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1. Introduction

Hydro power plants play a key role in electric powe
systems, due to their low operating costs and their
flexibility in real time operation. In addition,
sustainability and environmental concerns suppogtr t
use in current power systems, jointly with other
renewable sources of energy, like wind and solargn
The ecological impact of reservoirs can be overcbyme
the benefits of a good hydro production scheduling.

Simulation allows considering complex behavior in
hydro plant operation at low computational costs
compared with other approaches. For instance,
mathematical modeling of the hydro plants in fuditall
may involve integer or nonlinear programming that
requires increased solution times over the simighear
programming models. In our simulation model, nearly
optimal results are obtained by following the guinfe
longer term hydrothermal mathematical programming
models to propose initial reservoir management tbat
later adapted to fit the peculiarities of the ribasin.

In this paper we describe a simulation model based
discrete time step. This model may have different
purposes: a common use is to obtain near-optimal
production schedules that are physically feasiighout
performing an explicit optimization; another approas

to use simulation to evaluate the costs of perfogmi
maintenance duties in different periods; it carubed to
carry out reliability analysis; and finally, simtitan can
also be used to test different design options when
considering river basin construction or expansion.

Keywords: Hydroelectric power plants,discrete
simulation, hydro reservoirs management, electoiwey
scheduling.

2. State of the art
In the literature, two approaches can be foundcatklé

the task of planning the operation of the hydronfda
mathematical programming and simulation. In thetfir

methodology, [4] proposes a mixed integer modekneh
discharge function for each reservoir are represkby
piecewise linear functions, and binary variables ased

to separate different non-convex regions in these
discharge functions. In this case, the objectivefion is

to minimize the penalties due to violating maximom
minimum volumes in the reservoirs, changing abyuptl
outflows and releasing high volumes of water. Other
mathematical programming models include the noaline
problems [9], network flows [2], and stochastic
optimization [5][1]. It can be found in [3] a rewieof the
mathematical programming models used for plannieg t
operation of river basin.

Considering the simulation approach, the objectias
been mainly the reliability assessment of the power
systems. For instance, [7] performs a simulatiorthef
whole hydrothermal system in order to asses itsicer
reliability. It evaluates different reliability inces by
sampling outages of power plants and network buses,
well as determining water inflows and demand levels
This sampling procedure is enclosed in a discrete
simulation. In [8] and [10] simulation model consid
the transmission network but not the hydro schenitd,

the same aim of computing reliability measures. An
hourly sequential simulation model is developed,
sampling the outages of power plant and transmissio
elements. Additionally, variance reduction techeigjare
applied to obtain a more efficient simulation prege

In contrast with these works, the model descrilvethis
paper performs a sequential simulation with thectije

of prescribing a near-optimal operation. The main
objective is set by a longer-term mathematical
programming that cannot consider the hydro system i
full detail, but provides a goal that incorporatée
economic sense of the electric system operatiore Th
simulation model then takes into account all thiaitkeof
the reservoirs, adapting the overall decisions tmcae
realistic framework.



3. Simulation model

The simulation model described in this section is a
medium term model included in the general set od@®
used in the electric power plant scheduling. Théans it
receives longer term instructions about the optimay

to allocate water use through the year, and itsirdts
daily hydro production to shorter term models thety
prepare the corresponding market bids. The longen t
model has to take into account the whole hydrotaérm
power system, so as to be able to properly schezhdb
hydro section.

The simulation model consists of two main parte th
basin elements representation and the simulation
algorithm, which are described in the following two
sections.

A. Data representation

River basin elements can be divided into three main
categories: reservoirs, power plants and channels.
Reservoirs are by far the most important elementhe
management of the basin from a hydrological point o
view and thus they are fully explained later insthi
section.

The power plants associated with the reservoirs are
independently modeled to allow more flexibility the
river basin representation. For instance, a powantp
may draw water from either of two different resersp
depending on the choice of the operator. Although
electric power generation is the main result reigard
power system operation, for a simulation seeking a
rational schedule of water use, it is a byprodtience,
they transport water from the upstream reservoir to
downstream elements delivering the corresponding
power, but no special management is required feseth
elements.

