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Abstract—This work describes an economic analysis of the security concerns. The power system must be operated within
inclusion of pumped storage in a small island system that has tight margins of frequency and voltage, and wind parks and
abundant renewable energy available but that at times cannot other renewable sources are generally unable to assist in

accept all of this power because of limits imposed by security intaining th t t th fi it
criteria. The question of whether or how much pumped storage maintaining the system at the necessary operating point—an

to include is addressed by formulating a linear programming in fact may have a negative effect due to their intermittency
optimization problem. The stochastic nature of load and renew-  In choosing to install a power storage station, in this
able production is addressed using scenarios developed throughspecific case a pumped storage station, there are two inmporta
fuzzy clustering. Both the unit capacity in MW and the reservoir economic questions to consider: 1) Is it worthwhile to ifista
storage capacity in MWh are optimized, and optimal operating its? 2) If h ) h should . 17 “H
strategies for the scenarios are produced. any storage units? 2) If so, how much should we |Qsta ¢ How
Results showed that including pumped storage can be an Much?” means both the amount of energy that will be able to
effective means of allowing larger penetration of intermittent be stored as well as the limit of power that will be able to be
renewable energy sources, improving both the dynamic security put into or taken out of storage at any given time. In the cdnte
and the economic operation of a test system. Including the dy- of a pumped storage station, storage capacity will be rékate

namic security criteria in the economic question of dimensioning the si f th . d to st th ter. Th t
the pumped storage unit proved to make a significant difference € size ol the reservoirs used 1o store the water. 1he amoun

in the optimal pumped storage capacity. of power available corresponds to the dimensioning of the
o electrical machines, mechanical housings, waterways,|etc
Index Terms—Energy storage, optimization, power systems . . . .
economics, stochastic processes, wind energy. this paper, these two ratings are considered to be independe

of one another.
Optimization problems considering the influence of renew-
able resources have been solved before. Some of these works
ISING fossil fuel costs and concerns about the enviecus on the operation of systems that include wind power
ronmental impact of burning fossil fuels have generatethd pumped storage [4]-[6]. The approaches taken generally
tremendous interest in the use of renewable energy sowcesdek to maximize profits of a combined wind-hydro system
supply more and more of the electrical energy needs of socigjiven market prices for electricity and interconnectianits.
The strong growth in renewable generation is expected fovisions are made to penalize deviation from a schedule fo
continue, and as its role increases, it will bring new cmajies.  overall net power output. Uncertainty in the wind produetio
These are principally related to the intermittency of reale® is treated by introducing error in the predictions for fetur
resources. The primary energy sources for technologies ligroduction.
wind and solar power are not controllable and can be, at bestThis paper describes a new approach that seeks to opti-
forecast. mize the capacity of pumped storage to be installed in an
Energy storage used in conjunction with renewable energylated power system with large amounts of renewable gnerg
has been suggested as a means to increase the use of renewghigible, including the stochastic nature of the produncti
energy while maintaining a high quality of service reliélil from renewable resources and the dynamic security contgrai
[1]-[3]. The use of storage devices can help offset the tffegelated to frequency regulation.
of the inclusion of renewable energy sources and allow them
to gain a larger penetration in the electrical energy supply
Storage may also be used to transfer energy from low-use
periods to peak-use periods, allowing the system to opetate In the case of a large power system, a storage unit of
a more constant level and reducing energy supply costs. small or medium size will not change the price of energy.
Isolated island systems have felt these pressures even nidne optimal size of the storage station will depend upon the
strongly since they often face exaggerated fuel costs dueepected prices of energy, the costs of the storage unit, and
extra costs of shipment and small overall system size. Thie round-trip efficiency of the storage technology. Pricesy
also frequently have substantial renewable energy ressurbe considered fixed or treated stochastically but in any case
available. However, the use of these renewable resouneels, sare not affected by the presence or dimension of the storage
as wind and hydro generation, is often limited by dynamianit being considered.
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I. INTRODUCTION

