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SUMMARY

Todayods typi chaeamipaleonvensionagéneration (CGand
variable generatio(VG). Examplesof VG arewind turbine systesi(WTSs)and solar cell
generdors (SCGs)VG is characterized by intermittey and itsintegrationinto power
systens affects power systems operatjoaliability and planning practice§he focus of

this research is generation adeguaten adding VG

The objective of thighess is to develop reliability assessment modafigpower
systems withwind farms (WF) and/orsolar farns (SF), each WF may haveraumber of
WTSsand each SF may have a numbeSafGs. These models involve find WF/SF
power output probability. Aree differat methods for computing the generated power
probability distribution functionPDF) of a WF or a SFare proposed(1l) analytical
method, (2) nofsequential Monte Carlo simulation, and (3) sequential MonteoCarl
simulation. Historicawind speedfolar radation dataare utilized to perform the study.
Further, force outage rates (F§Rof components are incorporated in the process of
computing theNF/SF generated pow®&DF. All methods yield comparable resultshel
usefulness of the comput&DFis demonstried by integrating them into a probabilistic
production costing (PPC) model for assessing the reliability of a system comprising one or
more WFsSFs. A further development of these models incki@de unit commitment
economic dispatcimodel(UCED)to simulae real operation of power systeragecifically
CG constrains in presencef VG at different penetration levels. Also, the UCED will be
used to solvéor optimal energy storage systéESS)sizing and its expected charging and

discharging power profileThis profile determinethe expectedeSSeffect on reliability.

XX



The optimal ESS sizing problem is modeled as a mixed inkiegar program (MILP}hat
takesinto account: (a)¥G unitsFORs,(b) reserve andlemand requirements, and (@

operational consaints.(d) seasonal wind speed, solar radiation, and demand correlation.

XXi



CHAPTER 1. INTRODUCTION

1.1 Introduction

The reliability of power systemis defined as the probability @h electric power
components continuously deliver electrictty customers with ancaepable quality of
service. It should be noted that the reliability is definecfgiven period and under certain
operating conditios [1]-[4]. Reliability analysis mdtods are classified intdhree
hierarchical levels: generation, transmission and distribJ8nThe generation level
which is concared with total system generation adequacy over a period of time and
assumes 100% reliable andeqdate transmission and distribution networks. In other
words, it assesses power system generation adequacy to meet its dssanohg that
transmission/disthution networksare capabl®f transmiting the power from generation
to the customer withoutonstraint. A higher level is created by adding transmission
reliability analysis whichaccouns for transmission network failures capacity limitason
Lastly, alding the distribution networkonstraintgo the reliability assessment yields to

the highest terachical level which is more complex. This is showrFigure1-1.

Generation

+
Distribution

Figure 1-1. The three hieratical levels of reliability assessment



The researclof this thesidocuses on the first hierarcl level: geeration level.
Todayods typi cal angxoolveonventorakanad mnewables generation.
Renewable energy, e.g., wind and solar, has increased dire toeed to decrease
greenhouse emissions aitol addressenergy security concern$]. For instance, the
Internatioral Energy Outlook 208 shows that noimydroelectric renewable energy share
in the electricity sector is projected to incre&s®o annually between the yearsl8@and
2050. Moreover, the solar generatimyglobally forecasted to increase steadily andheac
6.7 trillion kwh by 2060 while the wind generation is forecasted to re&a&irillion kWh
by 2060 [6]. However, wind and solgrower generatiorasre characterized by intermittency
and referred to as varialbdereration (VG)or not dispatchable. This characteristic affects
system reliability and operating $8. Hence assessing the reliability gfower systems
under different penetrations of VG is importafitholistic reliability assessmeshould

take into conislerationall generatrspossibleo ut ages and VGsO6 i nter mi

Finally, the energy storage systems (ESSs) utilizationtlaeid effects on power
systems reliabilityThe Energy Storage Association reports that the gle8& market is
currentlygrowing exponentially and it is forecasted to have annual installatierof&0
GW by 202 [7]. ESSs come in various forms, depending on the technology used, and in
different scales. The technologies that have been used tcestengy inaide electrical,
thermal, hydro, mechanical, and electrochemici8]. These technologies make the
characteristics and the applicatsoof various ESS differenfThe applcations of ESS
include (a) supporting increasedesvable generation penetration, (b) load peak shaving
and (c) enhancing reliability of power syster@E[9]. These aplications offer flexibility,

improvement of power quality and increased reliability of power systAmanportant



problem in power systems planning and reliability studi€sSS sizing in the presence of

VG, andthe overall impact of VG and ESS addition on power system reliability.

1.2 Problem Statementand Proposed Research

This research proposes probabilistic fality assessment moddbr power systems
under different penetration levels of VG. The VG comemfeither solar cell generasor
(SCGs), wind turbine systems (WTS), or both. Thwdek take into account weather
prediction based ohistoricaldata of a ertain location in addition to load forecast and
forced outage rates (FORs) of VG and conventionaéggion (CG) unitsAlso, amodel
based on the previous modetsdeveloped to find theptimal ESSsizing in presence of
VG, and its effect on relialify. This model takes into accoudt unitsforcedoutages,
weatherseasonaforecast errordemandandreserve requirementanddemandand VG

correlation

1.3 Thesis Outline

The dissertation consists of ninkaptersCHAPTER 2is a reviewof the pastand
stateof-the-artresearchiegardingquantiication ofVG and ESS effeston power systems.
CHAPTER 3presentsin detail a and the reliability assessment methodmely the
probabilistic poduction costing (PPCand the importance of modeling load with the load
duration curve (LDC); this method issedthroughout the thesisCHAPTER 4 and
CHAPTER 5presentetailed derivation of ptmbilistic moded of power output of a wind
farm (WF) and a solar farm (SF), respectively. In addition, thedapters shovinow
these models are incorporated itihte PPC methodCHAPTER 6presents an additional

development d the reliability assessmentodelsin presence of V@Gy introducing the



UCED model.CHAPTER 7integrates the optimal ESS sizing into the UCED model and
explairs how to quantify reliability when adding ESS in presenc&6f CHAPTER 8
presents the addition of seasonal variations tartbdelof CHAPTER 7 CHAPTER 9
presents an advanced model that integrates intoE®® sizing model the seasdn
correlation between the demand and the V¥i@ally, CHAPTER 10presentsonclusions

and future research directions.



CHAPTER 2. LITERATURE REVIEW

2.1 Introduction

In traditionalpower systenoperation demand is exogens variable and there is
uncertainty associated with fisrecast. Thushie historical chorologicalemandiata is of
importance to understand and study a specific power system. However, in planning and
reliability studies, it is crucial to know the pmaitility of having a certain level of the load.
The load pobabilistic models the LDC [4]. The probability here idefined agpercentage
of time. To construct the LDC, the load is arranged in descending ordexgoiitorde. As
an illustrative example, a typical chronological load cusheown inFigure2-1, can be
converted to a LDC with the time axes normalized as depictedjime 2-2. As discussed
later, finding theLDC is important step in assessing the reliability when adding VG. The
LDC in presence of V@nd/or ESSs referred to as effective load duration curve (ELDC)
The ELDC is an integral partin reliability assessment ethod used in this workas

discussed in detailad the following chapter.

Peak Load |- nl

Load (MW)

0 L

Time (hours)

Figure 2-1. The chronological load curve example.



Peak Load ™

Load (MW)

0- L | | | -
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized Time

Figure 2-2. The load duration curve.

2.2 Variable Generation Impact on Power System Reliability

VG impacton power systemisas been intensively studietbking windgeneratioras
an example, thereas beena plethora ofstudies on modeling its impact on power systems
reliability. Thesestudies use probabilistic modeling that falls into two categories: either
analytical or Monte Carlo simulation (MCS). The latter one is either sequéMalS) or
nonsequential (random(NSMCYS). The analytical method uses mathematical derivations
to enunerate all possible outcomes and their probabilities. For example, ref¢i€hce
presenéd an analytical probabilistic reliability model for a number of WTSs taking into
consideration WTHOR. Referencgll] showedthat a WTS generation model could be
simplified to a 6step analytical model that could be used to assess generation reliability
with acceptable accuracy. On the other hand, MCS has been used to simulate the
rancomness of the wind power and the WTSs fauinstead of directly enumerating all

casesFor instance, botNSMCSand SMCShave been used to assess generation adequacy



and composite reliability assessmEifl]-[14]. However [11] and[13] usal approximated

models and ignored FOR of the WTSs.

On the other handhére have been studies on raliag SCG impact on power
systemseliability. Similarly, these studies u$probabilistic modeling andre categorized
as efher analyticaNSMCS orSMCS. For examplereferencq15] foundthe probability
densityfunction PDF) of SCG as discrete function i.e., impulses that are equally spaced.
The impulsesvere calculated based on the average daily output of the SCG. Reference
[16] combinal the solaradiationPDFand theSCG power output curve to model the SCG
power output as mulstate model and computes the probability of being in each state (
derateddown). For computationakfficiency, it suggestd using linear rounding to
decrease the number of states indelingthe SCG power outputOn the other hand,
instead of analytically enumerating all possible evéMGS has been usedd¢ount forthe
randomness afolar radiation intensity and components failures of SG®s instance,
SMCS wasused toassess theeliabiity assessmertf a power system containing a SCG
and aWTg17]. The method used i17] is a modified method of motieg CG. Reference
[18] usead a solar radiation prediction method along with a PV tstaée model to evaluate
adding PVs to an isolated system. The reliability assessméh]imasbased orMCS.
However, there is a netaldevelopmodels that compud/F/SF,whichconsists of number
of WTSs/SCGspower output pdf usinghe analytical and MCS methsdhat yied to
comparable results. Hence, any method of the thredytical SMCS or NSMCS can be
usedto probabilisticallyrepresers WF/SF outputdepending on gcompatibility with the
reliability assessment methodhis becomes cledater when comparing these three

methods and when adding storage to tiest system All three methods take into



consideration outages of tMéTSs/SCGs and weather predictions afeatain location.
Notably, no method among the analytical and MCS is superior over the other. Instead, each

has its own advantages and disadvantages as will be discussed later.

As the penetration level of VG incisss, planning and operation should actdar
economic dispatch, reserve requirements and reliability requirements. All aforementioned
could be accounted for in the formulation of the unit commitment economic dispatch
(UCED). This problem can determineettexpected impact of VGs under different
penetration levels. The unit commitment (UC) determines the optimal commitment
(OFF/ON decisions) schedule by simulating the operation of the system over a period of

time. The UC problem in general has the follogiconstraints:

1) CG mnimum and maximunproduction limits.
2) CG minimumUp/Down times.
3) CGramp Up/Down limits.

4) Demand and reserve requirengent

Many models have been developed to solve the UC problem. These methods include
dynamic programing, Lagrangian neddion, genetic algorithm, fuzzy logitgarithm,and

mixed integer programming (MIR)19]-[21]. The focus of this work is on solving the UC
using MIP. There have been numeas works on solving the UC problem for power
systems without the presence of VGs using MIP. Starting with UCIGH, referencg20]
introduced a tighter description of the generation polytope by introducing alassvof
inequalities that led to faster compuattime. In[21], a stateransition variables model

that captures the generator transition instead of their ON/OFF statuses. In the presence of



VGs, the traditiomal UC modelcould be modified to account for VGs. For instance,
referencd22] used a mixed integer quadratic programing (MIQP) to salU& problem

of an insular power system that incorporates V2B, VGs were modeled as CGs but

with constraints thatook into account the climatpr edi cti on t hat gov
production. If23], a dayahead UCED model was proposeith finertime scale (5 mins).

The model in[23] reported providing responsive ramping following abrupt VG output
changelt also claimed difficultyin applying long lookhead horizons especially for large

systems due to itsomputational requirement.

2.3 Energy Storage Systems Impact on Power System Reliability

Finally, incorporating energy storage systems (ESSs), in addition to VGs, to a power
system and assessing reliability improvemextplethora of literature exists on ESSs
impact on power system reliability. Most of these studies assulB&8 size (powerral
energy ratings) and subsequently assess system reliability. A number of studies address the
issue of optimal ESS sizing and then assessed reliability for the opt88alStarting with
the studies that assess reliability without ESS sizing, referf@®#aused the Weibull
distribution to model wind speeds and subsequently 85aS to simulate a wind farm
WF and CGoutputs. Then, it set criterito calculate the paon of WF power to serve the
demand directly and the portion to be stored. Finally, it assessed reliability contribution
from adding ESSs. Referen@5] used MCS to agss the reliability of CGs, WTSs, ESSs,
and hydro power plants, by chronologically coordinating WTSs and hydro plants. The wind
speed was modeled as a time series-mgoessive moving average (ARMA) model while
the ESS was modeled as the IEEE fstatemodel (reserve shutdown, in services,cied

out but not needed, and forced out when needed). It showed that strategic coordination



between these resources could improve generation adequacy. Refeémteoduced an
analytical method to study ESSs impact in pres@id¥TSs generation. It analyzed the
impact of ESSs initial stored energy and rated capacity analytically. The study found that
initial stored energy hassignificant impact while rated capacity of ESSs had the most
impact on reliability improvement. Omne other hand, the study j@7] evaluated the
reliability of hybrid SCGESS system using discrete time Markov chain (DTMC). The
DTMC aimed to capture uncertainty in the SCG and ESS outputs. However, all
aforementioned stues, dd notaddress the issue of optimizing ESS size[2d}{] [25] and

[27] did not include individual VG units (WTS or SCG) FOBut rather usg aggregate
models ofWFsandSFs However the cost of ESS has been considerably Hitgmce, the
otherset of studies on reliability assessment considered ESS optimal sizing. For instance,
referencd28] introduced a probabilistic model for ESS sizing with peak shawtigypn
presence of wind generation. The model was based on cyclic nonhomogeneous Markov
chain and dealt with generatidmad mismatch. It claimed that the model was fast and
accurate, and with little sacrifice on profit, it could represent the \WESSsas reliable
committed generatiofor example, referen¢@9] consideedthe VG forecast error when
sizing ESS using a twstage stochastic model predictive conthdso, it consideedwind
forecast error as a cham constraintWith emphasi®n reliability applications, reference

[30], used pattern seardfased optimization anBMCS to find the optimal size of hybrid
SCG/WTS/ESS system components while maintaining cerediability requirements.
Reference[31] used a twestage probabilistic model to solve for E&Serve sizing
problem considering reliability by integratitass of loadndex into ESS sizingHowevet

the literatwe lacks a holistic ESSizing model that takes into account all asge@tF/SF

1C



outagesweatheiforecast errgmeetingreserve requiremesnand load and VG correlation

The propose&SSsizingmodel will account for allaforementioned aspects.

11



CHAPTER 3. RELIABILITY ASSESSMENT METHOD

The chapter presesithe reliability assessment method that is going to be used for
all cases discussed in later chaptdisis method is callethe probabilistic production

costing méhod (PPC)

3.1 The Probabilistic Production Costing

3.1.1 Introduction

The probabilistic production costing a probabilistic simulation method based on
theBaleriaux, et al methatthatwas introduced first in 1982]. Production costing refers
to any methoddogy that computesoperating cost of amconomicactivity [33]. The
problem that this method addresses is the simulation or the projection of power system
operation cost ovea period giventheload forecat, available generating units and their
FORs[4]. As explained if32] and[34], the method is based on using the probabilistic
model of theelectricload in addition to therobabilistic model of CGs expressed in terms
of their FORs to assess the system reliability armmpare futue expansion planghe
solution is given through a series ainvolutiors between eaclCGs and the IDC; the
mathematical formulationvill be discussed in detalater. The methodcalculates the

following indices:

1) Loss of load probabilityL(OLP): which is the probability that generation is
insufficient; i.e., Probability (generation < load). Note that EQloes not

give indication of the severity of the loss.

