount of!§imiBes(!) (Equation 17).The
contribution of generators to spinning reserves is the reserve that has already been take
into accountEquationl18).

FEE T, ()P 1E$%! (1) T 1"#$%! ., (11D T 1T Equation17
Lot (0 e p ) ES Ly (DN Equationl8
1.3.1.7 Modifications to the flexibility model because of the

clustering simplification

As it has been commentad previous chapters and in the introduction of this
chapter, in order to redutiee simulation time and allovior the possibility to model the
whole year, the demand of a whole year was modalkdg some represeative
patterns. This subchapter explains the necessary modifications to the constraints to take
this into account.
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The principal modification that the clustering simplification introduces is that all the
constraints that affect other instants of time,aadin taking into account the next day
or week, it affects the same cluster that they belong, creating repeatable patterns

Extreme Winter Intermediate Summer

} (0 [ 0 1Nl |0 {0 {
SN NSNS IS

Figure 11 Clustering approach and its effect on the constraints

Minimum time working and cooling othe generators

The next groups of equations take into considerati@nminimum working and
cooling time of the generators. Inside of each group, the second and third equations
consider that each of the clusters must be a repeatable pattern so the minimum time
cooling impacts on the clustemaly®d rather than the next cluster. It is easy to
understand, thahe shape of the groups of constraints is the same in both situations,
once the constraint detects that a unit has changed its state, the periods affected ar

determined by the minimum time parameters.
Equation19, Equation20, andEquation21, evaluate the minimumunningtime. In
every case, if a unit has stadteg (!!!)! I, (1111 )1 11 then it must be working

for the required amount of time (!). The instants of time in each equatidmange to

account that each cluster must be a repeatable pattern.

Loty ny e rym e rnrr e
PEL () D () (e (DY )N Equation19
e ()
Equation19 focuses on every instant of tinhéhat is not affected of being close to

the boundaries of each cludter

L @) (e () YD

Equation20
Prprnmrr i r (. ()

Equation20 evaluates the possibility that a generator starts the first time of a cluster.

(e OO I (0 () 11 1)
NUINGIREED Equation21

DL DI E DO L L L0 (DU L L)
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Equation21 models the case that a generator starts at the end of a cluster.

In a similar way that the last three equations Hquation22, Equation23, and
Equation24, evaluate the minimum time cooling. If a unit has stdited!!! ! !)!
o)y b 1 then it must be cooling for the required amount of fimg (1). As it

happened befordhe instantsof time in each equation change to account that each

cluster must be a repeatable pattern.

Loty (r e ny)err e v
L) D ()1 (g (DT 1 Equation22
W Iy (DY)
Equation22 focuses on every instant of tinhéhat is not affected of being close to

the boundaries of each cluster c.

Ly (D) 0 () (i) )

PEL LI T (e (D! 1)

Equation23

Equation23 controls the possibility that a generasiarts the first time of each

cluster.
Loy ()1 H$% T D)) 1 (Mg (D! 1"8#$%1))
Pr Q) s ) Equation24
WIHEUO! | 1 g (DI IH$%0 ! 1 T H'HS%0 !

Equation24 observes the possibility that a generator starting on the final stages of a
cluster affects the beginning of the next cluster.

Ramp constraints of thgenerators

As it happened with the minimum time up and down constraints, the structure of the
formulation for ramp up and down constraints are very similar among them.
Furthermore, it is necessary again to make different equations for the limits of the

cluster to take into account the requirement that every cluster must be repeatable.

e e e e . ()
' ' ' Equation25
trrrmnrr e a0 Dt (M
CEmrrerr )ty rm .
Equation26
rrrnrr e () D (1)
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Previous equations show the ramp up constraint for periods not affected by

boundaries of the clusters.
P () (e (D) !(! Pl (!!!!(!)))
NIRRT

(! () (M (!)!))! L ()0 1 0 (1 ))n

Equation27

Equation28

To take into account the consideration that the pattern must be repeatable, the ending
instant must be the beginning of the next pattern.

NN IENAIER N !(!! " 1 (!!!))
Equation29
trrrmnrr e )0 Dt (M
(LT DT EI)E T ()T D T (1)
Equation30
trrrmnrr e a0 Dt (M

Previous equations show the ramp down constraint for periods not affected by
boundaries of the clusters.

P (@)t (e ()0 !(! Lo (1 (! )))!

(! (M (D! !(!!!!(!)))! Dpgg (D11 11 T (111, (1))

Equation31

Equation32

Similarly to the ramp up constraint, to take into account the consideration that the
pattern musbe repeatable, the ending instant must be the beginning of the next pattern.

Lo (OD 1 (M ()0 i Equation33

Finally, to ensure that each cluster is a repeatable pattern, the previous constraint
introduces a link between the commitment stdted!!) of the generators on the

boundaries of each cluster (!, ).

[1.3.2 Modelling demand

Currently, the technology of personal computers aaallow running a UC during
long periods of time because of the excess of variables and constraints. Usually, this

kind of problem is analysed with a scope of one or two wawksystems with several
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generators Since modelling a whole year is necessarys irequired to simplify the
problem to reduce the computational burd@tustering techniques are one of the
methods used to model a group of observations by some representative patterns o
clusters Figure12 shows an example of the results achieved thigéise techniques

Figure 12 Example of the resdfaichievedwith Clustering techniquel80]

In this project, the demand of the customers of a power system is modelled with
clustering technique3here are two cyclical periodis the lcad profile that can be used
as Oobservationgd® model the whole year data: daged week. In this situation,
modelling the complete year by some representatiweks is preferablbecause the
constraints on minimum time running and cooling of the generatinghars a similar
order of magnitudéhan a dayFor examplesomegeneratordiave cooling timeabout
8-10 hourswhich are enough to impact amore than one day.

In power gstems, there are several clustering algorithms that are employed to model
load patterns. Some of them are:m€ansKohoner©sSelfOrganized Maps (SOM),
and the tweevel approach, i.e. SOM applied two times. Among these, the most
employed is the Kneansalgorithm because of its simplicityln the comparison
between this method and the other two possibilities it has been gogweher authors,
that the twelevel approach is the most efficietat model loadn power systemsThe
selected patterns have meadispersion and more significance, i.e. less distance to the
patterns they represent. However, this algorithm has a slight improvement from k
meang29]. On the other han#;means has the advantage of having a clear geometrical

and statistical meanirand the disadvantage of beisgnsible to outliers.
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Due to this reasons, in this projebe k-meansalgorithmhas been choseto select
the patternghat are going to model the whole year. Regarding the outliers issue, there
are goingto be chosen only few patterns so the impach each of the final clusters is
going to be negligible ieach cluster isufficiently representative of the sample, i.e.
represents several observatioRarthermorein additionto the selectedlusters, it isan

extreme situatiomvill be analysedWith this improvement, the modshould guarantee

that thefinal decisionon the generation portfolio and other flexibility resouradt be
able to handl@ot only the average situations, but alsorttoest stressfubnes

It is important to mention thahére are some other possibilities carry out this
simplification such & fuzzy kmeans, or Hidden Markov Model6]. They have not
being considered because they impBrformingthe analysisin a stochastic manner,
which could be considerad further improvements, but not the development stage of
this project

11.3.2.1 K-means algorithm

As was mentioned before, the objective of the clustering algorithms is modelling a
group of observations by some representative patternserdu&enerally, agood
clustering algorithm provides patterns with two characteristics:

¥ The clusters have the maximum dispersion among thernthey are as different as
possibleso each one models different possibilities

¥ The chosen patterns must beyweepresentative of all the data so the difference
between them must be as lowest as possible.

1" {'2 (2 "#$%& (1 (1N )))} Equation34

Therefore, the objective on the-rdeans algorithmEquation 34, is finding the
requested number of clustér§, ) thatminimize the sum ofhe distances between each
observation !'!!'! I and the clust# (! ) that it belongsTherefore this methodfocuses
on the second objective mentionatbove The distance that is mentioned is the
Euclidean distanceConsequentlythe final cluster is the average of the observations

thatit represents.

More preciselyin this projectheobservatios are eactof thedaysof the year that is
analysd, and the clusters are the ddliat are going to be choserrépresenthe whole
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year.It would be preferable to use weeks but the use of weeks as observations increase:
exponentially the simulation time and makiesnpossibleto obsere several cases and

to perform asensitivity analyses. Howevekppendix Cshows the results achieved with
weeks to show that the procedure is valid and the results are interesting.

Because of its simplicity, the-Kheans algorithm that is embedded e statistics
toolbox of Matlab has beeuseal. Starting from the required number of patterns as

initialization, it works as follows:

First of all, some observations are chosen randomly. These are going to be the first
patterns that are going to be empldybrough an iterative process. Then it proceeds

following two iterativephass:

Orhe first phase uses batch updates, where @Bmhconsists of reassigning points to their
nearest cluster centroid, all at once, followed by recalculation of clusteraidatrThe batch
phase is fast, but potentially only approximates a solution as a starting point for the second
phase.

The second phase uses online updates, where points are individually reassigned if doing so
will reduce the sum of distances, and clustentroids are recomputed after each reassignment.
Eachloop during the second phase consists of one pass though all the points. The second phase
will converge to a local minimum, although there may be other local minima with lower total
sum of distances.hE problem of finding the global minimum can only be solved in general by
an exhaustive (or clever, or lucky) choice of starting points, but using several replicates with
random starting points typically results in a solution that is a global mini@ium

To summarize whathe kmeans algorithm of Matlattoes, itfinds the representative
patterns starting from random patteriben, the selections armaprovedby an iterative
procedureof assigning observations to the patterns and modifying the patternghesing
linked data. This proceduimnverges to a local minimulbvut doesnot guarantee the

global minimum The model should be executed several until a good result is reached.

Figure 13 shows an example of the results achieved with this methodol®ge.
complete resultaichievedby applying this procedure to the demand profile of a year

with patterns of days are showsdAppendix B Regarding that it would be better to
analye weekly profiles to observe the impact of the dynamic constraints of the
generatorsAppendix Cshows the results applying the same method for weeks.

2 Text extracted from Matlab help statistics chagt&t].
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Figure 13 Example of a daily pattern and the daily load proféessigned to it.

11.3.3 Modelling wind

This chapterexplainsthe procedure followed to select the wind profileat model
wind generationlt has been selected a wind profile for each of the demand profiles that
were obtained with the method appointegrevious chapter.

As wasmentioned beforepne characteristic of wind generation (WG}he hourly
variability. This increaseshe flexbility requirements becauseiore fast units are
required to maintain the balance under confrbk variability of WGis closely related

with the location of the wind farm3he greater ishe geographical distribution the

wind farms, the lower is this factorTherefore the interconnection betweetifferent
power systems powerdyy differentwind reducs WG variability andsothe flexibility
requirementsThere are @veral projectsn progressto interconnet different systems
with HVDC (Figure 14). In the nearly dture with further penetration of renewable
energies high voltageinterconnectiondased on HVYDC will increase and probably an

upperlevel of voltage in DC will interconnect the whole Europe.

b
SEVIER uﬂ“"..: i

Figure 14HVDC préjécts in prodress ABB.
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Regarding the tools that are available for this studwai decided thatas a first
approach, every aspect would be modeied deterministic approachkspecially wind
generation On further evolutions of this researphoject it would be interesting to
account the effect of stochastic modelling of wind instead of using a constant approach

on reserve requirements.

The first approximation was trying to repeat the successful modelling of the whole
year by someepresentate patterrs obtained withdeterministicclusteringtechniques
Becausewind generation is independenf workdaysand weekeng] the focuswas
finding somerepresentativelaily patterns. The results prove tlthis methodology is

not valid Figurel5 andFigurel6). There isnot any seasonallyorrelationbetween the

clustersand theassigned observatiorfigure 15). FurthermoreFigure 16 shows that

the relationship betweehe observationsssigned to each pattamalmost negligible

Fuzzy clusteringstochasticmight have achievetietter resultdut is ousidethe scope

of this project.
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Figure 16: Example of one cluster and the assigne

Figure 15: Assignation ofvind generation datdo the
g g g observationgor WG

clusters along the year

Regardingthe fact thahard clustering techniques dot work asexpected another

approachs required. Since it wampossible to give an accurate model of the year, the

most reasonable approach is to look forwlogst case scenarto maximize the impact

of the wind on the final results.