Il. APPROACH



IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. ?, NO. ?, MONTH YEAR 2

When optimizing a power storage station for a small powepnsidered, the system operator is obliged to give priddty
system, the approach must be different. The storage statienewable power sources, in order to fulfil the EU directive
will likely have a significant impact on the operation ofon renewable energy sources [8], accepting all the renewabl
the power system. In a small power system, the number erfiergy at pre-defined price settled in a feed-in tariff. Wind
thermal generators used to meet load is relatively smal. Fand hydropower production is therefore not affected by the
the example system used in this research, twenty-threeldiasse of the pumped storage unit except when production must
units are available, and during off-peak hours, the numiber loe curtailed for technical reasons to meet dynamic security
online units may be quite low. Under these conditions, eveniteria. This type of formulation would not be appropriate
a relatively small storage station may significantly changwoblems where the economic cost and benefit of renewable
the unit commitment and accordingly the marginal costs gkeneration must be considered in the operation of the system
generation during off-peak and peak hours. Since itis @egec The approach used considers the benefits of a pumped
that the marginal costs will be modified by the inclusion oftorage unit in terms of energy storage on a daily cycleirgjor
a storage station, the optimization problem should comsidenergy during off-peak hours to be used during peak hours, as
the entire energy supply system and not merely accept fixeell as in terms of providing additional load during off-fxea
energy prices for peak and off-peak hours. hours that can allow greater penetration of renewable gnerg

Additionally, the test case under study includes large corseurces without compromising system security. These are no
ponents of wind and hydropower production. This is particiuhe only benefits of pumped storage. Using the pumped storage
larly significant because, during low loading periods in ethi unit to supply peak loads and allow greater utilization of
a large amount of wind and hydro power is available, thenewable sources may play an important part in the expansio
technical limits and security concerns related to freqyerg- of the energy supply system in addition to or instead of
ulation may require a minimum amount of thermal generatianvestment in thermal generators [9]. The operation of agyow
to be left online. The use of pumped storage can increase therage station will also help level the loading on the diese
system load during these off-peak periods and allow larggroups, allowing them to operate more constantly and avoid
penetration of renewable energy sources. Pumped storage same start-up and shut-down costs [10]. It is important &pke
also be used as low-priority load that can be shed early in tiremind that these effects are not included in the presemulystu
load-shedding scheme to guard against widespread gemeraéind will serve to increase the value of the pumped storage
loss and general system load shedding [7]. The formulatigtation.
presented here includes these uses of the pumped storage uni
in the dynamic security criteria.

Optimization must take into account the amount of wind
and hydro power available throughout the year. HydropowerA hydro pumping storage station was considered to be
production in particular demonstrates very strong sediépna installed in the system to help its operation. The identiiica
Wind park production also shows some seasonality, andraystef its storage capacity is a key problem and was addressed as
load exhibits weekly and seasonal variations. Scenaries an optimization problem, as described next.
generated to approximate the distribution of wind and hydro This problem is formulated as a single-objective conséain
power and load throughout the year. linear programming optimization problem. The primary prob

The simplest way of creating scenarios is to divide them variables are the energy capacity,(,.) and the power
year into seasons according to known weather patterns aegacity ¢,,....) of the pumped hydro station. The identifica-
take averages of renewable production during each seasotiao of the optimum storage capacity required the definition
produce scenarios. This approach suffers in that the salectof an objective function that represents the minimization
of seasons remains at the mercy of the choice of the researché the sum of operating costs and appropriately annualized
which may not be optimal, and also may not account for sontestallation costs. Operating costs are the expected tipgra
low-probability but high-impact conditions that may existly costs over all scenarios of wind and hydropower production
a few days per year but which in terms of cost or profand load. In each scenario the operating costs are indepen-
opportunity are quite significant. dently minimized in a sub-problem that considers as problem

