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Abstract— This paper describes an approach to the short
term operation planning of hydro stations in market
environment. The developed approach is based on tlselution
of an optimization problem to maximize the profit d a
generation agent along a planning period discretizkin hourly
steps using a Genetic Algorithm. This problem includs the
possibility of pumping since this is an important esource in
the scope of electricity markets. The scheduling pldem was
developed starting with an initial simplified verson in which
the head loss is neglected and the head is assunoethstant.
Then, it was implemented a second model in which theon-
linear relation between the head, the hydro power rad the
water discharge is retained and finally an approachn which
the hydro schedule obtained in a given step is uséd update
the hourly electricity prices used to compute the ifit of the
generation agent. The short term hydro scheduling mblem is
illustrated using two Case Studies - the first onevas designed
to run a set of initial tests to the developed algithm and the
second one refers to a set of hydro stations thatimors a
cascade of 8 stations in Portugal.

thermal stations together with hydro stations wdehtl to
a more intensive use of hydro resources until waias
available meaning that later on thermal stationsldvbave
to be used more intensively. This short term irtensise
of water wasn’'t eventually the most interesting regien
strategy and this concern was reflected on a nurober
studies that for instance originated the definitaord the
estimation of the value of water. These researtivites
originated a large number of publications reportimgdels
on hydro-thermal coordination problems in whichwihs
recognized the random nature of water inflows amel t
different characteristics of hydro stations, nanialyerms
of reservoirs and run of river stations.

More recently, the advent of market mechanisms
introduced significant changes in this centralizésion.
There are now several generation agents competing t
supply the demand and each of them aiming at maiimi
its own profit. The relation between generation and

Key words -short-term hydro scheduling, pumping, day-aheaddemand can now be done in symmetrical day-ahead

market, profit maximization, genetic algorithms.

I. INTRODUCTION

electricity sector, the industry was structurea ivertically
way in terms of utilities that integrated all thetigities of
the value chain from generation till the relatiofthmend
consumers. Under this vertical
activities, both in terms of expansion and operativere
conducted in a centralized way. In particular fpetion
planning activities, traditional utilities condudt@lanning
exercises using estimates of fuel and coal costsdar to
obtain estimates of the contribution of each tetdgoto

supply the expected demand. Then, as the operatiq
moment was approaching, more detailed studies were

conducted including at a certain moment detailenvoek
models that ultimately lead to the OPF problem.

In several countries the generation mix includdsrge
share of hydro stations so that a different setasfcerns
emerged related with the definition of strategesise the
water. It is clear that considering in the samenaighation
problem resources having non zero operatiost @s
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paradigm, plannin

markets to which generation and demand agents did f
each hour of the next day. Ultimately, the intragtut of
this type of procedures put a larger emphasis amtesh

Serm concerns meaning that hydro selling bids dreno

formulated in terms of the maximum possible poveebé
generated namely when it is expected that elettrici
market prices are larger thus yielding larger psofin this

Q:ontext, pumping becomes an important resourceonigt

because if used efficiently it can contribute toréase the
profits but also because it can be used to accoratadtie
energy from other volatile sources as wind, namialy
windy valley periods.
The operation planning problem of hydro stations
rresponds to a complex problem, namely because it
responds to a non linear optimization problenegithe
non-linear relation between the head, the powepudand
the water flow and also because the number of ingt
and variables becomes typically large if one aimis a
running a planning exercise for a realistic syst&then
addressing this short term operation problemimjgsortant
to recognize that it is necessary to specify valt@s
instance associated with the initial and final vods of
water in each reservoir. These values typically €drom
medium or longer term planning exercises that use
estimates of water inflows to each station and thaputs
the initial and final volumes to use in each plagnperiod,
namely as a way to reduce or bring to zero watdr sp
given that this corresponds to waste a valuableures.
Having in mind these ideas, this paper formulates t
short term hydro station operation planning problkiat
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generation schedule along a day or a week so tweat t
corresponding profit is maximized while enforcing a

h,

number of constraints. When formulating this praoblee ha
admit that the initial and final water volumes cdch

station are specified and that it is also availablset of

estimated hourly electricity prices. The short temgdro

scheduling problem can then be used by a generagjent f 3 >

to formulate the selling bids to submit to the Mark
Operator which means that this schedule will thawehan
impact on the hourly prices. The paper also indudsults
obtained for several tests starting at a simplifietsion of
the problem in which the head loss is neglecte@@nTthe
non-linear relation between the head, the watex fnd
the power output is considered and finally the dohe
obtained in a given step of the iterative solutidgorithm
is used to update the electricity market pricesdlzulate
the profit of the hydro stations being addressed.
Accordingly, this paper is structured as followsteA
this introductory section, Section |l reviews sealer
concepts related with the operation of hydro systemd
briefly addresses a number of publications on thérdn
scheduling problem and Section Il presents
formulation of the short term problem. Then, Settly
details the application of GA to this problem. SattV

illustrate the developed approach and finally SectvI
draws the most relevant conclusions.