(”(”” DR UIY !))” L Equation35
!!!!(!"#)

Ly (1811
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The worst case scenaimthe windgeneration profileg!"# ) that causes the biggest
increasein the variability ¢ the net demandthat is, the difference between the
variability of the demand Ittt 11 minus variation in the wind
generatioh ! ., (111! 'l To account the variations disregarding the sign, an even
exponent, 2n, was added. The greater is this exponent, the more weight the variations
that cause greater ramhave. This feature allows the possibility to choose different

wind generation scenarios

To maintain some relationship with the demand profiles and the clustering
simplification, the wind profiles considered for each pattern of the demand are chosen
only between the observations of the wind year that happened at the same time as eac

of the assigned observations of each of the clusters.

Taking into accounthat modelling the winéh a stochastic manner is not realistic, it
has been decided to createotscenarios: a low variable wind (LW) and high variable
wind (HW). The first scenario would be suitable to model situations with high wind
dispersion and enough interconnection between all the branches of the system and the
second scenario would be intdieg to model situations with a great correlation
between all the wind farms. This second scenario would be closely related to the
situation that could happen in small islands with offshore wind farms. Therefore, to
select the LW scenario an exponent ofE2rwas usedndto avoid outliers the wind
profiles with a capacity factor greater than 70f4oaver than 10% were discardedn
the other hand, the HW scenario has been selected with an exponent of 2n=8 anc

without removal of outliers.
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Figure 17: Comparisorof low and high variable wind scenariosinter work day.
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Figure 17 shows an example of the wind profiles selected with the method

developed.The method separates adequately scenarios with high variation and low

variation.
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Figure 18: Effect of the wind generation on the load profile for LW scenario.

As Figure18 shows, the final selected wind profiles increase the differencesdetw
peak and off peak periods of the net demand that must be supplied by the conventional
generationTaking into account the main reasnanaly® the impact of the wind on
flexibility requirementsin the generation schedule, tiid/orst CaseScenari®should
provide a good observation of tafectof WG.

I1.4. RESULTS

The analysis of the results shows the breakdown of the wosisa low wind

scenario and a comparison between the low wind scenario and a high wind scenario.

11.4.1 Low variable wind scenario

The fdlowing figures show the results derived from the model regarding the
selection of the generation portfolio (CAPEX) and the generation schedule (OPEX) for

a progressive integration of wind generation with low variability.

The different wind penetration desps have been marked as WO0.X where the OXO
means the energy supplied by wind generation from the total energy that is required by
the demand. For example, OW0.10 meansol®é energy supplied by winw0.30
means 30% and so on.
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Figure 19: Breakdown oCAPEXcosts for BAU scenario, low variable wind
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As was expected, the introduction of wind generati@iuces and removes base

generation because of the impossibilitye¢oover the investment costs.
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Figure 20: Breakdown of cost®PEX costs, BAU scenario, low wind variability

As the degree of penetration of wind generation (WG) increases, the energy
produced by fast generation increases and so the operational costs. Furthermore, winc
generation reduces the overall costs because less energymbedupplied. Probably,
if wind investment costs are taken into account, the profitability wouldn't be clear.

49



Flexibility: Concept and analysis tool

o
-.90#/0,+
L —
_ - I
3 &
i\é = 1234562
HE oo L] ’
%5:* m (786
E Y — I I I B =631

i i

()* *+ *+ *+
- ,!-. l y ' o

Figure 21 Energy shareBAU scenario, low wind variability
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Additionally to the previous results, it can be sekat the windcurtailmentis
considerable for the scenario of 70% of wind generation. This indicates that there is a

limit of wind that the system can handle withexternal resources.

[1.4.2 Comparison between low and high variable windcenarios
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Figure 22 Comparison of CAPEX castow and high variable wind. BAU scenario

Figure 22 shows that theincreasein wind variability clearlyraisesthe investment

cost This trend increases with the energy share of the.wind
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Figure 23: Comparison of OPK costslow and high variable wind, BAU scenario
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Focusing on the operational costs, thereastoo much differencbetween the low
and the high wind scenarids.can be concluded thatnoe the portfolio is optimal for a

certain scenario, the geneaaticosts do not varyecause of the wind variability
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Figure 24: Comparison of total costs, low and high variable wind, BAU scenario
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Regarding the total costs, it is clear that an increasiege wind variability increases
the overall costs, and therefore, it should be avoided using other external flexibility
resources.Furthermore it is clear thawvith high wind variability the flexibility

requirementslue to high wind penetration make thatsyn unprofitable.
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[1.5. SUMMARY AND CONCLU SIONS

This chapter started analysing the impact of wind generation (WG) on power
systems.From a general approachhe analysis ofthe investment ast and the
generation schedule showed ttia effectof wind generatio was theeductionof base

generatiorandanincreasen fastand expensivpeak generatian

A formal method toanalyg more precisely the overall impact of WG has been
presented. Tis methodconsists ofan analysiplanningtool based on an enhanced unit
commitment and performed with MILRn approach to simplify trdemand profile of a
whole year;and a mechanism to select the most representative wind profiles to observe

the progressive impact of wind generation.

Finally, the analysi®f theresultsconfirmedthat wind generation reduced and finally
removed the utilization of base generatibnmore wind generation is introduced in our
power systems more flexibility will be needénl maintain thecurrent level of base
generation. Furthermore, this tremdreases with wind variability, so a high transport
capacity will be needed toaintain all the system connected and reduce this parameter
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[1l. CONTRIBUTION OF STORAGE TO

FLEXIBILITY IN POWER SYSTEMS

I11.1. INTRODUCTION

One of the main issues power systems is that the energy requivgdhe demand
needs to be supplied almost instaniiis makes power systenmgefficient because it
is necessary to schedule generation out of its optimal spot to maintain the equilibrium
between generation and demaatch reasonable security of supply. If electrical energy
could be easily stored, this problem would dmved by saving energat low load

periodsand returning it whemecessaryHowever,apart from pumped hydrstorage

has not been massively introduced in power systems bedaugeofitability is not
clear. The differencein the price of the generation co@narginal costpetveen high
and low demand periods is rafficientto recover the investment costs.

The introduction of wind generation (WG) in power systems has two main impacts

on the generatioprofile that require further flexibilityn power systems:

First of all, tre difference between thead at peak and off peak periods that is
supplied by conventional generatiamcrease because there iproportionally more
wind generation at off peak houtisan at peak hourdhis growthin the difference
between required gerasgion at peak and of peak perioggh a further penetration of
wind generatiortould justify from the point of view of costs the introduction of storage.
Furthermore, storage could absorb the fluctuations of wind generation and reduce the
requirementdor fast and expensive units to cope with them.

Secondly there is an increasethe reserve requirements of the system due to the
uncetainties on the forecast of W&o cater with thiproblem somegeneratingunits
areoperatingat less than their optimal output to beady tocover thepossibility of a
sudden loss o$everal megawatts afind generation. Hoewver, storage technologies
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could provide this service to the power systems as a compleimeheir normal

functioning becaustney have enough speed to response to these variations.

Because of these reasons, it is necessary to assess and clarify the possible
contribution ofstorage of electrical enerdy the flexibility in power system&om the
point of view of the progressiygenetréion of windmills.

Outline of the chapter

This chaptestarts analysing the different possibilities to store electrical energy to get
a decision about which ones should be considered. Then, it is presented how storage ha
beenanaly®d by other aliors. The improvements added to the tool that was explained
in the chaptefl to model storage are explained in the subchapteall¥ithe resultare
discussed

[11.2. STORAGE TECHNOLOGIES CHARACTERI ZATION

There are several technologies capable to store electrical eAergpg allof them
only those that are capable of providing massive energy storage (MES) are interesting
for this analysis.In order to affect the final generators portfolio and the schedule of
generating units, it is necessary to be able to save great amounts of energy, at leas

enough for several hours.

Currently, as it can be seen dnigure 25, the technologies suitable for MES
applications are principally: pumped hydro storage (PHS), compressed air energy
storage (CAES) and battery energy storage systems (BESS). A#raofdre capable to
store energy for about 10 hours at an important rated power (more than 10 MW). The
other technologies that would allow storage, such as, fly wheels, super capacitors or
superconducting magnetic coils (SMES) have interesting applicatai® regulation
level. However, they are not suitable for MES applications because they are not capable

to save enough energy.
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Figure 25 Discharge time and rated power comparison of storage technolfgfigs

m.2.1.1 Pumped Hydroelectric Storage (PHS)

Among themassivestorage technologid®HSis the most common and developed. It
consistson storingenergy with the shape gravitata potential energyln order to do
so, water is pumpeffom a low reservoir to an upper reservWhenthe energy is
required,the facility generates power in the samay as hydroelectric plants dthe
control valveis openedand the flow of water moves the turbines to generate electricity
In some occasions a PHS facility is a typical hydroelectric power plant that has
reversible turbines which add the capability of pumping water.

To build this type of storage facility, theere several natural geological features
needed. Among them it is remarkable the requirement of having adequate close land
areas divided by a considerable elevation. Also it is necessary an adequate water supply
In some cases the lower reservoir is theamcand sea water is used.

PHS is a demonstrated technology for electrical energy storage. There ar8®&bout
GW of power installed of this technology worldwide. Furthermore, the majority of
suitable locations have already been binltthe developed wail Because of the
difficulties of finding suitable locations, it is only expected further investnrethis
technology in developing countries.

Since this is a very important storage technology, the model that has been developec
contemplates the posdilty of analysing it. However, takinghto account that the

possibility to build more facilities is limited aride simulation time is a critical issue in
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this model, the results showed do notontemplate this technologyin future
developments with an imprement on the simulation time, clearly this is one of the
technologies that should participate.

1.2.1.2 Compressed Air Energy Storage (CAES)

These facilities store energy lzompressing air and saving it in a cavern, usually
locatedundergroundTo deliver back ta power, compressed air is mixed with natural
gas and combusted before the expansion in a turbine to generate eledtiuciy.
specifically, the compressor in the thermodynamic cydé a @mmbined cycle gas
turbine (CCGT)is employed to store energ¥he stored compressed air replacas
first compressiorstage of the normal cycl@he typical schematic of the configuration
of a CAES facility can be addressedfgure26. It is very important to highlight that

CAES is not a pure energy storage technology bedausguires buming gas to return

the energy stored

CAES facilities improve the operation obmbined cycle gas turbines (CCGay
changingthe source oénergyusedto compress air from the fuel (668bthe ga¥to off
peak electricity. Toget an idea of the average operation, for every 0.72 MWh of
electricity and 4.4 Mbtu of gas (1.37 MWhhe plant will provide 1 MWh of electricity
([38], [39] and [40]). Furthermore, the flexibilityof the facility improvesas it is
required less time to start workinfyjom the cool stage

1\‘ Peak-day Fuel
. \Electricity Out
\ oty

Not to Scale

- Limestone Cavern

-
- =

Air In/Out

Phto Courtey of CAES Development Company
Figure 26 Example of the configuration of a CAES plg38]

There are two types of CAES, adiabatic and diabatic regarding how the heat is
managed after comgssion process. In diabatic CAES the air is cooled before it is
stored and reheated before the return to the thermodynamic process. On the other hanc

in adiabatic CAES, the heat energy that wasiloshe other type is saved and used to
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reheat the air. ie second type of plants is under development and is expected to have

higher efficiency and lower C{&missions.

