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ABSTRACT 

A stochastic dynamic programming model (called P.B.S.D.P.) based on the 

consideration of peak discharge and time between peaks as two stochastic variables 

has been used to model and to solve a reservoir operation problem. This concep

tualization of the physical reality allows to solve, in this order, the tactical and 

strategic operation of surface reservoirs. This P.B.S.D.P. model has been applied 

to the Sau reservoir in the Northeastern corner of Spain. The results showed a sig

nificant improvement over the currently used operation procedure, yielding values 

of yearly average electricity production that are somewhat under 6% of what could 

han' been the maximum electricity production. 
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CHAPTER 1 

RESERVOIR OPERATION: STATEMENT OF THE PROBLEM 

There is little doubt that the problem of the reservoir operation (how, whell 

and how much water has to be released at every moment from a reservoir) is olle 

of the most challenging in the field of water resources management. The recent 

publications having this perspective reflect this impression. 

In the last two decades, reservoir operation has benefited (Buras, 1985), as 

many other aspects in water resources management, from the system and operation 

research approach introduced by the Harvard Water Program (Maass et al., 1962). 

The Harvard work can be considered as an example for procedures and methods to 

be used in the formulation, analysis, and resolution of water resource problems. It 

was one of the efforts that introduced the currently used methodologies as a way for 

better use of water as a renewable natural resource. Often today, the focus of the 

problem is the appropriate reduction of the reality at hand to a set of objectives allel 

constraints expressed in a way capable of solution by the techniques available from 

the developments in the fields of operations research and management sciences. 

Reservoir operation is not an exception to this procedure. Moreover, due to 

the size of the problem and the economical aspects involved, often reservoir oper

ation is the first target, among other water resource problems, for the application 

of new techniques developed in the field of operations research. The nature of the 

problem and the current approaches to its solution are reviewed below. 



13 

1.1.- The nature of the problem 

The answers to our questions of how, when and how much water do we need 

to release from a reservoir are not simple. Several difficulties are found on the way 

to modeling and the solution. Reservoir operation generally fulfills several purposes. 

The most common ones, among others, depending on the specific case, seem to be, 

in an approximate order of importance, the following: generation of electric power, 

water supply for irrigation or other purposes, flood control, navigation, water quality 

control and recreation. This indicates that a reservoir system should be considered 

often as a multipurpose facility, that is to say, several goals should be continuously 

kept in mind. Moreover, many times, instead of having an isolated reservoir, we are 

presented with a set of reservoirs in cascade and/or parallel, that is, a multireservoir 

system. These two facts together commonly result in a formulation of the problem 

involving an enormous number of constraints and state and decision variables (Wang 

and Adams, 1986). We could consider the independent operation of every reservoir 

and for every purpose, but there is no doubt that the joint operation of a system 

of reservoirs represents a better mode than independent operation of each one of 

them (Hirsch et al., 1977). 

In addition, the problem has a stochastic component. The inputs to our 

system, inflows to the reservoir( s), are stochastic in nature and many times the 

outputs (releases) are conditioned by a demand that it is also stochastic. Although 

several attempts have been made to represent this reality by a deterministic model, 

it is generally accepted (Croley, 1974; Loucks et al., 1981) that better results can be 

obtained using a stochastic approach. This fact introduces an additional difficulty: 

handling Wlcertainty. 

Finally, hydroelectric power production, one of the most important purposes 

in the daily operation of reservoirs, due to its dependence as a nonseparable fUIlctioll 

of water head or storage and of discharge, yields nonseparable objective functions 

(Turgeon, 1981a). This characteristic restricts the analytical methodologies most 
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commonly used and creates additional computational difficulties when attempting 

to obtain optimal solutions. 

The objectives of a reservoir system and its complexities are handled in the 

formulation of our problem in the form of constraints and objective functions, re

flecting the reservoir at hand and the subjective decisions or preferred methodology 

employed by the analyst. Several approaches to the problem are available. 

1.2.- Current approaches 

Although every reservoir system is different, a certain procedure seems to be 

common to all operations: the break down of the problem into two principal stages 

(Findeisen and Malinowski, 1981; Yeh et al., 1979; Wunderlich, 1979): 

- The first one is the determination of the amount of water to be released 

or to be left in storage at the end of a period of time, usually a month, 

as in the case of the Central Valley Project in California (C.V.P.) (Yeh, 

1979), or sometimes weeks, as in the case of the Tennessee Valley Author

ity (T.V.A.) (WWlderlich, 1979). This step handles the stochasticity of the 

inflows and it is called the strategic problem (Turgeon, 1981 b) or, most com

monly, long-term operation when the total volumes of water by period of 

time are considered deterministic. 
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- The second stage refers to the concerns about the daily or hourly operation 

of the same system under the set of physical, regulatory and contractual 

constraints (maximum and minimum release, maximum and minimum wa

ter stored, power scheduling, etc.). This step is considered deterministic 

in nature and usually it is called the tactical problem (Turgeon, 1981b) or 

short-term operation. Some authors distinguish between the daily operation 

(medium-term) and hourly operation (short-term) (Pereira and Pinto, 1983). 

Most of the work done in reservoir operation have been made in the defi

nition of the strategic or long-term operation. Many of the most currently used 

optimization techniques in operation research have been applied to this problem. 

The methods most commonly applied seem to be based on (Yeh, 1985): 

- Linear Progranuning (LP): chance-constrained LP, stochastic LP, stochastic 

progranuning with recourse, and linear decision rules. 

Dynamic Programming (DP): incremental DP, discrete differential DP, iIl

cremental DP and successive approximations, stochastic DP, differential DP, 

reliability-constrained DP, and the progressive optimality algorithm. 

- Nonlinear Programming 

- Simulation 

Of all these teclmiques the most successful, because of its facility of handling 

nonlinearities and different constraints, seems to be D.P. First introduced in the 

field by Buras (1963), it seems that half the applications of this technique in the 

field of water resource administration have been in the area of reservoir operation 

(Yakowitz, 1982). Nevertheless, this teclmique presents an important disadvantage: 

under certain circumstances, for example in the case of a multi reservoir systems, 

it suffers "the curse of the dimensionality", that is to say, the generation by its 

own nature of the problem of a high number of state variables. Many different 

approaches have been tried in order to reduce or eliminate this effect. Among 

them we can accowlt for discrete differential dynamic programming (Heidari et al., 
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1971), a not very successful alternative if we account for certain results (Turgeon, 

1982); incremental dynamic programming with successive approximations (Trott 

and Yeh, 1973); and among the most suitable ones: the principle of progressive 

optimality (Turgeon, 1981a), certain decomposition approaches (Turgeon, 1981b), 

and differential dynamic programming (Murray and Yakowitz, 1979). 

Although a large effort has been made in developing an operations research 

approach to the solution of the strategic reservoir problem, the experience seems 

to show that the advances in this field are adopted very slowly and in few cases 

in actual reservoir operation. At the Workshop on Reservoir Systems Operations 

at the University of Colorado, Boulder in August 13-17, 1975, it seemed to be 

a general opinion that this fact could be specially attributed to several factors 

that could be summarized as follows: first, a lack of involvement of the day-to-day 

reservoir operator in the process of the development of the model; second, the models 

sometimes represent a simplified reality; and finally, to some legal constraints. Other 

authors (Helweg et al., 1982; Friedman et al., 1984; Yeh, 1985), share the same 

opinion on the factors controlling the limited implementation of the advances In 

operations research on reservoir operation. 

Despite all these inconveniences, it seems to be a general opinion that the 

system analysis and operations research approach to the reservoir problem should 

provide for an improvement in the management of the storage facility, specially 

when the application of this approach is in the tactical operation of the reservoir. 

The necessity for a sharper focus in the mediwn- and short-term reservoir operation 

(tactical) is reflected in the amount and scope 0f many of the recent publications that 

appeared in this area in the last few years .• ~evertheless, the number of references 

on this aspect seems to be smaller than that in the strategic aspect of the problem. 

We indicated already that the overall procedure for the definition of the tac

tical operation of a reservoir is the second step in a hierarchical prucess. Remember 

that the first step consists in the optimization of the strategic problem defining the 
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amount of water to be released or left in the reservoir in a given time period, e.g., 

a month, or sometimes a week, by any of the commonly used techniques such as 

D.P., as it is the case of the Central Valley Project (Becker and Yeh, 1974). 

For the tactical operation the outputs of the strategic model are used as 

inputs to the daily operation. The corresponding outputs are used as inputs to the 

hourly operation. Usually the medium- and short-term operations are deterministic 

in nature and need as another input the forecasted inflows (Roefs and Bodin, 1970) 

in a time span that depends on the model, generally ranging from a few days (3- 7) 

to 30 days. 

The techniques and procedures involved in the solution of the tactical prob

lem are very similar to those involved in the strategic problem. We can mention 

among others the use of linear programming (Can et al., 1982), incremental dynamic 

programming (Fults and Hancock, 1972), the principle of progressive optimality 

(Turgeon, 1981a), some decomposition approaches (Pereira and Pinto, 1982, 1983, 

1985; Bonaert et al., 1972). The most successful ones seem to be techniques that 

can be classified as nonlinear programming, such as those employed by Bernholtz 

and Graham (1960), Dahlin and Shen (1966), Hano et al. (1966), Chu and Yeh 

(1978), Yeh et al. (1979), Soares et al. (1980), Scano (1967), Martin and Merlin 

(1970), among others. In contrast to the procedures in the strategic problem, D.P. 

does not seem to be a suitable tool for the case in which we are dealing with a 

multireservoir system where transit times of the flow between reservoirs can not be 

neglected. In this case the statement of the problem creates a set of inseparable 

functions that are impossible to handle by this technique (Toebes et al., 1981). 

The purposes that the short-time operation aims to attain are several and 

many of them have evolved in time and with the improvements of the models that 

yield better flow forecasts. For example, in some cases the purpose of the short-term 

operation is the prevention of floods (Jamieson and Wilkinson, 1972), or dealing 

with drought periods (Takeuchi, 1986). Other approaches (Loaiciga and Marilio, 
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1986; Marino and Loaiciga, 1985) try to produce a set of alternative feasible release 

policies that represent various combinations of expected values and variances (a 

measure of risk) of the objective function. In the Arkansas river study, the analysis 

looked for the minimum deviation with respect to a set of daily targets (Yazicigil 

et al., 1983). Nevertheless, the most conunon objective of the daily and hourly 

operation is the strict maximization of electricity generated, accounting for all the 

physical and contractual constraints, as it is, for example the case of the C.V.P. 

(Yeh et al., 1979). In this case it is also a conunon practice to consider that the 

inflow and demand are also known. 

The succesive changes and the functional relations on several factors of all 

these procedures will be discussed in the next section. 

1.3.- Discussion 

In all cases the implementation of a system approach to the reservoir opera

tion problem seems to be beneficial. It seems that given the complexity of reservoir 

operations, small improvements in the operating efficiency could generate substan

tial increase in benefits (Helweg et al., 1982), (Ellis and ReVelle, 1988). For example 

in the C.V.P. the implementation of a set of measures derived from the developed 

model, accounted for an increase of 1% in power production per acre-foot of wa

ter released. Although this percentage seems small, it represents a big amount in 
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absolute value, given the size and nwnber of reservoirs in the C.V.P. Other improve

ments refer to a complete documentation of the behavior of the system and to the 

provision of more infonnation regarding alternatives to the reservoir operator for 

his decision process (Coleman, 1979). In the case of the Arkansas river, there is also 

a substantial improvement in the performance of the operation of the system with 

respect to the current procedure. The model developed for this river was conceived 

also to act interactively with the operator. This fact increased the possibility of 

exploring a large nwnber of alternatives and facilitated the implementation of the 

continuously receiving information (Yazicigil et al., 1983). 

This improvement is specially effective when there is a disaggregation ap

proach that involves strategic and tactical operation. This decomposition seems a 

most interesting actual simplification (Turgeon, 1981a) for the solution to our prob

lem, particularly when there does not exist yet a method for solving this problem 

directly when the number of reservoirs is large. This hierarchical approach will 

not generally result in a global optimum because of the problem of decomposition 

and of the approximations required by practical computer limitations, and because 

of uncertainties in inflow predictions. However, it does result in an optimal use 

of the infonnation at hand (Yeh et al., 1979). Although there are hydrosystems 

(Ridenhour, 1979) where this procedure is not followed, it is applied in several ma

jor hydrosystems such as the Central Valley Project in California (Yeh, 1979), the 

Tennessee Valley Authority, Hydro-Quebec (Bechard et al., 1981), etc. The only 

difference among them is the type of technique involved. 

Probably the weakest point in many models is the necessity of inflow forecasts 

and their continuous update in order to solve the tactical problem (Windsor, 1973). 

This fact creates a strong dependence of the accuracy of the results on the accuracy 

of the technique used in the forecasting. According to Vnny and McBean (1982), 

if the forecast is myopic in character, similarly real-time operation is inherently 

short-sighted. 
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Not much work has been reported on the influence of the use of one or another 

model for this purpose. In general it is assumed that the longer the operating 

horizon and the more accurate the forecasts, the better the decisions are expected 

to be. Although this is a commonly held opinion, some authors (Yazicigil et al., 

1983) pointed out that there exist no theoretical proofs to support it. They observed 

empirically that a time space of 3 days of forecasted inflow produce similar results to 

5 days. Others (Can and Houck, 1985) show that there is a significant relationship 

between the reliability of the forecast infonnation and the operating or forecast 

horizon to be used in the model. Moreover, they show that another important 

factor to be considered in the tactical problem is the use of appropriate routing 

models. Others (Braga et al., 1981) present a case in which the importance of the 

forecast is inversely proportional to the ratio between the size of the reservoir and 

mean annual streamflow. For still others (Yeh et al., 1978), a substantial benefit in 

the operation of reservoirs could be obtained if the forecasts are sufficiently accurate 

to enable relaxation of flood control space requirements. This is a point in which it 

seems that nothing can be said conclusively for the moment. 