Since several years of data were available for the testriables the pumping/generating use of the pumped storage
system, fuzzy clustering techniques were adopted to peodwgtation, constrained by, .. and P, ...
scenarios for the optimization problem. These scenarias-ch By formulating the problem in the way, this solution pro-
acterize thenet load of the system, that is, the load leswides not only an answer to the question of how much pumped
the possible production from renewable resources. Thises tstorage to install, but also provides insight into operatin
amount of net power that must be produced by the convestrategies for various wind/hydro/load scenarios. Theetnc
tional thermal units in conjunction with the pumped hydrdainty of future wind or hydropower production througholue t
storage station. By using fuzzy clustering, a set of prgety day is not considered in the subproblem optimization; exdte
twenty-four-hour series are produced that are represemi@t each day is optimized with all of the production values known
the shape and magnitude of the recorded daily curves of ldadthis respect it will be optimistic compared to what can
and renewable power production. be achieved in real-time operation. Optimizing the operati

The operation costs of the wind and hydropower units haeé a pumped storage unit in conjunction with uncertain wind
not been included in the problem since, in the case beipgoduction has been treated in other works [5].

Ill. PROBLEM FORMULATION
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In this formulation the energy capacity and power capacity can also be thought of as the maximum rate at which
(Fmaz and P,,,.) are treated as continuous variables. Likeenergy may be taken out of the power system and injected
wise, in the subproblems, the generation and pumping of timo storage. It corresponds to the rating of the electrimpu
storage station, and P,) are treated as continuous variableghat is to be used. In the case that a single reversible maehin
The cost of thermal generation is represented by a singised,Pg,,.. and Pp,,... are equal. This condition is enforced
piecewise linear function. by a constraint in this problem formulation.

a) Objective function: The objective function to be mini-  Pg; ; (MW) is the amount of power generated by the
mized is the expected daily cost of operation and amortirati pumped storage station in generating mode.
Pp;; (MW) is the amount of power consumed by the

minimize? - Zpi ~COrge - Pijre + pumped storage station in pumping mode.
ik P; ;. (MW) is the amount of power produced by bloék
@ OB Emaz + 0 Cp,up - Pgmax () of thermal generation. The suin,, P ;x gives the total of

In the objective function (1), the second line correspondgeérmal generation during time perigdof scenarioi.
to the annualized install costs of energy and power capacity Pcurtailed; ; (MW) is the amount of renewable power that
The sum in the first line is the expected operation cost over §Puld be produced but has been curtailed. It could be wind
scenarios. The subscripindexes scenariog,indexes periods Power or hydro power or some combination of the two.
during the day, and: indexes parcels of power for thermal Ei; (MWh)is the energy balance of storage. This represents

generation. the res_e.rvoir’s level at the beginning of time perigdof
b) Constraints: The following are the equality and in- SCEnaro:. _ _ _ _
dumped. This represents water that is allowed to flow from the
0< E;; < Emaa Vi, j (2) upper reservoir to the lower one without turning the geruerat
o d) Parameters: The following parameters are associated
0 < Pgij < Pgmaz V1,j (3)  with the problem:
0< Ppij < Ppmas Vi, j @) CEW_M (EUR/MWh) |s.the constant incremental cost of
’ installing reservoir capacity.
Py, ; . C (EUR/MW) is the constant incremental cost of
Ei 1 :Ez t- -P i'—t'i’]—Ed ZV s 5 . P".“”' . . .
I 3 p EPig Ny umpi; Vi, j (5) installing pumping station power capacity.
_ a is a dimensionless annualization parameter used to express
B o= E (6) p p
o o the cost of the pumped storage station on a daily basis.
Zpi7j,k + Pg; 1, — Pp; j = Pload; j — Phydro; p; is the relative frequency of thé" scenario.
k Pload; ;—Phydro; ;— Pwind; ; (MW) defines the net load
— Pwind; ; + Peurtailed; ; ¥ i, j @) that must bg met by the thermal ger.ler.ators.and the .pumped
' ’ storage station together. Each scenario is defined by thiesse
1.5 - UnitSize - TechMin .. of values
> Pijk= : ij (8 ues. _

