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Introduction

Hydro power is a renewable source of energy theysph key role in electric power systems, espgctale to its
flexibility and to its ability to allow the integtian of other intermittent renewable sources.

The medium-term hydro-scheduling is a very compéesk that involves a great variety of processesvamidbles,
some of which are considered stochastic, becauieenfuncertainty in the medium term. Two combimeethods
are used by Iberdrola in medium-term hydro-schedulstochastic optimization and simulation.

This paper briefly describes these processes amdsstwo examples of applications to hydro managen@ne is
referred to the continuous task of scheduling, gmedother is an example of maintenance planningeNleeless
these models have also been used for designinggrading of hydropower plants, international risgreements,
analysis of ecological flows, etc.

1. Background

Iberdrolais a Spanish multinational company with more tha@ fears of experience in the electricity sectath &
workforce of around 33000 employees in over 40 taes

Iberdrola has an installed capacity of hydropowlants of 9731 MW with an average net yearly prouburcof
17732 GWh. It is the owner of a lot of reservoiasmging in sizes of up to 3162 Andedicated to electricity
production, but some of them are also orientedrigation, water consumption, cooling thermal unét.

The management of the hydroelectric system in Hodschas the objective of optimizing the value @fter, taken
into account the constraints from different aspeetsvironment, irrigation, flood safety and otheBochastic
nonlinear programming techniques are used fordptsnization, considering a scope of around tworge®bject
Oriented Programming is used in the simulation ,téolfacilitate its utilization in very differentydroelectric
schemes. The output will be used in a cascadescikidns, up to the day-ahead market, and the pplests
operation.

Iberdrola and Institute for Research in Technol¢igif) have developed two tools that cover the regmients of
medium-term hydro-scheduling in Iberdrola: a hydesimal optimizing model [1], and a hydro simulaf} [3].
These models provide to Iberdrola a successful gemant tool that helps in the hydro managementgsof].

2. Models description

2.1 Scope
The most common approaches to medium-term hydreegsdimg are optimization and simulation techniques.

--Optimization techniques are used to obtain thténtad operation. Perhaps the most common methogdtmgolve
stochastic optimization problems is currently Sestlc Dual Dynamic Programming (SDDP) [5] and [@earched
this concept approximating the nonlinear functigndiscrete envelopes, resulting in a mixed intdigerar problem
to consider the full detail of a basin. A statettoé-art review can be seen in [7]

--Simulation techniques try to reproduce as clos@assible the actual performance of a systemwidtp more



detailed description compared to optimization mdfhavith regards to the elements of the basinsptiveer plants
and their constraints. [8] focus on long term sitioh, oriented to irrigation, while [9] focus omast term
simulation of energy generation with hourly defail a week.

MHE is a stochastic hydro-thermal optimization midtiat is focused on the whole Iberian Electrigstem. The
stochasticity is related to the consideration ofitipke scenarios of inflows. It considers in higbktdil hydraulic
elements of river and water uses, but some sirpptifins are made to reduce the size and complexityne
problem. The time step is one week, divided intakpend off-peak periods.

Each hydro simulator is dedicated specifically tbyaroelectric scheme, uses a fixed time step ef dety, and
adapts to the guidelines obtained from MHE modéle Thodelling possibilities include generating anonping
units, rivers and canals. Linking hydro simulateish MHE allows an emulation of the actual operatiaf the
basins without neglecting the optimization scope.

2.2 Medium Term Stochastic Hydrothermal Scheduling Modé

This tool determines the optimal operation of theervoirs and hydro power plants and the optinaal fiables for
the main basins operated by Iberdrola. Optimal flalles are multidimensional functions that essibthe optimal
outflow of each reservoir in each week as a fumctib the stored water volume of this reservoiraofeference
reservoir of the same basin and of the stochasiteninflows. These tables are used as input biaydeo simulator
to optimally guide the operation of the reservoirse use of the level of another reservoir is duthé fact that the
main rivers managed by Iberdrola usually have ntba@ one reservoir that highly affects the wholbaséour of

the system. Fig. 1 shows an example of a 3D plonefof these optimal solutions.

The scope of the model is two hydrological yeaegjibning in October, divided in weeks, a total 681Every
thermal power plant is considered individually dhe Iberdrola hydro system is modelled with all ttyelro power
plant cascades representing the topological relstidhe remaining hydro systems from other compaaie
represented by energy equivalents.

The medium term operation model is stated as ahastic optimization model solved by a state-of-dlneand

efficient stochastic dual dynamic programming aitipon. The stochastic natural hydro inflows are esented by a
multivariable recombining scenario tree for the lghmodel scope. Five scenarios in each stage arsidmred

enough to define the variability of the inflows.

The model is implemented in GAMS with Microsoft Ek@s interface for inputting the data and gatlgeand
representing the output results.

MHE considers in high detail the reservoirs andtith@ropower plants, including maintenance periaustapology
of several elements of a basin.