12



2) Expected unserved energy (EUH)e expected energy not supplied to
customers due to generatitailure.

3) Expected energy generated by e@shunit.

4) Expected total generaticost.

5) Amount of environmatal pollution by generation unit.

An important step when performing the PPC method is the merit of lo&@dngits. As
described irf35], the most effective unit should be loaded fils other words, the units

of lowest average cost should be loaded first to meet the load starting from 0 MW to the
unit rated capacity. Thefgading the second lowest averagest unit, and so onOne of

the improvements to this loed) proceduresuggested if34] wasto divide the capacityf
eachCG unit into two blocks and these blocks are plagemhadjacent in the loading
procedue. Every block has a different average production cdslis improvement
increased accuracy and as the nambf blocks increasd, the accuracy improve
Referencd35] suggested a phased approach basetharemental loading procedure by
dividing generation units into subsets based on their marginal cost, the minubset s
loaded first. Taking int@orsideration thé-ORsof the components andaintenance, the
projected cost could be calculated in phased manner by adding up the cost of generating
electricity from each subséthe aforementioned works are examplethefearly work on

this method. There dve beenmany published papersFor examplesreference[36]
introduced a modification that takes into accaemérgy limitation of generation facilities.
Specfically focusedon hydraulic units which were categorized as no energy storage or
with enegy storage (either large or restrictedihe improved methodltersthe loading

procedure to account for using energy storage relative to its type.

13



3.1.2 Mathematical formulation

A desciption of the PPC and the ELDC is as follows:

3.1.2.1 Conventional Generation Usit

TheCGunit is modeled as ag&ateMarkovmodel: available or unavailable. In other

words, either the unit is available with capacity equale or unavéable with capacity

equal to zero, as shown ({&1) andFigure3-1.

[ Max

. épP , if unit is operatione
Capacity, = ° P ‘

31
i 0 otherwise (31)

where py'® is the rated capacityf theg™" CG. The probability that the unit is unavailable

is denoted byj. qis referred to as FOR and calculated as explaingg]:in

g =— TR (32)
9T MTTR, + MTTE
MTTR,
1_ f—
b MTTR + MTTE (33)

where MTTR; is the unit mean time to repair alI TFg is the mean time to failur&oth

MTTRg and MTTFRg, and the repair and failure processeseaponentially distributed.
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Figure 3-1. The CG two-state availability model

3.1.2.2 Load/VG Representation

The net load is computed as follows:

Nload NVG -
Netload =g Loag- @ VG, - ESS Power 't T (3.4
=1

vg=1

Note thatCHAPTER 4and CHAPTER 5assess the reliability when adding only VG;
hence, the ESS power term in equati@d) is omitted Figure3-2 shown how the Net (or
apparent) load is calculategbnerallyin presence of VGs and ESSSubsequently, the
chronological net load curve is converted to an inverted probability distribution function

(IPDF) as explained ifd]. The vertical axis of the IPDF is normalized time and horizontal

axis is power.

3.1.2.3 Reliability Assessment and Production Cost

LOLP and EUE can be calculated using series of convolutioeggeinedin [4],
[34] and[35]. Once the IPDF curve is constructed and FOR&SI& units are known, the

LOLP can be calculated as follows: the loading of a unit chathgespparent load on the

remaining units as i(B.5):

15



L,()=(1-a,) Ly (1 +pg™ )+a, Lya(1) (35)

Figure3-3 shows an example of ceolving two CG units with the ELDCand similarly it
can be exteretito G number of CG unitsThe curve o is the ELDC anance the first CG

is loaded, the resultant g isL1. Similrly, loading the second CG will give the curve L

This procedure is regated till theGth CG is loaded.

M
Chronological Apparent Load

>

* Solar
e Z
Time >
* Wind
Load Duratlon Curve
2
* ESS s
<]
o ;
Apparent Load g

Figure 3-2. Theloadduration curve.
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Figure 3-3. Convolution example between the ELDC and two CG units

After all units are loaded, LOLP is simply:
LOLP = L; (0) (3.6)

EUE is computedfter all units are loaded, i.¢ curve is constructeds follows:

Peak Load

EUE=T f{ Le(I)d (3.7)
0

wherePeall oadis the systenpeak loacAndT is the simulation time

EUE is the area undés multiplied by the totasimulationtime. The values of LOLP and

EUE areshownFigure3-4.
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Probablity ."\ V

Load (MW)

Figure 3-4. The values of LOLP and EUE

The expected production cost for e&28, Eg, is computed as follows:

Pmax
°. M, (1)
B, =T -6)f—g LaOd (38
0
where—— is incrementatostof g CG unit.

Notethat othercosts, e.g., maintenance cost, are neglected. The VG production cost is zero.

Hence, the total production cost is the sumamatif theCG production costs.
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CHAPTER 4. PROBABILITY CHARACTERIZATION OF WIND
FARM POWER OUTPUT AND IMPACT ON SYSTEM

RELIAB ILITY

The chapter preserdscomputational procedure for the generated power probability

distribution function (-

WFG

(pye)) of a WF consisting dilwtsWTSs. ThePDFis computed

using three alternate methods: (1) analytical methodN@JICS, and (3)SMCS. Once

v (Pye) Nas been computed, using any of the three probabilistic method®mneet) a

subsequent step is to assess the overall system reliability using the PPC Method.
Specifically, the WF power output probabilsstnodel and the electric load probabilistic
model are combined to create an equivalent load duration modeCGlsysem must
supply the equivalent load. The PPC simulates the operation@&bkgstem and the main
operational constraints (mainly econandispatch) to determine the expected production
from the conventional units, the LOLP, the EUE, etc. For comparison purposes, the system
is also simulated assuming that the operation of WF erm@tistic, i.e. forced outages of

the WTSs are ignoredn overview of reliability assessment procedure in precedence of

wind generation is showin Figure4-1.

4.1 Problem Statement and Basic Calculations

Given a number of WTSis= 1 Nwrs Each WTS ha&OR equals togwrsiand
capacitypwrs.rated The wind speed over period of tihel,..,T is assumed given. The WTS
power as a function of the wind speedliso given. It is desirable to compute BBF of

the WTS generatiorsubsequently, theDFof the power output dilwrsnumber of WTSs
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Load o
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. Duration
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CostProjection

Generation Curve » PPC

Figure 4-1. Reliability assessment procedure in presence of wind geagon.

is computed. Moreover, it is also desirable to perform reliability assessment of a system,
which incorporates a WF or multiple WFs, that probabilistically accounts for the WTSs

unavailability and wind speed variation.

A first step is to use windoged historical data to find tfDFof wind speedr, (v)
. One method to findr, (v) is to construct a histogram with a large number of bins.

Subsequently, the histogram is converted td®RF of wind speed. The facthat
. _g;v( v ) dpvs used to normalize the count of occurrences on the horizontal axes by

dividing it over the histogram total area. Mathematically, this is expressed as follows:

no. of occurrences of hin

f (bin )=
é\ivbin width x no. of occurrences of Qjir (4.1)

Once r, (v)is known, the wind turbine power curve can be utilized to findPD€ of the

WTS power(} . ;(pwr9) as discussed in the next sectiopgrscan be mathematically

expressed as follows7]:
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\ t I (V ci,V rated)

TS. rated Y t i g/ raled,v co) (42)

z
w
3
2

o
[}
2o~
o 1
1
< |a
.0
-QD: O

0 otherwise

Whereve /Veo IVrated are the WTSutin/ cutout/ rated speeds, respectively, argpically
equals 1,2, or higher values depending on the WTS s/sechosen to be 1 throughout
this study The above probability is conditional upon the availability of the WTS. If the
WTSs are close to each other, then wake effect must be considered in this maisl. In
work, the wake effect is not considered as the WF under study is located in mouwstainou

areas with sufficient separation that wake effect is not a major factor.

4.2 Mathematical Formulation of WF Power Output PDF computation
Threealternativemethod are used to comype the WF powePDF asfollows:

4.2.1 Analytical Probabilistic Method

The WTS is mdded as a &tate model: available or unavailable. In other words,
either the unit is available with capacity equalpters.ratedOr unavailable with capacity
equal to zerpas shown irFigure4-2. Note that more caplicated models are available

where each component of a WTS has a$tate Markov model.

The probability that thé" WTS is unavailable is denoted ly.rs and calculated as

explainedn [3]:
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B MTTRyrg
Qurs = MT TR, +MTTR

(4.3)

where MTTRurs is theWTS mean time to repaand MT TFwrs is theWTS mean time to
failure. Both MTTRwrs and MTTFRwts are exponentially distributedNote thatqursiis

assumed identical for all WTSs.

(I=qvs)

2
=]
S
£
E (?T\)
0 PwiSraied — Capacity (MW)

Figure 4-2. The WTS two-state availability model

To find the probability of all possible cas@&sgure4-3 ard Figure4-4 could be helpful.

The law of total probability is used account foall cases

J’TG( WTE) TGF WT:H p )(WT\fﬁ)S i
Hiol ol WTS )6 b 44

where ¢ ( wis)is thePDFof a single WTS power outpuit.
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Figure 4-3. WTS power curveand wind speedPDF relationship.

p (pwis=0) = 1

Figure 4-4. Probability tree for single WTS possible outcomes

Forpwrs= 0, there are three possibilities: either the WTS is faile@yci, or Vi Ovco, thus

a singleWTS power output pdf, ¢ (Pyrs)
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I't (O) = (Owrs '(1 qWTQ(A)) L(I pWTQ (4.5)

where A=V;"TV (v)dv N flv)dv £(v) +E{v)

Veo

For 0 < pwrs< pwrsraeq it iS @ continous region that aabe expressed mathematically as

follows:

It (pvas) = (1 'qWTs) rv(V ) A ("/ iV ratec) (4.6)

Forpwrs= Pwrs.aed the wind speed rang@s.« <Vt < Vco. This is expressed mathematically

as follows:

rre (Puwrs med =(1 Awrd(B) 4P wrs P wrs mh (4.7)

where B= fir, (v)dv =F (v.) F (Vo)

Vrated

In the case of a WF, there aN@tsWTSs. Theprobability mass functio(PMF) of WF

availability ( rea (cwe)) is expressed using the binomial distribution as follows:

N 0 r wrs™ T
\:,ITS @ 'qWTs) (qWTQN ((lc we FIP wrs rat)c (4-8)

Qo

Nys
rWFA (CWF) = é.
r=0

O 8

wherer is number of operational WTS in the WE;, (c¢) is shown inFigure4-5.
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(1=qrrs) Nws
(qrrs) N (1—gprs) A

(grsyNvrs

Probability

0 Pwisrated — Nyrs pwrsraea  Capacity

(MW)

Figure 4-5. The WF availability PMF (J wra(owe)).

The r,,.(p,.) is generalized foNwTsWTSs as follows:

Forpwr=0,
Fure (o)=2£|ms”m *gea ZaeN:v @1 Aurd (G ™ g\ goé’p W) (49
ForO < pwr < I pPwTs.rated
o) B @ o)

(4.10)
wherep,,, asineq.(4.2)"V, 1(v,Vv,.)

For this caser,,.. (1, Should be calculatedr all possible values @pwrs! [0, I Pwrs rae}

for all r, and eventually sum up all probabilities resulting from equakvalues.
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For pwe = I pwrs.rated

éNWT 0 r Nwrs-T
rWFG(r Pwrs raxed):(? r * @ qWT; (q WTl (B) C(Ip we TP wrs ra)e

"r i L2, Ny ]

(4.11)

4.2.2 NonSequential Monte Carlo Simulation

In this method, the state sampling is fabmonological, i.e., specific MTTs and
MTTRwrs do not have dect effect. Rather, any combination of MTokEand MTTRurs
based orequation(4.3) with equal availability would have similar results. Th&tas of the
WTSs availability are modeled as uniform distribution randoamiable {) where
Y~unif(0,1). Subsequently, the availability states for each WTS are calculated as follows

[12]:

L,2, N} m {2, .M} (4.12)

O ! Yi,m ¢qN e
QNTSi,m:JrP:L ’ ™ |

Yi m >q\NTS

where Qursim represents the availability state of WT&t samplem, and Ywrsjmis the
random number uniformly distributed between 0 and 1 for WaiSstatem. Afterwards,

M wind speed samples are generated by duplicating the available wind speed data. Note
thatM in this study is chosen to be multiple of the available wind speed data siz® e.g.,

= 10 the size of the wind speed daknally, under the assumption that allT®s are
subject to the same wind speed at each samptke power output values for the WF is

generated as shown @guation(4.13).
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eva'rs a VS _ V OO
i a QNT$ m@p WTS rate®C s 08
T i=1 C Vrated ~ Vci

) Vm I(V Vrated)

1
!
I NWTS L
RNF _':\ a QNTS;, mpWTS rated "V nl @V rate,dv c)o (413)
A i=1
}O Otherwise
!
:, "mi{12.., M}

Subsequentlyr,, . (p,.) is calculated similar to the method used to fing) .

4.2.3 Sequential Monte Carlo Simulation

In this method, the state sampling is chronological, i.e., MdtgRand MTTRwyTs
are used in the state duration sample8. This is explained as follow$/ is the size of
the samples, as in the neaquential cas®&l could be interpreted as the length of multiple
cycles;each cycle has the length of the original wind speed data size. For each cycle, there

are sukcycles when the WTS is either UP or DOW&lexplan next:

When WTS is UP, it transitions to the DOWN state with rate equals to:

1

/P —
s = TR (4.1

When WTS is DOWN, it transitions to the UP state with rate equals to:

1
MTTRwrs

Mrs = (4.15)
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The failure and repair processes are assumed to be exponentially distributed. These
processes are modelad a continuous time Markov chain. The following two equations

describe beingn either UP/ DOWN State and transitioning to either DOWN/UP:

dR,(t)

= M Pooun®) - 4P ot
dt ,KXITS DOWN( ) WTS UI( )

%: /WTSPUP(t) - /\X?ré:)oowr\(t)

Solving for the previous equations gives:

/ + m@ (lwts +RUTI \/4 _ 4§ C Wrs s
P t = O WTS + O ( TS W
0= Py OO PE T p o)

- (lwts +RUTS C rs +ams
@ ) 4, (O )
lurs t s drs + W2

P (1) = Pooyy (0)(3r="

Assumingpoown(0) = 0 andor(0) =1, and ast - o :

—_ IRTS
P, = 4
” /WTS + /\prs QJVTS (416)
I:)DOWN = /WTS aWTS (417)
/WTS + /\prs

For each suleycle (UP or DOWN), a uniform random number is generdtednif(0,1).