It appears that the point deserving valid criticism is that a certain proportion 

of the effort spent in solving the reservoir problem seems to have an exclusive 

academic interest. In several papers, the presentation of a new technique is the 

only scope of the work (Turgeon, 1981c). In these cases sometimes a comparison 

with the current operation is made, but the implementation of the technique is not 

always reported. On the other hand, relatively very little work has been done in 

the area of comparison of techniques (Hano et al., 1966; Bhaskar and Whitlatch, 

1987). When such comparisons have been done, the results often are restricted to 

the speed in computation in solving the strategic operation and do not address the 

practical improvement of the resultant operation of the reservoir. Only a few seem 

to have such a scope (Bhaskar and Whitlatch, 1987; Houck, 1982; Stedinger et al., 

1984; Strycharzyk and Stedinger, 1987). Moreover, especially in the area of short

time operation less work has been done in the comparison of different fonnulations 

and solving techniques especially defined for this purpose. The work of Can and 
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Houck (1984) is one of these few. They compared the use of linear programming 

and goal programming for the same system. From their results, it seems that goal 

programming is easier to implement and exhibits an effectiveness greater than or 

equal to linear programming. Finally, it is to be emphasized that although an 

important effort has been made in the improvement of reservoir operation, nothing 

has been done in the evaluation "a posteriori" of the most suitable operation, that 

is to say, once we have known past inflows, what could have been the best mode of 

operation in a certain span of time? This knowledge could give us some information 

on how much work needs to be done in this area in order to arrive as closely as 

possible to the most suitable operation policy. 

In summary, it seems that we can state that the general steps in the solution 

of the reservoir operation problem are as follows: 

- The reduction of the problem to a form that can be treated by operations 

research techniques. 

- The disaggregation of the general operation issue into the strategic and tac

tical problems. 

- The consideration of the inflows to the reservoir as a stochastic variable in 

the long-term operation, but as known (forecast or detenninistic equivalent 

(Pereira and Pinto, 1985)) in the short-term operation. 

For the moment, these have been the current approaches to solve the reservoir 

problem. These approaches have a special emphasis on the technical aspects of the 

used methodologies. 

It is going to be the scope of this work to present a different approach to 

the reservoir operation. An approach not based on the implementation of a new 

technique or concentrated in the computational aspect as has been done many times 

in hydrology (Klemes, 1986); instead, a new approach will be attempted, based on a 

new and different conceptualization of the physical reality to be modeled, yet using 

the same techniques. 
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CHAPTER 2 

FORMULATION OF A NEW APPROACH 

It has been stated in the previous chapter that many different methodologies 

from the area of systems engineering have been applied to the reservoir problem, 

in particular those based on L.P. and D.P. techniques and their variations. These 

techniques are specially used when we are dealing with the solution to the strategic 

problem. Although every technique is different, we observe that the applications of 

many of these methodologies have a point in common: 

The total inflow to the re"ervolr m the time period defined by the 

analy"t (ua"on, month or week, depending on the ca"e "tudy) i" con

"idered a" a "tocha"tic variable. 

Obviously, we can not neglect a certain natural uncertainty inherent in the 

inflows, and although all the surveyed literature agrees in this consideration, it 

seems that we could look at the physical reality from another point of view. In this 

chapter we will try to present separately the intuitive and mathematical basis of 

this point of view. 
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2.1.- The intuitive process 

Let us think in terms of the hydrographic response of a certain watershed to 

an effective rain event. It is well known that this response can be represented in the 

form of a simple hydrograph as can be seen in Figure 2.1. Consider the imp,,- rtance 

of the shape and size of the hydrograph in determining the reservoir operation. It 

is not difficult to presume that the operation of a reservoir receiving the same total 

inflow for the period of time reflected in Figure 2.1 would not be the same if this 

amount is distributed as shown in Figure 2.2 for the same time scale. 

Figure 2.1.- Form of a hydrograph 
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Discha rge 

Time 

Figure 2.2.- Successive hydrographs 

Usually, in any hydrograph it is fair to assume that given the peak discharge 

the discharges for the succeeding days can be deduced if no more rain occurs. '\Ie 

already know of several different approaches to hydrological forecasting. These 

approaches try to forecast the shape and size of the watershed hydrograph. We 

could mention many of these models. In Singh (1988) a complete and comprehensive 

review of several of the at tempted approaches in the field of hydrologic forecasting, 

is presented. Therefore, if the peak of our hydrograph and all the previous data of 

runoff and rain are given, we have enough tools to predict the successive inflows to 

our reservoir. This prediction will not be totally exempt of errors. Once a certain 

hydrologic model has been selected for our watershed, we can not always expect a 

perfect forecast of the successive inflows. We will assume that we can find a model 

such that these errors are negligible. 
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We will go a step further in our assumptions, we will assume that we can 

associate a unique shape of the hydrograph to every peak discharge. That is, given 

the value of the peak discharge we will assume that the shape of the rising limb and 

the recession period will always be the same. This is an assumption that will not be 

valid in every case. The physical factors that control the shape of the hydrograph 

(moist ure in the soil, intensity of rain, base flow, and so on) differs from one rainfall 

period to another. Nevertheless, it can be considered a reasonable assumption in 

cases of hydrographs, from small watersheds receiving short and well defined storms 

all along the year, in which the volume of water by direct runoff is several times the 

base flow. 

These two assumptions (ability of having a hydroloe;ic model yielding negli

gible errors and unique shape of the hydrograph associated with every peak), even 

though they may appear as very restrictive, will allow us to consider the daily 

successive inflows after a peak as fixed and deterministic. We think that the ad

vantages derived from this conSIderation could compensate for the errors of the 

previous assumptions. 

Under these considerations, we must realize that we are not seeing anymore 

the inflows to the reservoir as total volumes of water in a fixed period of time, as 

is conunonly done. We think of these inflows as successions of hydrographs. The 

form and length of these hydrographs will define the volumes of water entering the 

reservOlr. Consequently, and because of our previous assumptions, two variables 

will have a special importance: peak discharge (Q) and time to next peak (T). 

They are represented in Figure 2.3. We will consider both as stochastic variables. 

Thinking of the real application of this conceptualization to the operation of 

a reservoir, we must realize that it will be necessary to associate a set of decisions 

(releases) to every pair of peak discharge and time to next peak. In the currently in 

use approaches the strategic decision represents the total volume of water to release 

in a period of time, usually a month. The tactical decisions are the releases on a daily 
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Figure 2.3.- The tvo stochastic variables in the hydrograph 

or hourly basis. In our conceptualization, because the hydrograph is a continuous 

function, we could adopt continuous decisions. Nevertheless, for simplicity and 

without loss of generality, we will assume that the decisions have to be applied 

in a time interval, not at an instant by itself. We will consider that this time 

interval is 1 day. That is, we will work with the total volume of water measured 

in this interval. We are thinking of the hydrograph in its discretized form as can 

be seen in Figure 2.4. Consequently, from here on we are going to assume that 

a peak discharge has been received whenever we have a total daily inflow volume 

bigger than the previous and following days. We are going to call this situation as 

receiving a peak volume. In the operation of the reservoir the recording of such a 

peak volume will be indicative of applying a particular set of decisions (a set of daily 

releases). Obviously we are assuming that this discretization does not obliterate the 

identification of a significant peak discharge. Probably, on a daily basis this is an 
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acceptable assumption for a large number of watersheds in which the direct runoff 

in the hydrograph is several times the base flow. 
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Figure 2.4.- Discretized version of a hydrograph 

Remember now, that because we made the assumption that the recession 

curve can be considered as detenninistic once we known (Q) and (T), we can cal

culate the total daily inflows for the recession cW'Ve associated with a pair of values 

of (Q) and (T). This fact can be used to solve the ta.ctical (daily) operation on a 

deterministic basis for a period (T) after a peak (Q). We only need some additional 

information: the initial and final storage to be reached. This will be given by the 

solution of the strategic operation. This is the advantage that we think is derived 

from this conceptualization. The a.ccuracy of this operation will depend on the 

accuracy of the typified form of the hydrograph. 
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From another point of view, it can be observed that although we are con

sidering the inflows in between peaks as deterministics, we still must deal with the 

stochastic nature of these peaks and the time in between. For the moment we will 

accept that there is some probability function that characterizes their occurrence. 

The particular form of this function will depend on every case study. This function, 

as will be shown later on, will be used in order to solve the strategic operation 

looking for the optimal expected return of the different optimal values associated 

with every combination (Q), (T), and initial and final storage. The solution of the 

strategic operation will provide with the optimal value of final storage associated 

with every initial storage, peak and time to next peak. 

In the next section, we will look for the adaptation of the mathematical 

technique that we believe more suitable to this conceptualization of the inflows 

entering a reservoir. 

2.2.- Mathematical formulation 

Now the next step is an attempt to adapt any of the available techniques from 

operation research to the proposed conceptualization trying to maintain a reservoir 

operator point of view. We think that in general, we can say that the major concern 

of a reservoir operator is the optimization of one or several objective functions over 

long periods of time. For the sake of simplicity we will assume that he pretends 
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the maximization of a single function, for example electricity production, subject 

to several constraints, for an infinite horizon. 

Using the terminology of operation research procedures we can say that the 

reservoir operator wants to obtain a policy 71", defining a succession of decisions or 

control variable..x, (71" = ..x 1 ,..x2 , ••• ,..x1c, ... ), where the subscript k indicates the order 

in the succession, that maximizes the following function: 

00 

Lg(xlc,..xIc,wlc) (1) 
1c=1 

where: 

g( x /c, ..x/c, w/c) is the return associated with the kth decision ..x, assumed to represent a 

release, when the reservoir is in the state x, assumed to be the storage, and receives 

the inflow w. 

We will assume, without loss of generality, that the operator is interested in 

the operation of the reservoir in a daily basis. Then k means a time basis of one 

day, and eq. (1) indicates the sum of daily returns. 

The maximization of eq. (1) is subject to a set of constraints responding 

to the particular legal, contractual and physical characteristics of the reservoir at 

hand. These constraints will be represented in this form: 

Nevertheless, it seems that there exists a constraint common to all reservoirs. 

It is the mass balance equation: 
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Observe that by the appropiate change of notation we could transfonn the 

sys tern gi ven by eq. (1) to (3) to the following one: 

00 Tn 

~~ L Lg(X~,A~,W~) (4) 
I n=II=1 

subject to: 

f(X~,A~) ~ 0 "In t = 1,Tn (5) 

n n+ n \n 
X ,+1 = X t W, - I\t "In t = 1, Tn (6) 

where Tn represents the number of days (decisions) in every period n, and X Tn +1 

Xn+l 
1 

The same result could be obtained with this other fonnulation: 

subject to: 

Xn+l = Xn + Wn - An "In (8) 

where the return R(xn, An, W n, Tn) indicates the maximum sum, over the Tn days of 

period n, of the daily returns g(x" A" Wt), associated to an initial storage Xn, when 

receiving a total inflow W n, defining the daily sequence of inflows (Wt; t = 1, Tn), and 

releasing the total release An, defining a sequence of daily releases (At; t = 1, Tn). 

The value of the return R(xn, An, W n , Tn) and the daily releases (At; t = 1, Tn), call 

be obtained from the solution of this other problem for all posible values of n: 
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Tn 

m..xax L g(Xc, At, W,) (9) 
, '=1 

subject to: 

f(x~,A~)$O Vt=I,Tn (10) 

n n+ n \n 
X t +1 = X t W t - At Vt = 1, Tn ( 11) 

and where xf = Xn. 

Observe that the representation of the reservoir problem by any of the pre

vious system of equations considers the problem as detenninistic in nature. In a 

practical situation no one of these formulations will be applicable; there is a tech

nical impossibility of making perfect forecasts of the daily inflows for long periods 

of time. By this reason the inflows have to be considered stochastic in nature. Our 

original problem is not detenninistic any more, and we have to introduce the ex

pectation operation in our formulation. One possible way, that should be worth to 

study, is to change our objective function (eq. (1)) to: 

00 

maxE(Lg(xk,Ak,Wk)) (12) 
..x. k=1 

In reality it happens that the expectation operation is never done on a daily 

basis. Even though there is no clear reason for this procedure, we can presume 

that the teclmical ability of making a forecast for a certain number of days hru; 

some influence on it. Instead, as it has been presented, the total inflow (Wn ) in a 

certain user defined period of time is the stochastic variable. By this reason the 

disaggregation of the reservoir problem in the strategic and tactical problem arises. 
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In general, we can state that the solution of the strategic problem can be represented 

in the following form: 

00 

max E(L R'(xn, An, W n, Tn)) 
An 

(13) 
n=1 

subject to the period mass balance equation: 

Xn+l = Xn + Wn - An Vn (14) 

and some constraints particular to the reservoir: 

where now W n , and An represent nothing else than total inflow, and total release, 

respectively, in a user fixed period ot time Tn. Consequently, R'(xn, An, W n, Tn) 

does not mean the maximum sum of daily releases any more. It represents only a 

certain return associated to an initial storage and total release. 

Observe that eq. (13) resembles eq. (7) in the sense that we are trying to 

maximize the returns over several periods of time defined by the index n. These pe

riods of time are fixed by the user; usually they represent one week, one month (the 

most commonly used period of time) or one season. To the best of our knowledge, 

no work has been done on the influence of the duration of this time period on the 

operation of a reservoir. We think that this is another aspect worth to study. Ob

serve also that eq. (13) presents several important differences with eq. (7) beyond 

the presence of the expectation operator. Form one side, we observe that there is 

a loss of information in the fact that it is not possible to maintain the structure 

based on the daily inflows as it is done in eq. (7). Wn does not represent any more 

a Wlique succession of daily inflows. It would be very improbable that we could 

stablish a Wlique and constant relation between the total inflow in the fixed periou 
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of time Tn and the distribution of the daily inflows. Similarly, An only represents 

a total release with no indication of the succession of daily releases. By this reason 

it could be very difficult to include the set of daily constraints in the fonnulation. 

Some other constraints, represented byeq. (15), should be added to our strategic 

problem in order to represent in some way the day-to-day constraints. It is not 

difficult to imagine that some misrepresentation of the reality could then happen. 

Once this strategic problem is solved, the resulting solution, indicating the 

total release or final storage for the given period of time, has to enter as part of 

the objective function or the constraints of the tactical problem, eq. (9) to (11), in 

which the daily inflows have to be forecasted. Its solution will give the succession 

of daily decisions (releases). 

Observe that all the differences between eq. (13) to (15) and eq. (7) to (11) 

are conditioned by the fact of the inflow aggregation over a user selected period of 

time (Tn) in which the daily information is lost. The reader will agree that if we try 

to periorm this aggregation over periods of time in which we can stablish a unique 

relation between total inflow and daily inflows, many of the previous differences 

would disappear. From what was presented in previous section, it seems that the 

recession curve of the hydrograph fulfills this condition. 