Optimal outflow (m¥s)

” Reservoirvolume ( hm#)

Natural inflow (m¥s)

Fig. 1. Plot of an example matrix generated by MHE that shows the optimal outflow of a power plant for a certain week



2.3 Hydro Simulator

The simulation tool is designed to follow the loegm guidelines provided by the MHE model, whil&itg into
account the full complexity of the operation of hydinits. These details cannot be considered in NdeiEause of
its longer time scope and due to the increasemsich details might mean.

The difference in modelling detail between MHE dinel simulation tool might lead to situations sustsgillages or
lack of water to fulfill water release agreemerits. avoid it, the simulation is organized aroundrfgimulation
stages that aim at reducing these situations bsdawating the basin operation. These four stages ar

» First, each river element computes its output iedejently of the rest of elements. It also compiftése
elements run into problems such as spillages d ddiovater, and if not, how much it can change this
operation before it runs into these problems.

* In the second stage, the operation of the elenigmsordinated to avoid the problems using thelakbs
modification ranges.

* In the third stage, once water use is decided| fioaer production is computed.

» The fourth and last stage gathers final resultdHerwhole river basin, such as the energy ressradable
for the power system.

The implantation of this simulation tool is doneairset of Visual Basic for Applications macros dstiisg of more
than 33000 lines of code under Excel. In orderedléxible, it uses the Object Oriented Programnpagadigm to
abstract the general behaviour of the basin elesn@iis allows including new elements (or even mieer basins)
more easily, providing its describing data withthé need to modify any code.

3. Study cases

This section includes two applications of these et®do realistic cases, even though there are alewther
significant uses, as designing and upgrading ofrdpalwer plants, international river agreements,lyais of
ecological flows, and others.

MHE performs a stochastic optimization of the gatien mix in Spain, but it also may be done for thieole
Iberian Electricity system. The main outputs are diptimal flow tables, which are the guidelinegha stochastic
planned management for the main reservoirs andohgdwer plants of Iberdrola, within a period of ooretwo
years.

The two following applications in this paper do matrrespond exactly to a real river basin, althoiighas been
created to be very similar to real river Duero ssheThe main hydroelectric reservoirs in this basgamanaged by
Iberdrola, with 11 big dams and a total volume @D&hni, 17 power stations with 3327 MW of generation
capacity and 1185 MW of pumping capacity. It cotssggimarily of a main river, with two more tribuias that join

at the middle and end of it.

3.1 Application to scheduling

The main aim of this set of models is the schedulifi the hydro generation in Iberdrola, which iséd on
optimization and simulation processes.

The first step is to get the optimal flow tablestioé reservoirs, as a result of MHE model for tpémization of
balancing the energy demand and the whole generati@a. The mainmanagement constraints are taken into
account: ecological flows, international agreemetuws, irrigation, safety guides, etc. Some mimonstraints
could be ignored in this step, in order to avolilge calculation time. The time slice is one wekkided into peak
and off-peak levels.

Once the optimal flow tables are obtained, theofeihg step is the simulation process, to be peréatrfor every
hydroelectric scheme. In this process, all the maneent constraints are considered, including somé®
neglected in the optimization process. The timgesk now one day, also divided into peak and etilplevels.



For the simulation of the hydroelectric schemehid application, a series of 24 hydro inflows haeen performed.
Each series comprises of daily values for one whebr, although the beginning of the simulation basn set to
Mar-31. For previous dates, the reservoir volumaphrpresents data that has been fixed to providaital
trajectory.

The output of a hydro simulator comprises a big amof daily data of all the relevant variables éacch reservoir.
The daily variables of the power plants, as pumpingeneration, are also divided into peak andpetik levels.

The results of the MHE model and hydro simulatoesthen compared. If the changes are large, MHEdAe run
again. If the required changes are not so largétchgimulators can use several parameters or guiclinves, in
order to tune the management in some reservopswer plants, and MHE has not to be run again.

In Fig. 2, the evolution of the volume for an anngservoir is shown, for each of the simulatedeser~-rom Jan-1
to Mar-31, it corresponds to the period prior te start of the simulation, and hence the figurenshonly one
trajectory. The thick line indicates the mean of $imulated evolutions, and it can be seen tha ihitially
descending, even though there is a variety ofdtajiges due to the diversity of inflows.
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Fig.2. ReservoirR simulated evolutions with guiding curves, from Mar-31 to Dec-31

As a sensibility analysis, it has been made a né¥ENMuN, with much less energy demand in April. Avnelease
table is obtained and used in the hydro simulatorFig. 3, it is shown a new evolution of the vole of the same
reservoir. In this case, the mean of the simulaealutions is initially ascending, because the watestored for
months with higher energy demands.
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Fig. 3. Sensibility analysis. ReservoirR simulated evol utions with guiding curves, from Mar-31 to Dec-31

Following with the main study case, in Fig. 4 itsisown the discharge corresponding to the hydropstetion of



the previous annual reservoir. In summer, as tiflevis are smaller, the releases are lesser, dedidat peak
generation and to give ecological and irrigatiamwi. A certain break can be seen in October, whemet season
begins in this basin.
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Fig. 4. HydroR simulated power plant outflow from Mar-31 to Dec-31