The duration sample is calculated using thesrse transform method, as follows:
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Ty = MTTR,5(In(U)) (4.18)

TDown = MTTRNTS(In( U)) (419)

When the WTS is DOWN for period ofdin, the WT'S contribution to WF generated power
equals zero. On the other hand, when the WTS is UP, the output is computed as has been
discussed earlier: WF power output is the summation of the power generated of the UP

units. Finally, r,,. (p,.) is evaluated similar to the method used to fipd v )

4.3 Reliability Assessment Based on WF Generated PowBDF

The original PPC method islightly modified to account for the adidion of WF
generationIn this case, the load duration is the combination of the actual load minus the
WFs generation outpt. We refer to this as the equivalent load duration, ELDC. The ELDC
is computed from the WF probabilistic model and the actual load probabilistic mbdel.

ELDC is computed as follows:

ELDC = Forecasted Load  Expected WF Pc (4.20)

WF expected power output is computed from the three probabilistic methods used to

computer,,..(p,.): first, hourly Gaussian distributions with meapsdnd standard

deviationsk (h= 1, 2, é, 24 ) a thehisworcal windadate Afterivards, rall
possible wind speed values are found and converted terpasing equatioi@.2) with

Nwrtsnumber of WTSs. Then, the probabilistic expectation is found using the sample WF
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power found and their corresponding probability, ig,..(p,.) - Subsequently, the ELDC

is computed using the forecasted load minus the expected values of WF power output. The
resultant curve is converted to B?DF as required by the PPCetihod. The vertical axis
of the IPDF is probability and horizontal axis is tb&al load [). Note that all reliability

and cost indices are calculated as in mentioned previously in s8cti@n

4.4 Case Study

The hourly windspeeds for a year is collected from the System Advisory Model
(SAM) [38]. The location under study is at a rolling hills area in AZ, USA. The wind speed
dataPDF,} v (v), and CDFF, (v), of this site are found as described before and is shown
in Figure4-6 andFigure4-7, respectivelyUnder the assumption that all WTSs are subject
to the same wind regime and hahe same specificationgws(pwr) can be foud using
one of the three methods described previously. Siemens Wind Turbine-ZSvWZ0)
specification is utilized to perform the analysis of different cafgd. Theses
specificatiors are:pwrsraec= 2.5 MW, Vei = 3 M/SViaea= 11 M/$ andveo = 22 m/S.qQursis
assumed to be 0.15, MTWirs =950 hrs. and MTTirs = 167.7 hrsNwrsin the WF under
study is 10. The reliability test system consists ofdllewing: (1) two CGunits e&h has
capacity of 58 MW and FOR = 0.05, (2) the WF mentioned previously, and (3) load with
the p.u. data taken from the RTS test system considering a base of 1p@0M@éscribed

in details iNnAPPENDIXA. The test system topology is showrFigure4-8.
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Figure 4-6. The wind speedPDF.
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Figure 4-8. The reliability test system
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4.4.1 AnalyticalProbabilistic Method Results

Equations(4.9), (4.10) and (4.11) were used to find wrs(pwr) for a WF that
consists of 10 WTSs&igure4-9 shows} wrs (pwr) found using the analytical approach. The
probability at (MW is 0.1987 Equation(4.9) shows thapw-= 0Ois because either all WTSs
are at a failure state or wind speeds are out of the generation region of the operational
WTSs. Sincedqwrs=0.19°& 0, hoperation@WTSs ait of Nwrs, given that the
wind speeds are out of the generation region of the WTSs, contributes m@ast(fm:=
0). On the other hand, the probability atMB8v (WF rated power) equals to 0.0193, which
gives indication that the cumulative probap of wind speeds aboveéated and within the
generation range of the WTS is small. Because inthiscagg;d’& 0. 1969 mul t i
by Fv (Vrated <Vt < Vo). Note hat there are impulses BPwrraeq Wherer = 0, 1, é, 1 (
generated mostly frongaations(4.9) and(4.10) and small contribution small contribution

from equation(4.11).
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Figure 4-9. } wre (pwr) Using the analytical method
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4.4.2 NonSequential Monte Carlo Simulation Results

The state sampling was uséal nonchronologically generate hourly UP and
DOWN statesM is chosen to be 10 times the wind speed data sizeMigmulates 10
years of the WTSs UP and DOWN statéquation(4.13) was used to evaluatgvrand
subsequentlywrs(pwr). Figure4-10shows} wre (pwr). The probability at 0 MW is 0.211,
compared to 0.1987 in the analytical case. On the other hand, the probabiliti e 25

equals to 0.0191 compared to 0.0193 in the analytase. The comparison is favorable.
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Figure 4-10. J wrc (pwr) using theNSMCS.

4.4.3 Sequential Monte Carlo Simulation Results

As explained earlier, UP and DOWN sa¥cles are chronologically generated with
equals 10 times the wind speed data size. For each yearydab of UP and DOWN are
generated usingquatia (4.18) and(4.19). The probability at 0 MW is 0.2001, compared
to 0.1987 in the analytical case. On the other hand, the probability Mi\2equals to

0.0185 compared to 0.0193 in the analytical cBspire4-11 shows) wrs(Pwr).
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Figure 4-11. J wre(pwr) using the SMCS.

The numerical values off all three methods are shovilrabie4-1. A comparison
of the WF generated pow&@DF (Fwr(pwe)) found using all three methods is shown in
Figure 4-12. All three methods could be used to evalupigc(pwr). However, an
advantage of the MCS method over the analytical solusidhe capability to simulate
complex systemwithoutthe need for complex derivations. An example is when FORs are
not identical across simulated WTSs or there are derated states. It would be
computationally challenging to derive all possible eventdhealSMCS has an advantage
over the two other methotlecause of its ability to preserve the chronology of the process
under study, e.g., failure or repair. This could be crucial, for example, when WTS is

coupled with a storaggystem.
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Table 4-1. } wra(pwr) values at 0 ~1@wrTs reated

pwe (MW) | Analytic | NSMCS | SMCS
0 0.1987 0.2001 | 0.2001
2.5 0.0008 0.0012 | 00011
5 0.0006 0.0012 | 0.0011
7.5 0.0009 0.0012 | 0.0014
10 0.0013 0.0012 | 0.0010
12.5 0.0017 0.0017 | 0.0010
15 0.0048 0.0048 | 0.0054
17.5 0.0134 0.0137 | 0.0153
20 0.0274 0.0273 | 0.0287
225 0.0342 0.0347 | 0.0311
25 0.0193 0.0191 | 0.0185

4.4.4 Reliability Assssment Results

Table4-2 shows the reliability assessment using the PPC method of all cases. When
there was no wind generation the LOLP = 0.05495 rAlte addition of the WF to the test

system, the LOLP was lowest when the WF farm output was deterministic (WTSs
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unavailabiity is ignored). In this case, it was reduced by 34.8%. When using the inverse
transform samplingR twr (random generatedumbers from a uniform distributiophe
averages of running the PPC 10 years (each with 8760 samples) of all indices were close
to the deterministic forecast results. The reduction in this case ranged 323%%-
Whereas the results of using the Gaais distribution sampling gave higher LOLPs values
since it computed the probabilistic expectation of the hourly WF power outpait. OLP

was reduced 21.4% ~23.5%. The EUE and expdgc@cesults followed the same pattern

as the LOLP did.

Table 4-2. PPC results of all cases

EUE ExpectedCG

Case LOLP (MWh) (MWh)
Base case (No WF geration) 0.05495 | 7,577.1 533,999.7
Deterministic WF output (WTSs FORs

: 0.03582 | 4,370.5 442,457.8
ignored)

Analytical (Inverse Transform Sampling] 0.03675 4,545.3 455,347.8

Analytical (Gaussian) 0.04304 | 5,243.4 486,763.8
NSMCS (Inverse Transform Sampling | 0.03730 | 4,577.9 456,428.1
NSMCS(Gaussian) 0.04320 | 5,261.9 486,0523.2
SMCS (Inverse TransforrBampling) 0.03708 | 4,561.0 455,866.6
SMCS (Gaussian) 0.04205 | 5,093.8 482,687.0

45 Conclusions

Three different probabilistic methods were presented inctiaper to compute the
power outpuPDFof a WF consisting of multiple WTSs. The three methods were discussed
in detail, and a case study on a WF that consists of 10 WTSs has been presented. First the

power outpuPDFwas computed analytically. In addition, bédSMCSandSMCS were
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used to simlate WTSs failures nenhronologically and chronologically, respectively. The
resultingPDFs computed with all three methods were found to be very close. Subsequently,
the PPC method was used to compute the system rgjiddyilcombining the WF power
outputsPDFs and the electric load probabilistic model. The probabilistic WF power output
model and the electric load model were combined to provide an equivalent load duration
model which was inputted to the PPC method. Hsellts of the PPC provided relityi

indices for the system. These indices quantified the impact of wind farms on the reliability

of the system.
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CHAPTER 5. PROBABILITY CHARACTERIZATION OF
SOLAR FARM POWER OUTPUT AND IMPACT ON SYSTEM

RELIABILITY

The clapter presenta computational procedures of generated power probabilit

distribution function of a SEr . (p.)) consisting oMNscc SCGs. Probabilistic methods
are utilized to compute . (p..)in a certainlocation andassumed FORs of the SCGs.

Three methodshave been investigatedl) analytical, (2)SMCS and (3)NSMCS. The

study aims to draw a comparison of theserahte methods:__.(p..) is dependent on the

solar radiation historical data, FOR oflimidual SCGs and operating constraints of SCGs.

Once r . (p..) has been computed, using any of the three probabilistic methods meentio

previously, the PPC method is used to assess the reliability of the overall system.
Specifically, theSF power output probabilistic model and the electric load probabilistic
model are combined to createEEANDC model. TheCG system must supply the egalent

load. The PPC simulates the operation of @@ system and the main operational
constraints (mainlyeconomic dispatch) to determine the expected production from the
conventional units, the LOLP, the EUE, etc. For comparison purposes, the sysksm is a
simulated assuming that the operation of SF is deterministic, i.e. forced outages of the
SCGs are ignad.An overview of reliability assessment procedure in precedence of solar

generation is shown iRigure5-1.

38



Load ) N
Equivalent Conventional Reliability
. Generation .
Load Duration Indices and
Solar .
a._......‘." Generation Curve T — | CostProjection

Figure 5-1. Reliability assessment procedure in presence sblar generation
5.1 Problem Statement and Basic Calculations

Givenanumber of SCG& 1, éNsce each SCG haBOR gscei and availabilityl-
gscai The solar radiation over period of tire 1 Tigassumed given as a forecddso,
each SCG capacity is known. Moreover, SCG powgg)(versus solar radiatios] curve
is known, given that the SCG is available. It is desired to findPEieof individual SCG
power (rss(Pscs))- Subsequently, theDF of the power output oNscc SCGs is found.
Moreover, it is desirable to compute the ELDC probabilistically and to perform reliability
assessment using the PPC method. The riljaedissessment is performed on a test system
that incorporates a SF or multiple SFs to compute LOLP and EUE, and other indices. The
reliability indices computed with this procedure account for the SCG forced outages and

solar radiation variability.

Thefirst st is to use the solar radiation historical data of a specific location to find

pdf of the solar radiations( (g)). One method to find- (g) is to construct a histogram
with appropriate number of bins. Teonvert the histogram to BDF, the fact that
) . . .
. o} (9 )=digused. The counts of occurrences on the horizontal axes of the histogram

for each step (bin) are normalized by dividing themHhgyhistogram total argaimilar to

39



finding the pdfof wind speedOncer, (g)is known, the solar power versus solar radiation

curve, conditional upon the availability of the SCG, can be utilized to find the SCG power

PDF, } sd{pscq)- Psce can be mathematically expressed as follows [5]:

4 G

e 0 P
1 Psco. ety o~ 0 "G I'[0R,)
I sce dg " Rc 0 c
f 4G, © ,
Pscs :i Psce. razedg?Gj 9 Gt I [R: ’Gstd] (51)
1
1 )
I pSCG. rated " GI I (E std 'D )

WhereR: is a certain radiation point set usually at 150 A#mdGsta the solar radiation in

the standard environmentmeasured iW/m?2.
5.2 Probabilistic Evaluation of SF Generatel Power PDF

Three probabilistic methods, analytiddSMCS andSMCS for evaluatingr .. (ps.)

are describedext in detail.
5.2.1 Analytical Probabilistic Method

The SCG is modeled as astate model: either the unitis available with capacity
equal topsceraedOr UNavailable with capacity equal to zeas depicted ifrigure5-2. The

probability that the!" SCGis unavailablegsce, is calculated as if8]:

— I\/I-I--I-RSCGi
qSCGi -
MTTFSCGi + MTTRSCGi

(5.2)
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where MTTRcgis the unit mean time to repand MTTFsccis the mean time to failure
of a SCG Both MTTRsce and MTTFscc are exponentially distributedNote thatgscai is

assumed to be identical for all SCGs.
(I-qsce)
(q.w"(}}

1

0 PSCG. rated Capacity (MW)

Probability

Figure 5-2. The SCG twostate availability model

Figure 5-3 and Figure 5-4 areimportantto derive all the cases analyticalljo find the

probability of all possible cases, the law of total probability is used

bsol s sf sdd p )(SCG) i
Hso( sl S C GWN) bqg.D (5.3

Forpsce= 0, there are two possibilities: either the unit is in a failure staig; =10:

rSG(O) = (qSCG -(l q SC() F(!Gt 0):) ((l p SC; (54)
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Figure 5-3. SCG power andsolar irradiance PDF relationship [16].

N
‘ =0
%, pipsca=0)=1

Figure 5-4. Probability tree for SCG possible aitcomes

For0 <psce< pscerated it IS @ continuous region. There are two regions as follows: 06

R.,andR: O (G «&In this casey sdpscd can be expressed mathematically as follows:

rse( psce) = (1 -q scg rc( G) Gt GO’G std: (5-5)

For pscc = Psce.aes the solar radiation rang&® O Gsta. } sdPsce.ae) iN this case can be

expressed mathematically as follows:
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as 0
rSG( pSCG rated) = (1 _q SCQ) %ﬁ r((g) @ 8(¢ SCG p SCG ratl( (56)
GGt =
Or equivaéntly:
rSG( pSCG rated) = (1 -q SC()(:I' F &G st)) 4 p SCG p SCG ra)e( (57)

In the case of a SF, there decSCGs. Thd®MF of SFavailability (7., (c..) ), shown in

Figure5-5, can beexpressed using the binomial distributiorf@ws:

SC é‘ 0 sce T
rSFA(CSF a_ ge r @ qscc) q scéN ‘(lc st ¥P sce ratlc (5-8)

( l—C].S‘("G) Nsca (1 —qscG)
(gscc) et (1=gsc)

Probability

( s (.,’.)Nsc(}

------

0 PscGraed — NseG pscG.raed  Capacity

(MW)

Figure 5-5. The SF availability PMF (} sra(CsF)).

The r . (ps) can be generalized fdisccnumber of SCGs as follows:

For PsF = 0
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I 6(0)

1
o8 >
a
cDZ
]
vO?B Qo

FOI’O < pSF< r pSCG.rated

Neco 0 y(q e
r r - SCG (7 _ SCG r G
(P =g [ B0 (0. 1(0) (510

wherep,., asineq.5.1)" G I [G, ]

For this case/q(r Pses med Should be calculated for all possible valuespks! [0, r

Psca.rated fOr all r, and eventually summing up all probabilities resulting from equsals

values.