Il. STATE OF THE ART

market paradigm, generation companies should igehi
most interesting operation strategy for the nexy da
week. This
maximization of their profits and the results ofeth
corresponding short term planning exercises can be
used to build a set of selling bids to be commueitado
the day-ahead market operator.

When considering generation companies having hydro
assets the problem becomes more complex, hamelyodue
linear nature together with the number of
the

its non
constraints and variables to consider and

interdependencies between several stations in dascin
the first place, for an ideal hydro circuit asstaiawith a
station i and a period k, the output power is gikigr{1). In
this expression, the gravity acceleration is 9,8 rifse
density of the water is 1000 kgin is the water flow in

Fig. 1. Family of curves for the power output oftgmro station.

The head loss coefficien is given by (3) in which
shnis the nominal head loss andn is the nominal
discharge flow. Once thg is calculated, the head loss can

be obtained byggz . Due to this term and even if a
constant heady, is set, the power output of the hydro

station is still a non-linear function of the diache flow as
it can be recognized in each curve of Fig. 1.
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the The literature describes different strategies tal déth

the head and discharge volume non-linear relatiorthe
first place, the problem could be simplified negjleg the
presents results from two Case Studies designed tgead loss term in (2). Under this assumption, fache
value of hy, the non-linear curve would be approximated

by a linear relation between the hydro power outoud
the discharge flow. Given that the terﬂn”z( is neglected,

As explained before, under the current competitivethis linear approximation gets located above tla carve
in blue in Fig 2. Accordingly, this would lead targjer
errors in the area of large discharge flows weeectlrrent

A
Pik

identification should be driven by thepractice indicates that hydro stations operate days

Qi
real curve
maximum head loss
head loss neglected
average head loss

m’s’, hyis the water head in m angr is the generation Fig. 2. Impact of the head loss in the nyaro posaput.

efficiency factor.
Pik = 981000Chy hy 1 1)

In fact, the water head depends under a non-linegr
on the water flow originating losses in the watecugt.

A second possibility represented by the dasheditine
Fig. 2 corresponds to use an average value fohdael
loss that could be obtained by minimizing the agera
square error of the difference of values obtairredhfthe
blue curve and its dashed linear approximation.hidt

Therefore, py. will more accurately be represented by (2)approach is a more conservative one in the seraeitth
where g is the head loss coefficient. According to (2), fo uses a constant value for the head loss correspptalithe
each value ofhy, there is also a non-linear relation maximum discharge flow. In this case, for a givatue of
g the discharge flow, the hydro power output giventhy
red curve is below the real value given by the ldueve.
However, this approximation is interesting since #iror
is small in the area of larger discharge flows dhe
current practice of hydro station operation indésathat

betweengy, and pjy . This family of curves is illustrate
in Fig. 1, each of them for a fixed value of thadie

pic = 981000ty - B2 Jyer 0



that the discharge flows are typically at the maxim number of constraints. One of the main difficultigben
In several cases, one can admit that the higadis trying to solve this problem corresponds to the-lioear

constant, namely for large reservoirs in which eiténere  relationship between the discharge volumg, the net
are large discharge flows the head slightly changedeadhy, and the hydropowepy, as represented in Fig. 1.

Differently, assuming a constant head is not slétdbr  |n the implemented approach we considered a tirale sf
smaller reservoirs because they will have largeatian K nhourly periods and we assumed that a set of Krljtou

levels depending on the discharge flow thus leading electricity prices,z; , are available. Then this problem can
head variations. In these cases, the mentionedimesy- ¢ g by (5 - 13).

relation should be retained and addressed in thégehto

obtain more accurate results. Therefore, depenainthe | K

) o ’ 4 iK)- i)- 5
main characteristics of the hydro system underyaisl maxigléink Pri) = (e i) = (pssic) ®)
this non-linear relation can be neglected or not. subj.