On the other hand, it is a technology not very developed. There are only two facilities
worldwide: Germany (290MW, 1978), Alabama (110MW, 199Mhere is a planin
construction in Ohio of 2700M\B6].

The importanceof this technologyis the associatiomvith CCGT or combined heat
and powe (CHP). These technologies had an important growth along the world during
the last decade and are curremthe of the main sources @lectricalenergy. However,
asit happens with PHS, this type of facilities can be built only in certain locafitves.
position of the power planimust besuitableto build a cavernto store compressed air.
This requires certain characteristics of the grounds close to the poweiTplaobntour
of the cavern is materials that have a low permeability tp among themthe most

common is salt

To sum upthe main characteristics of CAES which make it interestinglaigigh
thermal efficiency. 1) High flexibility: It can be dispatched when need&dhere is

compressed air left in the storage. llt)has a very gk responseso it is suitable

provide ancillary serviceOn the other hand it has someadigantagest) it canonly

be builtin specific locationsin countries with big penetration of CC&Twould be an

upgrade to an existing plart) Despite it is anmprovement to other technologies, it
doesnot solve the problem about CO2 emissioH®wever, taking into account that

some (flexible) thermal generation is required, currently is one of the best solutions.

For the same reasons as PHS, the model conteaplae possibility to introduce
CAES but the results showed do not use this techndtmggduce the simulation time

In future developments this @hertechnologies that should participate the mix.

1.2.1.3 Battery Energy Storage Stations (BESS)

When referring to massive storage applications, the leading technologystertge
based on SodiusBulphur (NaS) batteriesThe main advantage of this technology is
that it is manufacturedrom inexpensive materialdzurthermore, it hagood closed
cyde efficiency(about 80%) and a long life cycl@n the other handt operates at a
high temperature300 to 350;¢ andits main materials are hightorrosive Because of
all these resons, this technology isneant for largescale (massive), and static
applicationstherefore is adequate for BESS.
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More specifically, N&S battery consists & positive electrodenade of sulphur, a
negative electrode made sbdium, andas conductive sepation of both electrodes:
Beta alumina of sodiufion. In this type of battery he electrodes are liquid and its

separations solid.

Severaldemonstration projectsave been carried oon this technologyThere were
about 55 installations of this typétechnology worldwide (EPRI 2003peing the main
one atCharleston (2005, 1,2MW 7,2MWhFurthermoreAmerican Electric Power has
set the goal of having 1000MW of this type of storagehe system over the next
decadd7]. The main manufacturer of N&a batteries for BESS NGK Insulators, Ltd.

Until the moment, this technology continues being at the demoostisiige and has
not been massively adopted to store big amounts of electricity because the expectec
earnings are not enough to recover the investment. Perhaps, when the possibility to
provide ancillary services is taken into account this technology wealch the cost

effectiveness.

On thecontrary ofprevious possibilities, this technologpgs the main advantage of
not beingconstrained by the characteristics of the location. In fact, one bbtlepics
in research regarding storagepower systemss the optimisationof the location of this
type of facility in the grid.On the other hand, it is more expensive than the previous

ones

.2.1.4 Non massive storage technologies:

Flywheels This technology ensist of an inertia disc suspendéedelectromagnetic
fieldsin vacuumto avoid friction. Itstores energy by increasing the rotatidrihe disc
To return the kinetic energy, the disc is cowted to an electrical generator which,
througha power electronistage, makes the transformationeiectrical energyThe
energy storedn a flywheelis proportional to thenertia of the rotating accumulator
The same worksof the rotatiorspeed, but with a quadratic relationship. Tgiisesthe
hint of the two types of flywheels that exist: orfesused on havingvith big inertia,
and the ones with great rotation speBge main advantage of this technology is that it
provides inertia to the frequenay the systemand therefore is suitable fepinning
reserveservices Furthermore it is not as sasible to the temperature as the other

technologiesHowever the cost of reaching great storage capacity is not yet affordable
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because of the magnetic suspension and the materials rediarrezhduring the

centrifugal forcesAlso, there isarisk of explsion if theflywheelis overloaded.

Super Magnetic Energy Storage (SMES)This technology works storing energy
electromagnetic fields. More specifically, it uses superconducting coils to store energy
in the shape of directurrent (DC) flowing by the coil. Therefore, it has a power
electronics stage to transform AC to DC as it is done with BESS. It has a high response
capacity and a very low round trip efficiency%%0). This makes this technology very
adequate for ancillary serviceblowever, the coil needs to be cryogenically cooled

below the superconducting temperature. Furthermore, the cost of the superconducting

wires makes it unprofitable.

Super Capacitors It consists incapacitors whose technology has impsotee
energy densityof an electrolyticbased capacitoby hundreds of timesThe main
advantages are high life cycles (about millions of times) and fast rates of charge and
discharge.Therefore,this technology could be useful to store and produce energy in
situations that mguire high power but not too much energy such as, primary regulation.
The main disadvantages compared to the batteries are the requirement of a voltage
control system (voltage droops during discharge) and higher self discharge ratio.

Because of its advargas on the introduction of renewable generation and the
performance of the system the researcimew storage technologies is a very active
field. For example, it is common to hear about improvemienbtatteries technologies.
Another example that has belktely released is the possibility to store energy in the
shape of compressed air in the oceans floor. This method would be easily related with

offshorewind farms
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Figure 27 Power and Energy comparison of specific costs ofag®iTec36]

Finally, to conclude the analysis of the storage technologies, it is important to
observe the investment cost8s it can be addressed dfigure 27, among the
technologies that are available and commer@#ES and PHS would be the most
interesting technologies-However, they are constrained by the conditions of their
location so they cannot be deployed as it is necessary. Therefore, it is important to
consider SodiurSulphur BESS.

[11.3. CONTRIBUTION OF STORAGE TO POWER SYSTEMS

This projectfocusesmainly on the impact on the generation portfoli@and the

generation schedulef the selected generators taking into account riserve

requirement®f the system.

Portfolio selection and schedule

The analysis of the effect of wind on the load duration curve showed that WG
reduced base generation because the amount of power that is continuously demande
during the whole year decreased and therefore, these units could not recover the
investment costs. ABigure 28 shows, the introduction of storage increases theiload

off peak periods so more base generation can be committed.
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Figure 28 Impact of storage on the load duration curve with wind
A similar resulthappens regarding the schedule of gferarhe energy stored must
be soldat the highestprice on the electricity market. h€reforeit displaces the

commitmentof the most costly generation.

Focusing on wind generation, in high productiotuaions, storage ia possible
solution to save the energy producadd avoid excess of generation and null prines
the electricitymarket With further degrees of penetration of wind generation, a greater
investmentin transmission lines would be raced totransportall the energy from the

production centres to the location of the storage facilities.

When observed in thextreme situation in which storage would be very cleaap
with a perfect efficiencythe final shape of the load profile and generation would be
perfectly flat This is easily demonstrable by reduction to absurdity:not were flatit
would not be the optimal solution because it would be profitable to buy energy when

load is below the average and sell it when it is bigger.

Storage providing tertiary reserve services

As was explainedin the chapterl.2.2 from economical point of view only the
tertiary reserves are considered the schedule of the generation. tine United
Kingdom and other electricity systems, tertiary reserves are die®deenSpinning
reserves and Standing reserves. Spinning reserves are provided by the generation the
are already connected to the systemdaprovide rotating inertia. Because of this
reasons, a minimum amount of reserve must be provided by unit capable of providing
spinning reservéo maintain the reliability of the syster®n the other hand, standing
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reserve accounts for the generation ttaat be committed in less than 15 minutes but is

not alreadysynchronised

Therefore, the storage technologies can be classified by the capacity to provide these

services:

¥ Spinning reserve®HS, CAES and Flywheels

¥ Standing reservéatteries. SMES ad Ultra capacitors.

I11.4. LITERATURE REVIEW

Once the technologies interesting for storage on the level of generation scheduling
and flexibility are clear, it is important to know what other researchers have done before
explaning the moded that has been elakaied.

To solve specifically the problem of wind fluctuations, some references have
analysed the synergies between wind and storage. Some of them analyse the probler
from a general point of viey6], other more focus on a certain technology such as PHS
[10]-[14], CAES[15]-[16] or BESS[17].

When analysing storage, most of the authors have focused on pumped hydro storage
(PHS). Among these studies, A. Tuohy and M. OOMalleji4h state that when
investment cost in PHS is taken into account, this technology is only price effective
with large penetration of wind. E. Castronuovo and P. Lopg%lihhave focused on
the interaction of wind and storage on the day a head market in order use storage as
way to cope with the uncertainties and meet the expected generation. J- Garcia
Gonzalez, if12] with the same objective as previous, makes a @ptimisationwith a
stochastic UC model that deals with the uncertainties of wind.

Other mportant storage technology is compressed air energy storage (CAES). In
[15], D. Swider analyses the requirements of flexibility and the resuétsipfoying this
type of storage. The main conclusion is that CAES is able to provide the required
management and allows further penetration of wind. Besides, it is intergdingn
which a security constrained unit commitment model shows that CAES would reduce

the overall cost.

Furthermore, with the progressive development in batteries technology and reduction
in costs, it is growing the interest battery energy storage systems (BESS). These
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facilities could provide both energy storage and ancillary services. However, they not

seem to be cost effective \j&w].

It is important to highlight that this work introduces a new approach to the work
performed in the previous works because none of them has focused on the flexibility
requirements or the impact of wind the portfolio of generators. Furthermore the
approach that has been proposed to model use a unit commitment as a planning tool i
also new. On the other hand, the modelling of storage is very similar because it is basec
on the same procedure and theneasany improvement to be made.

I11.5. M ODELLING STORAGE

[1.5.1 Modifications and additionsto the flexibility model

This section explains how modelling storage impacts on the constraints exphained
previous chapter¢chapterll.3.1). The new factors from the base modeve been
highlighted in boldFurthermore, the specific constrab model storage are showed.

Changesn the dbjective function:

I LG

"4 'Z' (! Z) Z(I s Ore) Py Equation36
! Iy r{)t! £ L q
I T L1 g (D11 !

The inclusion of storage requires the addition of Storage investment Cgsisd
the generation codt (!!!)land the amortised investment ctst (!) in the objective
function. The existence binary variabl@) indicates if a unit has been included or not.

g S HE (1) 1L ML O I HS%6& (1) 1 1 B
"# | 'Z !..#$%$&-"! o (l) ! IZ !"#$%$&"'! " (I)

Equation37

Storage investment cost§&quation 37, consider the capacity investment cost
I"#$% (1) for each storage technology reservibité !l!!, and the power investment
cost!"#3%& (1), for the available power generation of each storage
technologyl ! »# I, Every cost is amortized by the life expectancy of each
tecmology!"#$%é& - (1).

In the situation that CAES is consideraeégarding that this technology requires
burning natural gas to recover the eneiigys necessary to add the generationsctust
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the objective functioiEquation36). More specifically it would be necessary to consider
the no load cost, the start up cost (or energy storedjhancbst function of théacility
that has been upgraded

Changesin system constraints:

NOIRD AN IR N AD IR NNCDINI () Equation3s

The incorporation of storage to the power balance constEajogtion38, consistsn
the addition of two terms: the energy consumed by the storage to save!gnérgy,
and the energy return to the system frilva storag - (!!!). As wasexpected, results
show that when the storagedstracting energy from the gtid - (!!!) ! 1) it is not
generating energy - (!!1) ! 11 and vice versa.

22!!(u!)!(!V# OIR OH))!!:E:ReSp(!H)! " w W11 11 Equation39

The consideration of the incorporation of storage into reserve requirements is
analyed with the addition of a factor that accounts the possible reserve provided by
storage, i.el"# . (!11). This constraint is very importanebause it models part of the
flexibility requirements of the system. Furthermorie,highlights one of the main
contributions of storage becausethis constraint isconsideredthe final decisionn
most of the casedoesnot includestorage.