For psF=r psca.rated

éNSCG

rSFG(r pSCG fated) = éa r -q SCgr (q SCZNSCG-r (1 F ((G s)}) 4 RF r-p SCG ral‘ (511)

-I-@Oz

5.2.2 NonSequential Monte Carlo Simulation

In this method, e state sampling is nashronological. This means if the SCG is
UP/Down, it could be UP/Down in the following state and the M3cEer the MTTRsce
do not affet the length of the transition from UP state to DOWN state, or vice versa. In
other words, any combination of MTd¢z and MTTRscc based on equatiofb.2) with

equal availability would have similar results. The staiethe SCGs availability are
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modeled as uniform distribution random variabiewhereY~unif(0,1). Subsequently, the

availability states for each SCG are converteblinary numbers as follows:

Yi .m ¢ qSCG

Y >0 T [L2,.N1"mi{,2,.M} (5.12)

_§0.,
QSCGi,m _Jfl

whereQ,is a binary vector that represents the availability state of ISsf&amplem, and
Yimis the random number uniformigistributed between 0 and 1 for SC& statem.
Afterwards,M solar radiation samples are genedaby duplicating the available solar
radiation data. Note thal in this study is chosen to be multiple of the available solar
radiation data size, e.gV) = 10 the size of the solar radiation data. Finally, under the
assumption that all SCGs are subjectite same solar radiation at samplethe power

output values for the SF is generated as shovequmation(5.13).

éNSCG é Gz 6

Sa 2 ) i

i Ia:1QNscei,m Psca ratedéstm 8 G, | [ORe)

I

~N . 5

1 3°¢ aG o} ) 3

i ia=.1QNSCGi,m Psca ratedg’é?n; 9 Gn | Re.Ggdl
PsF =1 Naco , (5.13)

’:‘ a QNSCGi,m Psca rated " C':‘m I G std 2 )

0 i=1

T

I

|

i "mi{12,..M}

Oncepsr is calculated for all samples,..(p.)is calculated with a method similar to that

for finding r(g).
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5.2.3 Sequential Monte Carlo Simulation

As discussed inthe WF casgin this methodhe state sampling is chronological,
i.e., MTTFscec and MTTRscc are randomly used to computee state duration samples
[12]. This is explained as follow#$4 is the size of the samples, as in the-sequential
caseM could be interpreted as the lehgtf multiple cycles; each cycle has the length of
the originalsolar radiation data size. For each cycle, there areybs when the SCG is

either UP or DOWN as explained next:

(1) when the SCG is UP, it transitions to the DOWN state with rate:

1

| qog=——
scG MTTFoe (5.19)

(2) when the SCG is DOWN, it transitions to the UP state with rate:

1
= WR&CG (5.15)

@CG

The failure and repair processes are assumed to be exponatsailyuted.As derived

for the WTS case, the following equations deeived

—_ /@CG
= Mes 4
Jot Mo (5.16)

UpP

PDOWN = Tsco (517)

/ SCG + ,ZZG
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For each sukycle (UP or DOWN), a uniform random number is generatednif(0,1).

The duration sample is calculated using the inverse transform method, as follows:

Typ = MTTR(IN(U)) (5.18

Toown = MTTR(IN(U) (519

When the SCG is DOWN for period obl., the SCG has no contribution to SF generated
power. On the othdrand, when the SCG is UP, the SF generated power is the summation

of the power generated of the UP units. Finalky, (p..) is evaluated with a method

similar to that for findingr(g) .

5.2.4 Reliability Assessment Based on SF Power Outi P

The PPC methqdlescribedreviouslyin CHAPTER 3is used to assefisereliability
when adding SF to a power systdmthis case, thaetload is the forecasted load minus
the SFs generation outplihe ELDC is computed from the SF probaiit model and the

actual load probabilistic modélhe ELDC is computed as follows:

ELDC = Forecasted Load  Expected SF Pt (5.20

Similar to the WF caseSF expected power output is computed from(psg): first, a

Gaussian distribution with meantend sandard deviatiod (h= 1, 2, é, 2 4)

(2]

from the historical solar radiation data. Subsequently, using equatinall possible

solar radiation values are converted to power Wianumber of SCGslhen, the sampled
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SF power outputs multiplied by their corresponding probabgipyesents the probabilistic
expectation Subsequently, the ELDC is computed using the forecasted load and the

expected values of SF power output. Finally, the resultanedsirmonverted to aiPDF.

5.3 Case Study

The hourly solar radiation for a year isedsin this study. The data was collected
from the System Advisory Model (SAM38]. The location under study is in Phoenix, AZ
(TMY2). Next, the solaradiationPDF, } (g), and CDH-¢(g), arefound as described in
section Il, shown irFigure5-6 andFigure5-7, respectively All SCGs are assumed to be
subject to the sansmlar radiation and have the same specifications. Each SQfschas:
= 0.5 MW, Gsg= 1000 W/m, andR: = 150 W/nf. The unavailability @scd = 0.15,
MTTFsce= 950 hrs., and MTTRs= 167.7 hrs. The number of SC@sjn the SF under
study is 10. Finldy, the reliability test system consists of the following: (1) @G units
of capacity 35 MW and FOR = 0.05 each, tf®) SF with the parameters provided earlier,
and (3) load with the p.u. data taken from the RTS test system considering a base of 60

MW [40Q]. The test system is shownkigure5-8.
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Figure 5-6. Solar radiation PDF.
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Figure 5-7. Solar radiation CDF.
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Figure 5-8. The exampletest system

5.3.1 Analytical Probabilistic Method Results

Jsrc (psp) of the SF that consists of 10 SCGs was computed using the steps
illustrated previously in agationg5.9), (5.10) and(5.11). Figure5-9 shows] < (psr) found
using the analytical method@he probability at 0 MW is 0.5306. Equati{®9) shows that
the probability that the SF produces 0 MW comes from either all SCGs are experiencing a
failure, or solar radiation is 0 Whygivenr out of are availableSince ¢sc=0.19*°& 0,
havingr operational SCGs out &fsccWhile the solar radiation is 0 WhAnontributes most
to } = (psr= 0). On the other hand, the probability ¢V ( SF r at ed power ) =
0, which indicates that the cumulative probaypibf the solar radi@on above Gqis very
close to 1. Note that the valuesrgisr eq Wherer = 0, 1,¢ée,10, were ger
from equations(5.9), (5.10) and a smal contribution from equation(5.11) since

FoGyq)® lorl-F; Gyy) °C_
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Figure 5-9. } src (psF) using the analytical method

5.3.2 NonSequential Monte Carlo Simulation Resul

The state sampling in the case of N@MCS is nonchronologicalM number of hourly
UP and DOWN states were generafdds chosen to be 10 times the solar radiation data
size, i.e.M simulates 10 years of the SCGs UP and DOWN sta¢esias computedsing
equation(5.13). Subsequently} srs(ps) Was computed asmentioned beforeFigure5-10
shows} srs(pse). The probability at 0 MW is 0.5360, compared to 0.5306 in the analytical
case. On the other hand, the probability MW equals to 0.0003 compared to 0.0002 In

the analytical case.
5.3.3 Sequential Monte Carlo Simulation Results

In the case of the SMCSRlnd DOWN sulzycles are chronologically generated with
M equals 10 times the solar radiation data size. For eachsydarycles of UP and DOWN
are generated using equatiofts18) and (5.19). The probability at 0 MW is 0.5363,

compared to 0.5306 in the analytical case. On the other hand, the prplaahMW was
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found to be 0.0004 compared to 0.0002 in the analytical Eape&e5-11 shows} sedPsr)

for this case.
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Figure 5-10. } sra(psr) using NSMCS.
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Figure 5-11. J sre(psF) using SMCS.

The numerical values of the resultant probabilities of all three cases are summarized
in Table 5-1. Figure 5-12 shows a comparison between the SF generating capacity
cumulative prohbility functions Es<c(ps)) found using all three methods. As shown

previously, three methods can be used to evajyaipss). However, the analytical method
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required complex derivations that are neeedeigh in all the possible outcomes whereas
both MCS methods did not.,Ifor example, the FORs of SCGs are not identical, or under
the existence of derated states, it would be computationally challenging to mathematically
derive all possible events order to perform the analytical method. Furthbg SMCS

method simulates the failure and repair process chronologically.

g—AnaIytical
Non-sequential MCS
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Figure 5-12. Fsra(psr) for all three methods

Table 5-1. J s (psrF) values inthe range0 ~10psce.reated

pse (MW) | Analytical | NSMCS | SMCS
0 0.5306 | 0.5360 | 0.5363
0.5 0.0041 | 0.0024 00022
1 0.0029 | 0.0030 | 0.0031
1.5 0.0032 | 0.0025 0.0027
2 0.0037 | 0.0030 | 0.0032
2.5 0.0051 | 0.0059 0.0057
3 0.0069 | 0.0070 | 0.0070
3.5 0.0073 | 0.0079 | 0.0073
4 0.0061 | 0.0059 | 0.0060
4.5 0.0023 | 0.0025 | 0.0024
5 0.0002 | 0.0003 | 0.0004
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5.3.4 Reliability Assessant Raults

Table 5-2 showsthe reliability assessment using the PPC method of all cases. The
LOLP improved the most when the SCGs forced outages were ignored, 9.7%. Using the
transform inverse sampling method {&s (random generated numbers from a uniform
distribution)), gave LOLP results higher than the deterministic SF output forecast case.
The LOLP improvement range was 6.2% ~ 6.7%. On the other hand, the LOLP results
were highest when SF power outputs samfrieah the Gaussian distribution. In this case,

the LOLP mprovements were in the range of 3.8% ~ 4.6%. The EUE and the expected

conventional generation of all cases followed similar pattern as the LOLP did.

Table 5-2. PPC results of all cases

Case LOLP (5\L/JVEh) EX?I\C;I(\:}Vek%CG
Base case (No SF generation) 0.06016| 5,330.3 336,269.1
Bitoerrergi)”ism SF output (SCGs FOb ) h5a33 44100  323,785.2
Analytical (InverseTransfom Sampling)| 0.05644 | 4,792.7 326,475.7
Analytical (Gaussian) 0.05790| 4,739.2 328,732.3
NSMCS (Inverse Transform Sampling)| 0.05610 4,750.5 325,805.6
NSMCS (Gaussian) 0.05740| 4,663.4 327,729.7
SMCS (Inverse Transform Sampling) | 0.05622 4,758.5 325,919.6
SMCS (Gaussian) 0.05740| 4,628.9 326,819.6

5.4 Conclusions

Three probabilistic methods were presentied evaluate SF power generation

probability distribution functions. The three methods were used to finggpspof an
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example SF that consists of ten 0.5 MW SCGs. Based on the historical solar radiation data
of a specific location}s(g) was found and subsequentlyc(ps) was analytically
computed. The SCGs forced outages were simulated-cmamologically and
chronologcally usingNSMCS and SMCS, respectively. The results extracted from all
three methods were found to be very close. Subsequently, the PPC method was used to
compute the system reliability by combining the SF power oufpDfs and the electri

load probahbistic model. By combining the probabilistic SF power output model and the
electric load model, an equivalent load duration model was computed. The equivalent load
duration model was inputted to the PPC method to assess the overall systbitityrel
Theresults of the PPC in terms of reliability indices quantify the impact of SF on system

reliability.
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CHAPTER 6. UNIT COMMITMENT AND PROBABILISTIC
RELIABILITY ASSESSMENT OF POWER SYSTEMS WITH

VARIABLE GENERATION

This Chaptermpresents a reliabiy assessment framewofér power systems withG
and consideringJC schedules and startup/shut down constraints asasathmp limits.
The VG chosen for illustration is SCAsmwever,similar analysis can be applied when
addingcombinations of SCGs anTSs. The aim is to compute distributions of SCG
generated output by taking into account: (1) SEGRKs (2) solar radiation forecast, and
(3) the CGs ramping, marum andminimum limits and startup/shutdown period limits.
To compute the expected generatamntribution  SCGs,G-1 (G is the number of CGs)
is applied, i.e., a singl€G unitcontingency is applied. At every iteration, a UCED model
is solved. In total, there af@+1 cases: the base case is when all CGs are in UP state and
G cases by taking single CG out fa time. Once the expected SCGs power output is
known, assessing reliability is performed using the probabilistic production cd3iag)

method.

6.1 Problem Statement

Given a number of SCGs 1, é ,scg ach with a FOR discai; a forecasof the
solar mdiation over period of time= 1 T ;éand the capacity of each SCG. The SCG
power, pscg versus solar radiation curve is known, given that the SCG is available. The
number of SCGs that are subject to the same solar radiation in a 8éwis;Kkhe solar

farm consists oNscec SCGs. It is desired to find the expected SCGs generated power by
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formulating a UCED optimization problem, as explained in detail iatdris chapterThe
expected SCGs output subtracted from the expected deneithe net equivient load,
is then inputted to the PPC to find the projected cost and reliability metrics when adding

the SCGs.
6.2 Unit Commitment Economic Dispatch Incorporating Solar Generation

In this section, the UCED formulation is discussed in detaié goal of pdorming
a UCED is to determine the optimal schedule of CGs. The UCED aims to minimize the
production cost over a period of time. The UCED problem is a complex problem.
Integrating VGs, e.g., renewables, increases the degree of complextytodVG
uncertanty. In general, the UCED should consider the following set of constraints:
minimum and maximum production limits, CGs minimum up/down times, ramp up/down
limits and demand and reserve requiremeht® UCED in this work has been proposed
in [20] and explained ifi21]. The set of constraints are as follows:

X, o= Xy 7S, -2, "glG tiIr (6.1)

Wherexgt is a binary variable the represethie g" CG status (1: ON, 0: OFF3g:is a
binary variable of thg" CG startup status (1: turned on, 0: otherwise),zggis a binary
variable of theg" CG shutdown status (1: turned off, 0: otherwistg)met. The ®nstraint
in6.)captures changes in CG st attandatim®dtey OF F
beforet, i.e.,t - 1. Variablesy+ andzg: capture CG transitions. Both: andzy: are known

oncexgt andxgt1are determined and cannot be both 1 at the senee ¢ither all 0 (no

transition) or one of them is 1.
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The second constraint is the minimum generation limit which is zero if a CG is off and

P,"! Btherwise.

,

p, 2R x,, "g G, t T (6.2)

g.t

Wherepg.tis theg" CG produced powet timet.

The onstraintin (6.3) insures that the generated power does not exiéée‘[]l%hen it is

ON and does not exceed the shutdown (&Eg) when it is OFF at+1.
p, tp,, CP"x +(SD- ™) z ., "g G, t T (63

Note thalr)g =Py o whereﬁg is theg" CG provided power and resenaadry s the

g™ CG reserve provisioat timet.

The reservé€R), which s calculateds percentage of the peak load plus the largest CG unit

capacity this constraint is formulated as follows:

ap,2D+R "t IT (6.4)

gi G
Next, the CGs and the SF available generatiometttmust meet the demariD):

apg,t-l-pSF,t :‘Df ron (6.5

gi G

58



The SF poweoutputat timet (pg ) is dependent on the forecasted sodatiation G, and

the number of operational SCGs in thE & timet. The SMCS is used to find the
UP/DOWN states of the SCGs. In this method, the state sampling is chronological, i.e.,
MTTFscec and MTTRsce are randomly used to compute the state durasomptes[12].

For each sulzycle (UP or DOWN), a uniform random number is generattéeynif(0,1).