- 1—TechMin np 1S the efficiency of the pumping cycle of the pumped

storage station. The value is dimensionless and shouldébe th
Z P; jx > TechMin - RegFactor(TechMin - UnitSize  ratio of energy put into storage to energy taken from the powe

k system.
—Ppij + Pgi;) + UnitSize ¥ i, j (9) ng is the efficiency of the generating cycle of the pumped
. storage station. The value is dimensionless and shouldébe th
0< P jr < PParcelMaxy ¥ i,j,k (10) ratio of energy injected into the power system to the energy

(11) drawn from storage.
UnitSize (MW) is the active power capacity of the first
c) Problem Variables: The problem includes the follow- diesel machines to be committed. It is assumed that three of
ing variables. The subscriptis used to index over scenariossimilar size are committed first and that no less than three ma
and the subscriptis used to subscript over time periods withirbe committed.
the scenario. TechMin is the per-unit technical minimum of the diesel
Era: (MWhH) is the maximum amount of energy thaigenerating sets, below which the generators are not to be
the system can store. It corresponds to the capacity of theerated.
reservoirs of the pumped hydro station. RegFactor is the regulating factor for frequency regulation.
Pgma (MW) is the active power rating of the power storagd his value is equal to the produgf.sc/A fimaz - a - 7 as used
station while in generating mode. It can also be thought of asthe frequency regulation security criterion developedr.
the maximum rate at which energy may be taken out of storageshort description of the security criterion adopted hexa c
and injected into the power system. It corresponds to thegatbe found in Section V.
of the electric generating machine that is to be used. Cr,; (EUR/MWh) are the marginal costs of the blocks of
Ppna: (MW) is the active power rating of the storagehe cost curve for thermal generation. Figure 1 illustrétes
station while in pumping mode. As in the case Bf..., Cr and PParcelMax define the cost curve.

Pgmam = Ppmax
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in this constraint, however, it has been included to keep the
solution from giving Pp and Pg both positive in the same
time period. The inclusion oPg has no effect as long as the
load is sufficiently high during periods in which the pumping
station is in generating mode (i.€g > 0) that this contraint

is not active.

The constraint (10) sets the power limits for the blocks
PParcelMax, 2 3 of power at each marginal cost level in the piecewise linear

Total Power thermal cost function.

Finally, in (11), the power limits for generation and pungpin
are fixed equal. This corresponds to the use of a reversible
machine. In the case that separate machines are used for
pumping and generating, this constraint could be removed an
two separate cost elements used in the cost function.

Total Cost

Fig. 1. Thermal Cost Function

PParcelMazx; (MW) are the sizes of the blocks of the
cost curve for the thermal generation.

n is the number of time periods in each scenario that will
be considered.

t (h) is the length of each time period in the scenarios.

IV. PRODUCTION AND LOAD SCENARIOS

In order to account for the variety of conditions that can
¢) Description of Constraints. The problem constraints be encountered_ for renewable energy production and_ for, Ioaq
a set of scenarios has been produced. Each scenario consists

presented in (.2) t_o (11)_ar_e explained as the fo_llowmg: . of a set of twenty-four hourly values faNetLoad, which
The constraint in (2) limits the reservoir level in every éim.

period of every scenario to the maximum Bf, .. Likewise, is the total system load less the contribution from wind

(3) and (4) limit the generation or pumping power of thé':md hydro generation. This allows consideration of the time

. . ri volution of both | nd renewable pr ion aver
pumped storage station to a maximummyj,,,... and Pp,.qz, series evolution of both load and renewable production ave

respectively, for all ime periods of all scenarios. pumping cycle of one day. It does not take into account the

Constraint (5 les the reservoir level between bevolution of load or renewable production over a longer time
uer?t s';[irr?e Ear?oggugneds talfeseisneto Oacc’(a)u?]t tf]e ee?ficii%cisg an such as weeks or months, but it does account for seasonal
9 ne p . . variations since these are reflected the relative freqeenui
of pumping and generating;{ and n,). The possibility of