The mentioned non-linear problem can be addressed vy =vi-1) +ak - arik - Sk +dpik +

using dynamic programming models as in [1, 2, B Tse (6)
of this technique usually leads to large dimension +mDZMi (QTrT(k—qn) *Sm(k=-Any) ‘QPn"(k—wm))
optimization problems if we are dealing with retidisized Imi |

voli ™ < Gy + S = dpi < VOl ™ (7

hydro generation systems. Other publications desdte .
use of other techniques as Lagrange relaxationganix Vimln < Vik Svimax (8)
integer linear programming [4], non-linear formidats [5]

and meta-heuristics. In this class, there are patitins qT™ < i < g1 ©)
usingSimulated Annealin{p], Neural Networkg7, 8] and aR™ < aR, <aR™ (10)
Tabu Search [9]. Several publications use an iterative  0<sik <o (11)
procedure in which the head is updated in eaclatiter ViK =Volik (12)
using the value obtained fag, in the previous iteration iz1..01'k=1..Km=1..L (13)
and the g coefficient calculated with nominal values (3). . )

This approach was used in [10, 11, 12] and alsflL&} In this formulation:

- | —number of reservoirs;
i —index for a particular reservoir;
K — number of scheduling hourly periods;
k — index for a particular hour;
Mi — set of upstream reservoirs directly connected
with reservoir i;
- m-index for a reservoir in séfi ;

considering an under relaxation iterative scheme.

In this paper we describe the mathematical forranat
to the short term hydro scheduling problem and ethre
possible implementation approaches designed sathbgit
assume an increasing complexity level. These aphesa
were developed in the scope of the preparatioheMSc
Thesis of the first author [14]. In the first one wsed a

constant value both to the heagl and to the head loss, - L —number of stations in sédi

this one corresponding to the maximum discharge.flo Tk — electricity marl_<et price m hour k; _
This means that the relation between the hydropower - FPrik —POwer outputin reservoir i, hour k;
output and the discharge flow becomes linear ailtte - Bpy — pumping power in reservoir i, hour k;

same all along the solution algorithm. Then, theord
model incorporates the mentioned non-linear refatioder
an iterative scheme. After obtaining a solution ég the

ps — penalty factor for spills;

sik — spill of reservair i, in hour k;
- Vjk —volume of reservoir i, in hour k;

ajk — inflow of reservoir i, in hour k;
updated and used in the next iteration. The third _ .. — pumping volume of reservoir i, in hour k;
implementation considers the impact of the hyditedale
on the electricity market prices. The hydro schedul . )
obtained in one iteration is used to update thetibity - ¢m —delay of turbine discharge volumes;
prices and these are then used to calculate theramthe - Am — delay of spill volumes;
remuneration of each station along the planninggder wm — delay of pumping volumes;

Finally, the developed approach includes the pdigib

of pumping to increase the realism of the modeiscdse

head loss termﬁq”z( and the net heamk—ﬁqii are

- grik — discharge volume of reservoir i, in hour k;

vol!™" vol M minimum and maximum launch

of pumping, the power consumed by station i inqgubk is volume_s of r_eservoir | for instance considering
given (4) in whichyp is the pumping efficiency factor. ecologic requirements;
981000 (h ) )/ . - v v _jevel volume limits of reservoir i;
.= . lh, + R )
Pic T N * B i )1 He “) - gT™" gT™ - turbine discharge limits for station i;
Il. COMPLETE MATHEMATICAL FORMULATION - qplmin , qFI)maX_ pump|ng volume limits for station |’
The main objective of the Hydro Scheduling Problem vol — volume level of reservoir i in the last

(HSP) can be stated as follows - find a feasiblerajon
schedule for a set of hydro stations (includingifstance i . o ) .
cascades) that maximizes the profit while enforcmg [N this formulation, the objective function (5) ainat

scheduling period, K.



