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problem, price makers, electricity markets and also given that several stations are instatietthe
same river or water basin and that an increasimgben
Abstract are pumping stations.

The restructuring of power systems induced nelw order to understand this renewed interest ferHiSP
challenges to generation companies in terms foblem it should also be mentioned that the atgtr
adequately planning the operation of power stationssector evolved from a vertical structure in which a
order to maximize their profits. In this scope, hyd single company, at least in each geographical area,
resources are becoming extremely valuable given theluded all the activities of the value chain, @
revenues that their operation can generate. Inpdyier decoupled and decentralized industry in  which
we describe the application of thdatlab® Linprog competition was promoted at the generation andhet t
optimization function to solve the Short Term Hydreetailing activites. On the other hand, network
Scheduling Problem, HSP, admitting that some statictransmission and distribution activities are tyfica
are installed in the same cascade and that soteewf provided in terms of regulated concessions and the
have pumping capabilities. The optimization module relationship between generation and demand is diane
solve the HSP problem is then integrated in amfiteg centralized pool markets or by bilateral contradtse
process to take into account the impact that theerian Electricity Market, MIBEL, was launched in
operation decisions regarding the hydro stationdeun 2007 as an extension of the Spanish market thedacyr
analysis have on the market prices. The update#tenaexisted since 1998. It has a mixed model orgaminati
prices are then used to run again the HSP prothem tincluding a symmetric day ahead market based on 24
enabling considering the hydro stations as prickemsa trading hourly periods and admitting complex bitts.
The developed approach is illustrated using a syst@lso includes a platform to trade standardizedtdyitd
based on the Portuguese Douro River cascade tbatracts and a number of intraday markets fortehor
includes 9 hydro stations (4 of them are pumpirtgrm adjustments. The presence of bids from hydro
stations) and a total installed capacity of 1485 MW  stations is very important in the market becauseiimy
periods low or zero price bids strongly contribdite
1 Introduction decrease the market price.

The main objective of this work was the developnwint Given the relevance of hydro generation in Portagel

an application to solve the short term Hydro Sclindu its expected increase in the near future, it isairtgmt to
Problem, HSP, considering that the hydro staticies &levelop tools to optimize the operation of thestits
price makers, that is, taking into account the ichpf namely if they are installed in the same river drsbme
their operation decisions on the market prices. ralydof them are pumping hydro stations. On the othedha
stations are an important source of clean elegtrici  Since hydro capacity cannot be neglected in theaglo
several countries and so in recent years generat@gneration mix, it would be unrealistic to mode tHSP
companies started to direct their attention oncgrag Problem considering hydro stations just as pri¢ertsa
hydro resources. Portugal currently has about 3600 In fact the generation and pumping decisions reggrd
of its generation capacity installed in hydro stas about 37% of the installed capacity in Portugall wil
(about 30 % of the total) and it is estimated tadut impact on the market prices, so that these stasibosld
40% of its hydro resources are still unused. Assalt rather be modelled as price makers.

of this renewed interest, in 2010 several auctitms o . ) )

concession new hydro generation were launched dy tRaving in mind these ideas, this paper is struchae
government so that this capacity is expected toease follows. Aft(_ar this Introduction, Section 2 preserd

to about 7000 MW (about 37% of the total) till 202¢short overview on the HSP problem and Section 3
This justifies the interest of generation comparties details its mathematical formulation, admiting that

optimize the operation of these stations, namelyiaw €lectricity prices along the planning horizon arpuit to
the problem, that is, hydro stations are priceerak
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Then, Section 4 details the iterative process ke tato p= AN 3)
account the impact of the HSP operation decisions i gn?

the prices, thus defining an iterative processti®@S  The non-linear dependency between the power, the he
presents the results that were obtained applying thnq the water flow justified the adoption of severa
approach to a system based on the hydro cascatle o roximations illustrated in Figure 1 to simplifiye
Portgguese section of the Douro River and_ f'”alkyroblem compromising as little as possible the sy
Section 6 enumerates the most relevant conclusions. gnd realism of the models. One possible approximati
. . corresponds to neglect the head loss term in (B)s T
2 Overview of the Hydro Scheduling meansp that for egch particular value Bbf a Iin(eEr
Problem approximation would be used. This approximation