L (U L i Equation40
" (U 1 g (LTI L LTI 1 Equation41
P Q) Ly DU L)L LI (1) Equation42

Reserve provided by the storage is the differenesvéen the maximum power
output! ! i# 1111 and thepower retured to the systeth,. (!!!). This is true only if the
storage facility has enough enersppred!! 4505 (! !!) in order to provide this service
(Equation42). Finally, it has been considered that certain storage technologies such as
batteries cannot provide completely the reserve requirements of the .sistethose
technologies that only caprovide standing reservel"# (!)! !, batterie} the

provision of reserve is limited to a fractlbpn, of the total system reserve
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requirements. This fraction has been considered to be a 40% of the total system reserv:
requirements as it were madgthe author of referendé5].
Storage constraints
D passoee (1D T LEF (O E Equation43

Equation43 limits the maximum energy storéd” (1) which is indicated by the

decision variabl® g0 (111).

e (1D D DEEF ey ey Equationd4
L (PID) D DEEF e e Equation45
The maximum limit orthe power! ! .# 11l used to store enertyy. (!!!) and the

energy returned from the stordige(!!!) are considered iRquation44.

D igopa (1) L 1 paggng (1L D) T 1L ()11 (L) T 1 (1) 1

Equation46

Equation 46 considers the elationship betweenthe energy stored in each
stagd g0 (!!!) , the energy savéd. (!!!) and the energy returnigg (!!!). The
facton! . (1) is the round ty efficiency of storage (0.77 for BESS). Furthermore, this
equation equals energy with power which has been delivered or saved continuously for
the time stej . This factor usually is omitted because the typical time step is one hour.
It is interesting tamention that the variabl® .52 (! !!) is the final energy available
for the system since the round trip efficienty. (!) is taken into account for the

energy savead,. ().

Some other references model the storage more accurately byecogsgtart up cost
and shut down cost, minimum generation when activated and losses. These constraint:
are useful when further accuracy is required. Furthermore, these constraints have more
impact when PHS is considered and this is not the situationstltainsidered in this

project.

Other constraints, such as the minimum storage level, have been omitted and in its
place the net available stored energy is used. This is done by considering that the energ
stored has already subtracted the minimum levelired of the stored energy. Usually,

it is necessary to leave a minimum energy stored (and a maximum) without being
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touched in order to maintain the life expectancy of the storage facility, especially with

electric batteries and PHS.

[11.5.2 Clustering simplification modifications

This chapter explains the changes that have been introdacéde previous
constraints that model storage in order to be coherent with the clustering simplification
that was performed to model the demah@®.Q)

Dasoee (111 (D) D1 pagope (M1 (1)

P O (P (D) 1 (P (1)) 100N Equation47

Equation47 introduces a relatiobetween thédeginning and the end ofdusterto
the equation that relates the energy stored at the storage facility in several Asages
wasconsidered with the geraors constraints, this makes the results coherent with the

cluster approximation of a year

There are three possible time scopes of the energy stored and its use: daily (store ir
night, use in at peak hours), weekly (stores energy during weekends aadhgive
power back in week days), montkdgasonally (stores power from a month of lower
consume to give that power back in the next month). The model that has been
elaborated for this thesis assesses the possible contribution of the first two possibilities
The third scope would require very large storage facilities and long term decision tool
without simplifications. Therefore it is aitlethe scopeof this thesis.

[11.6. RESULTS: ASSESSMENT OF THE CONTRIBUTION OF STORAGE

The analysis of the results shows fitst effect of the external resource (Storage) on
timely evolution of the system. Thea breakdown of the costsr a low wind scenario
is analysed and finally a comparisbatween the low wind scenario and a high wind

scenario is explained.

[11.6.1 Effect of Storageon the system performance

The effectof storageon a situdion without WG cannot be observelecause the
flexibility requirementdo notto justify the investment and it is not introduced
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Figure 29 Effect of storage on the net demand profile
Figure29 shows the effect of storagea situationrwhere30% of the total demand
supplied by wind generation disregarding wind curtailmé&he plots show that the net
demand (Demand minus windrggation)presents a high variabilityat is reduced by
the presence of storage. Therefoas, wasexpected the main contribution of this

technology is levelling the load in order to reduce flexibility requirements.
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Figure 30 Excess of rgerves on the system
Focusing on the reserves of the systBigure30 shows that one of the key impacts
of the introduction of storage is theprovementof the reserve provided by the
generating units and the storage. The excess that is prastm@ situation without
storage gets reducett. is important to highlight that the reserves provided by the

storage are limited taking into account that stogmEs noprovidespinning reserves
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111.6.2 Low variable wind scenario

The following figures show the results derived from the model with the introduction
of storage. A comparison with storag®T] and without storage (Business as usual,
BAU) is made regarding thselection of the generation portfolio (CAPEX) and the
generation schedule (OPEXJhe results are shawfor a progressive integration of

wind generation with low variability.

The different wind penetration degrees have been marked as W0.X where the OX(C
means the energy supplied by wind generation from the total energy that is required by
the demand. For example, OWO0.10 means 10% of the energy supplied; iwW0.30
means 30% and so on.
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Figure 31: Breakdown of CAPEX costs lamind scenario, BAU and storage.
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Results showthat the introduction of storage increases the total investment costs
(Figure 31). However the investmenin fast units reduces and the utilization of base
generation increaseBurthermore, in the scenario without wind generation, storage is
not cost effective. Additionallygtherresults showed that if storage does not participate

in the system reserve raggments itis not considered in the optimal solution.
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Figure 32 Breakdown off OTALcosts, low variable wind, BAU and storage
Figure32 shows the total costs with a breakdown of the operational costs. Regarding
the operational expendityréhe main contribution of storage is the reduction on the
costs offast generation and the reintroduction of base generation in scenarios with high
wind (50% and 70%)Furthermorethe total costs addressecdthe previous figure show

that storage always improves the operational costs of the system.
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Figure 33: Energy share low variable wind generati@T andBAU
Apart from the esults addressed in the previous figurggure 33 showswind
curtailmentin high wind scenarioss reduced but desnot disappear completely with
the utilization of storage.
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[11.6.3 Comparison between low and higlvariable wind scenarics

The next figures show the comparison of CAPEX, OPEX and total expenditure with
scenarios of low and a high variable wind generation for tesipilities considered

previously.
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Figure 34: Comparison of CAPEX costs low and high wind variabiyand BAU

Focusing on the capital expendituFegure 34 shows the increada the investment

induced by wind variabilityeduces due to the introduction of storage.
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Figure 35: Comparison of OPEX costs, low and high variable wBitiand BAU.

As happenedn the business as usual cashe operational costs do neary
excessively withwind variability disregarding the degree of wind penetrat@nce a
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portfolio is optimized for a certain situation, the operational costs do not vary

excessively due to the variéity presentin wind generation.
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Figure 36: Comparison of total costs, low and high variable wind, storage and BAU.
Finally focusing on the overall performance, the final increase due to wind variability
is highly reduced thank® the introduction of storag&he increase generated by high

wind variability is always lower than in the BAU situation.

I1.7. SUMMARY AND CONCLUSIONS

This chapter startebly analysing the different storage technologies and the possible
contribution of storag@o power systems with increasing wind generation. A general
approach showed that the maiantribution of storage was levelling the losd the
energy supplied by the generators constituted a less variable .pidfie flattening
results in anincreasen the utilization of base generatiofhen,the improvements to
the flexibility model developeth the chapterll.3.1 to model storagevere explained.
The modificaions involved some additions to thmain constraintsand specific

constraints for the storage facilities.

The analysis of the results showed that storageeases the flexibility and the
capability of a system to introduce wind generation maintaining gaseration. More
specifically, theperformance of the systemas improved byeducing the operational
costs and the reserves preserthe systemlf higher wind variability was considered,

storage reduced the increase on the overall costs. Thisisgsaiticularly interesting in
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systems where reliability is an important issue and high wind variability could create

contingencies such as islands or small islanded systems

On the other hand, in systems withw flexibility requiremerg because of thedk
of renewable resourceesults showed that storage was not cost effe@iome test on
the model showed thastorage isprofitable only if it contributes to the reserve

requirements

Due to its high investnrm# costs, and the losses when stoengrgy, storage states as
part of the solution to integrate WG, especially in scenarios with high capactsder
to solve this problenn a cost effective manner, other solutions such as demand side

management or interconnections with other systmsld be considered.
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V. CONTRIBUTION OF DEMAND SIDE

MANAGEMENT TO FLEXIB ILITY

IV.1. INTRODUCTION

Regarding the interactisnbetween demand and generation, there are several
approabes to define demand side contribution. Some authors refer to it as demand
respons€DR) because they expect an interaction between the customéreanthrket
price The U.S. Department of Energy (DOE) defirigf in its February 2006 report to

Congress, a

COChanges in electric usage by enge customers from their normal consumption patterns in
response to changes in the price of electricity over time, or to incentive payments designed to
induce lower electricity use at times of high wholesale markeegror when system reliability
is jeopardizedO.

In this projectthe contributiorto flexibility provided bydemandhas beeranaly®d
from the point of view of the overall systefurthermore, tis servicehas the objective
to improve the systerperformance Because of these reasons, it has been considered

that the terminologpemand Side Management (DS )more accurate.

More specifically, DSM refers to loads thatnde controlled by an external agent
that participatesn electricity marketsTherefore,this analysis assuméise presence of
a framework that would allowemotecontrol This is a reasonable assumption because
the developmestin telecommunication®verthe lastfew years hae triggered research
of smart appliances and smart grid&me demonstration projects on these topics are

already being carried.

Additionally to the possibility to control domestic loads, during the next years, the
introduction of electric vehicles expected to have a significant impathese new

loads are connected to the systemost of the time have large charging times and
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occasionally could provide energy to the grid (V2G). With an adequate managing
infrastructure, this loads &perfectly the concept @SM.

Because of these reasons it is clear th&@MDs a resource that will be available
progressivelyin future networks It is therefore necessary to assess the possible
contribution of DSM schemes to power system flexibility amare specifically to the
progressive integration oénewable energies duaswind.

Outline of the chapter

This chapter starts analysing the different possibilities agents that participate
electricity market and the consequences of the introduction of .DNgMt section
explains the impact on power system planning that DSk mially has. Then, it is
presented how DSM has beanalygd by other authors. The improvements added to
the tool that was explainemh the chapterll to model DSM & explained in the
subchapter Results are discussad the section Finally starting from the results
achieved with the model, an analysis of the procedures and policiéewihde.

IV.1.1 Electricity markets and DSM

The aim of this section msnaly® andclarify the impaciof demand side management
schemes on the different agents that participegéectricity markets.
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Figure 37 Schematic of the d|fferEagentsn the liberalized electricity markets
One of the inconsistencies thataracterize our currepbwer systems ighe lackof
interaction betweenwhat is happening at the generation lete& hourly result of the
spot marketand thehourly price that a customer pays for the enecgnsumedThe
final price at each hour reflects the situationthe system, hours with peak prices

74



Contribution of Demand side management to flexid@iytribution of Demand side
management to flexibiligontributionof storageo flexibility

correspond to situations in which more expengilexible) units are required to be

committed © ensure the seaty of supply[19].
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Figure 38 Supply demand cunie the Iberianpower systerfb0]

As Figure38 shows, the elasticity of the demand to the supply curve is veryTlogy
main reason for this result is that the different retailers buy energy in the market and sell
it to the customers at tariffs that usually do not have any hourly variation, i.e. at a fixed
price rate.From the point of view of the retailers iitcreases the risk when buying
energy.On the other hand, there is no incentive for the customers to change their

behaviour while the energy is sold at a fixed rate.
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Figure 39 Effect of enhanced elasticity on demand side

The effet of enhancing elasticity of demand sidslucesflexibility requirements
because thsituations with high price amelated with the necessatgmmitment of fast

unitswith a high marginal cost
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On the other handt is not expected that the customei$ e constantlyaware of
the situation of the market on the moment of requiring electricity. Theréfalemnand
IS going to response to the market spot pseme automation ohow andcustomers
consumeelectrical energys required especiallyif demand is going toparticipates in
the bids of the spot and the reserve markatie to this reasons, it is expected that the
retailers will become aggregators of manageable demand and use this resource tc
participatein the markes. This scenariavill reducethe risk andhe purchasingorice of
the energyor the retailer and consequently will increase the profits.