As it has been already indicated and assumed, if we know the peak discharge 

Qn and the time to next peak Tn, we can have a good knowledge of the daily inflows 

during the nth recession period, and even more we can define quite accurately the 

total inflow Wn as a function of Qn and Tn; (Wn(Qn, Tn». This consideration 

presents a certain advantage, but will generate an additional problem. From one 

side it has the advantage that we can solve deterministically the system given by eq. 

(9) to (11), for the time between peaks, taking in consideration the set of particular 

daily constraints of the reservoir. The problem is that this period does not have 

a constant duration. Therefore, Tn has to be considered as a stochatic variable. 

This is a big difference with respect to the procedures used to solve the system of 
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eq. (13) to (15), but it is a procedure worth to try and constitutes the core of this 

dissertation. The mathematical expression resulting from this conceptualization is 

as follows: 

00 

max E(2: R(xn, An, Wn(Qn, Tn), Tn» 
An 

(16) 
n=1 

or: 

00 

max E(L R(xn' An, Qn, Tn)) 
An 

(17) 
n=1 

subject to: 

where the return R(xn, An, Qn, Tn» has been previously calculated from eq. (9) to 

( 11). 

We must select, now, the most adequate operation research technique for 

the solution of this system of equations. As we observe, the proposed approach 

still maintains a stochastic nature. An attractive option is that of using a Dynamic 

Programming (D.P.) fonnulation, in particular Stochastic Dynamic Programming 

(S.D.P.). Past experience has shown that this programming technique has been 

the most effective in many cases (Yakowitz, 1982; Yeh, 1985). For another author 

(Bertsekas, 1987) is the only general approach for sequential optimization under 

uncertainty. Therefore, it is reasonable to adapt this optimization technique to our 

current conceptualization of the physical reality of the inflows entering a reservoir. 

The resulting S.D.P. formulation that considers the two stochastic variables (peak 

and time between peaks), will be called Peak-Based Stochastic Dynamic Program

ming (P.B.S.D.P.) in order to differentiate it from the classical S.D.P. models ill 

reservoir operation that considers the total inflow as the only stochastic variable. 
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2.2.1.- The P.B.S.D.P. model 

In almost any D.P. fonnulation for a reservoir we need to discretize the state 

variables. Every state is representative of a range of values. In the classic S.D.P. 

formulation of the reservoir problem, the state variable is usually defined as the 

coupling of reservoir storage volume and inflow for the next time step; everyone 

of the variables representing a range of storages and inflows respectively. In the 

P.B.S.D.P. that will be developed, the state variable will be defined as the coupling 

of a reservoir storage volume, the peak volume received in a given day and time to 

next peak. 

We also need the definition of a transition probability matrix. In the classic 

S.D.P. this is a typical Markov chain relating inflows in successive periods. In our 

attempted fonnulation, as is represented in Figure 2.5, we are going to assume 

that the presence of a peak volume Ql with a recession time lasting Tl days is 

probabilistically related to the previous peak volume Q2 with a time span in between 

of T2 days. This is an assumption that will be discussed later in chapter 4 for the 

case of the particular reservoir that will be presented in the next chapter. 

With this state definition, i.e., reservoir storage coupled with peak volume 

and time span, and with the transition matrix defined as expressed above, we can 

state mathematically the recursive relationship of the new P.B.S.D.P. for the most 

general case that the rising limb lasts several days (Figure 2.6), in the following 

way: 

NP ND 

Fn(k,i,t) = Optim, L LPri,t,j,u· [R(k,i,l,t,j) + F n- 1(l,j,u)] 'Vk,i,t; (19) 
j=1 u=1 

and bO\U1dary condition 



36 

D~scnar '( e 

~ T1 -i 
~ T2 ~ 

rA 
I \ 

0 1 

" 0 I 
~ 2 I \ 
I ~ I \ 
I ~ ~ I 

~ 
I \ I p....F-, -~~I""'" 

f- __ 
I 

f--.fo-
~- - t-

3 6 9 12 15 18 21 

Tir.e (days) 

Figure 2.5.- The stochastic variables in consideration 

F1(k,i,t)=0 (20) 

\Vhere: 

n: Number of iteration. 

Fn(k, i, t): Optimal expected return associated with a reservoir at the storage level 

k and receiving a peak volume of class i with no other peak volume for t days, with 

n more decisions to be taken. 

R(k,i,i,t,i): Optimal return associated with the decision of passing from storage 

k, when receiving a peak volwne i, to storage I after t days, when another peak j 

will be received. 
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Figure 2.6.- General form of Buccession of hydrographs 

Prl,t,l,U: Probability of receiving a peak volume j with no other peak volume for 

tL days t days after having received a peak volume i. For example, in Figure 2.6 

j = class index for Q j, i = class index for Q" t = 8 days, and tL = 6 days. 

N P: N umber of classes of peak discretization. 

N D: Maximum number of day intervals. 

Similarly, we can visualize a useful alternative formulation for the case when 

the peak volume is received immediately after the minimum registered inflow be

tween peaks (Figure 2.7). In this case the P.B.S.D.P. model acquires the following 

form: 
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Fn(k,i,t) = Optim,R(k,i,l,t) + L LPri,t,J,'" F n- 1(l,j,u) 'Vk,i,t; (21) 
i=I,,=1 

and boundary condition: 

Fl(k, i, t) = Optim,R(k, i, I, t) (22) 

where: 

R(k, i, I, t): Optimal return associated with the decision of passing from storage k, 

when receiving a peak volume i, to storage I after t days. 
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with all the other variables as defined before. 

In addition we can state for both expressions the following constraint: 

where: 

S,. Storage of index I. 

Lt Qj: Total inflow received in t days after peak i. 

Lt Rd.: Total release in these t days after peak i. 

Lt E.: Total losses (evaporation, infiltration) in t days after peak i. 

In general we can formulate the return R(k, i, I, t) as a function of the total of 

the daily releases in t days R(k, i, I, t) = R(Lt Reid. This procedure will represent 

a loss of infonnation. Remember that because we considered the inflows in these 

t days as fixed and detenninistic we can obtain the optimal sum of daily returns 

associated with this Lt Rel j • That is, we know the optimal tactical operation in 

these t days. 

This fonnulation fulfills our previously stated requirements that we can have 

an optimal decision associated with every combination of peak volume, initial and 

final storage and time in between. Moreover, it also uses of a probabilistic relation 

characterizing their ocurrence. 

It can be seen in these formulations that there are several important differ

ences between this P.B.S.D.P. model and the procedures involved in a classic S.D.P. 
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model of a disaggregation approach. These differences will be reviewed in the next 

subsections and refer to: 

- The solution of the tactical and strategic problems. 

- The steady-state policy. 

2.2.1.1.- The solution of the tactical and strategic problems. 

The process of the so!ution of any of the above mathematical expressions, 

(19) or (21), needs the successive solution of two models that we will call Model I 

and Model II, corresponding to the tactical and strategic problem respectively. Let 

us present both, without loss of generality, only for the case of equation (21). 

Model I 

Model I refers to obtaining the optimal value of the return function R( k, i, I, t) 

for the different combinations of k, i, 1, t, that is, it represents the solution of the 

tactical operation. Remember that in the way it was previously defined it represents 

the value of the optimal possible operation associated with a peak i representative 

of a hydrograph lasting t days, and initial and final storage k and 1, respectively. In 

this procedure it is assumed that we have a perfect knowledge of the inflows until a 
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new peak is recorded, that is, the inflows can be treated in a deterministic way for 

these t days. 

Model II 

Model II refers to the solution of equation (21). It represents the solution of 

the strategic operation. Once we know the optimal value of R(k, i, 1, t) we can solve 

the strategic operation trying to optimize the expected return as has been indicated 

in equation (21). Its solution gives the value of the final storage associated with 

any combination k, i, t. 

Observe that the P.B.S.D.P. differs from the current disaggregation ap

proaches in the order of the solution of the tactical and strategic problems. In 

the current disaggregation approaches the strategic problem is solved first. The 

obtained solution is included into the solution of the tactical problem. In the 

P.B.S.D.P. approach, the tactical problem is solved first (Model I), and its solu

tion is implemented in the strategic operation (Model II). Implicitly it is assumed 

that the reservoir can be operated having a set of decisions associated with every 

combination of peaks, time between peaks and storages. Let us consider a simple 

example in order to illustrate the way in which the P.B.S.D.P. model operates. 

Solution of Model I 

Let us assume that we have a reservoir that can be operated at only two 

storage levels (3 and 4 Hm3 ) called 1 and 2 respectively (k = 1,2). It happens 

that this reservoir can receive two hydrographs (i = 1,2) each one representing a 

succession of inflows in Hm3 : for i = 1 (7,4,2,1) and for i = 2 (5,3,2,1). Also, only 

two values of time span between peaks can be registered, 3 and 4 days (t = 1,2). 

Now, we want to obtain the value of the return function (R(k, i, 1, t)) associated to 
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an initial storage of 3 Hm3 (k = 1), a final storage of 4 Hm3 (l = 2), and a time 

span of 4 days (t = 2) when receiving a peak volume of 5 Hm3 (i = 2) yielding 

the following succession of daily inflows (5, 3, 2, and 1 Hm3 ). That is, we want the 

value of R(I, 2, 2, 2). 

Many of the operations research techniques can be used for this calculation. 

Nevertheless, as it will be shown, forward D.P. seems to be extremely suitable for 

this operation. Therefore, we form the following forward D.P. recursive relationship: 

'tk; (24) 

with boundary condition 

t(k) = Revk,l (25) 

fn( k): Minimum accumulated value associated with storage k after n iterations 

( days). 

RCVk,l: Return associated with passing from storage I to storage k in one day. \Ve 

selected the following mathematical expression: 

where: 

Relk ,': Release obtained from the following continuity equation: 

Relk,l = Stol + Inflown - Stok (27) 

where: 
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Stoic: kth storage level. 

In/low n : Detenninistic inflow for nth day after the peak. 

We will not enter into further details of the solution of this forward D.P. 

model. The results can be seen following Figure 2.8. From this figure, we see that 

R(I, 2, 2, 2) = 27, and the succession of storages is 3, 4, 4, 4, and 4, or what it is 

the same, releasing 4, 3, 2, and I Hm3 for every day. That is, imagine now that the 

solution of Model II representing the strategic operation, which will be presented 

later on, indicates that the reservoir should always be conducted to storage 4 Hm3 

when initially being at storage 3 Hm3 and receiving a peak i = 2 with a recesion 

period of 4 days. If this is the case, we will always take the same decision: to reach 

storage 4 Hm3 in I day and keep it until the day before the last. Observe also that 

by using forward D.P. we have solved the problem of knowing the value of R{k, i, 1, t) 

for all possible combinations of 1 and t. For our example we solved simultaneously 

R{I,2,1,1), R{I,2,1,2), R(I,2,2,1), and R{I,2,2,2). For this reason we believe 

that forward D.P. is the most suitable technique for the solution of Model I. 

Solution of Model II 

Let us follow with the same reservoir in which by iterative solution of our 

Model I we obtained the values of R{ k, i, I, t) for all combinations of k, i, 1, t as 

presented in Table 2.1. Let us assume that the probability transition matrix, given 

to us, relating peaks and time between peaks is as presented in Table 2.2. 

The solution of Model II corresponds, for purposes of illustration, to the 

minimization of the previously presented recursive relationship: 
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Table 2.1.- Values of R(k,i,l,t) for Model II. 

i/t 

1/1 1/2 2/1 2/2 

1/1 38 41 23 26 

k/l 1/2 37 42 22 27 

2/1 42 45 23 26 

2/2 41 46 22 27 

Table 2.2.- Values of Prj,l,j,u for Model II. 

j/u 

1/1 1/2 2/1 2/2 

1/1 0.5 0.2 0.3 0.0 

i/t 1/2 0.0 0.8 0.2 0.0 

2/1 0.0 0.0 0.3 0.7 

2/2 0.0 0.4 0.6 0.0 

NP ND 

Fn(k,i,t) = mjnR(k,i,l,t) + L L Prj,t,},u' F n- 1(I,j,u) 'Vk,i,t; (28) 
j=1 u=1 

and botUldary condition: 

F 1(k,i,t) = minR(k,i,l,t) (29) 
I 

Solving this expression with the above presented data, and by using the 

common procedures of Stochastic Dynamic Programming technique, we can obtaiu 
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the results presented in Table 2.3 for the optimal values of Fn(k, i, t). These results 

indicate the storage 1 to conduct the reservoir for every combination of initial storage 

k, peak i, and time to next peak t. 

Table 2.3.- Solution of Model II. 

Fn(k, i, t) optimal 

(k,i,t) n=1 n=2 n=3 n=4 

1,1,1 37.0 71.3 103.3 134.7 1 

1,1,2 41.0 78.2 112.9 14G.3 1 

1,2,1 22.0 46.8 74.9 104.2 2 

1,2,2 26.0 55.6 85.4 116.1 1 

2,1,1 41.0 75.3 107.3 138.7 1 

2,1,2 45.0 82.2 116.9 150.3 1 

2,2,1 22.0 46.8 74.9 104.2 2 

2,2,2 26.0 55.6 85.4 116.1 1 
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2.2.1.2.- The steady-state policy 

In the iterative solution of Model II, it is assumed that a steady-state policy 

is obtained. Bellman (1961) demonstrates that Markovian decision processes as 

those represented by equations (19) or (21) attain a steady-state behavior when the 

number of iterations tends to infinity. Nevertheless, this is an important point that 

requires some especial attention. 

A detailed observation of equations (19) or (21) shows that there is only an 

association between stage and decision. The common correspondence with time 

(Larson and Casti, 1978) is not made. We view the problem of the reservoir oper

ation as a succession of decisions wi th no specific time to cover. In equations (19) 

or (21) the number n of iterations does not indicate what amount of time we will 

cover, n only indicates the number of decisions. Even more, if we are placed in a 

situation in which we want to operate the reservoir for only a fixed time period, we 

will not know the number of decisions to be taken. We only are able of obtaining an 

optimal steady-state decision policy for the operation of the reservoir in an infinite 

time horizon or, in practical terms, for very long periods of time. This is due to the 

special nature of the S.D.P. technique used in our model. 