. . . o . the various “typical days” represented by the scenarios.
dumpmg watgr without using it .to tum the genc_erator |s.a&d\.N For the test system used in this study, five years of hourly or
by the inclusion of Edumyp. This could arise if pumping is

done in order to raise system load in order to meet s innisemi-hourly power production data.were_ available for thsdrm

. y ) : P! ﬂgdro and wind power sources. With this amount of detailed
reserve requirements or freq_uency regulation unit comeim data available, the most reasonable approach is to use data
requirements as expressed in (8) and (9). analysis to determine scenarios. Fuzzy clustering alyost

In (6) the boundary conditions of the reservoir level alfere chosen as a good means to determining adequate scenario

set. Since the pumping/generating cycle is supposed to lé)r%totypes
repeatable on a daily basis, the beginning and ending bala CFuzzy clustering seeks to discover natural groupings that

of each scenario have been fixed as equal. This allows st in the data set through an optimization process based
storggg cycle to sFart and end at any balance as Iong' as i&he dissimilarity (distance) between the data pointzzu
beg_mnmg and ending _balances gre equal. "_1 real oper_ahen,_ clustering algorithms assign each data point to each cluste
station V.V'" not have this freedo”_" each day in fact begirwi, ;) degree of membership that ranges between 0 and 1, in a
the endmg balance Of. the previous day. Resuits showed tW%Ey that the total membership of a point to all the clustefs is
all scenarios resulted in very similar boundary values,h&o teach cluster is represented by a prototype or centroidcaylpi
supposition of repeatability seems quite reasonable ictipea a weighted sum of the points under consideration where the
In (7) the power balance between generation and load\{3ights are the degrees of membership. The prototypes can
enforced for every time period of every scenario. To allow fq,o constitute a reduced representation of the entire set.
cases in which of the power from renewable sources cannot b&. most basic fuzzy clustering algorithm is fuzzy c-
accepted, the termPcurtailed has been included. No uppenyqans (FCM) as developed by Dunn [11], [12]. The objective
limit is needed forPcurtailed as long as the limits imposedy,ction of ECM is the following:
by (8) and (9) are always below system load.

The constraint in (8) requires that the spinning reserve c N . )
requirement be able to be met. It assumes that at the limit, JXGUV) =)0 (wan)™ Ml — il (12)
the committed generators will be operating at their tedinic i=1 k=1

minimums TechMin leaving 1 — TechMin as spinning where X = [z;] is a vector of N data pointd/ = [u;;] and
reserve. The spinning reserve criterion adopted here is 1/5= [v;] are respectively the resulting degrees of membership
times the load carried by the largest unit. and prototypes fore clusters, andA is the norm-inducing

In (9), the thermal dispatch is constrained by a minimummatrix used in the distance calculation.
unit commitment as determined by the frequency regulationin the formulation given in Section lll, the scenario fordha
security criterion [7]. ThePg term does not properly belongwind, and hydro production appears merely as a net load to be
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met by some combination of thermal generation and pumptten P,,,. may be chosen to be simply the sum of the per-

storage, as appear on the left- and right-hand sides of (7&tWhnit power bases of all the participating generators. Th®fa

is therefore most important to identify in creating sceosiis o (< 1.0) serves to account for the effect of load damping and

the shape of this net demand and its overall level. for the integral gain loop in the generator governors’ resgo
Since the present problem deals with the economic benefitsis value can be obtained experimentally, by observing the

possible from shifting energy from offpeak to peak periodsypical frequency behavior for system under study with and

the values in these two time periods is of special interestithout integral control loop in the governors.

From typical daily load curves, three daily time periodssere With this definition, the equation may be rearranged to give

themselves: a security criterion:
« Off-peak, the period in which load reaches a minimum, Frase
between 3 and 5 AM. Prase > Af a1 (APnaz — Psned) + Pgentost  (14)

« Peak, the period at which load generally reaches a max- ) , ) .
imum, between 8 and 10 PM. where AP, is the maximum active power imbalance that

« Intermediate, the mid-day period in which load rises ti§ €XPected, generally the loss of the largest generating un
an intermediate peak, between 12 noon and 4 PM. O the loss of part of the wind generatioR,;,.; is the load