Moreover, DSM could participaia reserves market3he concept of aggregation of
customers gets complete sense when this possibility is corgitterder tofulfil the
minimum requirements for this type of service it is necessary torhaammum @pacity
on power availability and time of response. Only when customers are grouped the
availability and the reliability of this resource can be ensured.

Focusing on the demarsitle it looks reasonable thabme of this profitabilityof the
retaileraggregatoshould be sharedo the customer wikllow the control of loads that
could bereduced (heating appliancebyt alsoloads that could be delayed (smart
appliances

On the other hand, an improvemamthe elasticity of the demand is not interesting
from the point of view ofthe generating companies (gencos.) because it retluees
profits by reducinghe final electricity price in the market. Thereforehe introduction
DSM will need to be promoted by policies created by governmgr@ls Other
disadvantage of this new framework is that it is not clear if the information

infrastructure required will justify the savings.

IV.1.2 Mechanisms to introducedemand responsiveness

A perfectdemandmnanagemenly the retailers (aggregatorns)not likely to come to
our power networksluring the next few yearsTherefore,t is interesting to angbte
which are the policiesr tariffs in the contracts between retailers and custortters
have been considerear appliedin demonstration project® increase demand side

contributionand response
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The electricity priceset by the retailers is made of two components: the electricity
cost anl the insurance. Thast onecovers theuncertainty and variabilitpf the prices
of the electricity This price is high due to the lack of interaction between the customer
and the electricity markefhere are two types of contracts that increase theadgm
elasticity: time varying tariffs and incenthmmsed reductionThe final objectives of
these possibilities are the reduction of the load at peak times and consequently an

increaseat low stressed situations.

Time varying tariffs

These tariffs try toncrease the response of the customers to the electricity market
result and share the risk. This risk is shared between the retailer and the customer.

¥ Time of use(TOU): The price of electricity is based on the estimation of the cost of

electricity during goups of hoursThe prices offered to the customers are usually
divided in two to four groups of hours. The values are known in advartte an
usuallyvary through the seasons.

¥ RTP Real time pricing (RTP): The prices offered to the customers are related to

the market result. The values are known by the customers an hour or a day in
advance.

¥ Critical time pricing (CPP): Usually is a mixture between the previous

possibilities. Customers are on a TOU but sometimes a critical price event is called,
and cost riseseveral times. The number of times and hours that these events are
committed is limited (An example of this values is showedable 3 in the next
chapter).

Incentive-based reduction

This possibility gives the customers incentives to reduce their load additionally to the

agreed price.

¥ Direct load control (DLC): TraditionallyDLC has been used to curtail loads by the

SOwhen contingencies threaten thecurityof the systemif the customer agrees,
DLC could be used by the retailer to avoid high price situations. This approach is
close to the approach to model demand managethemn has been assumed,

especially regarding demand curtailment.
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¥ Demand buyback program: This possibility consists of bids of the customefs

how much load wouldhey be willing tocurtail at the pricefferedby the retailer.
Then the retailer decideshweh reductions will be committeasuallybasedn their
performance.

IVV.2. DEMAND CHARACTERIZATION

The step before modelling the demand is the analysiboof the demand is

constitutedThere are two types of contribution that have been considered:

¥ Shifted demand Customers that will allowchangingthe moment in whicldraw

energy from the gridThis constituteshie main contributiorgiven by the demand
andit that has been addressed by several autfik[R3] [24] [26]).

¥ Curtailed demand: Customers that will contribute critical situatiors by reducing
or removing their loa[22] [25] [26]).

An analysis ofthe differenttypes ofcustomersn the power systemis necessaryo
give an estimation of the possibéanount of these different types of demand side
management. Aere are three different types thae a&asily distinguished: Domestic,
Industrial and Commerciademand Each has its own characteristics and will participate
in demand side mechanismmsa different way.

55
S 45 _—
g "‘:"m !IIII#$II%&$I
'535' 7@9-.-».,..“,7_
§ 0*$+&,-
§ 25 - o )P %)
¥ 15 o OL2+&#, %
] -

5 T - T T T T

00:00 04:00 08:00 12:00 16:00 20:00 00:00

Time of day (late-winter weekday)
Figure 40 Domestic load profile UK41]

ObservingFigure40it can beeasilyseen thathe load profile of industrial customers
is almost flat On the other handhe variationin the totalloadis principally created by
the domestic loads. For theseasonsit has been assumed thddmestic loadswill

constitute the main contribution foload shifting Opposite to them,industrial
customersmore concerned of their expenditure in electrjcgyobably will bemore
interested than domestic loatts cantribute to criticalprice situations ysually called
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critical price mriods, CPP)y reducing their demand. Finally, it is not likely that
commercial customemwill participate too muchn any ofthese possibilitiesince their
demand is directlgonnected to their profits.

) %8S ()5 *$.(-70123* | _
"HS | 45+67%89985/5:<8:50 U
5.5<>87 @ABC ADE
25._$28(9 @@B@ AFE
Gl-<>8(3 @6BD AHE
%% &0 @FFE

Tablel1 Energy share of the different types of custorfwts.

Table1 shows he energy share of each different custofoethe UK and allows to
provide and estimation of the amount of each resolireg interesting to highlight that
the three different possibilities hatree same order of magnitude.
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Table2: Energy share of the an types ofdomestic load§41] .2

Focusing on the domestic demaiidple2 shows he main loadshat constitute this
type ofcustomersAmong these, it has been assumed that the main contribution to load
shift will be constituted byhermal loadsThe main reason for this assumptierthat
thermal systems havenough inertiato be curtailed for some hour$f managed

properly, the comfort of the customesisauld not be affected by the shift of the load
other periods

Additionally, washing machines, drieos dishwashers could be part of this scheme
They could be shiftey waiting to startheir progran until an external controller gives
the orderFor example, the user would just give a finishing time and the system would
manage it. In this situationnergy would be stored as Odirty clothesO

% The ratios of this table have been elaborated using the data from refierEiit2]
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Dy DI D IHS%& Ly P11 Ty L1 LI LI 1L Equation4s

Therefore, a€quation48 shows, the available ratio of the demand that could be
managed has been assumed to be aldwinitial 50% is just an index to show that not
all the customers will participaten these proggms and to make a conservative
approach. Other references set this value betw&f¥4lso the currdrvalue is enough

conservative.

This ratio will be used in the analysis to model the available shifted dehanake
into account that the variationa the total load profileare mainly caused by the
domestic demand, this ratio has been assumed paheof thedemandconnectedat

every instant.

Focusing on industrial load# is necessaryo setthe maximum power capay that
can be curtailedThis rato has been set from the values from the same reference as the

domestic loads analygié1]

Lo U100 HS0& () IHS%& 1 M I Ly 11 1" Equation49

From all the industrial demand, it has been assumed that only a 12.5% will be
available to be curtailed. This ratio that is lower than the previous domestic load value,
models that only a few industrial customers will be imgl to stop manufacturing.
Furthermore, opposite to the demand ratio, the complete 6% is a ratio from the total
peak demand since industrial demand has been considered to be low variable. If greater
degrees are considered an excessive curtailment isuntdith the system.

Additionally to the power that could be curtailed from the total demand, it is
necessaryo know how much energy will be possible to be curtailed. The estimation of
the maximumannual energy;"#$% ! . and themaximumdaily energy!!"#$% . thatis
availableis based on the parameters of a demonstration project made in Cald@jnia
that tried to implement thitype of mechanisms. The energy proportion has been
directly estimated by the maximum number of hours that was agréleat experiment
(Table3).
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IV.3. CONTRIBUTION OF DEMAN D SIDE MANAGEMENT TO POWER SYSTEMS

As wascommentedn chapterll.2, in this project the impact of WG in a power
system is mainly observday the impact on the generation portfoi@APEX) and the
impact on thegeneration schedul€OPEX) of the selected generators taking into

account theeserve requirementd the system.

Contribution of DSM to the portfolio selection and schedule

As it has been observad previous chapters, the introduction of wimd power
system increases the differences between peak and off peak perioedoad profile.
This increasgthe operational system cost because of the reduction of the total base load

committed.
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Figure 41 Impact of DSM on theohd generation curve with wind
The final effect of DSM schemes, especially shifted demand, is very similar to the
contribution of storage: the final profile flatter&hifted demand behaves as a storage

fadlity. The energy is OstoreitOthe shape dfasks that are needed to be done such as
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clothes to be cleaneat food to be cooledDemand curtailmenteduces the load ven
the situation is criticaland leads to very high priceis impact is difficult to be
addressed obseng the load duration curve mgsethe final enegy curtailed should be

very low. It just avoids the commitment of peaking units at critical moments.

Focusing on wind generation, the main expected contribution of demand side
management is reducing stress on the system by adaptinigattheto the current
generation. Thereforghe necessary contribution gfeneratorgo flexibility should be

reduced

Contribution to reserves

The possibility to control demand also opens the option to increase the reserves
presentin a systemand reduce the contribution of the generatorsto reserve

requirementst a given power system.

In order to provide reserveany resourcenust be reliable, have enough response
time anda certainamount of energy/power to be providéo the system. These
technical rquirements are achievalddly managed demantithis resource igontrolled

by aggregators of customers.

Focusing on the potential contribution of DSMe tesults of[27] have shown that
the participation of demand side management in the provision of resergesves the
system performanceeducing the use of fast uniégmd increasing required connection

time fortheunits committed to provide reserves.

National Grd already contemplates the possibility that demand management
contributes to the provision of reserves in contingency time scales. More specifically,

National grid encouragdabe participation olemand managemeint the provision of

reserveyia aggregairs or agentfi4].

IV.4. LITERATURE REVIEW

Currently, it is common for certain types of large consumers (e.g., refrigeration
industry, air conditioning systems of commercial buildings) to be offered special
arrangenents/contracts wheigpaid or nob part or the whole load is disconnected (due
to energy prices or network constraints). The period and frequency of disconnection will

depend on the technical and economic impact on the industrial/commercial customer.

82



Contribution of Demand side management to flexid@iytribution of Demand side
management to flexibiligontributionof storageo flexibility

This type of DSM, although beneficial to the system, is limited due to the number and
volume (i.e., capacity) of these loads. For this very reason, it is believed that the largest
contribution from DSM schemes will come from residential customers. The advanced
(market) integration of realme monitoring and control of smart appliances, part of the
concept behind Smart Grids, will potentially enable DSM schemes resulting in an
aggregated effect that will significantly contribute to power system flexilpil@y, [20].

Enhancing the ability of demand respond to price signals can help markets operate
more efficiently resulting in less onerous flexibility requiremes]. The optimal
schedulng of DSM during critical price periods, particularly thermal loads, was
explored in[22], resulting in a significant reduction of flexible genematunits. Using a
securityconstrained unit commitment approa¢83] showed that introducing DSM
would reduce both load curtailment (and the pomding loss of profit) and

investment in grid reinforcements.

The interaction between DSM and renewalikchnologis has also being
investigated in the literature. If24], two particular ways of managing under floor
heating (from electrically operated heat pumps) are evaluated: for peak shaving and for
charging/discharging following high/low wind periods, respectively. In this case, DSM
reduces th start of peaking units and wind curtailment specially when there is an
interaction with wind production. However, this approach does not optimize overall
generation or the generation portfolio. Other strategies such as real time pricing (RTP)
have provedo reduce reserve requirements and load curtailment events so the cost of

wind uncertainty is reducd@5s].