In any S.D.P. based model, under assumptions that the return function 

(R( k, i, I, t, j) or R( k, i, I, t» and the probabilities (Prj,j,t,u) do not change in time, it 

will happen (Belhnan and Dreyfus, 1962) that after several iterations the difference 

between successive expected returns (Fn(k, i, t) - Fn-l(k, i, t)) remains constant. 

A steady-state policy is then obtained. At this point the decision to take is only 

dependent on the current state, and not on the remaining stages and final state. 

This attainment of this steady-state policy is crucial, otherwise the solution of the 

P.B.S.D.P. model could not be applicable because of the uncertainty of the number 

of decisions to cover on a fixed period of time. 
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As an additional information we have run a synthetic P.B.S.D.P. model as

suming a bivariate normal density function relating the successive occurrence of 

every stochastic variable (peaks and time in between). For simplicity total inde

pendence between them was assumed. A P.B.S.D.P. model of the form of equation 

(21) was run for different combinations of correlation values. The results showed 

consistently the attainment of a steady-state policy. As an indication, it was ob

served that correlation values close to 0 needed significantly smaller number of 

iterations than when these values were close to 1. Similar results were obtained 

with an S.D.P. model. 

This has been a general presentation of the procedures and differences in

volved in the solution of a P.B.S.D.P. model. From this formulation, before entering 

into its application to a particular case, we can expect a priori several differences 

between the classic S.D.P. and the new P.B.S.D.P .. These will be discussed in the 

next section. 

2.2.2.- Limitations and expectations 

In order to visualize the behaviour of the proposed P.B.S.D.P. formulation 

m comparison with the classic S.D.P. formulation let us look at their graphical 

representation in the following figures. 



49 

The recursive relationship used in the classic S.D.P. can be seen in Figure 2.9. 

Observe that any state is a pair of the product between number of storages and total 

inflow for the next time span (season or month). At any of these states we must 

select the optimal decision from the set of possible decisions Di;i = 1,NS (NS= 

number of storages). In the case of reservoir operation, every one of these decisions 

reduces to how much water we need to release during the time period. This is 

equivalent to deciding the storage volume we need to attain at the end of this time 

period. 

Also, observe that with this formulation we are taking a strategic decision 

at the beginning of every time period. A serious difficulty is that at the begirming 

of the time period, at the moment when we make the strategic decision, we usually 

do not know with certainty how much total inflow we are going to receive during 

the time period. We account only with a forecast. 

For the new P.B.S.D.P. the representation is somewhat different, as can be 

seen in Figure 2.10. With this formulation the fact of taking a decision has to be 

viewed as follows: the reservoir is in a certain range of storage k, and receives today 

a peak in the range i, therefore the decision is trying to go to another storage 1 

after t days, where now t is the variable to be forecasted. We believe that this 

variable may be easier to forecast than the total monthly inflow. More on the 

implications of the forecast of this variable will be discussed on chapter 5. An 

additional important advantage is that given the peak, it is possible to forecast the 

inflow to the reservoir in everyone of these t days. Therefore, during these t days 

we can treat the problem in a deterministic way because we have the advantage that 

we can have an acceptable forecast of the daily inflows until the next peak. In this 

way, we are imbedding the tactical (daily) operation decision within the strategic 

framework. 

It is also important to notice that every time we record a peak discharge 

we make a new strategic decision. If we record more peak discharges than tinw 
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( S , I ) (season, month) 

(1 , 1 ) 0 ,cfi 0 • • 0 
I I 
I I 

( 1 , 2 ) 0 10 1 0 • • 0 
I I 
I 

• 1 • • • • • 
I I 

( 1 , N I ) D /10 1 
0 D I I • • ,- --

( 2 , 1 ) 0 IrO' 0 • 0 1 I 

I I I 
I I 

( 2 , 2 ) 0 I 101 D • • 0 
/1 

I • 
I / • • • • • 

• 1/ • • • • • 

II 
( i , J ) cj • • • • • 

\ 
• \ • • • • • 

\1 I 

(NS,NI) D 10 1 
0 • 0 1_ J • 

NS.- Number of storages ( S ) 

NI.- Number of inflows ( I ) 

Figure 2.9.- Schematic representation of a S.D.P .• odel 
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(S, I, T,) 

(1, 1, 1,) 0 101 0 • 0 , , 

(1, 1, 2,) 0 10' 0 • 0 
I 1 

• , . I • • • , , 
I, I 

0 liD' 0 • 0 
I 

'0 1 0 I 0 • 0 I , 
I 1 

• I /1 · , • • • 
I / 

(k, ~, t, ) 0 1 • • • • 
\ 

• \ • • • • 
\ 

• \ • • • • 
\ 

\1 
(NS,!lP ,ITT) 0 10 ' 0 • 0 ' __ I 

NS • - lJu'[i)er of storages (S) 

IlP.- th..lrber of peak voll.meS (I) 

tIT. - tJu'[i)er of days (T) 

Figure 2.10.- Schematic repre.entation of a P.B.S.D.P. model 
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periods in a classical S.D.P. formulation, by using P.B.S.D.P. formulation we could 

make more strategic decisions during a yearly cycle. Thus, we could expect a 

quicker readjustment of the reservoir to any displacement of its operation due to 

the uncertainties in the inflows. A better performance could then result. 

Another possible advantage of the P.B.S.D.P. model over the approaches 

currently in use resides in the forecast of the information needed for taking certain 

tactical decisions. These approaches need the forecasts of the daily inflows for 

the entire strategic time period. This could mean the forecast of the occurrence 

and duration of several hydrographs. With the P.B.S.D.P. model we only have to 

forecast the time to next peak. Hence, less information is needed. 

Although the above expressed expectations are only predicted, also certain 

limitations can be visualized a priori. The main one of these limitations is that this 

new P.B.S.D.P. will suffer tremendously from the "curse of dimensionality". For 

example, in the classic S.D.P., the computational effort is of the order: 

where: 

NS.- Number of discretized storages 

NI.- Number of discretized inflows 

In the new P.B.S.D.P., the computational effort is of the order: 

(N S· N p. N D)2 

where: 

NS.- Number of discretized storages. 

NP.- Number of discretized peak volumes. 

N D.- Maximum number of days accounted for between peaks. 
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We can expect that N D· N P > N I. Then a bigger computational effort will 

be necessary. Nevertheless, we hope that the C.P.U. time necessary for attaining a 

steady-state policy will remain within an acceptable range. In reality, anticipating 

what will be shown in further chapters, we can say that the solution of the P.B.S.D.P. 

model took, depending on the level of variable discretization, between 3 to 4 minutes 

of C.P.U. on the VAX 3700 of the University of Arizona. 

2.2.3.- Further mathematical development. 

We have presented the development of an S.D.P. model for our conceptual

ization of the physical reality. We selected this technique because of our personal 

consideration as the most suitable. Nevertheless, we could have attempted other 

approaches already introduced in the hydrologic literature. In this section we will 

initiate some general discussion on some of the reasons of this selection. 

With the consideration of the peak and time between peaks as stochastic 

variables, we placed ourselves in the area of the methodologies able to handle ran

dom variables. This restricts the number of applicable approaches. When thinking 

in total volwnes in a time period as a stochastic variable, it is conunon, that in order 

to augment the nwnber of applicable techniques, a certain deterministic equivalent 

inflow is obtained from the probability distribution function of the inflows. Some

times the mean value is used. Others, as in the case of chance constraints, an inflow 

value corresponding to a certain probability is selected. 
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It is not difficult to imagine similar procedures for the current conceptual

ization proposed in this work. Nevertheless, because of the additional problem of 

the definition of the nwnber of decisions to be taken in a fixed period of time, we 

do not feel that these procedures could be as successful as the proposed P.B.S.D.P. 

approach. The number of decisions is also a random variable. Therefore, we are left 

with very few procedures. One of them is the proposed S.D.P. already presented. 

This method as presented by Loucks and Falkson (1970) has as alternatives a pol

icy iteration procedure and a Stochastic Linear Programming (S.L.P.) model. The 

three methods arrive at the same set of decisions, but S.D.P. demands a smaller 

computational effort. Only for academic purposes we will present the fonnulation 

corresponding to S.L.P. 

For the most general case of equation (19) we will define Pk,i,l,t,j as the joint 

probability of an initial storage k, receiving a peak i, with t days until next peak 

j and final storage I. Therefore, following the procedures of Loucks (1968), we can 

formulate this objective function: 

Optim L L L L L R(k, i, I, t,j) . Pk,I,I,t,) (30) 
k I ) 

with R(k, i, I, t,j) as defined in section 2.1., and where the unknown variables are 

the joint probabilities Pk,I,I,t,), 

The optimization of equation (30) is subject to several constraints on the 

joint probabilities. The first set of constraints respond to the need that the product 

of the joint probability of an initial storage k, receiving a peak i with t days to 

the next peak, times the transition probability matrix Pri,t,),u, must give the joint 

probability of another initial storage I, with a peak j and time u, where Prl,t,),U 

is the probability used in equations (19) and (21). The resulting mathematical 

expression is as follows: 
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L L L(L Pk.i.l.t.n)· Pri.t.j ... = L L P,.j.m .... n VI,j, u; (31) 
k t n m n 

The coefficients m and n denote next peak and storage respectively. 

The second set of constraints reduces to the fact that by definition it must 

happen that: 

L L L L L Pk.i.l.t.j = 1 (32) 
k j 

p .. . I . > 0 ~tl, ,t,} - 'Vk,i,l,t,j; (33) 

For the case of equation (21) our S.L.P. takes a simpler form: 

Optim L L L L R(k, i, I, t)· Pk.i.l.t (34) 
k I 

where the joint probabilities (Pk.,.I.t) of an initial storage k, receiving a peak i, 

with t days until next peak, and final storage I are the decision varaibles. The 

corresponding set of constraints are: 

L L L Pk.i.l.t . Prl.t.] ... = L P'.].m... (35) 
k t m 

L L L L Pk.i.l.t = 1 (36) 
k 

Pk.i.l.t ? 0 Vk, i, I, t; (37) 
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The reader can easily observe the big number of variables and constraints 

that can result in a real situation. Nevertheless, we can not neglect that this for

mulation gives a different insight into the problem and, as it will be presented, 

complements the results of the P.B.S.D.P. model. From one side, following similar 

procedures to those presented by Loucks et al. (1981), we can obtain the probabili

ties of a certain storage, peak, time to next peak and release. Some combinations of 

these variables can result in spills. Their associated probabilities will be named the 

spill probabilities, and represent an additional advantage resulting of our conceptu

alization. From other side, we can analyze other possible state variable definitions 

in our P.B.S.D.P. model. Let us present in more details these results. 

2.2.3.1.- Spill probabilities 

By the iterative solution of equation (19) or (21), we can know the final 

storage 1 associated to every combination of initial storage k, peak i and time to 

next peak t. That is, 1 is a function of k,i,t, (l = I(k,i,t». Therefore, we can 

solve the following set of equations, for those combinations of k, i, t resulting on the 

same I: 

L L L p",.,t . Pri,t,j,u = p',J,u VI, j, u; (38) 

" t 
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LLLP",i" = 1 (39) 

" 
where P",i" is the joint probability of an initial storage k, peak i and time to next 

peak t, and Pri,t,J,u as defined in equations (19) and (21). By adding over the corre

sponding subscripts we can obtain different probabilites, for example, probabilities 

of different releases over different periods of time, probabilities of different initial or 

final storages, and so on. We believe that there is a combination of subscripts that 

represents an additional perspective with respect to the combinations presented by 

Loucks et al. {l981). 

\\'e realize that if we perform the following addition: 

we obtain the joint probability PS"Q. of having the reservoir placed in a certain 

storage k and receiving a peak i. Some of these combinations can result in spills. 

They are the spill probabilities. With the current conceptualization and with the 

use of the P.B.S.D.P. we can obtain an additional information of how our operation 

of the reservoir interacts with the management of the peak flows that can cause 

some floods. This is something that is not obtainable as directly with any other of 

the current approaches. 
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2.2.3.2.- State variable definition 

The reader can remember from section 2.2.1 that our state vector was defined 

as the coupling of a storage, peak and time to next peak. Of these three variables, 

the reservoir operator has to provide a forecast of the last two in order to implement 

a certain strategic decision. In a real situation it is presumable that the reservoir 

operator will not always make perfect forecasts. We can visualize a redefinition of 

the state variable that could facilitate the selection of the strategic decision. Instead 

of using the current peak and time to next peak as part of the state variable, we 

could use the previous peak and the previous time. Observe that in this way the 

reservoir operator will have a perfect knowledge of the three components of the 

state variable. 

This type of change in the definition of the state variable was already intro

duced by Butcher (1971). This author presented a S.D.P. model for the strategic 

operation of a reservoir in which the state variable is defined by the combination of 

the current storage and total inflow from previous period. 

Under this new definition of the state variable we will present the recursive 

relationship for the case represented by eq. (21). The reasons of this procedure will 

become clear later on. This new recursive relationship is: 

NP ND 

fn(i, t, k) = Optim, L L Prj,t,j,u . [R(k, i, I, t) + fn-l(j, te, I)] Vk, i, t; (41) 
j=l u=l 

and bOWldary condition: 

fl(i,t,k)=O (42) 

where: 
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fn(i, t, k): Optimal expected return associated with a reservoir currently at the 

storage level k and after t days of receiving a peak volume of class i, with n more 

decisions to be taken. 

With this formulation we can also obtain a policy indicating the final storage 

I associated with an initial storage k when the previous peak was i and had a 

recession period lasting t days. Observe that the decision derived of this formulation 

is independent of the current peak and time to next peak. There are no variables to 

be forecasted. This is its possible advantage, but observe that if we want to change 

the knowledge of the final storage to the knowledge of daily releases, we still have to 

forecast the current peak and the time to next peak. The advantages of this state 

variable definition are very limited. Even more, we should ask ourselves if both 

formulations, eq. (21) and (41) yield the same policy. The answer is no: eq. (41) 

will yield a non-optimal policy. This can be proved in a few simple steps. First of 

all, let us transform eq. (41) to the following: 

NP ND 

fn(i,t,k) = Optim,R'(k,i,l,t) + LLPrj,t,j,,, ·fn- 1(j,u,/) Vk,i,t; (43) 
j=I.=1 

where: 

NPND 

R'(k, i,l, t) = L L Prj,t,j,,, . R(k, i,l, t) (44) 
j=I.=1 

The S.L.P. associated to eq. (43) takes the following form: 

Optim L L L LR'(k,i,l,t). O",I,I,t (45) 

" 
subject to: 



60 

"" "" "" OL . I . Pr . - "" 0, . ~ ~ ~ .. ,1, ,f I,t,),,, - ~ ,J,m,u (46) 
k m 

L L L L Ok,i,l,t = 1 (47) 
k 

Ok,i,l,t ~ 0 Vk, i, I, t; (48) 

where Ok,i,l,t are the joint probabilities of an initial storage k, when a peak i was 

received t days ago, and a final storage I. They are the decision variables. 