A sub-cycle represents the time a SCG is either UP or DOWN. Thusirthgation time,

T, consists of a sequence of UP and DOWN-&utles. The duration of each safcle is

calculated usinghe inverse transform method,iagoduced earlier isection5.2.3

T = MTTRc(IN(V)) (5.18)

Toown = MTTRIn(U) (5.19)

When tke SCG is DOWN for period Gfpown, the SCG has no contribution to SF generated
power.Qi; in (6.6) represents the UP/DOWN status of tHeSCG at instancg and its
summation is the number of the operational S€@Gke SF at time. To find the upper
bound of SF power at timg the number of operational SCGs is multiplied by the
corresponding power output in the SCG power versus solar radiation cunve aitthe

detailed derivatioims as previously itroducedn when discussed SMCS section5.2.3
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oc¢ ps,:,‘ qi ol it pS@.ratedgE 9 (66)
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: G 1R G, I
I NSCG L
g a Q,t pSCG. rated ! Gl I (Gstd’ Q)
i=1
f T

The mirimum up time(UTg) and minmum down time(DTg) constraints are respectively

as follows:

t
a s, ¢tx, "tr, g d
=T, B ' (6.7)
i . (6.8)
,-:;%r ﬂsgl,ﬂ:l X101 t 7, g" Gl

The onstraintin (6.7)i nsur es that there has been at
in theUTg period. Simiérly, while (6.8) insures that there has been at most one transition

in DTq period.

The ramp up and ramp down constrairfg9) and(6.10), respectively) follow that the
maximum ramp rate ugown isRUy / RDy if a CG B on att andt+1. Whereas, it is
shutdown rate/startup lIm80;/SWi f t he CG st atus chantges

andt+1.
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Pyim Pyrs 85U, s, RY X, (6.9)

P,..-P,, ¢SD z RD x (6.10)
The objective function is linear and is in the form of:

min & &y,,+SUcost , +z  ,SDcos} 6.11)
HTgic ' ' '
The objectivefunction is to minimize operatiorost {1, Startup (SUcos§y) and
shutdown (SDcosj,) costs. While the shutdown cost computation is straightforward

because the shutdown cost is constant, the production (fuel) andrthestost are not.

The production cost is quadratic and is in the form of:
ag pj,t * bg pg s +Cg

Whereay, by andcg are respectively the fuel quadratic, linear, and constant cost coefficients
of theg™" CG unit. This cost function can be apprmated and linearized as [#1]. The
guadratic cost function is divided into segmedtsymber of segments). Each segment has
minimum, maximum, and slope values as showtfFigure 6-1. The slopm of the j™
segment is the difference between the maximum and the minimum costsds on the
vertical axis) divided by their corresponding MW valuesdlues on the horizontal axis).

Once the slope is knowyg: can be computed as follows:
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V,2mip,, X,) ¢ j 12,.. (6.12)

Variable ygt is nonnegativeThe onstraintin (6.12) ensureghat the generated power
belongs to the appropriate cost segment. For every time instance, cost of gepgrating
calculated] times and the corresponding cost is the highest,nwisidetermined by the

slopem and upper limits of each segmentSince the objective is minimizeg, strictly

equals to this cost.

Zo T 2 xT

The piecewise production cos41].

Similarly, the starup cost is nofinear. However, it can be represented as staircase
function as inFigure6-2 [42],[43]. Assuming there aresegments, each segment has cost
ko ( U= 1 g),2the éonstraintin (6.13) represents the staircaeearized starip cost
computation for each CG at tinhethe more time a CG remains off, the higher the-start
up cost incurred to turn it on. ObviousyUcos§:is nonnegative. If a CG is ON after it

has been OFF for tirr@tg, SUcos§tis inaurred depending on the length of the OFF period.
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The maximum cost is when a CG has been OFF for a time that equals the cold start time

).

t
tg

SUcost 2 /g(){w -a xg,[_l.) t=1.2,...¢ (6.13

: — =i {

Start-up cost
=
\
\

1 2 3

Off-line time
Figure 6-2. Staircase startup cost function[42].

An important note is that the analysis is appli&el times: one time with all CGs
up and reserve requiremetite constraintin (6.4), is imposed, an times with a single
CG outage in each iteration, af®l4) is relaxed because it is a contingency. Then, the
power output of the SF is computed at each iteration and averaged. The UQipheid a
for all cases: normal operation and contingencies toutzke the expected SF utilized
generation. Due to computation limitation, 4 weeks (672 hrs.) are chosen to represent every
season, i.e., the year is represented using the data of 16 weekseTdge power output

of the SF will be inputted to the PPCealained next.
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6.3 Reliability Assessment Using the Probabilistic Production Costing

The PPC method, described previousfCIHAPTER 3is used to assess reliability

when adding SF to a power system.
6.3.1 Conventional Generation Units

A CG unit is modeled as a2ate modebhsexplained earlier ir8.1.2.1 available

with probabilityggand capacity equsto Pg" ABr unavailable with probability 4 gq and

capacity equals to zero.
6.3.2 Equivalent Load/SF Represtation

The ELDC is computed axplained earlier iCHAPTER 5

ELDC = Forecasted Load  Expected SF Pt (5.20)

The ELDC is computed using the forecasted load and the expected values of SF power

outputfrom the contingency and normal operation cases
6.3.3 Reliability Assessment

The PPC method is useddesess reliability when adding SFatg@ower systemlhe
LOLP and EUEarecalculated as befor@nce LOLP iscomputedanotherndex can be
computed, loss of loaelxpectationLOLE, as follows:LOLE=LOLP x 8760 (hrs. /year).
Lastly, it is desiredo compute the capacity credit (C®)hichis the capacity of a CG unit
(dispatchable) that would provide the same reliability improvement that the VG (non

dispatchable) provide§ o compute CCthe effective load carrying capacity (ELCC) is
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computedirst. ELCC in this work is defined as load increabat the power system may
carry when adding SF generation with LOLP equals the LOLP before adding the SF to the
system[44]. The CC which represesta singleSCGcapacity creditis computeconce the

ELCC is knownas in(6.14):

_ELCC

(6.14)

N SCG

6.4 Case Study

The annual hourly solar radiation data is obtaiinech Phoenix, AZ (TMY2)45]. For
the example system, diCGs are assumed to be subject to the same solar radiation and
have the same specifications. Each SCGdpesificatiors as shown inTable 6-1. The
number of SCGs in the SNscg under study is dependent on thenptration level. The
penetration levels are 5% to 30% of the total CG installed capacity. Fitmelyeliability

test system consists of the following:

(1) 10CGswith specifications inTable6-2, cost coeffiognts inTable 6-3 [46] with

assumed FORis Table6-4.

(2) The SF with the parameters provided earlier,

(3) Load with the p.u. da taken from the IEEIRTSwith a base of 1,200 M\MQ].
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Table 6-1. SCG specifications

PsCcG.rated 10 MW
Gstd 1,000 W/nt
Rc 150W/m?
Oscc (assumed) 0.15
MTTFsce 950 hrs.
MTTRsce 167.7 hrs.

Table 6-2. The 10 CGsspecifications

_ Hot Cold Cold Ramp
g FMrW;( (IE/IT/\I/r)] ?hT) L(JhT) start | 200 | Gme | Rate
cost ($) (%) h) (MW)
1 455 150 8 8 4500 9,000 5 264
2 455 150 8 8 5000 10,000 5 264
3 130 20 5 5 550 1,100 4 110
4 130 20 5 5 560 1,120 4 110
5 162 25 6 6 900 1,800 4 137
6 80 20 3 3 170 340 2 60
7 85 25 3 3 260 520 2 60
8 55 10 1 1 30 60 0 45
9 55 10 1 1 30 60 0 45
10 55 10 1 1 30 60 0 45

Table 6-3. The 10 CGscost coefficients

g a($/MW?) | b($/MWh) | c($/h)
1 4.80E04 16.19 1,000
2 3.10E04 17.26 970
3 0.002 16.6 700
4 0.00211 16.5 680
5 0.00398 19.7 450
6 0.00712 22.26 370
7 7.90E04 27.74 480
8 0.00413 25.92 660
9 0.00222 27.27 665
10 0.00173 27.79 670
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Table 6-4. The 10 CGs FORs

g MTTF (hrs.) | MTTR (hrs.) FOR
1,2 967 33 0.0033
3,4,5 960 40 0.04
6,7 1,960 40 0.02
8,9,10 969 31 0.031

6.4.1 UCED Results

The UCED solutions for normal operation and contingencies were different, as
expected. For instanc€able6-4 showsthe difference between the SF generated power
at 30% penetration between normal operationveimehCG 1 is out. Also, for the purpose

of calculating the ELCC, the same analysis was applied on different loads peaks.

Table 6-5. Psr Utilization Example.

Unit Hours of the year
325| 326 | 327 | 328 | 329 | 330 | 331
1 175| 167 | 167 | 175 | 258 | 455 | 455
% 2 150 | 150 | 150 150 | 151 | 150 | 150
ol 3 20 | 20 | 20 | 20 | 20 | 43.6| 68.8
g 4 20 | 20 | 20 | 20 | 20 |56.6|83.0
=]l 5 25 | 25 | 25 | 25 | 25 | 25 | 25
2| 6 0 0 0 0 | 20 | 20 | 20
<| 710 | O 0 0 0 0 0 0
ps | 338 | 330|322 | 313|241 60 | O
1 .
5| 2 365 | 351 | 385 | 390 | 442 | 455 | 455
j 3 0 0 0 0 0 0 0
<l 4 0 0 0 0 | 28 | 130 130
8 5 0 0 0 0 | 250 145] 162
6-10 | O 0 0 0 0 0 0
psk | 363 | 361 | 346|313 | 241| 60 | O
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6.4.2 Reliability Assessment and Capacity Credit

Table6-6 shows the reliability assessment and cost projection of different penetration
levels, and different peaks (needed to compute CC and ELCC). The improvement range
was 20% to 52% in LOLP and LOLHowever, tle rate of improvement decreased as the
penetration increased. The EUE decreased from 19% to 54.6% as the penetration level
increased and with same rate of improvement as the LOLP and LOLE. On the other hand,
Figure6-3 shows the ELCC of all cases. Tompute the ELCC, the UCED and the PPC
analysis were applied to different load peaks. The dotted lirkggure 6-3 shows the
criterion in the ELCC computation. The ELCC increghérom 24 to 90 MW agenetration

increased, while the CC decreased from 30 to 18.75 MW as shdviguire6-4.

15 0% (before adding
14 SCGs)

13 5% Penetration
12 10% Penetration
11
__10 ——15% Penetration
29
0 ——20% Penetration
= 8
w 7
o 6
- 5
4
3
2
1
0

1000 1025 1050 1075 1100 1125 1150 1175 1200 1225 1250 1275 1300
Peak Load (MW)

Figure 6-3. The ELCC of all penetration levels.
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Table 6-6. Reliability assessmentesults.

Peak | Penetration LOLP LOLE EUE | Total Cost
(MW) level (h/year) | (MWh) (k$)
0% 0.00045| 3.942 | 456.61| 116,165
5% 0.00038| 3.3288 | 360.83| 112,679
10% 0.00033| 2.8908 | 294.59| 109,695
1,100 15% 0.00028| 2.4528 | 248 106,698
20% 0.00025] 2.19 | 221.73| 103,888
25% 0.00023| 2.0148 | 212 100,594
30% 0.00021| 1.8396 | 197.5 98,282
0% 0.00028| 2.4528 | 212.6 | 105,073
5% 0.00023| 2.0148 | 153.26| 102,223
10% 0.00018| 1.5768 | 119.9 99,342
1,000 15% 0.00015] 1.314 | 101.48| 96,274
20% 0.00014| 1.2264 | 93.03 93,235
25% 0.00013| 1.1388 | 89.99 89,887
30% 0.00012| 1.0512 | 84.98 87,275
0% 0.00081| 7.096 | 863.04| 126,947
5% 0.00065| 5.694 | 697.58| 123,733
10% 0.00057| 4.993 | 589.69| 120,478
1,200 15% 0.00051| 4.468 | 508.56| 117,140
20% 0.00046| 4.030 | 452.69| 114,242
25% 0.00042| 3.679 | 424.8 | 111,162
30% 0.00039| 3.416 | 391.53| 108,890
0% 0.00193| 16.9068| 1,747 | 137,738
5% 0.00144| 12.6144| 1,354 134,390
10% 0.00117| 10.2492| 1,144 131,247
1,300 15% 0.0004| 9.1104 | 1,003 | 127,913
20% 0.00096| 8.4096 | 907 124,774
25% 0.00092| 8.0592 | 852 121,544
30% 0.00085| 7.446 | 785.70| 119,103
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Figure 6-4. The ELCC and CC of all penetration levels

6.5 Conclusions

This chapterpresented a reliability assessment for systems with different levels of
penetration of SCGs. A unit commitment economic dispatch nedskd tacompue the
expected CGs output at different penetration levels and the output of SF given the
probabilisticmodel of solar radiation. The probabilistic load and SF output moeled
inputted to the PPC method to compute reliability indices. The proposed usedetolar
radiation prediction based on historical data and took into consideration random outages of
both SCGs and CGs. The model also provided the capacity credit of the SFs. The study

showed that reliability improvement lessened as the solar gengratietration increased.
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CHAPTER 7. ENERGY STORAGE SIZING AND RELIABILITY
ASSESSMENT FOR POWER SYSTEMS WITH VARIABLE

GENERATION

Thischapterformulates thenergy storage systefSS sizing problem in the presence
of both WTSs and SCGs at different penetratiorelevas amixed integer linear
programing MILP. The method takes into accou(it) SCGsand WTSSORs, (2) solar
radiation and wind speedorecass, and (3) the CGs ramping, max./min. limits and
startup/shutdown period limitas in the previous chaptérhe ESS sizing problem is
formulated as a UCED with an objective function of minimizing CGs costs iti@uldd
the cost associated with the ESS. Once the ESS size is conmplitdaillity assessmeiis
performed to quantify the ESS impact on reliabilRegliability assessmens performed
using the probabilistic production costing (PPC) methdd approprate modification to
account for VGand ESS Figure 7-1 illustrates the flow chart of the proposed
computational procedur®oreover Figure7-2 shows the reliability assessment procedure

using the PPC method in presence of VGs and ESS.

7.1 Problem Statement

The folowing data is assumed given: a number of SGG%, € ,scg ach with
FOR ofgscai, rated power equals cc.ratedgand a forecasif the solar radiatiorG, over
a period of time = 1 T. Also, the SCG powepscg versus solar radiation curve is
known. A solar farmSF, consist®f Nsce number of SCGs and they are assumed to be

exposedo the same solar radiation. Similarly, a number of WiESE € ,wrs Bach with
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FOR ofqwrsi rated power equals favrs.rates @nd a forecast of the wind speedrmperiod

of timet= 1 T. €he WTS power as a function of the wind speed is also giveviné

farm, WF, consists dilwtsWTSs and they are exposed to the same wind speed. Also, the
energy and power costs of ESS of a certain ESS technology are givermleHired to
optimally size the needed ESS as to minimize the overall cost of the p@tensyith the

VG. Once the optimal ESS size is known, the net equivalent load is computed and inputted

to the PPC to find the projected cost and reliability metrics.