More recently[26] has analysed the impact on power systems with wind penetration
of the different possibilities of DSM i.e. load shifting, and load clipping. Furthermore, it
has been considered a framework in which the different customers have been
aggregated in the shapévirtual power plants that interact with the system.

Despite the fact that increasing amounts of renewable generation capacity requires
more flexible power systems, not enough work has been done to provide reliable
estimates of the amount of flexibilityeeded. Furthermore, it is also important to assess
the contribution that DSM might have in future, so it is possible to establish the benefits
and profitability (from the energy suppliersO perspective) of this resource.
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IV.5. DEMAND SIDE CONTRIBUT ION MODELLING

IV.5.1 Modifications to the flexibility model

This section explains how modelling DSM impacts on the constrdedsribedn
previous chapters (chaptdr3.1). The new factors from the base model have been

highlighted in boldFurthermore, the specific constraints to model DSM are showed.

Objective function:

It has not been considered any cwostthe introduction of DSM hence, it is not
necessary to add a tenm the overall costs related to DSM. Therefore, the objective

function remaings wasexplainedn previous chaptersi(3.1.1)

System constraints:

r@mrm e L) z! MO g (UL T Equation52

Power balance between generafigh!!), demand (!), and the committed
aggregated capacity afemand side management (DSEHhemess considered in
Equation53. The contribution of DSM is separated in demand that is available to be
curtailed™ ! . () and demand that is available to be modified by shiftittig it ,, (!).

It is important to clarify that' ! |, (!) is positive when demand has been removed and
negative when it returns to the system.

:E:!! AN O IR I NI N PR IR Equation53

"l (DL SF L Equation54

Reserve requirements of the system are evaluat&djuation53. The generatorsO
contribution to reserve is the difference begwéhe maximum power aifabld! *# (1)
and the actual power outpiut!!!! of those units committéid, (!!!) at instantt. The
reserverelated contribution of DSMicheme®' 1., (1)!is similar to the generation
contribution: it is the DSM capacity still available, #8.,! /* 1(1)! 1"# (1) where
"1 A% I is the maximum DSM capacity that can be used at ingtabemand

curtailment has not bearonsideredn reserve provision because it is a resource to be
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called only at criticalprice periods (CPP) and shold not be usedto ensure the

reliability in the normakevolutionof the ystem but to help when the security is in risk.

Constraints for shifted demand

N R N N (O A (U A (T ]
trgE L rr e Fauationss
Y )
LMt Equation56
iy

As mentioned above, there is a maximum DSM capacity at every ihstdms limit
is modelled as a fractidh,, of the actual dematid(!), during that periodEquation
55). Additionally, Equation56 corresponds to the constraint that ensures that committed

DSM capacity is being put back to the demand during the same day.

Constraints for curtailed demand
(ORI T Eonr o Equation57

The maximum limitof availabledemandthat could be curtailets consideredn
Equation57. It has been assumed thiais resource should be modelled as a fraéition
of the peak dematid'# instead of a fraction of the current demir(@) as wasnade
with demand shiftAs wasexplainedin chapterlV.2, it has been assumed that mainly
industrial demand will participate CPP events anthese loadsire more similar to a
constant demand.

!Z L () PP YT IMEHE% ! . Equation58

The energy curtailed during the whole time horizomiist be belowan annual
limit""'#$% ! . . This fraction is considereftiom the total maximum amount of energy
that could be curtailed, i.e. the maximum power albéléo be curtaileld! . ! | *# ) at
each instant of time multiplied by the scope of time T.

"1

eI e T LS e L Equation59
IRGRIEDIED)
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In a similar way that previous equation digguation59 evaluates the maximum

energy that can be curtailed during a'd&$% . .

IV.5.2 Clustering simplification modifications

This chapter explains the changes that have been introdacéde previous
constraints that model DSM in order to be coherent with the clustering simplification
that was performed to model the demahidB.@). Spair@ victory in The changes
impact only on curtailed demand because the only constrairshifted demand that
affects several instants of time is for each day, the minimum size that has been
considered tgenerate the clusters.

Constraints for curtailed demand

! P (1)

Z L)1) Z AN ORE

[Nl oy .
o Equation60

!Z! () (e Y LE)EE P )T IMMES% )

The total energy curtailed duringust be below amannuallimit!!"'#$% ! .. This
fraction is considered from the total maximum amount of energy that could be curtailed,
i.e. the maximum power available to be curtd{ed ! ! *# ) at each instant of time
multiplied by the duration of each clusfer; (!)! !, (!)). Furthermore, the
weighting coefficientsof each pattern (!) have been considerefdr the energy

curtailedto take into account the cluster simplificati@uuation60).

IV.5.3 Test case 2shours

In order to evaluate the performance of the model and understand the impact of
shifted DSM on the demarglipply balance, this subsection presents a simple case
study for24 hours. The demandnsodelledin a sinusoidal way to provide some sort of
variation, i.e.] (1) ! g Lo gy Lt 1 MW, This very well known shape
makes it easier to visualize the impact of different DSM penetrations on the generation
profile. The available DSM capacity is taken as a fraction of the scheduled demand of
the corresponding hour. In addition, the committed DSM capacity has to be Oput back(
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to the demand during the same day in order to mimid#aviourof energy price
sensitive smarappliances. In other words, committed DSM capacity is shifted from a
given period to another during the same day. As for the generation portfobosists

of only two units: Unit A as base unit, with cheap generation cost and slow ramp rates,
and Unt B with opposite characteristics. This-Bdur problem was implemented using

the XpresOptimisationSuite.

Unit A B
Min Power (MW) 60 60
Power elbowl (MW) 236 150
Power elbow2 (MW) 240 240
Power elbow3 (MW) 244 360
Max Power (MW) 400 600
Variable Cost 1 ($/MW) 8 25
Variable Cost 2 ($/MW) 8.4 25.5
Variable Cost 3 ($/MW) 8.8 26
Variable Cost 4 ($/MW) 10 26.5
No Load Cost ($) 200 25
Investment Cost (M$) 20 10
Ramp Up/Down (MW/h)  50/200 50/60
Min time Up /Down (h) 8/5 1/1

Table4 Generators Characteristid®Test case

Figure 42 clearly shows that with higher penetrations of DSM, the final energy
profile flattens. It is important to mention that the piece wise approximation of
generation costs has an impact on thalfshape of the profiles. Since the cost function
is a linear approximation, any load point between two elbows of the piecewise linear
curve has the same final valirethe objective function. Since, this is a demonstration
case, the location of the elbswf the piece wise linear approximation was selected so
the final profile with no limit on DSM would give a result of a flat profile.
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Figure 42 Progressive impaaf DSMon the generation profile of DSM.

Since Unit A is cheapdhan Unit B, this unit should be committed at its maximum
capacity, and before any other. However, in order to cope with the reserve requirements
of the system, Unit B is needed to be online at its technical minimum. DSM could
improve the performance ofdlsystem reducing the necessity of keeping peaking units
online to provide spinning reserves. In systems with a wider portfolio, some of the

peaking units would not be committed.
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Figure 43 Energy coverage diagram.

IV.6. ASSESSMENT OF THE CONTRIBUTION OF DSM

The analysis of the results shows first the effect of the external resource (DSM) on
the evolution of the system. Them breakdown of the cosis a low wind scenario is
analysed and finally a comparison between the low wind sceaadoa high wind

scenario is explained.
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IV.6.1 Effect of DSM on the system performance
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Figure 44: Effect of DSM on the load profileithout wind generation

When denand side management is utilizedthe situation without wind generation

as the test case showed, the main contribution of DSM is levelling the lcshftiyg

load from peak toff-peak periodsThe current tariffs that encouragfeis behaviour

explained in chaptdl.1.2 should beenough to achieve this resintthe practice.
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Figure 45 Effect of DSM on the load profile with high wind generation

If a high degree of wind generation is considered, the natribution of DSM is

levelling the load and reducing the wind variability. Therefaiace a deterministic

behaviour of the demand would not be enough to achieve this resaltpractical

application external control techniques would be necessary.
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Figure 46 Excess ofe@servesn the system
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Focusing on the reserves of the systEigure46 shows that one of the key impacts
of the introduton of DSM is theminor improvement of the reserve provided by the
generating unitend DSM However the contribution is not very high and sometimes
the excess is increasedlhis reduced contribution could be a result of the limited
capacity considered fdSM schemes.

IV.6.2 Low variable wind scenario

The following figures show the results derived from the model with the introduction
of demand side management (DSM). A comparison \RgM and without DSM
(Business as usuaBAU) is made showing the results regagdthe selection of the
generation portfolio (CAPEX) and the generation schedule (OPEX) for a progressive

integration of wind generation with low variability.

The different wind penetration degrees have been marked as W0.X where the OX(C
means the energypplied by wind generation from the total energy that is required by
the demand.
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Regardingthe selection of the generation mix, the results show that the introduction
of DSM reduces the utilization of more flexible units (red and blue). Conversely, the
presece of wind power increases it. In scenarios with M5, DSM reduces the
expenditure beause less fast units are required. In high wind scenahescost
increases from the BAlDasebecause DSM allows the utilization of base generation.
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Figure 48: Breakdown off OTALcosts, low variable wind, DSM and BAU.

Figure48 shows the total costs with a breakdown of the operational ddstsnain
contribution of DSM is the reduction of fast generatost DSM has been considered
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to be limited so in scenarioswith very high wind generatiothe capability of this
resource should be greater in order to introduce such a great amount of WG
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Figure 49: Energy share, low variable wind, DSM and BAU

Figure49 shows that DSM reduces wind curtadntin very high wind scenarios and

increases dramatically the utilization of base generation.

IVV.6.3 Comparisonbetween low and high variable wind scenarios

The next figures show the comparison of CAPEX, OPEX and total expenditure with

low and a higlvariable wind generation for the possibilities considered previously.
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Figure 50: Comparison otosts low and high variable wind, BAU and DSM.
Despite of its low capabilityhe utilization of DSMclearly reduces the increase

the investment costs caused by wind variability.
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As it happened with previous results in BAU, and ST scenarios, the operational costs
do not vary between low and high wind scenar@@sce a portfolio is optimized for a
certain situation, the operational costs di wary excessively due to the variability

presenin wind generation.
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Figure 52: Comparison of total costs, low and high variable wind, DSM and BAU.
Finally, the total costs show that DSM reduces the impact of wind varialilihe
system, especially for low wind generation scenaflte® increase generated by high

wind variability isalways lower than in the BAU situation

IV.7. SUMMARY AND CONCLUSIONS

This chapteillustrates the contribution that demand side management (DSM) could
maketo the integration oWvind generatio(WG). The chaptestared by analysng the
different agents presem the electricity markets, the tariffs thahcouragedemand
responsivenesand theexpectedcontribution of DSM to power systemghis general
approach showethat the main contribution of DSM was reducing the loadritical,
peak situation and increasing it on off peak situation where there is an excess of

capacity in the syem.

Then, the improvements to model DSM in the method presémtéae Chaptell
were presentedThe modification involved some additions to thaimconstraint and

specific constraints for the DSM schemes.

The results derived from the model proved th&M is a powerful resource not only
to improve the performance of the system but also to increase the flexibility and allow
further penetration ofenewable generatiamaintaining the levels of base generation if

enough capacity is considered.
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DSM also proved its value in the integration of high variable wind generation,
especially interesting in islanded systems where the reliability of the systeitrce.

The analysis of the load profiles showed timg$cenarios ofow utilization of WG,
the effectof DSM is levelling the loadin those casedgariffs that encourage a shift of
theload to off peak periods sluld be enoughGreaterWG will requireload control by
the retailersCustomershouldbe grouped to reduce the uncertainty of this resource.