Observe that because the coefficients in the set of constraints of eq. (46) to 

(48) are the same as those of eq. (35) to (37) we can obtain a unique equivalence 

between Ok,i,l,t and Pk,i,l,t. In general, we can presume that because the coefficients 

R'(k,i,/,t) and R(k,i,/,t) in eq. (45) and (34) are different we can not expect 

identical values of Ok,i,l,t and Pk,i,l,t. Therefore, the policy resulting from the 

alternative fonnulation of eq. (43) will be different than the one resulting from 

eq. (21). Even more, because our objective is to find the policy that optimizes 

Lk Li LI Lt R(k, i, I, t) . Pk,i,l,t, any other values will yield a non-optimal policy. 

This is the case of Ok,i,l,t. Therefore eq. (41) will yield a non-optimal policy and 

the proposed alternative state variable definition is not suitable. The same results 

can be obtained for the alternative definition of the state variable for the case of 

eq. (19), and even for the classic S.D.P. fonnulation that considers only the storage 

and total inflow in a period as the state variable. 

Now, after this presentation and analysis, we only have to choose a reservoir 

on which to test the proposed approach. 
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CHAPTER 3 

A PRACTICAL CASE: THE SAU RESERVOIR 

The next logical step is the selection of a reservoir on which to test the 

previously presented analytical approach. For this purpose the Sau reservoir OIl 

the Ter river in Spain was selected, because of several of its general and climatic 

characteristics. 

The Ter river is located in the Northeastern part of Spain (Fig. 3.1). It 

runs almost entirely within the region of Catalonia, draining an area of 3150 KIll'.! 

(Fig. 3.1) with a varied topography as can be seen from its hypsometric curve 

(Fig. 3.2). 

Midway from its spnngs to its mouth, a three- reserVOlr system (Sau -

Susqueda - Pasteral) is located (Fig. 3.1). Their total serviceable capaci ty is of 

361 Hml distributed as follows: Sau 145 Hml, Susqueda 215 HIll3 and Pasteral 

1 Hm3 . 

The main purposes of this three reservoir system are the generation of elec

tricity and flood protection. Curiously, although the management of the hydro

electric production of this system is perlonned by Hidroelectrica de Catalunya 

S.A. (H.E.C.), the flood protection activity is managed by the Confederaciull 

Hidrogranca del Pirineo Oriental, a governmental agency; this fact sometimes cre

ates certain conflicts. 
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Figure 3.1.- Location of the Sau reservoir 
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Other important functions are: first to serve as the regulating system of 

the water supply to Barcelona and second for irrigation purposes for an area of 

500 Km2 • These functions need a minimum daily discharge that can be estimated 

on the order of 13 m3 /s. Also, some recreational interest could be accounted for, 

but it can be completely neglected for optimization purposes. 

This system has been in function since 1962. Since then, the yearly inflows 

registered at the head of the three reservoir system have ranged from 265.9 Hm3 to 

1172.4 Hm3 with an average of 567.2 Hm3 /year or about 18 m3 /s. A more detailed 

presentation of these inflows on a monthly scale is presented in Table 3.1. 

Instead of using the set of the three reservoir system for our purpose of 

testing the performance of the proposed P.B.S.D.P. approach, we preferred to re

strict ourselves, for simplicity, to the Sau reservoir, the uppermost in the system. 

This procedure violates the common rules in reservoir operation, but given that 

our objective is to test the performance of a new and different approach and not 

to optimize the real operation of the reservoir system, we think we are allowed to 

do so. In the real situation, when dealing with the three reservoirs, we can pre

dict immediately, by using the results of the previous chapter, how the P.B.S.D.P. 

approach will increase in complexity and especially would suffer from the curse of 

dimensionality. Probably, under this situation, in order to alleviate these problems, 

we think that these steps should be followed: 

- First, to account exclusively for the Sau and Susqueda reservoirs. The ca

pacity of the Pasteral reservoir (1 Hm3 ) is negligible with respect to the total 

of 360 Hm3 accounted for the other two. 

- Second, we should look for the definition of a new variable, that in a certaill 

way represents an aggregation of the storage variables for each reservoir. A 

procedure as that presented by Turgeon (1981b) could be suitable. 



Taule 3.1,- MOllttlly 'nflu .. ~ to ttle ~du Re~e'\tLJ1' U Hili 

Year Jan Feb Mar A'-1r Md) jljl Jl' I 

1963 71 .3 51 .2 j 1 .3 39.9 3', <) hll . 'j 4 j . .: 

1964 45.4 46.3 52.4 67 3 68 7 8~ 8 47 4 

1965 21 14.3 45 7 76 1 32 1 24 7 14 H 

1966 17.3 37.2 16.5 13 9 4J U 21.~ 14 4 

1967 8.4 18.5 46.0 2~.4 56.~ iU 4 14 L 

1968 18.8 20.0 50.8 35.7 39.2 776 22.7 

1969 34.5 26.9 120.8 239.8 120. 7 5<J. 7 51 4 

1970 43 7 18.0 73.2 27.3 83 4 4~ J ~~ fi 

1971 38.5 29.0 36.9 104.7 1492 n.b 32 l 

1972 121.8 106.6 92.8 85.8 170.1 175.9 1141 

1913 29.6 15.5 13.0 14.6 12.9 23.2 27 0 

1914 29.7 23.5 104.6 76.0 105.7 124.0 46 7 

1915 10.5 21.5 17.2 31.5 43.2 111.7 25.9 

1916 11.1 .6.6 11.9 32.8 59.7 48.3 46.8 

1977 134.3 35.8 29.8 39.5 216.6 109.2 91 

1918 35.2 40.9 63.4 90.0 70.1 60.5 34.5 

1919 91.9 .6.8 35.4 33.0 38.1 68.0 23.7 

1980 17.5 24.5 19.8 38.0 76.5 77.1 33.7 

1981 19.8 13.4 25.1 61.9 64.9 57.5 45.2 

1982 131.6 151.8 93.0 123.5 10.9 58.7 22.0 

1983 23.9 21.3 25.8 11.9 18.0 24.1 15.4 

1984 19.9 12.7 56.1 53.9 101.8 83.7 26.2 

A"y " .. p Oct Nov Dec 

4j; 6b.2 32.6 40.6 76.4 

67.7 14.7 133 35.4 54.5 

18;> 74 2 179.6 81.8 31.9 

12.1 9 4 31.5 37.6 10.9 

14.9 ~U.~ 19.3 130.0 40.9 

32.0 11.6 11.8 89.1 112.6 

35 7 39.7 43.4 25. 1 21 .0 

1,) 0 12. 7 100.0 19 6 55.5 

17. 2 5~ . 9 50.2 26. 1 139.3 

53.8 117.0 48.5 55.5 30.5 

17.2 110 7.9 1.8 11.2 

272 467 28.7 14.1 9.1 

67.1 102.9 17.1 15.0 26.2 

76.8 47.6 62.3 53.3 90.2 

60.2 47.1 125.2 36.7 70.1 

17.2 20.3 12.3 8.5 11.2 

15.8 13.3 37.6 25.3 13.6 

15.9 13.6 12.0 21.0 12.5 

25.0 27.3 15.6 8.4 13.0 

42.6 31.5 37.1216.1 53.9 

19. 1 10.6 10.2 108. 1 39.4 

23.7 20.0 24.8 74.1 48.1 

Tot 

598.3 

593.8 

569.6 

265.9 

445.4 

522.4 

818.8 

468.8 

753.0 

1172.4 

245.9 

636.6 

501.8 

588.0 

996.4 

463.9 

448.3 

362.1 

377.2 

1032.7 

340.4 

551.7 

0) 
C11 



Table 3. I . - Cant. nued 

1985 15.7 12.0 n 2 22.3 1<;5 b 44 h 

1986 9.2 31.3 39.8 54.4 b1 . '-.J It) 1 

Average 42.0 36.6 44.7 56.7 79.2 bb l 

St . d~v. 39 4 31.6 30.3 48.8 51.5 37 0 

Ma • . 134 3 151.8 120 8 219.8 216 b 1 7~ 4 

M'n. 8.4 12.0 11.9 13.9 12.9 :'0 4 

II I) 19 0 100 

I J . .' 7 b 9.2 

35.8 30.8 36.0 

24 0 19.9 30.2 

114 1 7h.H 117.0 

11 "2 7.6 9.2 

9.3 17.6 

55. 13.1 

41. 48.3 

41.3 48.8 

179 6 216 1 

7 9 7.8 

9.4 

8.9 

43.8 

35.3 

139.3 

8.9 

374.2 

340.0 

561.2 

241.3 

1 172.4 

245.9 

0) 
0) 
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3.1.- The Sau reservoir 

With its dam of a height of 83 m, it represents an average electricity pro

duction capacity of around 100 million Kwh/year. The maximum capacity of its 

turbines is 90 m3 /s. 

The Sau reservoir with its capacity of only 145 Hm3 is unable to act as an 

over-year storage reservoir. Using the daily inflows for the period 1963-86 as input 

in a sequent peak procedure, we could get a relation between size of the needed 

reservoir and average daily outflow (Fig. 3.3). We observe that the volume of 

storage needed for assuring a minimum daily discharge of 13 m 3 /s is of the order of 

223 Hm3 . Obviously, it can be deduced that the total three-reservoir system with its 

total capacity of 361 Hm3 acts as an over-year storage facility. Moreover, assuming 

a repetition of the sequence of inflows of these 24 years, their total storage capacity 

could have guaranteed a daily outflow of 14.8 m3 /s. In particular, a sequent peak 

procedure shows that the Sau reservoir (145 Hm3 ) can only guarantee a maximum 

daily discharge of 10.6 m 3 /s. 

The Sau reservoir receives water from a watershed of 1600 Km2 with eleva

tions ranging from 2909 meters to 350 meters (Fig. 3.4). This topographic distri

bution has a very special importance regarding the amount, nature, distribution ill 

space and time, and intensity of the precipitation and therefore the inflows to th(' 

reservOIr. 
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3.2.- Precipitation and runoff 

The ocurrence of the precipitation is due specially to two kind of phenomena: 

in the winter and spring the cyclonic and frontal precipitation storms coming from 

the Atlantic ocean are common, which produce rain with relatively high intensity 

and regularly distributed in space. In summer and fall, rain happens to be of 

convective orip:in and with high intensity, frequent in time but irregularly distributed 

in space, specially in the areas above 1200 m. 

From December to April, both inclusive, the precipitation tends to be in the 

form of snow above altitudes of 1500 m. (18% of the watershed defined by the Sau 

reservoir); above 2000 meters (8% of the Sau reservoir watershed) the presence of 

snow can be permanent and continuous in space during these months. The average 

yearly total precipitation is of the order of 950 mm. (I.G.M.E., 1987) This value 

represents about 1520 Hm3 received on the Sau reservoir watershed. Of this total 

only about 37% enters as inflow to the reservoir. 

Obviously, the distribution of the inflows to the Sau reservoir is conditioned 

by the nature of the precipitation on the watershed and its distribution. As it 

can be seen in the already presented Table 3.1, the average daily inflow is of the 

order of 17-18 m3 /s with a seasonal distribution as follows: in the winter (January -

March) the average inflow is 15.8 m3 /s, in the spring (April - June) is 26 m3 /s, due 

especially to the contribution of the melting snow. In summer (July - September) 

and fall (October - December) the average inflow is around 13.1 m 3 /s and 17.1 Ill
3

/S 

respectively. 

As can be seen, there is no well defined seasonal distribution of inflows to the 

reservoir. Only the spring season, due to the snow melting, seems to be different. 

Nevertheless, one thing is noticeable for our purposes: the ocurrence of a C011-

siderable number of peak floods ranging, depending on the season, from 0.2 HIll3 /<1 
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to 53.4 Hm3 /d all through the year. In particular, Table 3.2 and Figures 3.5, 3.6, 

3.7, and 3.8 give an idea of the range of peaks and number of peaks in every season. 

We can see that there is an important number of peaks along the year, around 26 by 

season (about 2 peaks/week). This is to say, that according with the new proposed 

P.B.S.D.P. approach to the reservoir problem, we will be able to make an important 

number of strategic decision all along the year. Now, we will proceed to the testing 

of the new approach under these physical circumstances. 
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Table 3.2.- Seasonal distribution of peak discharges at the head of the Sau 

reservOIr. 

Total number of peaks (1963-86) 

Range (Hm3 /day) Winter Spring Summer Fall 

0.0 - 0.5 87 16 105 164 

0.5 - 1.0 242 133 231 216 

1.0 - 1.5 126 106 118 88 

1.5 - 2.0 68 89 64 48 

2.0 - 2.5 28 74 35 29 

2.5 - 5.0 52 138 50 43 

5.0 - 7.5 13 32 7 9 

7.5 -10.0 3 7 4 12 

10.0 -15.0 4 9 6 5 

15.0 -20.0 2 5 2 2 

20.0 -25.0 2 1 0 4 

25.0 -30.0 1 2 0 0 

30.0 -35.0 2 0 1 1 

35.0 -40.0 0 0 0 2 

40.0 -45.0 0 0 0 0 

45.0 -50.0 0 0 0 0 

50.0 -55.0 0 1 0 2 

Total 630 613 623 625 

Average 26.2 25.4 25.9 26.0 
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CHAPTER 4 

THE SAU RESERVOIR AND THE P.B.S.D.P. APPROACH 

At this point we know both the mathematical formulation of the new 

P.B.S.D.P. and the most relevant characteristics of the Sau reservoir. We are now 

in a position to analyze the performance of this new model for the selected reservoir 

as an example of the possibilities of its application. This is the purpose of this 

chapter. In order to accomplish it the following steps were taken: 

- Th(' ddinition of th(' decision policy under the P.B.S.D.P. approach, with a 

sensitivity analysis on some of the involved parameters. 