Channels are used to model non-natural water fibvas
may exist in the basin. During simulation, watesw
from the power plants to the downstream reservties

to their corresponding power plants and so on. This
continues until the river mouth is reached, untesse is

an artificial outflow to other elements, which plogly
does not follow the natural river path. These situes

are modeled by means of channels.

For the reservoir management, an outflow proposal i
initially made, and this computation process can be
divided into two steps:

e An initial outflow is obtained according to longer
term instructions. Depending on the reservoir sthe,
detail used to compute this outflow changes. Fa& th
more relevant reservoirs, a longer term mathenatica
programming model provides an optimal outflow,
whereas for the less relevant ones simpler appesaate
used (for instance, targeting the reservoir volumea
monthly curve objective). The outflow provided by
longer term models also include pumping flows, whic

may operate on a weekly or daily basis, dependinthe
capacity of the reservoir.

e This initial outflow is later modified to fit pre-
specified behaviors for the different volume aréldsese
volume areas have corresponding outflow limits ot
intended to soften the reservoir operation, drivingir
volumes more smoothly to safe areas that avoithgeit
and not supplying outflow agreements.

Two additional elements are needed for a compleés r
basin representation. These two elements aredigsitin

the sense that they do not represent any phydealeat,

but rather ancillary data management. The first one
represents water inflows from rainfall or tributaiyers

not represented explicitly. These elements areharge

of inserting into the system the hydro series thidltbe
further discussed in the next section.

The remaining element is the river junction, which
introduces the limitation of the flow occurring whe
several elements share a common penstock to produce
water. Such a case can be found when two powetsplan
share the output channel of a reservoir. In ths&ecaach
individual element can hold a maximum flow, but the
common penstock may limit the sum of both flowsato
value lower than the sum of the individual limitsn
additional flow reduction might represent the antooi
time that is lost when stopping one operation mtwe
change to another one. An example of this can benwh
one power plant produces with water from one reserv
and later another one pumps water to another reiserv
using the same penstock.

B. Simulation method

The general idea of the simulation method is taycan
reservoir management as close to longer term ict&tns
as possible. Bearing this in mind, the algorithra haen
split into three passes, where each one coverstiode
river basin computing different concepts:

= In the first pass, the basin is simulated in
downstream order, computing the outflow proposal
for each reservoir independently of the overallilbas
situation. This proposed outflow, which was
presented in the previous section, is then tramsthit
downstream through power plants and channels. This
may cause spillages or the inability to fulfill @atv
agreements in some reservoirs, as this is notithe a
in this pass.

To help reduce these problems in the following pass
each element also records the individual capaltiity
modify its output, considering the increase and
decrease in its outflow that it can perform without
breaking any management rule. This information is
also considered in addition to the accumulated
modifications of upstream river elements.

= In the second pass, performed from the river
mouth upstream, the outflow proposal for each
reservoir is modified to avoid spillages and tovers



not to satisfy the outflow agreements. These
undesired situations are communicated to the
elements upstream for them to help avoiding these
situations. This can be performed by modifying
upstream outflows and even preventing spillages by
increasing upstream pumping flows, if this is nekde
Each element contributes to this objective
proportionally to its ability compared to the orfalwe
whole set of upstream elements, which was computed
in the previous pass.

= Finally, the third pass computes final power
productions once the water flows are decided aseclo
as they can be to the optimal ones (computed by the
longer term hydrothermal model) while causing as
little problems as possible.

These simulations use two different types of hyskoes

as water inflow: on the one hand, historical datenfthe
past years can be used to recover past situatiansray
happen; on the other hand, synthetical series @n b
computed based on a subset of the historical séiies
instance, the series corresponding to the mosyeiays),
applying monthly coefficients that modulate the ryea
inflow profile.