maximizing the profit of the generation companyegithat the GA implemented to solve this problem used the
at each period k the power output of each statidh;j , is  following coding for the status of each hydro stati

sold at the market pricay . If station i is pumping water it - 00 — not act_ive;
- 01 — operating as a pump;

consumes electricity that is bought at pries thus - 10 — operating as a generator;
representing a reduction of the revenue. Waterlsspil  _ 11 _ hot active. '
correspond to undesirable situations that are Eethby If the hydro system includes two stations and the

the third term in (5). This objective functions is yjanning horizon has 24 hours, then an individeaidded
constrained by a set of equality constraints (6¢ @er .y 5 string of 96 bits resulting of the multiplicat of 24
station i and per period k. Each of them relatesviliume periods by 2 stations by 2 bits per station. Aftetting the

vik with the volume of reservoir i in period k-1, withe  ymper of individuals in the population, the algfam
inflow, with the outflow volume, with the water #pand evolves according the following steps:

with the water balance in the reservoirs upstreasemoir i) Initialization - the string of bits representingcha
i and directly connected with it. Constraints (Bfablish individual is initialized using a random sampling
minimum and maximum limits for the liquid outputlume procedure;
of reservoir i, modeling for instance minimum flow i) Evaluation — each individual or chromosome
requirements related with agriculture uses or egiotd corresponds to a possible solution to the problem
reasons. Constraints (8) bound the hourly volumes o and the quality of this solution is measured by the
reservoir i and constraints (9) and (10) bound the value of the objective function (5). To calculdtést
generation and pumping water flows of station périod value, and for each station i in period k it is
k. Finally, constraints (11) indicate that the wadgill is necessary to compute the output hydro power in
non-negative and (12) sets the volume of reseiatthe case it is operating as a generator or the pumping
end of the planning period, that is, at the entafr K. demand power in case it is in state 01. This isedon
IV. SOLUTION ALGORITHM AND IMPLEMENTED using expressions (2) or (4) 'n, function gf and
APPROACHES of the headhy . Recall thatgy is set atqrma* for
The optimization problem described in Section [Hsw state 10 and atgr™* for state 01. Using the
solved using Genetic Algorithms. GA’'s are populatio generation or pumping powers and a specified set of
based approaches that aim at identifying good isolsitto electricity prices it is possible to compute (5) fo
optimization problems emulating the natural pritegpof each individual along the planning period. It il st
evolution. In brief, after coding a possible sautito the necessary to check if the solution associated ¢h ea
problem typically as a string of bits, it is credhtn initial individual belongs to the set of feasible solutions
population including a number of individuals or that is, if it does not violate any constraint bét
chromosomes. Then, each potential solution to tbblem problem. Using thegy values of each station, one
is evaluated using a fitness function that charaeie the computes the hourly volumes of statiowii using

goodness of each one. The population is then repezt
using the genetic operators of selection, crossarat
mutation in order to create a new population. Tiesy
population is evaluated and if convergence was yebt
achieved, then the algorithm iterates again.

The decision variables of the complete problem

(6) and compares it with the limits given by (7dan
(8). If the volume in period k exceeds the maximum
value then the variablex becomes non zero in
order to balance equation (6) again. If the volume
Vik is smaller than the minimum limit then the value

formulated in Section IIl include the discharge urok of the optimization function (5) is penalized using
arik » and the pumping volumegpy , in each hour of the negative term that is proportional to square of the
planning horizon. The literature on short term loydr difference between the value uk and the violated
scheduling suggests that current market mechanéms limit. A similar penalty term is used if the final
inducing generation companies to generate or puitip w volume vik for k=K is different of the pre-
water flows as large as possible namely to profimf established value given by constraint (12);

selling electricity when prices are higher and &y gor i) Convergence check - after evaluating the
pumping as little as possible when prices are [bhe population, the convergence criteria is checked. We
same conclusion is for instance reported in [18]tHis considered that the algorithm converged if the
publication the generation and pumping volumes are average value of the fitness function of all
decision variables but the result of the optimizati individuals in the population did not change more
procedure allocates these volumes at the maximum than a specified percentage if compared with the
possible values in order to maximize the profit.the results obtained for a number of previous iterajon
volumes are taken at the maximum possible valuberei if the standard deviation of the fitness functidn o
when generating or pumping, then these volumesnare all individuals is small enough and if the largest
longer decision variables of the problem and thefitpr value of the fitness function (the one of the most
maximization problem now aims at deciding the staifi adapted individual) did not change more than a
each station, that is, identifying the best loaatfor the specified percentage for a number of iterations;

generation and pumping periods. Under this assompti iv) Genetic operators — if the convergence check was



not successful, then the algorithm proceeds using
the selection, the crossover and the mutation

operators to create a new population. In the first

place, pairs of individuals compete in a stochastic

tournament to select the most adapted ones. Then,
the crossover operator acts over some selected
individuals and finally the mutation operator i®ds

to introduce diversity in the population. At theden

of this procedure, a new population is formed and

the algorithm gets back to the evaluation step.