- A measure of the perfonnanc(' of the system under this P.B.S.D.P. approach 

based on a comparison with the performanc(' of other approaches. 

- And finally an evaluation of the performance under simulated inflow data. 
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4.1.-The definition of the decision policy under the P.B.S.D.P. approach. 

For the Sau reservoir, and given the characteristics of the inflows, the process 

of defining the decision policy, using the P.B.S.D.P. model, requires the solution of 

the recursive relationship (21) presented in chapter 2 (Model II). 

The general procedure of its solution was already presented. We must realize 

that for every particular reservoir we should decide on the mathematical fonn of the 

ret urn funct ion (R( k, i, 1, f)) and on the level of discretization of the state variables 

(storage and peak discharge). In the following subsections we are going to discuss 

the process followed in the decision of the mathematical fonn of the return function 

and the possible a priori influence of the level of state discretization selected for the 

Sau reservoir. 

4.1.1.- The return function. 

In the way that the P.D.S.D.P. model is formulated, the return function 

should reflect the different conflicts of interest between the strategic goals and the 

tactical operation. In the case of the Sau reservoir, as it was presented in the 

previous chapter being the only infonnation available, it seems that in general, the 

strategic goals were reduced to electricity production with the constraints of meeting 

a certain daily water demand. The tactical operation seems not to follow any well 

ddilled specific rule other than satisfying water demand. It is carried out mainly 

under the every day subjective criteria of the reservoir operator. An analysis of any 

specified policy currently in use could have shed more light OIl other constraints 
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and goals. Such policies were not available; therefore we feel free to define our own 

return function. 

The fact that we have to derive the operation of our reservoir from scratch 

allows us to accomodate our policy in our most convenient way. Nevertheless, 

although this is a theoretical study, we will try to simulate the real operation of 

the Sau reservoir from a practical point of view. Our goal or main purpose will be 

exclusively electricity production. Consequently, the performance index that will 

be used for comparison with other policies will be the yearly average electricity 

production. The constraints will be on the daily releases. First, our maximum 

allowed daily release will be the maximum capacity of the turbines, 90 m 3 /s or 

7.8 Hm3 /day. Second, for the minimum release it should be suitable to state a 

minimum discharge of 13 m 3 /s, that is, the discharge needed for water supply to 

Barcelona and for irrigation purposes. However, this amount is not available given 

the capacity of this reservoir; refer to the sequent peak procedure presented in 

Figure 3.4. Therefore, we will restrict ourselves to another minimum discharge that 

we will name as Alternative Standard Release (A.S.R.). 

At this point, observe that the constraints are on a daily basis. They are 

the r{'al constraints that the operator should satisfy every day, while the long-term 

or strategic goals are on a yearly basis. As we already have mentioned, we are 

combining long-term goal operation with daily physical constraints. 

\Vith all these facts in mind we have to define the particular mathematical 

form of the return function. Given that our performance index will be the produc

tion of electricity, logically, we will attempt its maximization. Therefore, in our 

formulation the return associated with every decision of going from one state to 

another after a certain number of days will be the maximum electricity production 

that we could produce during that period of time. For its calculation we also used a 

forward D.P. model. \Ve could have used any other technique, but, as has been al

ready indicaU>d in chapt{'r 2, it happens that the way that forward D.P. handles the 
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return function allows us to decrease tremendously the C.P.V. time. The recursive 

relationship of this forward D.P. model (Model I in chapter 2) is as follows: 

R(k,i,l,t) = !'(l) (49) 

where: 

j'(l) = max(f'-l(m) + (Q,. Cocjm,t}) 'VI; (SO) 
m 

if and only if I is feasible, that is, the following constraint should be satisified: 

A.S.R. ~ Q, ~ A/.C.T. (51) 

and boundary condition 

\\'here: 

R(k.i,l,t)- Similarly as it was defined in chapter 2, is the maximum daily electricity 

production associated with the decision of passing from storage k when receiving a 

peak discharge i. to storage 1 in t days. 

A.S.R.- Alternative Standard Release. Its value will be given later on. 

M. C. T.- Maximum capacity of the turbines (90 m 3 /s) 

/'(1)- Accumulated energy production at I storage after t days. 
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C OC 1m ,1- Energy coefficient. It is a Sau reservoir specific function of the average 

heigth (H(Stom) + H(Sto,))/2. H(Stom) is also a particular function of the m 

storage. These functions are presented in Table 4.1. 

Q,- Discharge associated with I storage. It is obtained from the following continuity 

relation: 

QI = Stom - Stol + Inlt (53) 

where: 

ITlI,- Average inflow associated with tth day after a peak i. This average inflow is 

obtained from the 24 years of data at hand (1963-86), as will be seen later on. 

4.1.2.- State variable discretization 

Another important point of consideration in any S.D.P. model is the dis

cretization of the state variable, in our case the discretization of the storages and 

peak volume values. This point is especially important for the case of the P.B.S.D.P. 

model. Remember that in chapter 2 we indicated how heavily this approach can 

suffer from the curse of dimensionality. 

It has been suggested in the literature (Doran, 1975) that although 5-10 

storage states are desirable, more than 30 storage states would be necessary to 

obtain an adequate steady state policy when using S.D.P. Nevertheless, it seems 

that fwm practical experience (Coulter and Tai, 1985), a number around 10 storages 
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Table 4.1.- Energy coefficient for the San reservoir. 

Storage (Hm3 ) Height (m) Energy Coeff. (Kwh/m3 ) 

145.0 424.5 0.217 

139.0 423.5 0.217 

132.5 422.5 0.216 

126.0 421.5 0.215 

120.5 420.5 0.213 

115.0 419.5 0.212 

110.0 418.5 0.210 

104.5 417.5 0.208 

99.0 416.5 0.206 

94.5 415.5 0.204 

89.5 414.5 0.202 

85.0 413.5 0.200 

81.5 412.5 0.196 

77.0 411.5 0.194 

73.0 410.5 0.191 

69.0 409.5 0.189 

65.0 408.5 0.186 

61.0 407.5 0.183 

57.0 406.5 0.180 

53.5 405.5 0.178 

50.0 404.5 0.175 

46.5 403.5 0.172 

43.0 402.5 0.169 

39.5 401.5 0.167 

36.0 400.5 0.164 
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Table 4.1.- Continued. 

Storage (Hm3 ) Height (m) Energy Coeff. (K wh/m3 ) 

32.5 399.5 0.162 

29.0 398.5 0.159 

26.0 397.5 0.156 

23.0 396.5 0.154 

20.0 395.5 0.151 

17.0 394.5 0.148 

14.0 393.5 0.145 

11.5 392.5 0.143 

8.5 391.5 0.140 

6.0 390.5 0.138 

4.0 389.5 0.136 

2.0 388.5 0.133 

0.0 387.5 0.131 
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and 10 inflows is suitable enough. For these reasons, we are going to work with a 

discretization of our physical variables (reservoir storages and peak volumes) of this 

order, that is, the total number of state variables in our P.B.S.D.P. model will be 

around 100· N D, where N D is the maximum time span registered between peaks. 

Moreover, in particular, we are going to combine this discretization with a 

set of storage zones as defined in Loucks et al. (1981) or Copley (1979). Two storage 

zones (Upper Zone and Lower Zone) separated by a threshold value will be defined. 

Only the Upper Zone will be discretized. That is, only those reservoir storages over 

the value of the threshold will have associated with it, depending on every {>ossible 

peak, a decision rule obtained by the solution of the P.B.S.D.P. model. Everyone 

of these decision rules will mean a set of daily releases for the next couple of days. 

Below this threshold (Lower Zone), independently of the inflow received, the same 

decision will be taken: to release the Alternative Standard Release (A.S.R.). 

The reason for this procedure is based on both the nature of the performance 

index selected (electricity production), and the size of the Sau reservoir (145 Hm3 ). 

If we apply the discretization of 10 storage variables to the total capacity of the 

reservoir we will see that every state variable represents a range of around 14 Hm3 . 

But if the same lO-storage variables discretization is applif'd for example to the 

upper 50 Hm3 every state variable will represent 5 Hm3
. It is assumed that under 

these circumstances we can get a better operation. Let us study an example to 

illustrate this point further. 

Imagine that we want to obtain the decision policy associated with a certain 

storage value, for example 100 Hm3
, when receiving a peak discharge of 1 Hm3 on 

a given day. The associated successive forecast flow for the next day is 0.6 Hm3
. 

Assume now that the ideal operation requires a release of an amount of water as 

close as possible to, but no smallf'r than 1 Hm3 /day. This means that on the day 

when receiving the peak we can release the same amount as it enters, but the next 

day we see that the inflow to the resf'rvoir (0.6 H1ll 3
) is smaller than the value of 
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our release constraint (1 Hm3 ). That is, we are going to fulfill the difference with 

water already in storage. A logical thought would be to use only around 0.4 Hm3 . 

Nevertheless, this is not what exactly is obtained from an S.D.P. formulation. Using 

this technique we are getting decisions that, for the case presented, mean that we 

should move from the current storage to an inferior one, releasing a specified amount 

of water in relation to the storage. For example, if our present storage is 100 Hm3 , 

and the immediately inferior next storage, at which we should conduct our reservoir 

is 80 Hm3
, it means that we must release, from the continuity equation, 100 - 80 

+ 0.6 = 20.4 Hm3 . It is seen then, that the release is conditioned by the storage 

values 100 and 80 Hm3 , that is, it is dependent on the discretization level. If the 

discretization of our storage is very coarse, that is, there is a big interval value 

among storages, our decision is less accurate than if our discretization is finer. For 

the example at hand, if our storage variables were discretized every 1 Hm3 , our 

decision will hav(' been to releas(' 1.6 Hm3 (100 - 99 + 0.6 = 1.6). In this second 

case w(' are close to what would be the ideal release. 

A similar argument can be followed when dealing with flows that have to be 

stored in the res('rvoir. Coarse storage discretization will imply that flows that under 

a finer discretization could have heen used to increment the volume of water in the 

reservoir are totally released. For these reasons we think that a fine discretization 

of the storage of the reservoir is n('cessary for the proposed P.B.S.D.P. In other 

words, this means that probably we should use a discretization as fine as possible. 

Nevertheless, this fact will involve, again, the problem of the curse of dimensionality 

of the P.B.S.D.P. approach. For this reason, we decided to restrict the definition 

of the operation policy to the storages above a certain threshold which is to be 

specified. In the case of storages below this threshold, as has been indicated, the 

Alternative Standard Release (A.S.R.) will be used. That is, no matter what the 

inflow we receive is, if the storage of the reservoir is under this threshold we release 

exclusively the A.S.R. From a practical point of view, we do not act in the most 

desirable way, but if the volume of water in the reservoir does not fall frequently 

below this threshold, this storage differentiation procedure should not represent a 
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major difference. In particular, for the case of the Sau reservoir, we defined the 

Upper Zone in the range 90-145 Hm3
. This reservoir has been operated in this 

range around 80% of the time. 

In the case of the discretization of peak volumes we believe that the criteria 

should be different. On one side, the discretization should reflect the frequency of 

the peaks. When the number of peaks is higher in a certain range of values, the 

increments of the discretization should be smaller in order to increase the accuracy 

of the decision policy. On the other side, the proposed P.B.S.D.P. is based on the 

ability of considering as detenninistics future inflows following a given peak. Hence, 

it is logical to presume that the discretization of the peak volumes should depend on 

the ability and accuracy of such predictions. In the next sections these assumptions 

will be tested. 

4.1.3.- The P.B.S.D.P. model for the Sau reservoir 

By using all the previous information we can adapt a P.B.S.D.P. model to the 

case of the Sau reservoir. For this case, the P.B.S.D.P. model requires the solution 

of the following mathematical problem (Model II): 

NP NT 

Fn(k, i, t) = mre R(k, i, I, t) + L L Prl.t,},U . Fn-1(/,j, u) Vk, i, t; (54) 
j=l u=l 

and bowldary condi t ion 
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F 1 
( k , i, t) = max R( k , i, 1, t) ( 55 ) 

I 

where the return function (R(k, i, 1, t)) reqwres the solution of the forward D.P. 

model (Model I) given by eq. (49) to (53). 

In order to obtain the solution of Model I and II, a set of codes (see Ap

pendix A) were developed. Nevertheless, the solution of Model I and II is only the 

general procedure. In particular for the case of the Sau reservoir we must follow an 

additional set of steps, which can also be general to other reservoirs. These steps 

were: 

Step I 

Following the considerations in the previous S<'ction we decided the level of 

discretization of the reservoir storages and peak volumes. Also a succession of in

flows was associated with every peak volume. In our case we used the average inflows 

associated with every peak volume for every successive day. These values were cal

culated from the 24 years of data (1963-86). This kind of decision, as will be shown 

later on, will have some repercussion on the final results. This succession of in

flows that are assumed deterministic will be called Deterministic Equivalent Inflows 

(D.E.I.). 

Step II 

The next step is the definition of our probability matrix Pi,t,],,,. We know 

that one of the major concerns of the partial duration series approach is the elim

ination of the existing correlation between peaks and time of ocurrence (Ashkar 
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and Rousselle, 1983a, 1983b; Todorovic, 1978). For the elimination of this corre

lation a ba.se level is defined. This level usually has to be high enough in order to 

maintain independence between events (Ashkar and Rousselle, 1987). Similarly, we 

can expect some kind of correlation between our defined peak vohunes and time in 

between. The 24 years of data at hand seem to confirm the previous statement. 

In the following Table 4.2, we present some of the correlation and the partial cor

relation values among a certain peak (QJ), with its associated value of (TJ ), the 

successive peak (Q2) and the time span between them (T2)' as they were presented 

in Figure 2.5 above on a seasonal basis for two cases: case A) in which the peak is 

not diminished by a base flow and case B) when it is so diminished. We considered 

as base flow the lowest flow since the ocurrence of previous peak. 

From this t.able, w(> notice, first that the correlation between peaks given T2 

and TJ can be considered as insignificant when the peaks are diminished by their 

base flow. Second, even in the case B) (base flow subtracted) we observe that a cer

tain significant correlation at the 0.01 0 level exist between peak and time interval. 