) o would be located above the real curve since thd loss
The restructuring of power system and the intradact (o was not considered. As a consequence, foe larg

of market mechanisms for instance under the form fP(gws the quality of the approximation was poofEhis

day ahead markets induced generation companiesido; most undesirable feature because the experienc
adequately plan the operation of their assets derolo  gp,qys that, when generating, hydro stations are

maximize their profits. In countries having a lajere operating for large values of the flows in order to

of hydro resources, this concern contributed to the-regse their output power and revenues.
renewed interest on the HSP problem to identify the

most adequate operation strategy in view of thédabla A second possibility corresponds not only to netee
water resources. The HSP is a non-linear probleah thead loss term but also to consider a fixed vatuetfe
should include temporal and spatial interdepen@enchead,n, . This is useful for stations with large reservoirs
between stations. Admitting we are planning thg, ihat the head is very little changed after sboes of
operation of station i in period k and assumingd®al  ;neration. However, it proves to be unrealisticriar of
hydro circuit, the generated power is given by ifl) ryer stations or small reservoirs in which the axify
which the gravny acceleratllon is 9,8 fmshe de_n5|ty10f and the head can easily get reduced after somes labur
the water is 1000 kg/m i is the water flow in ris’, operation. The maximum discharge flow can also be
hiy is the water head in m and; is the generation ysed to obtain a constant value for the head losthis
efficiency factor. case the approximated curve is located below thé re
o o one and so the error is smaller for large valueshef
Pric = 9810006y hyc @) flow. This is interesting since when operatingsitusual
The power has a non-linear behaviour regarding ttieat hydro stations generate at full capacity.
water flow due to the losses in the water circad ¢his
effect is usually considered modifying (1) in order To maximize the profits and turn the operation more
include the head loss term. In expression (@) flexible, the installation of reversible groupsscoming
represents the head loss coefficient and for eafkreasingly interesting, either when building new

particular value of b, it is obtained a non-linearStations or by substituting equipments in existing
stations. In case of pumping, the power consumed by

station i in period k is given by (4) wherg is the
pumping efficiency factor.

expression relatinggy, and Py thus leading to a
family of curves. In this sense, Figure 1 displape of
these curves for a particular value of the heade(bl

curve). Ppik = 98.10000 b, -(hik +Bafk )/Hp (4)

Prik = 98.1000Loy -(hik -Bak )“T (2)  The described non-linear nature of the hydro sclegiu
problem justified the use of several non-linear
optimization techniques as the ones in [1, 2, 3bng

P —— real curve . . ;
time, the use of dynamic programming has also been
— headloss neglected reported as in [4, 5] but the curse of dimensidpali
~ =~ average head loss affecting dynamic programming always turned difficu
—— head loss for the max flo thet analysis of realistic hydro systems over megfnin
- - > horizons. In an attempt to simplify the problenmvesal

approximations have been tested eventually leating
Fig.. 1. Generated power in terms of the flow arlthear formulations as the ones in [2, 6] usualyng a
possible approximations. linear relation between the power and the flow. &dth
The head loss coefficiemt is calculated using (3) wheremOdeIS include blr_lary_varlables as [7] to r_epreshet_

_ i ) ) state of each station in each period leading toethix
ahnis the nominal head loss angh is the nominal jneqer jinear or non-linear formulations. Moreeatly,
discharge flow. After obtaining, the generated powermetaheuristic techniques started to be appliechi® t
Pri and the water flowg;, , have a non-linear relationproblem including Neural Networks [8], Simulated
éAnneaIing [9], Tabu Search [10], Genetic Algorithms
[11, 12] and particle swarm approaches [13]. Fnall
several publications as [1, 14] use an iterativacedure

due to the ternpgf as it is illustrated by the blue curv
in Figure 1.



in which the head is updated using the value obthin -

for gy in the previous iteration and tige coefficient is
calculated using expression (3).

3 Formulation of the HSP Problem

In this section we detail the mathematical formolaof

the Short-Term Hydro Scheduling Problem, HSP,

assuming that a set of prices are input to the lprob
and that these prices remain unchanged. Then o8etti
discusses the integration of this model in a mdoba
algorithm in which hydro stations will be consideras
price makers.

The Short-Term HSP problem aims at maximizing the

@m Ay, Wy— delays of turbine discharge, spill
and pumping volumes;

- voli'mi“,voli'max- minimum and  maximum
volumes of reservoir i considering for instance
ecologic needs;

- v", v"® _ level volume limits of reservoir i;

|
min max
- g,
station i;
_ qpimin,q
i
- volix — volume of reservoir i set for the last
period, K.

— turbine discharge limits for

pimaX_ pumping volume limits for station

profit of a set of hydro power plants over a honizo

typically of one day or one week with an hourl);rhe

discretization and it is formulated by (5) to (13his
implicitly means there is an upper level model fona
medium/long term horizon that provides the initald
final volumes of each station to be used in thetsieom
HSP problem.