Input Data

Conventional WTs and SCGs
generation forecasted outputs
specifications and FORs

Forecasted Reserve ESS
demand requirement costs

ESS sizing optimization
]

Optimal ESS

Available 5 Optimal
variable SHarEine and ESS size
: discharging
generation Do iles (Energy, Power)

v

—> Probabilistic Production Costing

Reliability metrics

Figure 7-1. Proposed computational pra@edure
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Figure 7-2. Reliability assessment procedure in presence of VG and ESS.

7.2 Energy Storage Sizing OptimizationFormulation

In this section, the method for finding the optimal ESS size is discussed in detail. The
ESS sizing is formulated as a MILP problem which can be viewed as a modified UCED
problem. The constraints are similar to theesintroduced in sectiw6.2 Thecomplete

set of constraints as follows:

Xyom Xgo =S, 20 " g G"t Tt =2 (6.1)
p, 2R x,, "g G, t T (6.2
PPy S X, (SO %) 2., "9 6, 1T (63

Where |‘og ;pg +g -t
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ap,brRrR "t T (6.4)

g G

t
a s, ¢tx, "tr, ¢ d (6.7)
=T, B '
A . )
a S, ¢1-x,, rmog' Gl (6.9
i=t DT, B g
't_?g,t- pg,t—l ¢5Ug Sg,t R(Jg )2,;.1 (69)
Pyri= Py, ¢SDg 2y RQ; Xt (6.10

Next, the CGs, the VG (SF and WF) and ESS available atttimsst meet thedemanda

in (7.1):

.ai'.Gpg,t'I-ps,E,[ -IpW/:,; ﬁa’/'s,t [lt ,UC')]"[ [ 7" (71)
g
Wherepcn tis the power injected (charging) into E&&dpaist Power drawn (discharging)

from ESSat timet.

The VG set otonstraints determisahe expected output of SCGs and WTSs taking
into consideratioG: andVs, respectively, and random outages of SCGs and WTSs. Starting
with SCGs in a SHysrtis dependent on the forecasted solar radiaGgrand the number

of opaational SCGs in the SF at timeSMCS is used to find the UP/DOWN states of the
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SCGs. In this method, the state sampling is chronolog&described earlieconsists of
a sequence of UP and DOWN styxles. The duration of each sapcle is calculated

using the inverse transform method, as follows:

Typ = MTTR(IN(U)) (5.18

TDown = MTTRSCG(In( L») (519

QS in (7.2) represents #h UP/DOWN status of thé&" SCG at instanceé, and its
summation is the number of the operational SCGs in the SF at.tifioefind the upper
bound of SF power at timepsrmax,), the number of operational SCGs is multiplied by the

corresponding power tput in the SCG power versus solar radiation curve atttime

O ¢ pSF,I q‘pSFmax,t (72)
where
ENsce a G2 ) 3
T Q t . rate t 5 | O,
T OS: Reomuazgg & ¢ G110 R)
I Nsce acG ) ;
pS:maxl :{ %QSt QCG.ratedgi 9" Q | [R:, Qtd]
'I\ Neco )
’:‘ a QS'E QCG. rated " Q | (Gstd , a
&=
% "tdT

Similarly, pwr is dependent on the forecasted wind spé&gdand the number of

operational WTSs in the WF at tinte Chronological sampling using MTWrs and
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MTTRwrts, as in the SF casis,applied. The duration of each scyxle is calculated using

the inverse transform method, as follows:

Ty = MTTR(In(U)) (4.18

TDown = MTTRNTS(In( U)) (419

QW in constraint(7.3) represents the UP/DOWN status of tH&VTS at instancé and
its summation is the number of the operational WTSs in the WF at. firodind the bound
of WF power at timet (pwrmax,), the number boperational WTSs is multiplied by the

corresponding power output in the WTS power versus wind speed curve at time

Ui

0¢p (7.3)
WF t WF max,t

where

ENwrs a avs-v: 060

ra QW, Ehrs ratedBE S 5 8

| i=1 c (}Vrated Ve +%

T o

T \/t I (Vci ,Vrated)

_ T e )

pWF maxt ’:\ QWt QVTS rated " Vt I 8 Vrated, Vm:)

~ i=1

} 0] Otherwise

T

1

i

WhereThe WF power outptat timet (p,,- ) Sis chosen to be 1 throughoutstimodel
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It is important to add a variable that represents the unutilized&f@rationpy:) at

timet. This variable represents the VG power which is available but not used because there

is nodemand and the ESS is fully charged:

pWFmax,t pWF, t

- (7.4)

The onstraintsn (7.5) to (7.12) dictate the operation of ESS energy resources and they
are important for optimal ESS sizinghe @nstraintin (7.5) provides the relationship of
the state of charge (SOC) between two consecutive time intervals, i.e., the dynamics of the
ESS. The onstraintan (7.6), (7.7) and(7.8) limit the operation of ESS within its ratings
(maximum storage limit and charging/discharging limits). NotaBigsandPess(the ESS
energy and power optimal sizingspectively)are deci®n variables. The two constraints
in (7.9) and(7.10) ensure that charging addéscharging cannot occur simultaneouslyis
a large number, e.g., 1000 MW. While it is not necessary in this Wegkis restricted to

be less than or equal one thiess as represged with constrain{7.11).

E.=E h,p, LE0 i 75)
dis

0CE ¢, t T (7.6)

0¢P, R, t T (7.7)
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0¢P._ P ] (7.8)

dis t ESS

oep, @M t T (7.9
0¢P,, W1 a)M t"TI (7.10
¢ EESS (7 11)

pESS 3Dt '

WherekE: is the ESS energy level tne SOCat timet, dch anddgis are the ESS charging

and discharging efficielyg andagd is the simulation time stefog = 1 hr).

Last ESS constraint is to restrict the ESS charging power to be less than or equal to the

unutilized VG power.

p,.¢p, "tIT (7.12)

The dojective function is linear and is in the form of:

min@ &y, +SUcost , +z, ,SDcost )
tiTgic
) (7.13
+tp Da(Pu,r Pch,t) dEESS er

- ES.
tr
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Whered is ESS energy capacity capital cost in $/MWs the ESS power capacity capital

costin $/MW and’ is a penhlty on utilized VG as VG reduces the greenhouse emission

The objective function is to minimize fuel cost, startup and shutdown costs, the ESS
energy and power capital capacity costs, and a penalty for the unutilized VG (SF+WF)
power. While the shutdoweost computation is straightforward (constant), the producti

(fuel) and the startup cost dneearized as discussed earlier in secBah

For simplicity, 4 weeks (672 hrs.) are chosen for this study. Once the ESS optimization
problem is solved, the expected power output of the SF, WF and ESS is inputted to the

PPC to assess mhaction costs and reliability.
7.3 Reliability Assessment Usig the Probabilistic Production Costing

The PPC method is describedrlieris applied to assess the reliability when adding
ESS. The CG model stays the saidewever,the equivalent load model imodified to

account for the ESS additi@s follows
7.3.1 Equvalent Load Representation

The ELDC is computed as follows:

ELDC = Load - Expected VG Power - ESSngo (7.14)

The ELDC is computedsing the forecasted load, the expected values of SF and WF
power output consumed directly by the demand, and ESS power. Subsequently, the

resultant curve is converted to IPDF
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Once the IPDF isonstructed,aliability indicesare calculateds explainearlier.

7.4 Case Study

The hourly solar radiation data is obtained from Phoenix, AZ (TM¥2). For the
test system, all SCGs are assumed to be subject to the samadialdorr and have the
same specifications. Each SCG saecification as shown ihable 7-1. The number of
SCGs in the SANsc@ under study is dependent on the solar penetration level. For instance,
if the penetration level is 30 %, 15% is solar generation and 15 % is wind generation. The
penetration levels are 108 30% of the total CGmistalled capacity. Similarly, the wind
speed hourly data of the same location is collefpi& All WTSs in the WF are assumed
to be subject to the same wind patterns and have the same sgpieci$ic The Areva
Multibird M5000 WT specifications are utilized to perform the analysis of the case study
[45]. Theses specifications digted inTable7-2. The ESS technology chosen for the study
is leadacid with following specificatioshown inTable7-3 [47]. Note that the study is for
672 hrs. ance andd are calculted to reflect the cost of the ESS othex study period. With
the assumption that the ESS lifetime is 20 years and the discount rate es5%37
$/MWh andd = 2,469 $/MW. The price penalty on unutilized VG gquals 80 $/MWh

Finally, the test systeronsists of the following:

(1) Thel10 CGs astroduced earliemn Table6-2,Table6-2 andTable6-3.

(2) The SF with the datarpvided earlier

(3) The WF with the data provided earlier
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(4) Load with the p.u. data taken from the IERES considering a base of 1,150 MW

[40].

Table 7-1. SCG specifications.

PsCG.rated 5MW
Gstd 1,000 W/nt
Rc 150 W/nt
Oscc (assumed) 0.15
MTTFscc 950 hrs.
MTTRsce 167.7 hrs.

Table 7-2. WTS specifications.

Type Areva Multibird M5000 WT
PWTS.rated 5 MW
Vei 4mls
Vrated 12.5 m/s
Veo 25 m/s
gwrs(assumed) 0.15
MTTFwrs 950 hrs.
MTTRwrts 167.7 hrs.

Table 7-3. ESSspecifications.

ESS technology leadacid
den/ disd 80%
Energy capital cost 330 k$/MWh
Powercapitalcost 400 k$/MW
Lifetime 20 years
Discount rate 5%
e 26480.05 $/MWh
d 32,097.03 $/MW

7.4.1 ESS Sizing Results

The proposed ESS optimal sizing method was apphi¢lde test system for three VG
penetration levels as follows: 10%, 20% and 30 %. SCG3\ar8s contributed equally

to each penetratidevel. Table7-4 shows the optimaPess Eessand ESS cost for all cases.
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Notably, when the penetration level was 10%, the optimal decision was not to have ESS
rather changing the operation of the CGs and direcatingt VGs to meet the demand
directly. On the othehand when penetration levels were 20% and 30%, having ESS

provided the optimal solution.

For comparison purposes, the same analysis discussed earlier was applied to the test
system without ESS. For instand¢ggure 7-3 shows thain presence of ESS more VG
power was utilized than the case without EBi§ure 7-4 shows ES hourly energy and

charge/discharge power.

Table 7-4. Optimal sizing and cost of ESS

VG % Pess Eess ESS Cost ($)
30% 53.2 167.50 521,925.9
20% 29.9 89.71 282,400.3
10% 0 0 0
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Figure 7-3. Unutilized VG comparison at 30% penetration
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Figure 7-4. ESS powerand energy profiles at 30% penetration

7.4.2 Reliability Assessment

Table7-5 shows the reliability assessment and cost projection of different penetration
with/without ESS. The improvementrged from 51.5% to 70% in LOLP and LOLE in
presence of VG and ESS while it gad from 42.4% to 66.7% in presence of just VG. All
cases are compared to having neither VG nor ESS, base case. The EUE and the total cost
followed the same pattern for all case<ote that even though the 10% VG penetration
optimal ESS sizing was zertet 10% VG penetratioaffected the reliability of the system
as compared to the base case. In this case, avoiding the unutilized VG penalty resulted in

utilizing more VG and impved reliability.
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Table 7-5. Reliability assessmentesults

Case VG% | LOLP (IF]?SITE/) (l\ﬁ\l/JVE) T0t8<|$c):05t
Base case 0% 0.00033| 2.8908 | 14.44 8,276
10% | 0.00019| 1.6644 | 7.52 7,827
VG only 20% | 0.00013| 1.1388| 5.14 7,328
30% | 0.00011| 0.9636 | 4.22 6,894
10% | 0.00016| 1.4016| 6.41 7,561
VG+ESS 20% | 0.00013| 1.1388| 5.02 7,318
30% | 0.00010| 0.87&) 3.86 6,820

7.5 Conclusions

This chapterpresented an optimization model for ESS sizing for systems with VG.
Further, a reliability assessment method for power systems with specific VG penetration
and available ESS has been proposed. Several cases were analyzed considering different
VG penetratbns and optimal ESS size. In the case of 10% penetration level, thebpti
sizing of ESS was zero. However, as the VG penetration level increased, the optimal ESS
size that reduces the total cost increased. The probabilistic load, VG and ESS models as
well as the probabilistic models of CG were inputted to the PPC methodnbpute
reliability indices. The proposed model used solar radiation and wind speed predictions
based on historical data for a specific area and considered random outages for both SCGs
and WTSs. The study shows that reliability improvement rates lesten\é& penetration
level increased indicating that the cost and reliability improvements levels off as the

penetration increases.
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CHAPTER 8. ANALYTICAL METHOD FOR ENERGY
STORAGE SIZING AND RELIA BILITY ASSESSMENT FOR

POWER SYSTEMS WITH VARIABLE GENERATION

This chapte formulates the ESS sizing in presence of VG at different penetration
levels. The problem is formulated as Mikknilar to the model I€CHAPTER 7 but here
the seasonal PDFs of wind speed and solar radiations are consifliestlgt, for specific
locations, historical seasonal wind speeds and solar radiation data along with WTSs/SCGs
FORs and their generation models are used to find power output PDFs of WTSs/SCGs.
The PDFs are computed analytically and integrated into the MbiLfnding ESS sizing
with objective to minimize CGs producti@ost startup and shutdown costs in addition t
ESS investment costs. Once the ESS optimal sizing is computed, a reliability assessment
is performedusing PPC methoth quantify reliabiliy improvements from the addition of

ESS

8.1 Problem Statement

Assuming that the number of CG unitsGsand their speifications are given.In
addition, the energy and power costs of ESS are given as well as the ESS
charging/dischargingefficiency. The ESS &ing optimization problem requires the
following datathe VG is represented by solar fari8&s and wind farns, WFs.There are
Nsk SFs andNwr WFs in the system under study SF consists oNsccnumber of SCGs.

The number of SCGs in the SF definessbkar generation penetration level. For SCG

wherei= 1, é ,scg bhe FOR of SC@s denoted byscciand te rated power bgsca ratedi
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The historical data of the solar radiatioBn) is given, vhereh= 1 , 2H, EBhe solar
radiation data is partitionedtm four different groups depending on the season: winter,
spring, summer and fall. Als@scc versus solar radiation curve is known. While not
necessary, for simplicity all SCGs are assumed to pesex to the same solar radiation.
Also, we assume thatettype of SCGs, an¥sccare identical in each SF. Similarly, a WF
consists ofNwtsWTSs. The number of WTSs in the WF defines the wind generation
penetration level. For WTSswherei= 1, € ,wrsbhe FOR is denoted bywrsiand he

rated power bypwrs.raedi. The historical data of the wind speed)(is given, where

h= 1, H, Tée wind speed data is partitioned into four different seasonal groups as in the
solar radiation case. Also, the WTS powsra function of the wind speed is also given.
Similar toSCGs, in thistudy,all WTSs in the WF are assumed to be exposed to the same

wind speed. Also, we assume that the type of WTSd\anéare identical in each WF.