Fig. 5 shows the generation of the whole schemerevia big variety of values can be observed, maatyof
summer. This information is also available for eeetervoir, and it can be distinguished betweefedint types of
generation, such as mandatory for irrigation or pletely free for generation. These outputs cousa &le used for
risk management, even to restart the optimizatiodehif needed.
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Fig. 5. Duero scheme simulated generations from Mar-31 to Dec-31

3.2 Application to hydro units maintenance planning

Scheduling of maintenances under a market framevwgodke of the key issues of the hydro planninge¢esithey
limit the power production available in a specifimment which can have a great impact on the ecanoesillts.
There are many factors to consider, for instanpgnmuzing the available capacity on the periodshwitgher prices
may result in spilling water if a flash flood hamgeduring such maintenance works. Other factotsettaken into
account are, for instance, the minimum river flamsl irrigation flows.

Techniques of optimizing provide good results d&himg dates for maintenances. Simulation techesgaan
complete the study assessing these results in @frereergy and measuring the risk of spilling water

It is shown through an example how it is possiblget valuable information by means of the optirti@aand the
simulation tools in order to decide the period @fimenance works.



The example analyzes two possibilities of allogatnmaintenance work of one of the main power plamt the
analyzed basin. The maintenance work need to takethmand a half, and the possible options of stgrtire
Aug-15 and Sep-15.

On Fig. 6 it is shown the mean of the simulatedwians of the reservoir whose power plant is gdiodnave the
maintenance works, in both cases.
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Fig. 6. Mean of the simulated evolutions of the level of the reservoir in two optional periods

Fig. 6. shows that in the case of August the op@tion process decides to decrease the level oéteevoir dam in
spring, in order to avoid spills during the unaahility of the power plant. When the maintenancmiSeptember,
the highest decrease of the level of the reseiigadin summer, and the level is lower than in theecaf August,
because of the higher inflows on the period of t@ance. It can be seen that, in both cases,thftenaintenance
period, the reservoir tends slowly to the samel)aviich is reached around March of the next year.

A series of 24 hydro inflows have been performedhgysimulator to study the outputs of both cabeg.7. shows
the average difference of energy produced in thveepatation with the maintenance and all the doweash power
stations as well. However, the rest of its basid #e rest of the basins should be also analyzxthuse they also
would modify their evolution, although to lessetent.
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Fig. 7. Smulated differences of energy production between the two options. The differenceis cal culated as the energy produced
in the case when the maintenance isin September minus the one produced when the maintenance isin August.

Table 1 shows a summary of the results obtainedHersimulation of the two options. Both simulagoare
performed for the period since April to March oétfollowing year. The values of spill, spilled egyeand delivered
energy are referring only to the power plant whosgntenance is under analysis.



This information is only a small part of the davabe considered. Of course, the results of the iréntareservoirs
have to be analyzed, and a huge amount of dataikble after the simulations for that issueslalso important to
consider data referring to price levels, evaluatbdamage from spills, etc.

TABLE 1
AVERAGE OUTPUT OF SIMULATIONS FOR RESERVOIRR
Unavailabilit Reservoir Spilled Delivered
Period / Spil Energy Energy
(hn) (GWh) (GWh)
Aug-Sep 218 33 604
Sep-Oct 244 37 600

4. Conclusions

Optimization models are necessary to obtain guidslifor hydro scheduling. However, the size ofdptmization
problem tends to be huge, especially considerirg siochastic variables, and some simplificatiores duwe to
perform the calculations in a reasonable time.

Simulation models can represent in great detail dharacteristics of a hydroelectric system andojteration,
including reservoirs, channels, power plants, Byvand a big amount of constraints.

The link between the simulation and optimizationdels is achieved through the optimal flow tablekiclv are the
main result of the optimization process. Theseesblre used to guide the simulation of the dailraiion of the
reservoirs and power plants, in coordination witteo guidelines and constraints.

Iberdrola and the Institute for Research in Techgypl (IIT) have developed two tools, a hydrothermgtimizing
model and a hydro simulator, that are used to stippe decision making process regarding the hgdreduling in
Iberdrola. They are also used for different kindsanalysis like maintenance planning, works, ecigalgflows,
international agreements regarding river flows,ugdttts, and other similar issues that may ariseeénntanagement
of a hydroelectric scheme.

Two realistic study cases have been shown. Thiediirs describes the process of scheduling a hyettyied scheme
in Iberdrola, presenting graphics with some of tiest significant results. The other one descrilveapplication to
hydro units maintenance planning.

Continual improvements to these models arise aftaw suggestions on their use. For instance, intiodu
randomness in the optimal flow tables allows comsidy the daily variability of the energy marketdarandomness
in outages allows being realistic in the simulatafrhydro units, which is very useful in maintenarganning or
designing new power plants.
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