I K

maXElkZ_g(Tfk TPrik ) - (t Tbik) - (s )] ®)
Vik = Vik-1 * &k 0Ttk ~Sk T dpik *

subj. (6)

+ 2 (qu(k—(pm) *Smk-Am) _qu(k—oom))
mOMi

vol!™" < gy + s — Qpik < vol ™ (7
vt < vy < v (8)
T < Ty <qT™ )
g™ <R <™ (10)
OSSik <o (11)
Vik = Volik (12)
i=1.k=1.Km=1..L (13)

In this formulation:

- I, i — number of reservoirs and index for Baservoir i

reservoir;

objective function (5) maximizes the profit thie
operation of the | hydro stations under analysigegi
that at each period k the generated power output of
station i, P, , is sold at the market pricgy . If station i

is pumping water then electricity is bought at eria,

thus corresponding to a cost. If spilling occurerttthe
third term in (5) penalizes these situations. Taeegated

or pumping powers used to compute the profit are
obtained using (2) or (4) admitting that the norhina
value of the head is used and that in each cashethe
loss is fixed and calculated using the maximum flow
This means that the power will become linear reigard
the discharge or the pumping flow as discussed in
Section 2.

The set of constraints includes equality constsa{ie)
one per station i and per period k. Each of thelates
the volumevj, with the volume of reservoir i in period

k-1, with the inflow, with the outflow volume, witthe
water spill and with the water balance in the resies
upstream reservoir i and directly connected witfTite
upstream volumes to be considered depend on the
design of the hydro system, namely on the time that
water takes to arrive from an upstream station to a
downstream one. Constraints (7) establish minimoch a
maximum limits for the liquid output volume of
modelling for instance minimum flow
requirements related with agriculture uses or egiodd

- K, k= number of scheduling hourly periods anfh,50ns. Constraints (8) bound the hourly volunies o

index for a particular hour;

reservoir i and (9) and (10) limit the generatiamd a

- Mi - set of upstream reservoirs directly CO””eCt‘?ﬁjmping flows of station i in period k. Finally,

with reservoir i;
- m —index for a reservoir in s#fi ;
- T — electricity market price in hour k;

- Pr; — generated power in station i, hour k;

- Pp;, — pumping power in reservoir i, hour k;

- ps — penalty factor for spills;

- Sjx — spill of reservoir i, in hour k;

- Vi — volume of reservoir i, in hour k;

- gy — inflow of reservoir i, in hour k;

- gtk — discharge volume of reservoir i, in hour k;
- (pik— pumping volume of reservoir i, in hour k;

constraints (11) indicate that the water spill isnh
negative and (12) sets the volume of reservoir that
end of the planning period, that is, at the enHafr K.

4 Hydro Stationsas Price Makers

In order to consider the impact of the operation
decisions on the market prices, it was designed an
iterative process that requires inputting a setndfal
electricity prices as well as estimates for theraggted
buying and selling market curves of the remaining
market agents. Then, the linearized HSP problem
detailed in Section 3 is solved using the set dfain
hourly market prices and using theprog function of



Matlab®. The results are then used to update the houi913 constraints and 3696 decision variables (gthen
aggregated selling and buying curves associatedd witeriod of 168 hours and 5 stations without pumgingd
the bids of all other market agents as illustrabed 4 with pumping).

Figures 2 and 3.

’ AN CON
If a station i is generating at hour k (Figure thgn the
selling curve is shifted to the right including &w c E H
segment at zero price from A to B. If no pumpingsex
in that hour, then the new price gets reduced fRinto

P2, admitting that the buying curve is unchange
Conversely, if station i is pumping in hour k (Figu3) A B F s :
than a new buying segment at the maximum price

included in the aggregated buying curve from E to
thus originating the increase of the price fromt@¥®4,
admitting that the selling curve remains unchanged. Fig. 4. Scheme of the Portuguese Douro river cascad
course, in real systems at hour k some stations are

generating and some other can be pumping whitlable 1 Main characteristics of the hydro stations
means that at the same hour both the selling aed {ithout pumping)

buying curves are shifted to the right dependinghen

generation and pumping powers. At the end of thiS[sations A D |F g |
process and for every hour k, we get a new setioép
that are used to run again the HSP problem in cer
refine the operation decisions. This iterative pss
ends when in two consecutive iterations the opamati | Generation efficiency (%) | 0,90 | 0,92 | 0,93 | 0,91 | 0,86