During each of these periods, the mean net load has bthat can be shed quickly, for this problem, this is the pumped

. . ) ?Qrage pumping load, anfd,.,.;.s: is the amount of generating
calculated and is used as the attribute set for CIUSte”ngpacity that is lost in causing the power imbalance.

analysis. The probability of each scenario was calculated B Since the diesel generating units have technical minimums

summing the fuzzy membership values of the data points . o
in each cluster and dividing by the number of data poir:bemw which they are not operated, the above criterion also

. I~ Rsults in a lower limit on the thermal generation productio

e o o s i ol consained by N scurty creon T e ot
ng uzzy P it appears in (9) and defines a dynamic security restmictio
the data points assigned to each cluster. Both methods ggVe, o problem
similar probabilities and did not impact the outcome of the '
optimization problem.
In order to produce the prototype scenarios consisting of a VI. CASEe StuDY

series of twenty-four hourly values, the data points thastmo A test system was created based upon a real island system.
strongly belonged to each cluster were averaged. Thatiis, fihe test system has a peak system load of about 180 MW and
each hour, the mean of the net load in that hour over all off-peak load of about 80 MW. Energy is supplied by a com-
the data points that had a membership value of at least Biied wind-hydro-thermal system that includes severaldwin
in each cluster was used as the net load value for that hqarks totalling 60 MW of capacity, significant hydropower
of that cluster prototype. Thus the net load level for oféfpe generation, totaling 50 MW of capacity, and two thermal
peak, and intermediate periods is used produce clustei@ysf dgenerating stations with a total generating capacity of 220
with similar shape of net load, and the days that most closeé§\v. Although it may appear that the reserve capacity of
follow these typical shapes are used to produce the scenahe system is quite high, the capacity factor of the wind and

prototype series. hydropower units is not large, and it would be economically
advantageous to no longer use the old, inefficient thermal

encies. Table | lists the thermal generation units aviglab

A dynamic security _cnterlon (9) was developed to en_sw?ﬁe test system and their approximate fuel consumptiors.rate
that the power system is able to regulate frequency suffigien

well to avoid emergency underfrequency load shedding. The TABLE |
criterion takes into account the advantage provided bydoein THERMAL GENERATING UNITS
able to shed pumped storage pumping load before customer , _
loads are affected. This criterion was developed by usieg th Number  Capacity  Approx. Fuel Consumption
oa : : ped Dy usieg of Units  (MW) (kg/kWh)
steady-state step response of the diesel unit speed goserno 5 50 0215
to approximate the maximum frequency deviation caused by 1 5.0 0.215
changes in the active power balance. The criterion seeks 3 6.9 0.215
to keep the maximimum frequency deviatioff, below a 1 x50 025
specified threshold. 1 4.0 0.215

The expression used to estimate the maximum frequency g ig-é 83;2

deviation is the following:
Af =a-r- ap (13) Of the generators connected in the test system, only the
Joase Phase diesel-fueled generating sets and and one hydro station are
In this equationy and Py, 5. are the droop and per-unit powercapable of frequency regulation. Almost all of the hydropow
base of the single-machine equivalent generator: i§ the stations are run-of-the-river and do not have the ability to
same for all machines participating in frequency regulgtioadjust their output in response to system needs. A signtfican
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TABLE I

amount of wind power is also installed. This means that a COST OFTHERMAL GENERATION
sizeable block of power does not provide frequency regutati

During off-peak hours the power provided by wind parks n  Power Marginal Cost
and hydro stations may at times be a large portion of the total (Mw)  (EUR/MWH)

60 87.0
30 88.0
10 111.0
10 111.2

power demand of the system. This leaves only a small amount
to be carried by the diesel generating units. From an ecanomi
point of view this is good since it means that fuel is not being

©CONOUAWNE
=
o

used to provide energy, but from the perspective of frequenc 1114

L - . . . 5 111.6
regulation it becomes difficult since it means that a reddyiv 5 1118
small number units are responsible for regulating frequéoic 5 112.0
the entire island. A small number of units means low rotating 5 112.2
Co e 10 5 112.4
inertia, little spinning reserve, and weak response toueegy 11 5 112.6
deviations. Additional details about the test system usagl m 12 5 112.8
be found in [7]. 13 80 113.0

160

A. Determining values for parameters

140

The formulation of the optimization problem as described
above includes several parameters that must be defined. 120f

Approximate costs for installing pumped storage can be
found in [13] and [9]. These reference costs have been
converted to Euros to give th€g, ,, = 13776 EUR/MWh
andCp, .. = 377200 EUR/MW.