On the contrary, DSM is not likely to constitute solely the solution to integrate great
amount of WG because of its limited capacity and reltgbdue to its impact on the
comfort of the customers. Therefore, other external resources such as storage ot

international connections should be considered.
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V. COMBINED ANALYSIS: STORAGE AND

DEMAND SIDE MANAGEMEN T

Once theeffect of each possibility has been cleared, it is interesting to analyse the
synergies and influence that both possibilities have between thém®. main
contribution of this chapter is the overall comparison of the results showtte

previous chapterdocusing on the differences between storage and demand side

managementFurthermore, the model for both ST and DSM is explained but it has not
been used for the final results becatisannot be run at a reasonable time.

V.1. COMPARISON OF STORAGE AND DEMAND SIDE MANAGEMENT

As it has been addressed previous chapters, both external technologies, storage
and demand side management, have similar results when applied to a power system
both level the load, increase flexibility requirements and therefore, tiegase the
flexibility of the system. However there are some advantages and disadvantages of eact
one when compared to the other.

The main advantage of the storage is the flexibility of its operation and reliability of
availability. On the other hand, thedficiency losses reduce its profitability and the
availability of the resource to interact with the system and provide reserves depends on
the amount of the energy stored

On the other hand, the mainvamtagef Demand Side Management are that there
are not efficiency lossem its utilization and it is a resource that would require just a
changein the policies to be used. However, for further utilization an investmehe
infrastructure will be need. Other disadvantages are its lower flexilility utilization,
lower reliability and uncertainty in the amounttbé availablecapacity.
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V.2. STORAGE AND DEMAND SI DE MANAGEMENT M ODELLING

All the previous work was made with the objective to elabordteah model that
evaluatesat the same timestorage axd demand side managementThe model has
been elaborated and it works but gieulation times make it impossible to be used
One simulation with a very simple case takes more than 5 days to be run. However,

taking into account that it has been part of fhrioject, it is going to be explained.

This subchapter explainggether all the changes that have been explained
previous chapters that belong to the addition of Storage, and demand side managemer
to the base modeSince it is a linear programmingaaiel, the combined analysis just
requires all the factors that were added previofelyeach possibilityThis means that

if the reader has understood properly the mathematical formulation of previous chapters

a quick review of the following equatiorshiould be enouglo understand the whole

model To facilitate the comprehension of the comprehension an explanation is made
again. The new factorsin the system constraints of the base molaVe been
highlighted in bold.

V.211 Objective function:

|
I P () -

"4 !Z! ()1 Z Z(!" @ e ML) TR Equation61

o o\ g ()11 !

As it has been explained, the objective function takes into accougetieration
cost!" (!'!)land the amortised investment cd%t (!) in the objective function. The
existence binary variablg(!) indicates if a unit has been included or fdte inclusion
of storage requires the addition of Storage investment dt#t$. Storage investment
costs# , consider the amortized investment costs of the power output and the capacity
of the reservoirsOn the other handi has been assumed that the introduction of DSM
does not introduce further cogts the objective functionFinally, the possility to
curtail wind! ..¢ (1) is penalized by a codt,! which is greater than any of the
generation cost of the other generation technologies. This feature allows the model to
curtail wind when the excess of it avoids achieving a feasidlgi@o (generation
greater that demand) but at the same time wind curtailment is avoided. This fictitious

cost is not taken into account when the generation cosésmalged.
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V.21.2 System constraints:

NOY Z!!..(!!!)! L)L)

Equation62

! Z! A} Z! e (LIDT e (DU T 1)

The incorporation of storage to the power balacoestraintconsists onlyin the
addition of the energy consumed by the storage to save énefgly) , and the energy
returnto thesystem from the storatye (!!!). As wasexpected, results show that when
the storage is extracting energy from the igtid (!!'!1) ! 1) it is not generating energy
w1 11 and vice versalhe contribution of DSM is separated in demand that is
available to besurtailed!" ! . (!) and demand that is available todsefted!" ! ,, (!).

It is important to clarify that' ! |, (!) is positive when demand has been removed and
negative when it returns to the system.

Z!!(!!!)! (" @)t !z!"# NAD IR

Equation63

[ nmrr il
H LI A - H

The consideration of the incorporation of storage into reserve requirements is
analygd with the addition of a factor that accounts the possible reserve provided by
storage, i.el"# . (!11). This constraint is very important because it models part of the
flexibility requirements of the system. Furthermore, if reserve requirements are not
consideredjn scenarios of low wind penetratighe final decision usually does not
include stoage.

Reserve provided by the storage is the difference between the maximum power
output of the! ! i# Il minus de power returned to the system(!!!). This is
possibleonly if the storage facility has enough energy stdregs.e(!!!) in order to
provide this serviceFinally, it has been considered that certain storage technologies
such as batteries cannot provide completely the reserve requirements of the system. Fo
those technologies that only can provide standing res&wée!() ! !, batteries), the
provision of reserve is limited to a fractlbp, of the total system reserve
requirements. This fraction has been considered to be a 40% of the total system reservi
requirementss wasnade by the author of referend®].
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Equation64

The reserveelated contribution of DSMscheme¥' .. (1)! is similar to the
generation contribution: it is the DSM capacity still available,!l'e!, | 1(1)!
I"# (1) where!" ! [ Il is the maximum DSM capacity that can be used at instant

Demand curtailment has not been considaredserve provision.

To the previous constraints, it would be necessary to add the specific constraints that
affect only to generator§ll.3.1.3), storage i{1.5.1) and demand side management
(IV.5.1). These constraints have been properly explaingatevious chapters and do
not changebecause of the simultaneous analysis of storage and $2Sttdey are not

going to be reproduced again.

V.3. RESULTS ANALYSIS AND OVERALL COMPARIS ON

In this chapter, e andysis of the results focuses on the comparison of all the
possibilities at the same timEirst of all, a comparison dhe effect of the external
resource orthetimely evolution of the systens showed Then, as it has been made
the previous chapter, a breakdown of the coses low wind scenario is analysed and
finally a comparison betvem the low wind scenario and a high wind scenario is

explained.
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V.3.1 Comparison of the effect on the System performance
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Figure 53 Example othetimeevolution of theMarginal cos.

Figure 53 showsa representative example of the evolution of the marginal price in
the systemBoth storage and demand side management improve the performance of the
sysem reducing the marginal priteing $oragewho shows the greater improvement.
This could be a result of its grater power capacity (500 MW) but also a consequence the
limited capacity available for DSM. However, there will be always a limit on the

penetration of demand side managemehe limit of the storage is only the investment.
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Figure 54 Reserve requirements
Similarly to the previous figure, the time evolution of the reserve requirements shows
that storage is the external resource that produceg¢iagest reduction of the excess of
reserves in the system. As it has been commented this difference is probably a result of
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the limited power capacity of DSMin previous chapters it has been showed that both

possibilities have an improvement comparetheBAU situation.

V.3.2 Low variable wind scenario

It is important to highlight that the objective of this chapter is the comparison of the

results of storage and DSM. A separate analysis has beerimmdeious chapters.

The following figures show the ressilderived from the model with the introduction
of storage or demand side management. A compabistween scenarios wittorage
(ST), DSM andwithout both of thembusiness as usygBAU) is made The situation
with both resources at the same time hasbeen made because of the impossibility to
run the complete model with a reasonable amount of tirhe.r&sults regarding the
selection of the generation portfolio (CAPEX) and the generation schedule (QREX)
showedfor a progressive integration of wirggneration with low variability.

The different wind penetration degrees have been marked as W0.X where the OX(C
means the energy supplied by wind generation from the total energy that is required by
the demand. For example, OWO0.10 means 10% of the energy supplied; (wW0.30
means 30%nd so on.
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Figure 55: Breakdown of CAPEX costs, low variable wind scenario

Regarding the selection of the generation uRigure55 showsthat the introduction
of external flexibility resources reduces the requirements of peaking units (blue and
red). Conversely, the presence of wind power increases it. The progressive increase
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wind generation decreases the total amount of units requirad interesting that

storage is not cost effective until some wind is consideréae system.
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Figure 56: Breakdown of OPEX costs, low variable wind scenario

Figure56 presents the breakdown of costs for all the studied cases. As expected, due
to the incorporation of DSM or Storage, costs were reduced. Interestingly, DSM does
not improve overall costs as much as it doegmwkvind power is considered. For
greater degrees of wind penetration, again the contribofiddSM reduces probably
because its limited capacity considerelbwever, for the cases with and without wind
generation, the introduction of DSM reduces signiftathe requirements of peaking
units. Storage clearly increases the capacity investment costs but at the same time
reduces the necessity of fast an intermediate units. Thus, it can be said that storage an

DSM make the system more flexible.

As wasexpected wind generationpt part of the generation portfoliogduces the
demandandit resultsin a reduction of generation costs. Howewevestment related
to wind power is not considered in the problem formulationas the focuss the
search ofthe generation portfolio tiawill make the system flexible and introduce as

much wind as possible.
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Figure 57 Energy share, low variable wind scenario
The trend observed in the operational costs is clearehe energy share of
tednologiesFigure 57. The increasen wind generation requires an increanefast
generation technologies and reduces the commitment of base generation.

V.3.3 High variable wind scenario

Finally, next figures show an overall comparison of the results with wind profiles
with low (previous charts) and high variability.
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Figure 58: Comparison CAPEX costs, low and high variable wind

Figure 58 shows that once the generation mix is optimized for a certain wind

situation, the operational cost does not vatpwever, this could be a result of the
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selected wind profiles. Furthermore, the final energy to be delivered is the same so it is

not very estrange that the final cost does not vary too n@chthe other hand, the

variability of wind generation increases notably the operational costs and tids tren

increases with the degree of wind penetration.
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Figure59: Comparison OPEX costs, low and high variable wind

As it has been observed previously, wind variability does not have a great impact on
the operational cost of tteystem. This could mean that once the generation portfolio is
ready to handle difficult situations the effect on the final costs is not very high. On the
other hand, this could be a result of the method employed to select the wind profiles.
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Finally, the overall comparison of costs shows that wind variability increases the
total expenditure and this effect is clearer while the degree of penetration of wind
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generation ineases. Therefore, the mamind is present of a system the variability of

this wind needs to be reduced so the overall cost does not increase.

V.4. SUMMARY AND CONCLUSIONS

During this chaptea comparison of the externfi¢xibility resources (storage and
demand side managememhigs been made. Moreovéhe improvements to introduce
both possibilities in the model have been ex@difhe conpletemodel cannot be run
at a reasonablduration so the final results have natontemplated this possibility.
Finally, an overall comparison of the results showethe previous chapters has been

made focusing on the differences between storage and demand side management.

The analysis of the evolution of the state of the systemginadrprice and reserves)
showed that both DSM and stordggrove the performance of the system reducing the
cost and the reserve provided by conventional generdfitomtage showed a better
performance than DSM but this result is conditioned to the lewergy that is possible
to be shifted by DSM.

The study of the overall costs showed tHadth storage and DSM increase the share
of base generation and redstige requirements of peaking units and the cost associated
to theenergy provided by thenSimilarly, storage showed a greater reduction of the
costs despite of the introduction of the storage investment cost. However, DSM has
been considered a limited resource and therefore, the comparison is not completely fair.

Finally, the comparison of the costssociated to the variability of the wind showed
that the main impact of this parameter was an increase of the investment cost (CAPEX).
The operational costs were not affected by the wind variability probably because the
increasan the energy given by & units is not very high.
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VI. CONCLUSIONS AND

RECOMMENDATIONS

VI.1. CONCLUSIONS ANALYSIS

This work has proposed a methodology based on amertd unit commitment, able
not only to consider shorterm but also longierm operational and planning aspects.
This technique has proven to be a powerful toolataly® the requirements of
flexibility in power systems. Results from its application to the simplified RTS system
show that as with is introduced in the generation mix, more flexibility is requirduds
translates in the displacement of base generation by fast and expensive generation ir
order to handle wind variability and maintain the reliability of the sysiBmreduce
this effect other external flexibility resources are required.