Nevertheless, for the sake of simplicity and because of the low correlation values, 

we assumed that the ocurrence of a pair of peak j and time u is independent of 

the ocurrence of the previous pair i, t. An at tempt to fit a normal and lognormal 

function to everyone of our stochastic variables was made without acceptable re

sults. Therefore, the calculation of the particular probability values was made by 

the simple procedure of counting the frequencies of ocurrence of a pair peak and 

time (j, u). In other words we were estimating the steady-state Markov chain. Let 

us add some theoretical considerations on this point. 

Bellman and Dreyfus (1962) mention the desirability of dealing with ergodic 

Markov chains for S.D.P. models. They recommend the substitution of zeros by 

very small probabilities or the use of some power of the original matrix. If we select 

this second procedure, we could arrive by successive multiplications to obtain the 

steady state matrix. 
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Table 4.2.- Correlation values for successive peaks and time span. 

Case A): Without subtracting base flow 

Variables Year Winter Spring Summer Fall 

Ql with Q2, T2 0.299 0.263 0.409 0.265 0.227 

Tl with Q2, T2 0.125 0.191 0.163 0.062 0.133 

QI, T1 /Q2, T2 0.230 0.203 0.172 0.148 0.336 

QI,QdT1 ,T2 0.251 0.200 0.362 0.242 0.160 

Case B}: Subtracting bac;;e flow 

QI with Q2, T2 0.148 0.133 0.162 0.118 0.162 

Tl with Q2, T2 0.107 0.176 0.145 0.014 0.125 

Ql, T1 /Q2, T2 0.219 0.185 0.161 0.128 0.32P 

QI, Q2/T I, T2 0.043 -.016 0.038 0.038 0.063 

The corresponding significant values for the correlation are as follows: 

0/2 two sided 

alternative 

0.025 

0.005 

Year 

0.041 

0.052 

Winter 

0.081 

0.102 

Spring 

0.082 

0.103 

Summer 

0.082 

0.103 

Fall 

0.081 

0.102 
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It happens that any ergodic Markov chain A possesses the property (Howard, 

19GO) that any power of itself can be decomposed in two matrices: 

A (n) = SA + T(n) (56) 

where T( n) is a transient matrix function of (n) such that T( n) -+ 0, and SA is a 

steady state matrix such that every row is the same vector 7r which is the solution 

to the following set of mathematical equations: 

7r = 7r A (56) 

L7r=l (57) 

Now our question can be stated as what are the consequences of substituting 

In eq. (54) the probabilities Pr.,t,),U (Pr in matrix notation) by the associated 

steady-state matrix Sr Pr? For its answer we perform the substitution of Pr by 

Sr Pr in eq. (54) obtaining this other expression: 

NP NT 

Fn(~., i, t) = mrx R(k, i, I, t) + L L Sr),U . F n- 1(l,j, u) 'Vk, i, t; (56) 
)=1 u=1 

where now Sr),U is the steady state probability of occurrence of a peak j with a 

recession period lasting u days. 

At first glance we observe that the solution of eq. (56) requires a computa

tional effort in the order: 

NS2 ·NP·ND 
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clearly inferior to the order of the effort for eq. (54) ([N S . N P . N Dj2). 

Even though this is an additional advantage it should be desirable that eq. 

(56) would yield the same policy as eq. (54). It happens that we can not prove this 

condition. Let us form the S.L.P. associated to eq. (56): 

max L L L L R(k, i, 1, t) . Sk,i,l,t (57) 
I. I 

subject to: 

L L L S",I,I,t . Srl,t,l,u = L S',l,m,u (58) 
k m 

L L L L Sk,I,I,t = 1 (59) 
k 

S >0 k,I,I,t _ (60) 

where: 

Sk,I.I,': Are the joint probabilities of an initial storage k, a final storage 1, a peak i, 

and a time in between t. 

The S.L.P. model associated to eq. (54) is given by eq. (34) to (37) in 

section 2.2.3, in which optimization refers to maximization. Observe the similarity 

on the structure of both S.L.P. models (eq. (57) to (60) and eq. (34) to (37)). The 

only difference are the coefficients in the set of constraints given by eq. (35) and 

(58). Therefore, we can expect that in general Sk,I,I,I :f Pk,I,I,t. Consequently the 

value yielded by the objective functions ((34) and (57)) will be different, and so the 

policies resulting from eq. (54) and (56). 
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It is important to notice that we can not guarantee that eq. (34) will always 

yield a bigger value than eq. (57). Astonishing by enough, the contrary can result. 

This point rises several questions on the type of probability matrix to use; the 

Markov chain or its associated steady state matrix. We think that this is a point 

worth of study, but it is outside the purposes of this work. 

As a conclusion of the above presented considerations, we can no determine 

the extent of the error introduced by our procedure of selecting the steady state 

matrix for the Sau reservoir. Probably we did not obtain the best values for our 

probability matrix, but becallse of the amount of data at hand (24 years) and the 

low serial correlation values we do not feel that we introduced an important error. 

Probably this last statement is not valid in those combinations of peaks and time 

in between showing a low frequency. 

Step III 

Finally, Model I and Model II are solved in succession. As a result of the 

solution of Model II we have a set of tables indicating the final storage (I) in a 

certain time (t) to be forecast, when the reservoir has an initial storage (k) at the 

moment of receiving a peak volume (i). This is the strategic solution. In Table 4.3 

we present an example uf the optimal final storage (l) for a fixed value of k = 1, 

and i = 1 to 7, and for (t) ranging from 2 to 6 that was obtained from the solution 

of Model II for the Sau reservoir. 

Table 4.3 has to be read in the following way. Today the reservoir has a 

volume of water in storage of 90 Hm3 (k = 1) and a peak volume i = 5 is received. 

\Ve also forecast that there will be another peak after 3 days (t = 3). Therefore, the 

decision is to operate the reservoir so as to reach a final storage I = 5 (110 Hm3
). 
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Table 4.3.- Example of decision table resulting from the solution of Model II, indi

cating the final storage 1 when k = 1. 

Time to next peak t 

2 3 4 5 6 

1 1 1 1 1 1 

2 1 1 1 1 1 

3 2 2 2 3 2 

Peak i 4 3 2 1 4 1 

5 4 5 6 5 6 

6 4 5 6 3 6 

7 6 7 7 7 7 

Similarly, for every combination of k, i, 1, t, we have a set of tables indicating 

the daily decisions resulting from the solution of Modell. These decisions are in the 

form of storages to which the reservoir should be placed for every day < t. These 

decisions can be transformed into daily releases by using the continuity equation 

and the D.E.1. As a result, we obtain a set of daily releases associated with every 

pair of storages (initial (k) and final (1)), peak volume (i), and time forecast in 

between (t). This procedure was used because of its facility of implementation in 

order to operate automatically the Sau reservoir. Under any circumstances it means 

that it should always be implemented in this way in a practical situation. More will 

be add('d on this point in the next chapter. As an example, for the previous set of 

values (k = 1, i = 5, 1 = 5, and t = 3) the set of associated releases is as follows: 

1.38 Hm3
, 0.7 Hm 3 and 4.4 Hm3 . 

\\Tith theS(' two tables we are in a position to perform some sensitivity analy

sis on SOIlle of t he factors that can influence the final operation of the Sau reservoir. 

This will be accomplished in the nf'xt section. 
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4.1.4.- Sensitivity analysis 

At this point we realize that there are several factors that can influence the 

perfonnance of the Sau reservoir when operated using the decision rules obtained 

from the solution of a P.B.S.D.P. model. We think that these factors are: 

- Discretization of storages. 

- Discretization of peak volumes. 

- Value of A.S.R. 

- Definition of the D.E.I., that is, errors on the recession curve. 

All these factors will be analyzed assigning different values to the variables 

above mentioned, by using as input the 24 years of data of the Sau reservoir (1963-

86), and performing the following procedures: 

- Assume that the reservoir has a certain volume of water (k) in the Upper Zone 

and today receives a peak volume (i). For simplicity in the implementation 

of the operation, we make a perfect forecast of the time (t) to next peak. 

\Vith this infonnation we make the decision of operating the reservoir at 

storage (/) by looking at the tables obtained from the solution of Model II. It 

is assunlf'd that the forecast of (t) can make some difference in the operation 

of the reservoir. More will be discussed on this point in chapter 5. 

- Knowing the final storage (I) and the time (t) we can obtain the daily re

leases by looking at the tables obtained from Model I. With these values and 

carrying on a mass balance day by day we can know the resulting storage 

in t days when a new peak volume is received an another set of decisions is 

applied. Let us work with the example at tiw end of the previous section. 
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For purposes of illustration we assume that the sequence of D.E.1. associated 

with peak i = 5 (12.63, 8.20, and 5.64 Hm3
) is received. Therefore, our mass 

balance procedure will be as follows: 

First day.- 90. + 12.63 - 1.38 = 101.25 

Second day.- 101.25 + 8.2 - 0.7 = 108.75 

Third day.- 108.75 + 5.65 - 4.4 = 110. 

At this storage, another peak will be received and another set of decisions 

will be applied. 

There are two special cases that have to be considered. First, the case when 

the reservoir is in the Lower Zone. Under these circumstances it was stated 

that the release should always be the same: the value indicated by the A.S.R. 

Second, the case when the reservoir receives an inflow bigger than our upper 

constraint (the maximum cap&ity of the turbines). In this case the release 

that enters in the mass balance equation is the value of this upper constraint 

(7.77 Hm3 /day). If it happens that the resulting final storage is bigger 

than the reservoir capacity (145 Hm3
), it is assumed that the reservoir will 

maintain its maximum capacity and the difference is considered as spilled 

water. 

Applying this procedure to different cases we were able to perfonn the fol

lowing sensitivity analysis on the previously mentioned factors: 

- Discretization of storages. 

- Discretization of peak volumes. 

- Value of A.S.R. 
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- Definition of the D.E.1. 

Analyzing the influence of the discretization of storages 

It has been already indicated that a finer discretization should increase the 

perfonnance of the operation of a reservoir. In order to verify this statement we 

selected arbitrarily the following cases: 

Fixed parameters: 

- Range of discretization of peak volumes (Hm3 /day): 0., 1.5, 4., 7., 10., 15., 

20., 35., 55. 

- A.S.R: 6.5 m 3 Is or 0.56 Hm3 /day. 

- D.E.!: Average recorded values. 

Parameter to analyze: Storage discretization (Hm3 ). 

- Case A): 90., 100., 110., 120., 130., 140., 145. 

- Case B): 90.,95., 100., 105., 110., 115., 120., 125., 130., 135., 140., 145. 

The results (Table 4.4) corroborate the statement that a finer discretization 

improves the perfonnance of the operation of the reservoir. 

Analyzing the influence of the discretization of peak volumes 

A priori the discretization of peak volumes should have the same kind of 

influence as the discretization of the storages. For its analysis we selected arbi

trarily the following situations in order to analyze the influence of the range of 

discrt't iza t iOIl. 
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Table 4.4.- Yearly electricity production (Gwh/year) for different storage discretiza-

tion. 

Case 

Year Inflow (Hm3 ) A B 

1963 598.3 122.1 124.5 

1964 593.8 122.9 122.6 

1965 569.6 123.7 124.5 

1966 265.9 55.5 55.4 

1967 445.4 87.2 89.0 

1968 522.4 97.9 98.8 

1969 818.8 171.4 171.1 

1970 468.8 97.4 94.0 

1971 753.0 146.6 149.5 

1972 1172.4 258.9 260.5 

1973 245.9 43.7 43.4 

1974 636.6 140.1 140.9 

1975 501.8 100.6 101.6 

1976 588.0 110.7 111.4 

19ii 996.4 207.6 210.3 

1978 463.9 105.5 105.9 

1979 448.3 89.5 89.1 

1980 362.1 75.3 74.8 

1981 377.2 76.8 78.3 

1982 1032.7 195.1 195.5 

1983 340.4 73.0 73.0 

1984 551.7 112.9 114.7 

1985 374.2 81.5 82.1 

1986 340.0 65.0 65.2 
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Table 4.4.- Continued. 

Case 

Inflow (Hm3 ) A B 

Average 561.2 115.0 115.7 

St. dev. 241.3 51.1 51.6 

Coef. Var. 0.43 0.44 0.44 

Max. 1172.4 258.9 260.5 

Min. 245.9 43.7 43.4 

Total Spilled Volume (Hm3 ) 182.0 176.3 
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Fixed parameters: 

- Range of discretization of storages (Hm3 ): 90., 95., 100., 105., 110., 115., 

120., 125., 130., 135., 140., 145. 

- A.S.R: 6.5 m 3 Is or 0.56 Hm3 /day. 

- D.E.I: Average rewrded values. 

Parameter to analyze: Peak volume discretization (Hm3 /day). 

- Case A): 0., 1.5,4.,7., 10., 15.,20.,35.,55. 

- Case B): 0.,0.7,2.,3.5,7., 10., 15.,20.,30.,40.,55. 

- Case C): 0., 0.5, 1., 2., 3.5, 5., 7., 10., 15., 20., 30., 40., 55. 

Looking at the corresponding results (Table 4.5) we observe that there is a 

slight tendency to a better performance when the discretization of peak volumes is 

finer. This fact agrees with what was stated initially. Nevertheless it is noticeable 

that although the differences can be up to 9% in a particular year, on the average 

of the 24 years of data, it does not seem to make a lot of difference. 

\Ve could think that the range of discretization could also influence the oper

ation of the reservoir. In order to analyze this possibility we performed an analysis 

with the following parameters. 

Fixed parameters: 

- Range of discretization of storages (Hm3 ): 90., 95., 100., 105., 110., 115., 

120., 125., 130., 135., 140., 145. 

- A.S.R: 6.5 m3 Is or 0.56 HIll3 /day. 
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Table 4.5.- Yearly electricity production (Gwh/year) for different number of peak 

volume discretization. 