Given the four partitioned datatsef solar radiation/wind speed of a specific location,
it is desired to find the PDF and CDF of solar radiation/wind speed for each season. Then,
using these PDFs and CDFs conditioned on the availability of SCGs/WTSs, the SFs/WFs
power output PDFs and i3 are computed for each season. Once the PDFs and CDFs of
SFs/WFs power output of all four seasons are computed, SFs/WFs power samples can be
integrated into the ESS sizing optimization problem to represent SFs/WFs forecasted
outputs. Then, solving for hESS sizing gives ESS charging/discharging profile and
utilized WFs/SFs power to be inputted to the PPC method in addition to the forecasted load

to compute the net equivalent load.
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8.2 Computation of SFYWFs Generated Power Probability Distribution Function
8.2.1 SFPowerProbability Distribution Function

This sectiompresents the analysis for a single SF, which is repéatexvery SF in the
study. For simplicity, the subscript(s= 1 , Msg) inpsrs Nsces € , is @mitted.For
each seas on 6 sthesPODF af rsolar radihtioa ts ifoam, subsequentlg, th
PDF/CDF of the SF power quit, } src (psP)/ Fsrc (psp), is computed analytically, as

explained earlier in sectidn2.1
8.2.2 WF PowerProbability Distribution Function

This section presents the analysis for a siVgke which isrepeated for everWF in
the study. For simplicityw (w= 1 , Bwr) in pwrw, Nwtsw, € et C . iFereacmi t t ed
s e a swvand épeedthe PDF ofwind speeds found, subsequently, the PDF/CDF of the
WF power outputj wre (pwe)/ Fuwre (pwre), is computed argtically, as explained earlier

in sectiord.4.1
8.3 Energy Storage Sizing Optimization Formulation

In this section, the method for findj the optimal ESS sizeonsideringmultiple
SFs/WFs and seasonal variatiof solar radiation/wind speed discussed in detail. The

ESS sizing is formulated as a MILP problem. Thenpleteset of constraints as follows:

X - X =S -2z "gl G"t Tt (6.1)

g.t g.t-1 g.t g.t
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pg’tz PGm/n ngt ng |G, |7. T (62)
pg,t ¢'5g,t ¢Pg]aXXg,t+( SDg- /g]ax) Zgﬂ' 1 ”g iG’ 4 T (6'3)
Where F_)g =Py o .t
ap,*b+rRrR "t 1 (6.4)
gl G
A ; .
a s, tx, "t7, 4 4 (6.7)
=t ur, B '
A . )
/:t% ﬂsg,,.d:l X, o1 ! 7, g" Gli (6.9
ﬁg,l- pg,t—l ¢5Ug Sg,t RL/g )2,1-1 (69)
pg,t-l- pg,t ¢SDg Zg,z qu Xg,t (6.10

Next, demand and energy charging into the ESS atttrmest be met by CGs, SFs, WFs,

and ESS:
Nse Ne
a,' pg:f-l- apSFs,t + a7WFW,I‘ ﬁd/’s,z‘ [}[ pzj;,t t r (81)
gl G s=1 w 4
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Wherepg © |s s SF power output at time andp,, -, js s WF power output at time

The VG (SFs and WFs) set of constraints determine the expected output of SCGs and
WTSs taking into consideration the uncertainty associated with this type of generation.
Earlier,Gn andVh, were partitioned toolur groups depending on the season. Subsequently,
it was shownhow to analytically computg sec{psr9/Fsre{psr9 and } wrew(pwew)/
Fwrew(pwrw). Samplefrom these CDFs are used represent the SFs/WFs power.dutput
number of genetedsampledor each WF/SF equalg, the simulation periodAs T must
represent the four seasons, the sampledigided into 4groups each with length equals
T/4.Each group is sampled froits correspondinyVF/SF power output CDF, as discussed
next.Startingwith SCGs in é&6F, onceheFsre{psr9 of each season is computediform
random numbers are generateld;~unif(0,1). Then, these random numbers are used to
compute the power using thieM. The power omputed here is the maximum output of

every SHpsrsmax, ) at ingantt as follows:

P =FeU) s =LLNg (8.2)

SFsmax,t

The onstraintin (8.3) represents the SF production limits:

O¢p_ ¢p s F.., N (8.3)

SFs 't SFsnax, t

Similarly, onceFwrew(pwrw) Of each season is computediform random numbers are
generatedlJ; ~unif(0,1). Then, they are used to compute the power usindTiide The

power computed is the maximum output of the {Mkrw max,) at instantt as follows:
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P = FraaUD) - W =L, Ny (8.4)

WFwmaxt

Constraintin (8.5) represents the WF production limits:

O¢p

e ¢p w .. Ny (8.5)

WFwmax, t

It is desirable to utilize all the VG either to serve the load dyrectto charge the ESS.
However, this may not be always possible. Hepgejs the unutilized VG computed as

follows:

e Ner N, N
P, =aA Psrsmaxt = APsrst T Pwrmax,t - Rwrw (8.6)
s=1 s wE wl=

The ESSset of constraints remain the samerasnodel introduced in the previous

chapter:

pis n i
Eu=E #om,, S O (7.9
dis
OCE, CE T (7.6
o¢p,, ¥V T (7.7)
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otp, , t T (7.9

55

o¢p, @M T (7.9

o¢p,, ¥1 a)M t"TI (7.10
E

P... ¢ 55 7.1

P,. ¢ P, "t T (7.12

The objective functions linear andas introduced earlier in secti@r

min@ &y, +SUcost  +z ,SDcost )

firgic . 7.13
+pDA(R, P,,) dE. eA (713

p ES.
Hr
For simplicity, 4 weeks (672 hrs.) are chosen for this study. Once the ESS optimization

problem & solved, the expected power output of the SF, WF and ESS is inputted to the

PPC to assess phaction costs and reliability.
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8.4 Reliability Assessment Using the Probabilistic Production Costing

The PPC method is describedrlier is applied to assess tldiability when adding

ESS. The CG model and the equivalent load model stay the same as in&8&ction

8.5 Case Study

Hourly solar rdiation and wind speed data for 6 years of Texas is coll§48di49].
The SCGANTSs in the SFs/WFs have the same specifications. The VG penetration levels
are 20% and 30% of the total CG installed capacity. There are 2 WFs and 2 SFs in the
study. The WFs and SFs contribute equally to each pewetiatiel. For instance, if the
VG penetration level is 20%, 5% is tleentribution of each WF/SFNsccandNwrsare
dependent on the considered VG penetration level. Starting with the SFs, thdgsecare
SCGs in each SF and each SCG $@ecifications agn Table7-1 . On otherhand, the
Areva Multibird M5000 WTspecifications are utilized to perform the analysis of the case
study[48]. These specifications ashiown inTable7-2. The ESS technology chosen for
the study is leadcid with following specification shown ifable7-3 [47]. The time of
simulation, T, is 672 hrs.qi = 1 hr.ande andd are computed to reflect the cost of the ESS
T, as introduced earlier in secti@M. The price penalty on unutilized VG, gquals 80

$/MWh. Finally, the test sysi consists of:

(1) 10 CGs as introduced earlierTiable6-2, Table6-2 andTable6-3,

(2) 2 SFsand 2 WFs,

and @) load withthe p.u. data taken from the IEEH'S with a base of 1,150 MY4Q].
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8.5.1 SFs/WFs PoweDutputPDF/CDF Results

SFs and WFs power output PDFs and CDFs were comfartatl seasons and for
the two penetration levels. Takir30% penetration level as an examplgure8-1-Figure
8-8 show comparison between the two SFs ouRIDEs and CDFSThese figures show
that SF1 has lower zero output probabilitiesainseasons thanFR does On the other
hand,Figure8-9-Figure8-16 compare the output of WF1 and WPPFs and CDFESNVF2
has lower probabilities of having zeoatput inall seasonsThe PDFs and CDFs of SF1,

SF2, WF1 andVF2 power outputs at 20% penetration level ar@RPENDIX B.

1 SF1 Winter Season PDF and CDF
[ I I I T T T T T T T T T

—Psrc1 (Pspr)
09

SFG1 (pSFl )

Probability
<
(9]
1

Solar Farm Power (MW)

Figure 8-1. Winter season PDF and CDF of SF1 at 30% penetration level
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Figure 8-2. Spring season PDF andCDF of SF1 at 30% penetration level
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Figure 8-3. Summer season PDF and CDF of SF1 at 30% penetration level

94



1

—PsrG1 ( Pspi
—F

0.9

0.8

5

)

SFG1 ( pSFl )

Probability

N
i

e
n

s o
N W

e
P

SF1 Fall Season PDF and CDF
T T T T T T T T T T T

0.015

0.01

0.005

0

10|
15
20+

25

| | ! ! | ! !
S N o N o v oW
T T 0 N e e~

I
w
o

30

Solar Farm Power (M

Figure 8-4. Fall season PDF and CDF of SF1 at 30% penetration level

SF2 Winter Season PDF and CDF

'|—F

—PsrG2 ( Pspy )

skG2 (Pspz)

5
N

e
n

BN
NS

Probability
s o
[ ] w

e
p—

Solar Farm Power (MW)

Figure 8-5. Winter season PDF andCDF of SF2 at 30% penetration level
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Figure 8-6. Spring season PDF andCDF of SF2 at 30% penetration level
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Figure 8-7. Summer season PDF an@€DF of SF2 at 30% penetration level
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Figure 8-10. Spring season PDF and CDF of WF1te80% penetration level

WF1 Summer Season PDF and CDF

—Pwra1 (pWFl )

WFGI( pWF] )

0.036

0.024

0.012

i

09 g

|
x®
s

=
=

2

(=)
Ay

n 3
s <

qeqoxd

|
«
S

«
=

|
-
<

sTL
0cI
SII
(1188
SOL
001
S6
06
S8
08
SL
0L
S9
09
sS
0s
N4
(1}7
13
0¢
ST
0c
SI
01

Wind Farm Power (MW)

Figure 8-11. Summer season PDF and CDF of WF1 at 30% penetration level
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Figure 8-13. Winter season PDF and CDF of WF2 at 30% penetration level
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Figure 8-14. Spring season PDF and CDF of WF2 at 30% penetration lele
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Figure 8-15. Summer season PDF and CDF of WF2 at 30% penetration level
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Figure 8-16. Fall season PDF and CDF of WF2 at 30% penetration level

8.5.2 ESS Sizig Results

Table8-1 shows the optiméPess andEessas well as the resultant ESS cost for the two
penetration levels over the simulation period. Comparing the ESS sizing at 30% and 20%,
PessandEessat 30% weresignificantly larger tharPessandEessat 20%. This might be
attributed to the significanhcrease in penetration (10% more) that resulted in more VG
utilized and a change in CGs operation to reduce the overall cost while maintaining the

operational costraints.

Table 8-1. ESSsizing results

VG % | Pess(MW) | Eess(MWh) | ESS Cost ($)
30% 52.60 157.79 451,287.60
20% 9.81 29.46 84,230.91
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To compute reliability the same analysis was appliediiigiout ESS and VG (base
case with just CG) and then with only VG (no ESISking the 30% penetration level as
an exampleFigure 8-17 shows the charging/dischargingdaSOC profiles of the ESS.
Figure 8-18 showsthe unutilized VG power with and without ESS. The ESS clearly
decreased the unutilized energy significantly and resulteeducing the total cost of the

system from $ 7,946,000 to $7,341,000 and improved the system reliability as well.
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Figure 8-17. ESS power and energy profiles at 30% penetratian
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Figure 8-18. Unutilized VG at 30% penetration (with/without ESS).
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8.5.3 Reliability Assessment Results

Table8-2 shows the reliability assessment and cost projection of the two penetration
levels with/without ESS. Comped to the base case, the improvement ranged from 35 %
to 63% in LOLP and LOLE in the presence of VG and ESS while ranged from 22% to 43%
in presenceof only VG. similarly, the EUE improvement ranged from 36% to 54% in
presence of only VG while the improvent ranged from 54% to 74% in the case of VG

and ESS. The total cost followed the same pattern as the EUE and LOLP.

Table 8-2. Reliability assessmentesults

LOLE EUE | Total Cost
(hrs.ly) | (MWh) (k$)

Base cas¢ 0% 0.00054| 4.73 43.11 9,184
20% | 0.00042| 3.68 27.46 8,470
30% | 0.00031| 2.72 19.92 7,946
20% | 0.00035| 3.07 19.71 8,045
30% | 0.00020| 1.75 11.05 7,341

Case VG % | LOLP

VG only

VG+ESS

8.6 Conclusions

This Chaptempresented a MILP model for optimal ESS sizing that considers VG units
forced outages, seasonal and locational variation of wind speed and solar radiation and
different penetration levels. Subseqtlg, the PPC method was used to assess the ESS
impact on eliability. The results indicate that for the specific system considered, ESS

improved both LOLP index and the EUE index, and reduced the total expected cost.
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CHAPTER 9. ENERGY STORAGE SIZING AND
PROBABIL ISTIC RELIABILITY ASSESSMENT FOR POWER

SYSTEMS BASED ON COMPOSITE DEMAND

This chapternntroducesa comprehensive model for lotgrm optimal ESS sizing that
takes into account V@ad seasonal variations and mutual correlations while also accounts
for VG failure and repair rates, CG operational practices andregristand operational
reserve requirements. As the VG and demand are key factors in ESS sizing, the correlation
between VG and demand is important for more accurateteEng model for ESS sizing
when representing VG and demand. The model formulatesptiraad ESS sizing as a
MILP problem accounting for different VG penetration levels over time. The proposed
ESS optimal sizing model considers the following: (a) WTSs and SCGs FORs, (b) solar
radiaton and wind speed seasonal variation and uncertaintyhaictorrelation with each
other and the demand, (c) CGs operational constraamis, (d) demand and reserve
(provided by both CGs and ESS) requirements. Rsstpntroduced before CHAPTER
8, for a specific location, historical wind speeds and solar radiation data is partitioned into
four groups, one for each season. Then, the expected WTSs and SCGs generation is
computed based on (a) their generation model, ahé\ailability and unavailability
model, i.e., the collective WTSs/SCGs availability PDFs based on their FORs.
Subsequently, an important step is to compute the correlation between each pair of the
WTSs/SGSs expected output and demand. The correlatiocetesl the tendency of
expected VG power outputs and demand to change or vary together and considering it

produces more accurate results when representing VG and demand in the ESS sizing
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model, as explained later. The objective of the ESS sizing optionizatoblem is to
minimize CGs production (fuel), startup and shutdown costs in addition to ESS investment
costs. Once the ESS optimal sizing is computed, a reliability assessment is peblasetkd

on the PPC methgdhese computations are repeated fdied#ht penetration levels.

9.1 Problem Statement

Assuming thathese the following information are given:

1. There are aumber of CG unitsG, with givenspecifications

2. Theenergy and power costs of E&&d thecharging/discharging efficiency.

3. The historicalvind speediata {h) which is partitioned into four groups depending
on the seasomvinter (Vwi), spring ¥sp, summerYsy and fall (/ra).

4. The historicalsolar radiationdata Gn) which is partitioned into four groups
depending on the seasowinter (Gw), spring Gsp, summer Gsy and fall Gra).

5. The historical demand dat@d) for the specific location is collected and partitioned
into four groups depending on the season,

6. A SFMWEF consists ONscdNwtsSCGs/WTSsThe SCGs/ WTSs specifications and

FORs are assumed given.