Provided the corresponding rdahe monitoring and control, demand side
management (DSM) schemes, such as the aggregation of smart appliances, have
demonstrated their ability to not only improve thefpenance of the systenbut also
allow greater degrees of renewable resources penetration, especiall\Dwimdy the
first stages of deployment of renewable energies tariffs that encourage the displacemen
of load from peakto off peak periods would get reasonable approach to an optimal
solution. For greater degrees of renewable generation, more interaction between the
demand and the generation will be needed. Since demand is not going to be constantly
aware of thesystem situation, aggregators of amsers will handle demand response
and guarantee its reliabilitfzurthermore, if not managed properly, DSM threatens the
comfort of the customers so there should be a compensation for the provision of this
type of services. Furthermore, this means thatnia&imum demand that could be
controlled is limited
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Starting from the disadvantages of DS#floragehas proven that has the capabilities
to be part of the solutiom a cost effective manneffhe main contribution of this
resource ighe reduction othe mstto maintainthe rdiability of the system and saving

wind energy when there is an excess of it.

More specifically, torage has proven its profitability in high wind penetration
scenarios and situations with a hagind variability, especially if resee requirements
are consideredlhis result is particularly important in islanded systems where reliability
is a mayor issud-urthermore, storage doestrhave the uncertainties on #&sailability
So it is more suited to provide reserves if enough eniergyored.On the other hand,
demand side management does not have efficiency lesses preferable resource to
be usedhan storage

VI1.2. SUGGESTIONS FOR FUTURE WORK

The recommendations to improve the analysis that has been presentedhasikis
are tle following:

Improvementsn the method:

¥ Interconnections with other systems to have a completenodelling of the

possibilities of flexibility it could be interesting to add international connections to
the model already developg2R]. This would increase thgrecision on the analysis
of the effect of wind variability on the system performance.

¥ Stochasticmodelling: other authors ifi3], [6] and[26] have shown that employing

stochastic approaches redsitke overall cost when Unit Commitment models are
used.

¥ Fuzzy Clustering: Combined to the previous stochastiodelling it would be

more precise to mad the input profiles (demand and wind) with fuzzy clustering
instead of using hard clustering-ifkeans). This approach is especially interesting
with wind generation due to its uncertainty.

¥ Imperfect competition: It could be interestingespeciallyin the analysis of the

contribution of DSM to observe the impact of imperfect competition on the results.
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Conclusions and recommendations

Other possible additions:

Future scenarios and incremental situationsWith real data of a certain power

system, it would be interesting to observe theltesuth an hcremental isuation:

start from a current portfolio of a system, elaborate a future scenario of wind
generation and decide the required evolution of the current generation portfolio.
Improvement of demand sideodelling to include other loadssuch as other
appliances, and electric vehicles (which could constitute a combination of DSM and
storage if vehicle to grid schemes are considered).

It the computational time of the model is improved it would be interesting to
performa snsitivity analysis of the price of the storage

Introduce the investment cost of wind generation and DSM inside the model so the

complete investment costs anealyed
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Appendixes

Appendix A. GENERATORS PORTFOLIO . IEEE RTS

In this section, the proposed generation portfols®d to test is appliedsing a
simplified and updatedersion of the IEEE Reliability Test System (RY6) [32]. It is
important to highlight that isheoretical portfolioto compare fast, medium and base

generation. However, each possibility represents generally some of the main generation

technologies: fuel or carbon, CCGT and nuclear generation.
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Table5 Cost characteristics of the generators fiolio
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Table6 Dynamic characteristics of the generators portfolio

The costs have been actualized taking into account the analysis perforrf83]. by
Base generation is characterized by high investment cost and low generation cost. On
the other hand, fast generation is characterized by a high generation cost and a low
investment costTable5). Similarly to how the costs have been modelted, dynamic
characteristics are based on the generators capacitied3I2prfor fast and base and

from [34] for medium generatioriT@ble6).

In the decision of the finahumber ofavailable generators that constituted the
portfolio, was made to balancitge required computing time of the model and the
precision of the final results. The required time increases exponentially with the number
of days analysed and the number of generators available. Since the number of cluster:

shouldnOt be reduced more,fthal decision was on the number of generators.
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Appendix B. RESULTS DAY SIMPLIFIC ATION OF THE YEAR

As demand data, it has been used the demand profile of Scotland of the year 2006
[33]. The tets performed, showed that a reasonaeilibrium between simulation
time and resolution was usirgix days to model the yeathree work days and three
weekendsand an additionatlay to model extreme situationtJsing this quantity as

initialization parameter of the clustering algorithm, the results are the following:
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Figure 61 Assignation of clusters along the year for work days
To simplify ensure that the selection of the clustersmiimixed work days and
weekends, the selection was made separdt@yre 61 shows the assignation of the
clusters through all the days of the ydapoking it without too much detail, the seasons
of the year can be clearly distinguished. For some observations the results get mixed &
little bit but the shape is clear. To make it more friendly, the clusters are going to be

identified by the name of treeason that they correspond.
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Figure 62 Clustering assignation result
Figure62, shows how many observations have beergasdito each of the clusters
that have been created. It is important to highlight that all the clusters are representative
of the sample. The coefficients for the objective function of each pattern are directly the

number of days that each pattern represen
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Figure 63 Example of a Cluster and the assigridxervations

An example of a cluster and thay loadsassigned to it is showed &igure63. The
results show that the majority of the observationckgeto the pattermas the previous
results showedThe few that are different dwt have a critical impat on the shape of

the mttern.
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Table7 Characteristics of each cluster

As it has been mentioned, to ensure that the final solution would be able to handle
every possible situatig it has been added an extredas that has a small impact on the
objective function, but ensures that tthgnamicconstraints are going to vespected
during hard timesTogether Figure64 andTable7 show the main characteristics of the
final patterns selecteds wasexpected, the winter week is over all the cluster profiles
and close to the extreme situation. Furthermasewasobserved orFigure 63, the
standard daation between the clusters and the assigned observations is reasonable, sc

themethod is reasonable

To sum up, some patterns to model the whole year have been achieved using the
methodology explained in the chapteB.2. The method has proven to be useful since
the results show that the clusters are representative of the sample. Furthermore, ar
extreme situabn has been added to ensure that the final generation portfolio will be

able to handle not only normal situation but also extreme conditions.
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Appendix C. RESULTS WEEK SIMPLIFICATION OF TH E YEAR

This annex shows the resudtshieved on modelling the year with weekkey were
not used on the final analysidecause it was too mudiurden for the computer.

However, they are showed here because the year model was accurate ark could
interesting for other models.

As demand data, it has been used the demand profile of Scotland of the year 2006
[33]. To have enouglesolutionto model the year, Mvas consideredhat four weeks
would be enough, one for each season of the yésing this quantity as initialization
parameter of the clustering algorithm, the results are the following:
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Figure 65 Clustering assignation resulVeek clusters

of each patternWeek clusters.

Figure65, shows how many observations have been assignedch of the clusters
that have been created. It shows that all the clusters are representative of the sample
The coefficients for the objective function of each patsérowed inTable7 are directly
the number of weeks that each pattern represents.
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Figure 66 Example of a Cluster (B) and the assigned profiles
An example of a cluster and the weeksigised to it is showed oRigure 66. The

results show that the majority of the observations are similar to the pattern. The few that
are different daot have a critical impact on the shape of the pattern.

-/012 342./5 367712 (6067
’O\O.‘ % vvvvvvvvv oo o d
;\E? é OO
3 A
PN
S = 4000 9000000 &
3 X
X =
@B
F S 0000000 00
! $! %! &! 1 #!
0&&1(/,(%2&(3&.'

Figure 67 Assignation of clusters along the year.

Figure 67 shows the assignation of the clusters through all the weeks of the year.
Looking it without too much detail, the four seasons of the year can be distinguished.
To make it more friendly, thelusters are going to be identified by the name of the
season that they correspond.

Despite this profiles are enough to model the average load of the year with
reasonable resolution, they dot guarantee that the final selection would be able to
handle thewhole year. To avoid this problem, it has been added an Oextreme winterO
week that has a small impact on the objective function, but ensures that the constraints

are going to be fulfilled during hard times.
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8- % In order to have complete weeks starting from Mon

01&22,0,&3% some days were removed. Because of that a com
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week was missing. Therefore, the addition of the extr

THY#8 o
;#?.85' Zi winter week does not change the weighting coieffits of
2@%A(+,3%&" 9 the rest of the weeks. The final year has 52 weeks
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Figure 68 Different profiles clusters and the extreme week profile.

Finally, Figure 68 shows a comparison between the different weeks that have been
chosenAs wasexpected, the winter week is over all the cluster profiles and very close
to the extreme situation. It is interesting to see that s@imy summer havedtter
shapes so probably they will mippose a big challenge on flexibility requirements.

To sum up, some patterns to model the whole year have been achieved using the
methodology explained in the chapteB.2. The method has proven to be useful since
the results show that the clusters are representative of the sample. Furthermore, ar
extreme situation has been added to ensaethe final generation portfolio will be

able to handle not only normal situation but also extreme conditions.

119



Appendixes

Appendix D. WIND DATA, SELECTION OF THE DAI LY

PROFILES

This subchapter explains the results that have been achieved from the methodology

explained orll.3.3. First of all, the general characteristics and some explanations of the

wind data are presented. Finally, the wind profiles that have been chosen for #ech of

patterns are presented belo%s wind input for the model it has been used some wind

profiles from Scotlandi35]. The final wind profile is ta average of some wind profiles.

This average provides a wind which is not varghly location sensible and gives a

general idea of the wind generation output of a certain area.

On a first sight, the distribution of tr
date of the wind output of the generatic
Figure 69, could give the sensation
being excessive because baving too

much hours of maximum outpu

However, taking into account the win
distribution Figure 70 and the relatior
between wind and power outpugjgure
71, it is reasonable for location where t

average wind speed is high.
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Figure 70 Wind speed distribution

2500

1"#$%E&() *+#%.,'($,%&-%.+/01%0&

0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

2(3%&"*4"5 4" 6
Figure 69: Probability distribution ofwind input data
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Figure 71 Wind turbine power curve
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Starting from this wind as input data b has been explained on chapted.3 some
wind profiles have been chosevith the idea of representing a low (not very high)
variable wind scenaridsigure72, and a high variable wind scenartogure73. As was
observed in the trial of modelling the wind lvitlustering the results do not present any

seasonal pattern.
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Figure 72 Selection of wind profiles. Low wind scenario
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Figure 73 Selection of wind profiles. Low wind scenario
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Appendix E. PIECEWISE LINEAR APPROXIMATION OF THE

GENERATION COST FUNCTION

Regarding that the developed mode o
based on mixed integer linear w
programming (MILP),it is necessary t %
simplify on a linearthe cost curve of th S
generators. Usually, this is made E‘gs'?ad _____
modelling the curve wit linear segment
as it is showed ofigure 74. When more Power [MW]
simplicity is needed, arapproximation T'9ure74 Péif\?gvzeg'é?]ee?;;‘gﬁré’g(siga“o” of the
without segments is adopted.

O IRIOIRNOINNOIRYOIT 0))! Equation65

Equation65 shows the typical quadratic approach of the curve of generation costs.

Next equations show how this approach is modelled on a mathematical manner:

22!!"(u!!! L) Equation66

L (1 !-! RN RN NREY Equation67

e (L) L 1 (D) LS qnynr iy o Equation68
e (11111) 1 !!(n!)!(!ﬁ# IS IN !))

Equation69

Equation66 shows that the total Generatib!!!) must be equal to the sum of the
generation at each segment of the clifve!!!!! ). The group of equatioriquation67
to Equation69 set the limits of each segment of the generation duipyt!!!! ). Each
segment must be over Bguation67, and below the difference between its limit and the

previous onekEquation68 andEquation69.
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