4. Simulation tool

For the analysis presented in this paper, a simulabol

is used. This tool has been developed based oncObje
Oriented Programming, due to the fairly independent
computations required for each basin element. This
allows the representation of the basin as a sebjcts
that interact with each other in each simulatioaspia a
very limited way: the water flows, and the spillagend
lack of agreed outflows.

With this abstract representation of a river bashe
consideration of a new one is greatly simplifiechefie
are two main steps to be taken in this process:

« First, the river basin topology has to be descrjbed
including the type of each element and the conoesti
amongst them. This includes reporting the powentpla
associated to each reservoir, which reservoir vesei
the spills from each reservoir, the channels ligkin
elements in the basin, or which power plants thates
their penstock, for instance.

e Then, the individual technical characteristic oé th
elements of the river basin have to be provided. Fo
example, this means supplying the maximum outflow
of each power plant, the coefficients of the comiar
function from water flow to energy produced, the
maximum and minimum volume curves, the
management strategies and guiding curves for each
reservoir.

The simulation tool builds upon Excel workbooks,iath
hold the input data needed to represent the riasinb
structure and the individual elements data. Thisrface
allows the user to easily interact with the system,
providing the input data and analyzing the outmsuits

of the simulations performed. The core of the tol
coded in Visual Basic for Application, and uses the
somewhat limited features of this language to immaet
the Object Orientation paradigm.

5. Application to hydroelectric management

In this section a case study is analyzed. This isalsased

on a real basin, where it will be demonstratechenusual
tasks that a utility performs. These tasks inclooiemmon
management ones like yearly planning of the hydro
production, which is the test conducted in thistisac
but also include more rare short scope analysis in
presence of exceptional circumstances like watsydé

or droughts. Simulation can also be used to lotlage
best period of time to carry out maintenance or
enlargement works. Finally, outflow agreements and
design of new reservoirs can be evaluated emplayiisg
simulation approach that provides a measure to astipp
the decision process. The test of river elemenggyde is
performed in the following section.

This section presents an example of the manageofent
large reservoir with annual operation. This kind of
reservoirs plays a key role in the river basintrey are

the most representative and thus drive the overall
management. Two variations of the study case are
considered, each using a different avoided codtl@rfor

the year:

e Case la: Consider the profile of predicted avoided
costs, which is considered as the base case.

e Case 1b: Modify the base case, introducing differen
avoided costs for selected months: it considerglaehn
avoided cost in April, while in July the cost isver.

The river basin used in this section does not spoad

to a real river basin, although it has been creatading
from situations very close to real ones. As sudh, i
contains realistic river configurations that protee
capabilities of the simulation model proposed. More
particularly, the hydroelectric scheme that hasnbee
simulated comprises 9 reservoirs and their cornadipg
power plants, configured in a main river with two
tributary ones joining at the middle and final paof it.

The reservoirs are ruled by management strategies
according to their respective sizes, as it has been
previously described.

In the following results, simulations have beerfgened
for 24 series of hydro inflows at the main resersoi
These series comprise daily values for one whokr ye
each, although the beginning of the simulation Ihasn
set to the T of April. For previous dates, the following
graphs present data that has been fixed to proaide
initial trajectory. This behaves in a similar fashito
what would be the normal use where historical &lue
would set the starting point.

In Figure 1 the evolution of the volume for the aah
reservoir is shown, for each of the simulated setiecan
be seen that the first 3 months correspond to émog



fixed by the user, prior to the'df April, and hence the
figure shows only one trajectory. From that point 84
series depict the volume for each simulation. Dgitime
remaining months of spring and summer there it litt
variation amongst the different series, because the
amount of rainfall is already decreasing, while muc
more diversity can be seen in the last months efytar,
due to the winter precipitations. There is a comsitle
number of years where the volumes are driven throug
similar paths, but there are also several yearsowf
hydro inflows, signaled by lower volumes in thegjra