The constantz is an annualization factor. This takes into —
account the time value of money and converts the one-time .~
installation cost to a stream of daily costs. The value can be ol ‘ ‘ ‘ ‘
found by choosing a time period over which the installation 0 ° Y ourofday 2 »
cost will be spread out and the interest rate to be used and
then applying the appropriate engineering economics famdrig- 2. Clustering Resuits: Net Load Scenarios
to equate a present value to a series of future cash flows
A. A 30-year life with an annual discount rate of 5% is used,
consistent with [13]. This results im = 0.000174. VIl RESULTS

The constants;), andn, are the efficiencies of pumpingA. Scenario Generation

and generating respectively. These are each given values ofpe nymper of scenarios to use was determined by doing
0.9. This gives a round-trip efficiency of 0.8, which is in the,,, clustering analysis using various numbers of clsster
usual range for pumped storage facilities [9], [10], [13].  yanging from two to twenty and calculating the validation
The value forUnitSize is the capacity of the first dieselngices for each of the resulting sets of clusters. No nurober

units to be committed. For the test system, this is 16ysters was clearly superior to the others, but there wagso
MW. TechMin is the per-unit technical minimum of theseyeak support for the use of thirteen or eighteen clusters, so
machines and is chosen to be 0.7. The test system opergtdheen was chosen as the number of scenarios to use.
does not operate below this point because efficiency of thecyryes of the thirteen hourly net load series are shown in

diesel generating set decreases quickly at lower operatifg,re 2 with their respective probabilities shown in Table
points. lll. These are the scenarios that were used in the various
The constantRegFactor must be evaluated based on thg p-problems to determine system operation costs for @rang
frequency regulation characteristics of the test systemh agf |9ading and renewable production conditions. In order to
the security requirements being used. From dynamic asalygjistrate how the daily net load curves in the data set were
presented in [7]RegFactor should be 5.1. assigned to the clusters, the prototype for Scenario 1 iwsho
The sections of the thermal power cost function are shown Figure 3 with the daily net load curves that were more
in Table Il. The diese_l units of the te_st system are d_ivided i”strongly associated with that cluster than with any other.
two groups: new units and old unlfts. The a_pproxmate fullesults showed that the prototypes produced by applying
consumption of the newer generating sets is 0.215 kg/kVflizy clustering techniques were able to represent well the

while the approximate consumption of the older units ighape and level of the daily curves that were assigned to.them
approximately 0.273 kg/kWh. The fuel price is estimated at

70 USD/barrel or 0.41 EUR/Kkg. This is consistent with cutren L
prices, including cost of shipment. B. Optimization Results

The constant is the number of number of time periods over The FlopC++ libraries [14], [15] were used with the CLP
which to optimize each scenario. A daily cycle composed gblver from the COIN project to build a C++ program using
24 one-hour periods is chosen, 86= 24 andt = 1. modeling language syntax that solves this linear-programgm

100

80

Net Load (MW)

60F <
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10 0.058
11 0.092
12 0.076 . .
13 0.102 capacity of the pumped storage station.