The previous algorithm represents a general approac
that can now be adapted in order to increase tmplexity
and the realism of the model. The three designed
approaches are as follows:

i)

i)

ii)

Model 1 — in the first place, we designed a very

simplified version of the problem assuming that the

head is constant and that the head loss term is
neglected in (2) and (4). This model also assumes
that the generation or pumping flows are at their

maximum values and that they are equal. In real
cases, these maximum flows will be reduced due to
head variations. However, admitting that the head
remains unchanged originates that the maximum
generation and pumping flows also remain

unchanged;

Model 2 — in this model, we continue admitting that

generation of pumping flows are at the maximum

pumping, then the aggregated demand increases
thus originating an increase of the market price. |
order to incorporate this impact, we admitted that
the generation agent that is conducting this
scheduling exercise has estimates for the hourly
demand in the system and for the aggregated selling
curve for all the remaining stations, except theson
being scheduled. Then at each iteration of the AG
and for each of the individuals and for each hqur k
the demand of hour k is increased using the
pumping powers of the stations in status 01 and
reduced by the generated powers of the statiots tha
are in status 10. This modified demand is used
together with the aggregated selling curve of the
remaining stations to update the electricity market
price in hour k. These modified prices are finally
used together with the hydro schedule associated to
each individual to compute the remuneration of the
stations being planned as the difference betwesn th
amounts to receive and to pay. This procedure
admits that the hydro stations being scheduled will
bid at low price if they are at status 10 or will lat

a very large price if they are at status 01 to ensu
that are their selling/buying bids are always
accepted in each hour of the planning period.

V. CASE STUDIES

but these maximum values are not constant ané. Hydro system 1

equal from one iteration to the next one. Undes thi
approach, at the end of each iteration the vqumea
Vik given by (6) are used to update the hégd
and then this is used to update the maximum flows
using (14) and (15) as detailed in [15].

The hydro system 1 includes four reservoirs tha ar
ncoupled from an hydro point of view and that hévwe
characteristics detailed in Table I.

TABLE |
CHARACTERISTICS OF THE FOUR HYDRO STATIONS

qT™™=qTn q}%‘n (14) Res.1| Res.2| Res.3 Res/d
qFljnax:qPri] -5 Eﬂhk _ th) (15) Initial volume (hfﬁ) 900 20 30 9
. . ) . Final volume (hrf)

In these expressions and for station gn is (hm) 900 20 30 9

nominal turbine discharge volumegpn is the | Minimum volume (hrth 800 10 10 8
. . . . Maxi | h

nominal pumping volume,hTn is the nominal | —ocm Yo ume (hrh 1000 30 50 10
. . . . max

turbine headppn is the nominal pumping head and 9T (M7s) 400 120 70 50

J; is the pumping coefficient. These are parametersiR™®(m’s) 400 120 70 50

characteristic of each reservoir and correspond |t®inimum spill 0 0 0 0

inputs to the problem. It is clear that if the héad Head (m)

taken as constant and equal to nominal value, then - 50, 1001 150_ 500

the maximum flows also coincide with the noming| Pischarge efficiency tr 0,88 0,89 0,89 0,90

values either for gengrati.o_n or pumping.. This wouldpumping efficiency,ip 0,92 0,03 0,03 0,93

correspond to the simplification used in Model Inflow (ms)

Finally, in this approach we also considered the 0 0 0 0

head loss term in (2) and (4) computed using the |, the first place, we used Model 1 to plan therapien

values obtained fogy, in the previous iteration;

for a 48 hour period. Table Il presents the hopriges for

Model 3 — the final model incorporates all the the first 24 hours and then this set of prices aggkon the
enhancements of Model 2 and it also considers theecond set of 24 hours. Given that for each statien
impact of the hydro schedule on the electricityinflows are zero, the initial and final volumes agual and
prices. It is clear that the presence of sellingsbi the maximum discharge and pumping flows are alsmleq

submitted to the electricity market at low bid sc
tend to shift the aggregate selling curve to tigétri

it is immediate to conclude that the number of qusi
during which each station is operating as a geaetsts to

thus reducing the market price. If the station isbe equal to the number of periods during whichsit i



pumping. Therefore, using Model 1 and the dataahlé |
leads to a very simplified situation that was usedcet a
number of parameters of the GA for this system.aAs
result of these initial tests, we selected popoiretiwith 40
individuals, a rate of 0,8 for
tournament and a mutation rate of 0,1. Using thedees,
Figs. 3 to 6 present the generation/pumping periodthe
four stations and the electricity price evolution.