On the other hand, Figure 2 shows the evolutionttier
volume of the same reservoir in case 1b, i.e. wihen
avoided cost is higher in April and lower in Julythw
respect to the values in the base case. As a rdbalt
volume of the reservoir during the month of Apsilkept
lower, due to a more intensive use of the water ¢ha
be used to reduce the increased costs of that month
Conversely, during the month of July the situatisn
reversed, and the volume is driven higher becahse t
cost that can be avoided with that water is smalteat
thus it is advisable to keep water for further use.
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Figure 1. Net volume results for a reservoir in casla
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Figure 2. Net volume results for a reservoir in cas1b

6. Application to scheme

design

hydroelectric

The design of a hydroelectric scheme compriseseatgr
number of variables, mixing economic, technical,
environmental and social decisions. The managewifent
the elements of the basin has to be estimatedéoset of
plausible hydro inflows series that the system it
during its lifetime. This set of inflows will usugl be
obtained statistically from historical informatiaf the
same series. Although the design may directly imgply
few elements or variables of an element, the whole

system is affected because of the interconnectedenaf
the operation of river basins. Thus, it might be
insufficient to analyze the independent behavioraof
single reservoir or power plant, and the whole skt
hydroelectric elements (both existing and planrteal)e

to be taken into account in their final layout.
Furthermore, there are several design elementsctrat
be optimized, such as the power and number ofrias)i
install pumping turbines, the maximal outflow, nessr
dimensions, and other similar factors.

Iberdrola has recently obtained the franchise foe t
operation of four hydroelectric power plants in tagal,
which compose the Tamega scheme. The Hydro
Generation Department of Iberdrola Generacién is
conducting studies to analyze the project of thexdga
hydroelectric scheme. The Energy Management
Department is supporting these design decisions by
employing the hydraulic simulator, which providesre
metrics that can be used in this process. Withethes
results, the Hydro Generation Department can coenpar
the improvement on hydro management of different
design solutions according to different metricshsas
energy production, ecological impact or high inflow
handling.

This section presents some theoretical studies for
different design hypotheses regarding the Tamega
scheme. In the first place, case 2 focuses onubieled
spills in DaivBes planned reservoir regarding the
pumping capacity of the Padroselos planned powvaartpl
located upstream in a tributary river. The comparigs
established amongst two options that are describzd

« Option 2a considers that Padroselos has no pumping
unit, and thus can only use the turbine of his eiased
power plant.

e Option 2b, on the other hand, studies the case when
Padroselos had two pumping units that may allow
extracting water from Daivdes.

Figure 3 shows the graphical results for these ¢ases.

In the design option 2b, considering two pumpingsuat
Padroselos, it can be seen that due to a pumping
operation of just two days, the volume of spillattisan

be avoided in Daivdes is 30 Anwhereas the capacity
project for this reservoir is approximately of 68 This
shows that this pumping plant adds value to Daivdes
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Figure 3. Simulation from 02-25-78
considering two different design options.

to 03-06-78



Finally, case 3 compares the effect of two différen
outflow limits for a power plant in Alto Tamega. d$e
two limits have been chosen quite different to méke
easier to appreciate the differences, just as ardkieal
test. These two cases are described next:

* Case 3a considers the nominal maximum outflow.

¢ Case 3b considers a maximum outflow that is half
of the previous one.

Figure 4 shows the results comparing case 3a anfbBb
the whole set of 24 hydro inflows series, payirgrtton

to the spills that are produce in each situatidme Thick
strokes show the spills that can be found when the
outflow limit is set to its nominal value, whileetfthin
strokes depict the spills when the outflow limithialved.

It can be clearly seen that there is a reductiahénspills
by considering case 3a instead of 3b, which codd b
expected. But this also serves for quantificatidrnthe
magnitude of the spills and thus permits an economi
valuation of the investment required to double dh&ut
capacity of the turbine against the reduction akés in
the spills. The simulator can then help in thisrexuic
assessment providing a technical evaluation ofisgn
options, whether the spills, the power output,ror ather
suitable metric. The post-process of this inforomtivith
the financial counterpart provides support for design
process.