Max. Volume (hm’) 83 97 95 148 | 110

Min. Volume (hm?) 71 85 82 132 |94

decisions for all stations remain unchanged. Generation flow (m?/s) 1077 | 900 | 744 | 705 | 1350
Generation power (MW) | 186 | 240 |180 |201 | 117
€/MWh . - .
Table 2 Main Characteristics of the hydro pumping
stations
Stations B C E H
Max. Volume (hm®) 1095 | 31 100 | 106
N 3
A B MWh Min.Volume (hm?) 917 |18 88 |84

Generation efficiency (%) | 0,89 | 0,89 | 0,87 | 0,89
Generation flow (m*/s) 170 | 120 |310 |320

Fig. 2. Linearization of the market curves — getiera

decision.
Generation power (MW) | 141 |31 249 | 134
€/MWh
E F Pumping efficiency (%) 0,91 (0,91 [0,88]|0,92
Pumping power (MW) 141 |31 181 | 148
Pumping flow (m?/s) 135 |85 165 | 279
5.1 Case 1 — Wet Week
D MWh In this case, we used inflows typical for a wetiper
Fig. 3. Linearization of the market curves — pungpinprovided by EDP Gestdo da Produgdo, SA and the
decision. initial and final volumes were set at 20% of the
maximum values. Figure 5 presents the initial miarke
5 Case Study prices and the final ones at the end of the iteeati

) . . ) process described in Section 4. Figure 6 repregbats
The iterative approach outlined above was teStmusgeneration and pumping powers as well as the final

the cascade of 9 hydro stations of the POrtuguBs08  g|actricity market prices. After the first run dfet HSP
of the Douro River (see Figure 4). The total instl ,ohiem the profit is 9.804.668,60 € and this vaisie

capacity is 1485 MW and stations B, C, E and H afgq,ced by 8,4% to 8.981.331,10 € once the itezativ
pumped hydro. Their main characteristics are pm'dprocess converges after 5 iterations.

in Tables 1 and 2.

_ These results indicate that the large inflows esdbl
The tests were conducted for a period of 168 hents ing the hydro stations very intensively as gewesa
different initial and final volumes in the reserivere pa"tg the large inflows and the low value set tiee

used to model dry and humid operation conditioms. Fg 4, volumes, pumping was only used in hour 149

illustration purposes, we \_/viII now present the tesu (lowest electricity price along the week). This piny
that were obtained for typical wet and dry weekSe T oheration was required to enforce the final volume
HSP problem run in every iteration of the algorithas
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constraints. As a result, the profit has a vergédavalue 1600 80
and as generation is always larger than pumping, t = 50

final market prices are below the initial ones. .
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Fig. 8. Case 2 - Final generation and pumping pswer
and market prices.
These results indicate that the total generationow

much smaller than in Case 1, given the more reduced
inflows. On the other hand, pumping is necessary in

Fig. 5. Case 1 — Initial and final market prices. some periods to enforce the final volume constrint
some stations. As a result of these operation ibecs
1600 &0 (less generation and more pumping) the final prisfit

400 50 now much more reduced. The initial and final priees
1200 _rm_m_m_m_m H V UV H . very close all along the week since generationnis i
general more reduced and pumping, although larger
than in Case 1, is still not very intense. In amge;

- price reductions are visible in Figure 7 when gatien

400 is larger and at the end of the week some price&ses

200 ’ occur when pumping is larger than generation.

FPowar (MW
n
Prices (€/MwWh)
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6 Conclusions

T 141

L]
15
162

— Generation Power Pumping Power P

e‘l;h|s paper reports the development of an applinatio

Fig. 6. Case 1 - Final generation and pumping pew plan the short term operation of a set of hydroicta

and market prices. installed in the same basin and given that sontaerh
are pumping stations. The algorithm includes an
5.2 Case 2 — Dry Week iterative process to adjust the market prices ko

For the dry week, typical inflows were again praddoy account the operation decisions obtained for the
EDP Gestdo da Producdo, SA and the simulation wsations. It is important to notice that in perioslsere
done setting the initial and final volumes of eatétion generation is larger than pumping, the prices tend
at 20%. Figure 7 presents the prices used in teerfin decline and if pumping is larger, then the pricadtto

of the HSP problem and the final ones considerirgy tincrease. As a result the operation profit will get
operation decisions of the hydro stations. Figush@®vs reduced if compared with the one obtained congideri
the generation and pumping powers in the 9 statiensthat the stations are price takers, that is, dfierfirst
well as final prices. In this case, the profit aftee first run of the HSP problem. As a conclusion, this
HSP run is 1.220.419,05 € and this value is reddmed application can be used by generation agents toemod
7,0% to 1.135.932,77 € after 3 iterations. the HSP problem more realistically and to more

accurately estimate the profit.
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