C. Sensitivity Analysis

problem. The problem results in 5944 variables and 10,934In order to see the effect that each problem parameter has
constraints with 32,165 non-zero elements. On a computar the results, a sensitivity analysis was performed. I8 thi
with a CPU operating at 2.0 GHz, the optimal solution wasnalysis, each parameter is changed by a small amount and
arrived at in 1.2 seconds. the new optimum solution is compared to the original sohutio

The primary solution results obtained from the solution ofhe results of this analysis are shown in Table IV.
the optimization problem are the values for the capacitheft The optimization problem as also been solved with the
pumped storage station and the amount of energy that canspéning reserve security constraints removed, allowitig a
stored. The optimal value fa?,,., was found to be 10.9 MW renewable generation available to be used. In this case, no
and the optimal value foFE,,,, was found to be 80.2 MWh. pumped storage is indicated to be installed at all. It isrclea

This gives a total project cost of 5.07 million EUR, which ighat it is the security constraints that make the instalfati
divided as 3.96 million for the power capacity and 1.11 miili of the pumped storage unit economically viable. The strong
for the reservoir storage capacity. Amortized over a 30-yedependence of the security constraints on the size of the
equipment lifespan, this gives 881 EUR per day. The expect@gdgest thermal unit and the technical minimums of the diese
fuel cost savings from using the pumped storage plant is 13g8nerators is reflected in the large changes that occur in the
EUR per day, or 0.6% of the total fuel cost. The expectegptimal sizing of the pumped storage when changes are made
average daily curtailment of renewable generation is reducto these parameters.
from 25.8 MWh to 10.2 MWh.

As an illustrative example, consider Scenario 1, results VIIl. CONCLUSIONS
shown in Figure 4. During off-peak hours, the net load is In this work, dynamic security criteria have been included
below the cost breakpoint at 90 MW and the storage statioman optimization problem that is able to determine both the
operates at full pumping power. As the net load rises througlwer capacity and the best reservoir capacity for a patenti
the morning, the pumped storage station is switched off. Whpomped storage station in an island system. Fuzzy clugterin
the load reaches the peak that is sustained throughout the dechniques have been used to deal with the stochastic nature
the storage station enters into service in generating monde a@f load and renewable production and produce scenarios for
shaves the peaks off of the net load giving thermal generatithe optimization problem.
production that is nearly constant for a period of twelversou  Results showed that including pumped storage can be an
The daily peak is reduced by about 10 MW, the generatirdfective means of allowing larger penetration of inteterit
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TABLE IV
SENSITIVITY ANALYSIS RESULTS

Value / EI Pmaa: E’max
Parameter Value Change = max max Change Change

(%) (MwW)  (MwWh) (%) (%)
Reference — - 10.9 80.2 - -
CE,pue (EUR/MWh) 12398 -10. 10.9 80.2 0.0 0.0
CE,,a. (EUR/IMWh) 15154 +10. 104 77.0 -4.6 -4.0
CpP,yaw (EURIMW) 339480 -10. 12.4 91.0 +13.8 +13.5
CP,us (EURIMW) 414920 +10. 9.8 72.7 -10.1 -9.4
Np Mg 0.72 -10. 75 445 -35.2 -45.5
Np - Ng 0.88 +10. 12.4 88.2 +13.8 +10.0
UnitSize (MW) 14.9 -10. 6.8 48.6 -37.6 -394
UnitSize (MW) 18.1 +10. 131 91.8 +20.2 +14.5
TechMin (pu) 0.63 -10. 0.5 34 -95.4 -95.7
TechMin (pu) 0.77 +10. 21.1 136.3 +93.6 +70.0
RegFactor 4.6 -10. 10.9 80.2 0.0 0.0
RegFactor 5.6 +10. 10.0 71.3 -8.3 -11.1
Fuel Price (USD/barrel) 63 -10. 8.1 60.4 -25.6 -24.7
Fuel Price (USD/barrel) e +10. 12.4 91.0 +13.8 +13.5

renewable energy sources, improving both the dynamic sec[rj P. D. Brown, “Evaluation of integration of pumped storaggts in an

rity and the economic operation of a test system. Including isolated network,” Master’s thgsis, Faculty of Enginegritniversity
the d . it iteria_in th . fi f of Porto, Rua Dr. Roberto Frias, s/n 4200-465 Porto Poriu2@06.
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The sensitivity analysis of the results of the optimization  ynion council.
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