TABLE Il
ELECTRICITY PRICES INE/MWh FOR A24 HOUR PERIOD

inflows and the nominal discharge and pumping flows
indicated in Table lll. In each iteration, thesdues are
used to update the maximum flow of each statiomgusi
(14) and (15). Figs. 7 and 8 present the generatimh

stochastic selectionpumping periods of stations 1 and 2 as well asptfiee

evolution for a 24 hour period. In this case, thenber of
discharge and pumping periods are no longer equal
because inflows are considered and the discharge an
pumping volumes are not equal. Looking at Fig. 8,
pumping is now limited to 2 periods since thereiaflews

all through the day as indicated in Table III.

Hour Price Hour Price Hour Price
1 55,00 9 56,16 17 58,50 TABLE IlI
2 45,00 10 61,75 18 62,00 CHARACTERISTICS OF THE RESERVOIRS FOMODEL 2.
3 46,50 11 72,50 19 90,60
2 45.44 12 71.74 >0 85.00 Res. 1 Res. 2 Res. 3 Res. 4
Inflow hour 1 100 50 0 0
5 45,52 13 72,42 21 85,00
Inflow hour 2 100 50 0 0
6 45,51 14 66,25 22 80,47
Inflow hour 3 100 50 0 0
! 45,58 15 61,07 23 70,00 Inflow hour 4 100 50 0 0
8 55,49 16 58,95 24 79,72 Inflow hour 5 0 50 0 0
12 Inflow hour 6 0 50 0 0
) F= ' Inflow hour 7 0 50 0 0
. 17 + Inflow hour 8 0 50 0 0
1 Inflow hour 9 0 50 0 0
_ LT 4 Inflow hour 10 0 50 0 0
" Inflow hour 11 0 50 0 0
™ 4 Inflow hour 12 0 50 0 0
! L) 5 10 15 20 25 e ] 15 a0 45 'f!‘ InﬂOW hour 13 0 50 0 0
Inflow hour 14 0 50 100 0
Fig. 3 — Generation and pumping periods for stafidigeneration — red | |nflow hour 15 0 50 100 0
line, pumping — green line, price — blue line iivigYh). Inflow hour 16 0 50 100 0
12 w | Inflow hour 17 0 50 100 0
. [ - - Inflow hour 18 0 50 100 0
17 « | Inflow hour 19 0 50 0 0
" " Inflow hour 20 0 50 0 0
. w Inflow hour 21 0 50 0 0
J * | Inflow hour 22 0 50 0 0
" © Inflow hour 23 0 50 0 0
! o 5 10 15 W 5 0 15 40 45 50 ¢ InﬂOW hour 24 0 50 0 O
3
/] 400 120 70 50
Fig. 4 — Generation and pumping periods for stafidigeneration — red qrn (m7s)
line, pumping — green line, price — blue line iV&Yh). gPn (m%s) 324 100 58 42
w 100
N @ a0
- ®
0‘: : o L — :ag
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o 10 0.2 20
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Fig. 5 — Generation and pumping periods for stadigeneration — red
line, pumping — green line, price — blue line iv&Yh).
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Fig. 6 — Generation and pumping periods for stafidigeneration — red
line, pumping — green line, price — blue line iV&Yh).

These results confirm that generation periods terize
located when the market price is larger and thaipng is
done when the price is more reduced.

o 5 10 15 20 25

Fig. 7 — Generation and pumping periods for stafidigeneration — red
line, pumping — green line, price — blue line iivigYh).
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0 5 10 15 20 5

Fig. 8 — Generation and pumping periods for stafidigeneration — red
line, pumping — green line, price — blue line iivigYh).

Finally, Model 3 was used to incorporate the impatt
the prices of the schedules obtained along the K&Athis
purpose, we admitted that the demand to be supbid¢de

In a second step, we used Model 2 considering thentire power system in which these four stations ar



included has the values indicated in Table IV fackehour B. Hydro system 2
of the planning day and that the estimated bid efov the
remaining stations in the power system is depiateHig.