Alto Tamega

Spills for the 24 Simulated Se ries
Cases 3a (thick stroke) y  3b (thin stroke)

Spills [m3/s]

Figure 4. Spills in Alto Tamega for two outflow limts
for simulation of 24 years

7. Conclusions

This paper describes a simulation model that pesvid
physically feasible production scheduling for river
basins, based upon the solution of longer term
mathematical programming models and taking into
account the special features of real river basirtss
model is applied in this paper to a case study evfisr
effectiveness can be assured in practical terms,
considering the management needs of an electfityuti

In the common use of the simulator, it is normalisned

at hydro management, although it has been appl@@ m
infrequently to the extension of existing electassets
and the design of new hydro schemes.

This simulation model belongs to the set of models
applied regularly to hydroelectric energy managenagn
Iberdrola Generacién, for the short, medium andglon

term. It is also used for different kind of anadydike
maintenance planning, works, ecological flows,
international rivers flows, droughts, and other iEm
issues that may arise in the management of a
hydroelectric scheme.

Another interesting use of this model is to suppbg
design of modifications to current elements or new
hydroelectric schemes. This support can be provided
the consideration of different aspects like, numaed
size of power turbines and pumping units, resersizie,
minimum flow, channels for driving tributary riverstc.
The more complex the hydroelectric scheme is, tbeem
helpful the use of the simulator becomes, becatise i
allows appreciating and quantifying the interaction
amongst all its elements in the diverse situatibas may
happen with large size inflows series.

The experience of employing the simulator has ogene
the opportunity of performing improvements that,tba
one hand, link the real management to the longen te
optimization results, and on the other hand, take i
account the elements in a more detailed fashiot, tive
aim of a more realistic and flexible management.

References

[1] Escudero, L. F., J.L. de la Fuente, C. Gar€id,
Prieto, “A Parallel Computing Approach for Solving
Multistage Networks’, Annals of Operations
Research, Vol. 90, pp. 131-160, 1999.

[2] Heredia, F.J., N. Nabona,Optimum short-term
Hydrothermal Scheduling with Spinning Reserve
through Network Flows’, IEEE Transactions on
Power Systems, Vol. 10, No 3, pp. 1642-1651,
August 1995.

[3] Labadie, J. W., Optimal Operation of
Multireservoir Systems. Sate-of-the-Art Review”,
Journal of Water Resources Planning and
Management, Vol. 30, No 2, pp. 93-111,
March/April 2004.

[4] Needham, J.T., D.W. Watkins, J.R. Lund, S.K.
Nanda, Linear Programming for Flood Control in
the lowa and Des Moines Rivers’, Journal of Water
Resources Planning and Management, Vol. 126, No
3, pp. 118-127, May/June 2000.

[5] Pereira, M., L. Pinto, Multistage Stochastic
Optimization Applied to Energy Planning”,
Mathematical Programming, Vol. 52, 1991.

[6] Piekutowski, M. R., T. Litwinowitcz , R. J Fraly
“Optimal Short-term Scheduling for a Large-scale
Cascaded Hydro System”, IEEE Trans. On Power
Systems, Vol. 9, No 2, pp. 805-811, 1994.

[71 Roman, J., R. N. Allan, Reliability Assesment of
Hydro-thermal Composite Systems by Means of
Sochastic Smulation Techniques’, Reliability
Engineering & System Safety, Vol. 46, No 1, pp 33-
47,1994,

[8] Sankarakrishnan, A., R. Billinton, Stquential
Monte Carlo Smulation for Composite Power
System Reliability Analysis with Time Varying
Loads’, IEEE/PES Winter Meeting 1995.



[9] Sjelvgren, D., H. Brannlund, T.S. DillonLarge-
scale Non-linear Programming Applied to
Operations Planning”, Journal of Electrical Power
& Energy Systems, Vol. 11, No 3, pp. 213-217, July
1989.

[10] Van Hecke, J. et al., Squential Probabilistic
Methods for Power System Operation and
Planning”, CIGRE TF38.03.13, Elektra No 179,
August 1998