The optimal parameters of the ESS system are obtained with the following procedure.
Given the four partitioned data sets of solar radiation/wind speed of iicsfmaation, it

is desired to find first the expected Wbwr)/SF (sF) outputs by convolving the PDF of

the WF/SF availability and the WF/SF deterministic power outputs. Subsequently, the
correlation coefficient¢CC) between thé andpsr, theD andpwr, andpsr and pwr are

computed for every season. The correlation is adatpusing the least square estimation
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(LSE) method. The correlation gives insight of how demand and Waigo Depending

on the correlations, the samples composite dem@ylié computedCD in general is the
demand minus the VG at every instant of ti@ace theCD samples of all four seasons

are computed, they are inputted into the ESS optimal sizing problem. The solution of this
problem provides ESS charging/discharging schedules which, in additi@QbD tare
inputted to the PPC method to assess thaliéty of the integrated load, VG, ESS and

CG model, as explained in detail later.

9.2 Computation of SFs/WFsExpected Power Output
9.2.1 SFExpected Power Outputs

Once the historical solar radiatidB, is seasonally partitioned, they can be converted
to powe using the SCG generation modedingequation(5.1). Also, as explained i6.2.1,
} seACsp), the PMF of SF availabilityis abinomial distributiongiven ty equation(5.8).
Subsequently convolving thegertitionedGn of each season apgrA(CsF) gives the expected

SF output as follows:

Psr = 7 ea(Cs ) *Guen  S€ASON= Wi, Sp, Su, and (9.1)

where * is the convolution operator.
9.2.2 WF Expected Power Outpu

Similarly, Once the historicalvind speedVh, is seasonally partitioned, they can be

converted to power using tN€TS generation modekquation(5.1). Also, as explained in
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5.2.1, y wra(owr), the PMFof WF availability, is abinomial distributiongiven by equation
(4.8). Subsequently convolving trgartitioned Vi of each season aneira(cwr) gives the

expected SF output as follows:
Bue = Fwea(Cor ) *Veuwon  S€SON= Wi, Sp, Su, and (9.2)

The next step is to fin@C betweerD, psrandpwr for each season.

9.3 Correlation Coefficient and Composite Demand PDF Computation
9.3.1 Correlation Coefficient Computation

The least squares estimatiBE, [50] is briefly introduced here. In general, we
have a set of observed value} &énd would like to fit a straight line. The LSE minimizes
the sum of the squared errors (distances) betwezonbserved values and the line. The

model of the e is in the form of:
0o=h +{p (9.3)

p is an independent (predictor) variable ants dependent (or response) variable. It is

desired to find the values b§, b1 that minimize the surof the squared residuals:

S(b, H=8(q - b - (0.4

=1

To study the correlation of the two variables, the following are computed:



Seo =% (p P’ (9.5
1.0 .,
Soo :Ha_ (0| - ) (96)
1.0 VU
Spo=ﬁ_6_1(p. -P°(o0 9 (9.7)

Wheren equals the size afandp, andp ando are averages @ando, respectively. Once

the sums of the squares are computed, CC is calculated%8)in

CC=—=E (9.8)

== (9.9)

and the intercept is:

b,=0 - tp (9.10)

The fitted line equation is:
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o=h +p (9.11)

This analysis will be appliet find the CC of these pair®(psg), (D, pwr) and pwr, psp),

i.e., in each pair, there is a predictor and a response

9.3.2 Composite Demand PDF and CDF Computat@emputation

There are three possible cases, depending on the numerical values of pairwise

correlation coefficients amorig, psrandpwr:

1. Small or negligible correlation between all three pairs mentioned before. The

variables are treated as statisticafiglependent.

2. D is correlated withpsrand pwr. In this caseCD = D - psr- pwr. Then, the

PDF/CDF { cp (cd)/ Fco (cd)) of CD is computed.

3. D s correlated with eithgusror pwr. In this caseiwo PDFs/CDFs are computed:
D-correlated VG(eitherpsror pwr) PDF/CDF, andthe uncorrelated VG(either
psr or pwr) PDF/CDF. SubsequenthCD is D-correlated VGsample minus

uncorrelated VGample

Intuitively, case 1 is unlikely to happen at least by examipga@ndD. psrin general is

zero before the sunses and then peaks during the day and declines till it reaches zero
when the sun setpsr, roughly speaking, has similar increment and decrement behavior in
certain hours of the day as the demand does, hence casdikkaly, and cases 2 and 3 are

morelikely. However, if one VG is uncorrelated or weakly correlated its variation can be



treated as an independent random variable, providing a computational advantage in
planning methods. Once the correlation coefficieate computed and th€D is
determinediccording to either case 1, 2 or 3, samplé&3éare computed from appropriate

PDFs and CDFs to be inputted to the optimal ESS sizing problem, as explained next.

9.4 Energy Storage Sizing Optimization Formulation
The @timal ESS sizing is similar to theadel introduced in sectidh3. However, here

some modifications are introduced. The complete set of the constraints ateves fol

X -X =5 -2z "o G"f Tt (6.1)

g.t 9.t-1 g.t gt

p, 2R x,, "glG, t T (6.2)
'Dg,rq:ﬁg,r ¢Pgmxg,t+( SDg _nga)() Zg,fl y d;’ rr (6.3)
Where r)g ;pg +g -t

A . .

a sg,q:xgt t T,y @ (6.7)
=t ur, & '
A . )

/:t% ﬂsg,,(tl Xy 107 t n, g" Gl (6.8)
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Py~ Py s ¢SU. s RY X (6.9)

g 9.t g.t-1

Pori= Py 850, 2, RO X (6.10)

g.t

Both theCGs and ESS provide reserve cafyad he CG units provide reservg, and
the ESS should providg/down reservefi TPz 5 5 )yhile both also must meet the

demand at aninstantt. The required reservR, is calculatedas a percentage of the peak
CD plus the lagest CG unit capacity while the ESS reserve provision will be discussed
when discussing ESS constraints. The constraif®.i?) ensures that the CG units and

ESS can meet the demand and reserve requirements:

a ﬁg,r +pEss_UP,r ZCDr %Ess_o/d-,rR r Ti (9_12)

g G

The demand constrain®©.13), ensures that available CG and discharging ESS power

should meet the composite demand and charging ESS power &t time

?Gpg,r + pdis,[ :CDr 7'?:h,t " Tl (9_13)

g

Sampling forCD; depends in which case it falls into. First, the time of the simuldticn
divided into 4 equal periods, i.8/4 per seasorCD; sampling is performed by generaji

uniform random numbers-(nif(0,1)), for every instant of timg, and then applying the

Inverse Transform method (ITM) as follows:
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Case 1: iD, psrandpwr areall uncorrelatedCD; samples are the sampleminuspsrand

pwrsample where these samglare generateidom their individual CDFs in this case.

Case 2: in this cade, psrandpwr are correlatedandCD =D - psr- pwr. Subsequently

} co(cd)/Fep (cd) are computed and randddD: samples are generatedo (cd)/ Fcp (cd)

are computed for eveseasonCD; sampling is performed by generating uniform random
numbersUs :~unif(0,1), for every instant of time, and then applying using the ITM as in

(9.14):

CD =FpWU,) "tiT (9.14)

Case 3: when demand is correlated with only one VG, etar pwr. There are two

possibilities:

a. if D and psr are correlated, the PDF/CDF Bf- psr (J o- sk (d)/ F p-se(d)) are
computed first. Then, the PDF/CDF @fr (} wre (Pwr)/ Fwre (pwr)) is computed.

Sampling forCD; in (9.12) and(9.13), is as follows:

CD, =FRpUy) FursUs) "tIT (9.15)

WhereU: +~unif(0,1) and U3,t ~unif(@). CDx in this case is the subtraction of WF
power samples from thB- psr samples. This procedure is repeated for every

season.
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b. if D andpwr are correlated, the PDF/CDF bf- pwr ( g- wr (d)/ F p-we (d)) are
computed first. Then, the PDF/CDF pir (} s (psP)/ Fsrc(psr) is computed.

Sampling forCD, in this case, is performed i&s(9.16):

CDI = FC_IZ;L(U4,t) -FSI;lG(U 5,{) "t iT (9-16)

whereUs~unif(0,1) and Us ¢ ~unif(0,1). CDx in this case is the subtraction of SF
power samples from thB- pwr samples. This procedure is repeated for every

season.

The ESS set of constraints are modified to account for the addition of ESS reserve

provision capabilityThe ESSconstraints are kefactors in determining the optimal ESS

size as they dictate the operation of ESS. They determine the ESS charge/discharge
schedule and set power and energy limits. Constmii7.5) and (7.6) as introduced

before Constraintsn, (9.17) and(9.18) are thedown reserve and charging, amglreserve

and discharging power limits, respectively. Constrai®49) and (9.20) ensure no
simultaneously ESS charging and discharging nor simultaneously Up and Down reserve
provision. Constraint.21) and(9.22) ensure that the SOC at tirhis not exceded when

providing ESS power and reserve.

" Ti (7.5
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OCE (& i (7.6)

ESS

0P, Dess oy, Boss 1" TI (9.17)
060, , Wess 1o, Brgs 1" Ti (9.18)
0¢Pes o, @M E T (9.19)
0¢Dpss oy, ¥1 @M t"TI (9.20)
S (9.21)

pESS_UP,z‘q; D_l‘

ESS t

Dt - ﬁEss_D/v,t 0 il (9.22)

E
p__¢ 3? (7.12)

Where ﬁESSfUP,f:p dis t v ESSJJF’Z,az’nd'5 Essfo/v,P ch,,t.+ ESS’ .
The objective function is linear and as introduced earliee objective function
minimizes CG production cost, startup and shutdown costs, and ESS power and energy

costsas follows
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min 8 & Y, tSUcost,  +z SDcost ) €k, €R (9.23)

- 8 ES
HTgiG

9.5 Reliability Assessment Using the Probabilistic Production Costing

The PPC method is describedrlier is applied to assess the reliability when adding

ESS. The CG model and the equivaleaid modeis modified as follows:

ELDC = CD- ESS powe (9.23

9.6 Case Study

Hourly, solar radiation wind speed and demand data for 6 years indrexafiected
[48],[49],[5]] . Note that the historical demand data is scaled dovime test system peak.

The test system consists of:
(1) Thel0 CGs as introduced earlierTable6-2, Table6-2 andTable6-3,
(2) A WF with Nwrsidentical WTSs, the WTS specification showrTible 7-2.
(3) A SF withNscgidentical SCGs, the SCG specification shownTiable9-1.
(4) Demand data takenom [51] andscaled to a peak of 1,150 MW
(5) ESS with specifications as shownTiable9-2.
The VG penetration levels are 20% and 30% of the total CG instdieacity (1,662

MW). The WF and the SF contribute equally to each penetration level. For instance, if the
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VG penetration level is 20%, 10% comes from the WF and 10P% fihe SF. Nsccand
Nwts are dependent on the considered VG penetration level. Spkgifitar 20%
penetration level:Nsce =33, andNwrs=332; for 30% penetration levelNscc =50, and
NwTts=499. The ESS technology chosen is faatl and the time of siulation, T, is 8760
hrs.andgi = 1 hr. The ESS life expectancy is 20 years amohdd reflect the energy and

power capital costs, respectively, olesissuming a discount rate of 5%.

Table 9-1. SCG spedfications.

PSCG.rated 0.5MW
Gstd 1,000 W/n?
Re 150 W/nt
Osce (assumed) 0.15
MTTFscc 950 hrs.
MTTRsce 167.7 hrs.

Table 9-2. ESSspecifications.

ESS technology leadacid
den/ disd 80%
Energy capitatost 330 k$/MWh
Powercapital cost 400 k$/MW
Lifetime 20 years
Discount rate 5%
e 26480.05 $/MWh
d 32,097.03 $/MW

9.6.1 Expected WF/SF Power Outputs Results

The historical demand, wind speed and solar radiation data is partitioned into four
seasonal groupSamples of the partitioned data are showhigure9-1, Figure9-2 and
Figure9-3. Subsequentlythe partitioned wind speed asdlar radiation are converted to
power using the WTS and SCG generation models respectively. Then, the expected WF
power outputpwr, and expected SF power outpagy, are calculatedsing the convolution

operation explained in secti@® Note that this is repeated for every VG penetration level
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becaus&sccandNwrsare computed from the assed VG penetration level. For instance,
at 30% penetration levefigure9-4 andFigure9-5 show the expected WF and SF power
output, respectivelMAPPENDIX Cincludes thexpected WF and SF power outfigures

respectively, for the 20% penetration level case.
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Figure 9-1. Historical demand data.
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Figure 9-2. Historical wind speed data.
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Figure 9-3. Historical solar radiation data.
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Figure 9-4. Expected WF power output pwr) at 30% penetration level.
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Figure 9-5. Expected SF power output jjsr) at 30% penetration level.
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9.6.2 Correlation Ceefficients andComposite Demand PDF

The correlation coefficients, CC, were computed for all pabspér), (D, pwr) and
(pwr, psr), for all four seasons. Note that the penetration level has no statistical effect on
the CC, i.e., CC at 30% penetrati@vel equals CC at 20% level for the same able
9-3 shows the CC values between the aforementioned [pa@msd psr CC values were
highest in summer (0.5699) and lowest in winter (0.2552). Examining the Q&swaD
andpsr indicated that there is strong correlation betwieeamd psr. On the other hand/
pwrandpwr psr CC values indicated that there is negligible correlation. Because of the
negligible CC values gbwr and demandpsr, pwrvaries negligiby whenD/ psr change.
For comparative purposes, two cases studiedpaassumed to be dependent process
contributing to theCD, i.e., case 2, and (b) as a statistically independent process, i.e., case

3.

Table 9-3. Correlation coefficient values

Response/predictq Season| Correlation Coefficient (CC)

Winter 0.2552
Spring 0.4507

D/ psr
Summer 0.5699
Fall 0.4500
Winter 0.0226
Spring -0.0237

D/ pwr
Summer 0.1562
Fall -0.1242
Winter -0.1658
| Spring -0.0553
PsF! pwr Summer 0.0368
Fall -0.1380
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For each seasonep (cd) andFcp (cd) were computed according to case 2 and case 3.
For case 2CD was found by subtractingwr andpsrfrom D. Figure 9-6 ard Figure 9-7
depict} cp (cd) and Fcp (cd) respectively for all four seasons at 30Y%mgteation level.
Notably, at 30% penetration levekp (cd) andFcp (cd) has negative values because VG
was greater than the damd for few hours. To apply the ESS sampling, 2,190, i.e., 8760/4,
samples were generated from each se&sgpr(cd) using the TM (equation(9.14)). In
total, 8760 samples were generated and inputted to the BB miablem. On the other
hand, treatingowr as in case 3CD was computed by subtracting orgyr samplegrom
theD- pse Sanples. Figure9-8 andFigure9-9 depict) p- sr(d) and F p-sr(d), respectively,
and Figure 9-10and Figure 9-11 show} wre (pwr) and Fwrc (pwr), respectively. Similar
PDFs and CDFs can be found APPENDIX C for the 20% penetration level. All the
aforementioned PDFs and CDFs highlight the demand and VG variabilities for this case.
Sampling from each season PDFs/CDFs captures these variabildieefme the ESS

sizing problem more accurately.
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Figure 9-6. Composite demand PDFg} cp (cd)) at 30% penetration level (Case 2)
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Figure 9-7. Composite demand CDFsKcp (cd)) at 30% penetration level (Cae 2).



Figure 9-8. D- SFPDFs (i p- sr(d)) at 30% penetration level (Case 3).

Figure 9-9. D- SFCDFs ( p- sr(d)) at 30% penetration level (Case 3).
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