9. Figs. 10 and 11 present the generation and mgmpi
periods for stations 1 and 2.

TABLE IV
DEMAND (MW) FOR A24 HOUR PERIOD

The second tested hydro system is the cascade of 8
stations in Fig. 12. To a certain extent, this adecmirrors
a Portuguese hydro basin and the main charactsrisfi
the stations are listed in Table V. Among thesdicsia,
only C and G have pumping capacity. The inflowsydro
power plants F, G and H are typically large, white

Hour | Demand | Hour | Demand | Hour | Demand inflows of the remaining hydro stations are mormuced.
MW) MW) MW)
1 3877,02 9 3992.15 17 4215,70
2 2766,72 10 4506,86 18 4528,33
3 2946,68 11 5308,86 19 6093,60
4 2820,00 12 5260,33 20 5927,28
5 2829,64 13 5303,81 21 5927,28
6 2828,43 14 4872,77 22 5742,46
7 2836,86 15 4447 81 23 5144,52)
8 3926,00 16 4257,36 24 4707,54 v
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€/Mwh 95
90

y 4
i / e ;;
75 ,
m / N7
65
o
- / e <;
50 ~
s o
40

35
30
2000 3000 4000 5000 6000 7000

Fig. 12 — Cascade including 8 hydro stations.

Q

Mw TABLE V
Fig. 9 — Approximate aggregated selling curve fbe tremaining CHARACTERISTICS OF THEB HYDRO STATIONS
generation system.

i T P
12 100 Reservoir VOI'rrran VOI#;;“” qin q 3r] th
. - N (hn) (hn) (m¥s) (ms) (m)
0s 1 7 A 31 25 120 - 30
wl 1 T ] “ B 83 71 500 - 2
na :: C 216 156 210 162 116
” D 97 85 550 - 30
o . E 95 82 744 - 27
o 5 10 15 20 5 F 148 132 705 - 33

Fig. 10 — Generation and pumping periods for statiqgeneration — red G 106 84 320 251 50
line, pumping — green line, price — blue line ivi&Yh). H 110 94 750 - 11
} — . Model 2 described in Section IV was used to plan th
o J . operation of this cascade along a week. This intylic

© means that these stations are price-takers sincearee

08 50

“ neglecting the impact of the hydro schedules on the

0

electricity prices. Fig. 13 presents the resuliat tvere

. | 0 obtained using Model 2 for the generation periodthe 8

’ ’ ‘ " " ” stations and Fig. 14 indicates the pumping perithg
Fig. 11 — Generation and pumping periods for stafiqgeneration —red \yere gbtained for stations C and G.

line, pumping — green line, price — blue line iivigYh). COPA COPHF
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As a result of this more accurate model, the al@8ttr 320001 , A==
price in each hour changes along the iterative gg®c f\ N | | WEPOD  — Market price

1s00{ || \ | =11

typically increasing in the pumping periods regagdthe
initially input values because the demand increase |

Conversely, the prices tend to decrease in thergtoe LAAA “ A\_R\ ~A‘R
periods due to the presence of low price bids fitbien s00 | WYL/ — A AR — A

scheduled hydro stations. This ultimately reducke t .
operation profit that the generation company cataiokat 111 21 31 41 51 61 71 g1 o1 101 111 121 131 141 151 161
the end of the day when compared with the valu¢hef
profit yield by Models 1 or 2. For station 1, asesample,
the profit was estimated to get reduced by 10,7%nwh
comparing the results obtained with Models 1 and 3.

Fig. 13 — Generation of the 8 stations and evalutid the electricity
price along the week.
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Fig. 14 — Pumping periods for stations C and G ewalution of the
electricity market price along the week.

Regarding these results, it becomes clear thabssaF
and G are run of river and so they are scheduleg¢vate
all over the week on the basis of the load diagr@mthe
other hand, station G, although having pumping ciypa
has large inflows and so it is also scheduled wittonstant
power output. The
scheduled to operate when electricity prices aigeta As
indicated before, station G has large inflows dyrthe

whole week and so it has no pumping consumption.

Differently, the hydro station C has more reduaeftbis
and so its pumping consumption is large. Finalig. B4
confirms that pumping is used in the periods inchhihe
electricity market price is more reduced. Theseltesre
well in line with the experience taken from the @i®n of
the real cascade mentioned in the beginning ofsitsion.

V. CONCLUSIONS

This paper detailed a model to develop short term

operation planning studies for hydro systems toimiae
the profit obtained by the generation agents altimg
planning period. The associated non-linear optitiona
problem was solved using Genetic Algorithms thatved
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