Case 

Year Inflow (Hm3
) A B C 

1963 598.3 124.5 126.2 125.6 

1964 593.8 122.6 120.7 122.0 

1965 569.6 124.5 121.9 123.5 

1966 265.9 55.4 58.6 56.4 

1967 445.4 89.0 83.8 84.8 

1968 522.4 98.8 103.6 102.7 

1969 818.8 171.1 171.6 171.5 

1970 468.8 94.0 92.5 93.5 

1971 753.0 149.5 154.4 154.2 

1972 1172.4 260.5 255.4 255.6 

1973 245.9 43.4 47.0 44.9 

1974 636.6 140.9 140.8 140.2 

1975 501.8 101.6 101.5 102.2 

1976 588.0 111.4 121.4 121.9 

1977 996.4 210.3 201.0 201.7 

1978 463.9 105.9 107.0 105.9 

1979 448.3 89.1 88.8 89.4 

1980 362.1 74.8 75.7 75.4 

1981 377.2 78.3 78.0 78.6 

1982 1032.7 195.5 193.3 194.4 

1983 340.4 73.0 71.7 72.6 

1984 551.7 114.7 115.9 114.7 

1985 374.2 82.1 85.3 83.9 

1986 340.0 65.2 65.4 65.7 
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Table 4.5.- Continued. 

Case 

Inflow (Hm3 ) A B C 

Average 561.2 115.7 115.9 115.9 

St. dev. 241.3 51.6 49.9 50.2 

Coef. Var. 0.43 0.44 0.43 0.43 

Max. 1172.4 260.5 255.4 255.6 

Min. 245.9 43.4 47.0 44.9 

Total Spilled Volume (Hm3 ) 176.3 176.2 163.5 
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- D.E.!: Average recorded values. 

Parameter to analyze: Peak volume discretization (Hm3 /day). 

- Case A): 0., 1.5,4., 7., 10., 15., 20., 35., 55. 

- Case B): 0., 0.5, 1.,2.,4.,6.,8., 10.,55. 

- Case C): 0., 15., 20., 25., 30., 35., 40., 45., 55. 

The results (Table 4.6) are similar to the case of analyzing the number of 

discretized peak volumes. Although there could be a difference of up to 8% in a 

given year, in the long run the range of discretization does not seem to make a 

major difference in the average production of electricity. Nevertheless, observe that 

case C) presents a bigger value of total spilled volume. A lack of accuracy in the 

representation of the lower pf'ak volumes produced an increase of the spilled volume. 

Sensitivity on the value of A.S.R. 

\Ve can presume that the selection of the value of A.S.R. will influence the 

performance of the P.B.S.D.P. model when applied to the Sau reservoir. For this 

reason we selected the following cases, each Oll{' having a different value of A.5.R. 

Fixed parameters: 

- Range of discretization of storages (Hm3
): 90., 95., 100., 105., 110., 115., 

120., 125., 130., 135., 140., 145. 

- Range of peak volume discretization (Hm3 /day): 0., 1.5,4.,7., 10., 15.,20., 

35.,55. 

- D.E.I: A wrage recorded values. 



103 

Table 4.6.- Yearly electricity production (Gwh/year) for different ranges of peak 

volume discretization. 

Case 

Year Inflow (Hm3 ) A B C 

1963 598.3 124.5 126.0 128.0 

1964 593.8 122.6 120.3 124.0 

1965 569.6 124.5 124.1 122.0 

1966 265.9 55.4 56.2 54.8 

1967 445.4 89.0 85.1 90.1 

1968 522.4 98.8 102.5 99.7 

1969 818.8 171.1 171.4 167.2 

1970 468.8 94.0 97.2 95.9 

1971 753.0 149.5 151.5 152.2 

1972 1172.4 260.5 253.6 254.5 

1973 245.9 43.4 45.9 43.9 

1974 636.6 140.9 141.2 142.3 

1975 501.8 101.6 102.2 101.5 

1976 588.0 111.4 120.7 111.5 

1977 996.4 210.3 204.4 208.3 

1978 463.9 105.9 101.9 107.7 

1979 448.3 89.1 88.6 88.2 

1980 362.1 74.8 74.9 75.8 

1981 377.2 78.3 77.7 78.0 

1982 1032.7 195.5 192.7 199.1 

1983 340.4 73.0 72.7 69.4 

1984 551.7 114.7 115.4 114.4 

1985 374.2 82.1 84.1 82.9 

1986 340.0 65.2 65.7 65.8 
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Table 4.6.- Continued. 

Case 

Inflow (Hm3 ) A B C 

Average 561.2 115.7 115.7 115.7 

St. dev. 241.3 51.6 50.0 50.9 

Cod. Var. 0.43 0.44 0.43 0.44 

Max. 1172.4 260.5 253.6 254.5 

Min. 245.9 43.4 45.9 43.9 

Total Spilled Volume (Hm3 ) 176.3 187.9 205.1 
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Parameter to analyze: A.S.R. 

- Case A) A.S.R. = 0.39 Hm3 /day (4.5 m 3 /s) 

- Case B) A.S.R. = 0.56 Hm3 /day (6.5 m 3 /s) 

- Case C) A.S.R. = 0.73 Hm3 /day (8.5 m 3 /s) 

The selection of these values of A.S.R. responds to different possible physical 

situations. The highest tested value (8.5 m 3 Is) corresponds to the maximum average 

daily discharge obtained from a sequent peak procedure shown in above Figure 3.3 

for a reservoir storage of 90 Hm3 , (our current threshold of storage discretization). 

The value of 6.5 m 3 /s corresponds to the supposition that the three-reservoir system 

presented in chapter 3, is placed in a situation in which they must release the 

minimum required for the system (13 m 3 /s). The assumption of this case is that this 

value is fulfilled equally by the Sau and Pasteral reservoirs, yielding consequently a 

minimum rplease of 6.5 m 3 /s for the Sau reservoir. The last value of 4.5 m 3 /s was 

set arbitrarily in order to get an idea of the sensitivity of the performance index 

under low values of A.S.R. 

The values of yearly electricity production for the period 1963-86 for each 

one of these cases are presented in Table 4.7. From these results we observe that the 

production of electricity in a particular year for the Sau reservoir under different 

values of A.S.R. is essentially dependent on the value of the total inflow of that 

year. The value set for A.S.R. has little influence on electricity production from 

one case to another, less than 16% for a particular year, and around 1.5% for the 

total average. Nevertheless, it seems that there is a tendency to obtain smaller 

values of electricity production when the value of the selected minimum release is 

larger. This is reasonable, since when the A.S.R. is bigger the time during which 

the reservoir is in the Lower Zone is longer. 
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Table 4.7.- Yearly electricity production (Gwh/year) for different values of Alter-

native Standard Release (A.S.R.). 

A.S.R.(m3 Is) 

Year Inflow (Hm3 ) 4.5 6.5 8.5 

1963 598.3 125.8 124.5 123.9 

1964 593.8 125.1 122.6 122.6 

1965 569.6 122.1 124.5 123.1 

1966 265.9 55.0 55.4 56.6 

1967 445.4 91.4 89.0 83.8 

1968 522.4 100.1 98.8 97.5 

1969 818.8 168.0 171.1 170.7 

1970 468.8 97.7 94.0 95.6 

1971 753.0 147.0 149.5 145.7 

1972 1172.4 259.9 260.5 260.3 

1973 245.9 48.6 43.3 49.6 

1974 636.6 136.7 140.9 130.0 

1975 501.8 104.3 101.6 99.2 

1976 588.0 120.2 111.4 108.5 

1977 996.4 205.0 210.3 208.4 

1978 463.9 102.3 105.9 109.7 

1979 448.3 92.4 89.1 83.3 

1980 362.1 75.3 74.8 77.5 

1981 377.2 77.5 78.3 72.8 

1982 1032.7 197.5 195.5 193.9 

1983 340.4 71.6 73.0 70.6 

1984 551.7 114.7 114.7 114.0 

1985 374.2 79.9 82.1 84.6 

1986 340.0 69.8 65.2 60.3 
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Table 4.7.- Continued. 

A.S.R.(m3 /s) 

Inflow (Hm3 ) 4.5 6.5 8.5 

A V(>rage 561.2 116.2 115.7 114.3 

St. dey. 241.3 50.4 51.6 51.2 

Cod. Var. 0.43 0.43 0.44 0.45 

Max. 1172.4 259.9 260.5 260.3 

Min. 245.9 48.6 43.4 49.6 

Total Spilled Volume (Hm3 ) 184.6 176.3 173.5 
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Sensitivity on the values of D.E.I. 

If we remember the solution of Model I, we can realize that the definition of 

the D.E.1. can be an important factor in the definition of the operation policy by 

using the P.B.S.D.P. model. The values of D.E.1. enter two times in our operation 

of the Sau reservoir. First, they are used for obtaining the best value of R(k,i,l,t), 

and consequently in the best succession of storages associated with the solution of 

Model II. Second, we used them for defining a set of daily releases associated with 

every combination of A', i, 1, f once Model I and II were solved. 

Remember that initially the values of D.E.1. were obtained by averaging 

from the 24 years of data (1963-86). \Ve also calculated the associated standard 

deviations. Therefore, by perturbing the average inflow values by several times the 

standard deviation ((7) we were able to analyze the influence of this factor. For this 

purpose we constructed the following situations. 

Fixed parameters: 

- Range of discretization of storages (HIll3
): 90., 95., 100., 105., 110., 115., 

120., 125., 130., 135., 140., 145. 

- Range of peak volume discretization (HIll3 /day): 0., 1.5,4.,7., 10., 15.,20., 

35.,55. 

- A.S.R. = 0.56 Hm3 /day (6.5 m3 Is) 

Parameter to analyze: D.E.1. 

- Case A) D.E.1. -2(7 

- Case B) D.E.1. -1a 

- Case C) D.E.1. +0(7 
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- Case D) D.E.1. +la 

- Case E) D.E.1. +2a 

As a result of the observation of the corresponding results (Table 4.8) we 

obtain similar conclusions to those obtained from previous situations. Although 

there is some difference in the value of electricity production for a particular year, 

up to 10%, in the long run these variations seem to be smaller. Only the case E 

(+2a) seems to present some significant difference. Nevertheless, we must notice a 

high variation on the total spilled volume for the cases when we underestimate the 

values of the inflows in the recession period. This fact can be better understood 

with the presentation in the next chapter. 

This has been our sensitivity analysis on some factors which could modify 

the performance of the P.B.S.D.P. model when applied to the Sau reservoir. As the 

reader has observed, this analysis has been performed with only one factor at a time. 

\\'e think that both an analysis using a cross combination of several of these factors 

and the definition of more situations could not yield a truly different impression. 

In particular, we feel that the use of the P.B.S.D.P. model in the Sau reservoir has 

performed quite robustly on the average, and the production of electricity under 

this model is clearly dependent on the total amount of inflows. Probably by this 

reason we can observe the same coefficient of variation for the total inflows as for 

the production of electricity. The P.B.S.D.P. model seems to be very adaptable 

to the conditions of the sequences of daily inflows. From what was presented in 

chapter 2 on the conceptualization of this model this behaviour could be expected. 

~lore will be discussed on this point in the next chapter. 

Our next step is the evaluation of this P.B.S.D.P. model with respect to 

other approaches. This will be accomplished in the next s{'ction. As representative 
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Table 4.8.- Yearly electricity production (Gwhjyear) for different values of Deter-

ministic Equivalent Inflow (D.E.I.) 

D.E.1. 

Year Inflow (Hm3 ) -20" -10" +00" +10" +20" 

1963 598.3 125.1 124.1 124.5 123.7 126.1 

1964 593.8 123.7 128.5 122.6 123.6 122.1 

1965 569.6 123.7 122.9 124.5 121.4 120.9 

1966 265.9 55.1 59.6 55.4 56.3 55.5 

1967 445.4 87.6 84.2 89.0 89.7 89.5 

1968 522.4 100.4 101.2 98.8 99.3 101.5 

1969 818.8 168.4 168.1 171.1 170.9 165.7 

1970 468.8 95.9 91.8 94.0 95.0 96.3 

1971 753.0 148.7 153.3 149.5 152.6 151.4 

1972 1172.4 257.1 254.2 260.5 251.8 250.9 

1973 245.9 43.8 47.1 43.3 46.5 44.8 

1974 636.6 142.2 142.5 140.9 139.6 138.5 

1975 501.8 102.7 102.8 101.6 102.0 101.1 

1976 588.0 110.9 111.4 111.4 121.8 110.1 

1977 996.4 208.0 203.6 210.3 205.4 212.4 

1978 463.9 105.5 109.5 105.9 101.7 100.8 

1979 448.3 88.3 88.0 89.1 87.8 88.4 

1980 362.1 75.9 76.2 74.8 75.6 75.4 

1981 377.2 79.1 78.8 78.3 77.8 76.9 

1982 1032.7 193.9 185.8 195.5 197.8 199.6 

1983 340.4 71.9 71.5 73.0 70.2 69.1 

1984 551.7 114.4 117.0 114.7 113.1 114.1 

1985 374.2 81.3 86.5 82.1 82.4 82.1 

198G 340.0 65.3 65.9 65.2 66.2 65.0 
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Table 4.8.- Continued. 

D.E.1. 

Inflow (Hm3
) -20- -10- +00- +10- +20-

Average 561.2 115.4 115.6 115.7 115.5 114.9 

St. dev. 241.3 50.8 49.3 51.6 50.2 50.8 

Cod. Var. 0.43 0.44 0.43 0.44 0.43 0.44 

Max. 1172.4 257.1 254.2 260.5 251.8 250.9 

Min. 245.9 43.8 47.1 43.4 46.5 44.8 

Tot. Spill. Vol.(Hm3
) 252.9 226.6 176.3 168.6 169.6 



112 

of the perfonnance of the P.B.S.D.P. model we take the case that yielded an average 

electricity production of 115.7 Gwh/year with the following parameters: 

- Range of discretization of storages (Hm3 ): 90., 95., 100., 105., 110., 115., 

120., 125., 130., 135., 140., 145. 

- Range of peak volume discretization (Hm3 /day): 0., 1.5,4., 7., 10., 15.,20., 

35.,55. 

- A.S.R: 0.56 Hm3 /day (6.5 m3 Is) 

- D.E.!: Average recorded values. 

4.2.-A measure of the performance of the P.B.S.D.P. in the Sau reservoir. 

\Ve have seen in the previous section that Wider the current P.B.S.D.P. ap

proach the average yearly electricity production for the Sau reservoir could have 

been in the order of 115.7 Gwh/year. This number by itself does not give any 

indication regarding how good the proposed P.B.S.D.P. has performed in the Sau 

reservoir. It is obvious that we should compare this performance with other policies 

in order to get a reasonable idea of its value. Nevertheless, the task of comparison 

could be difficult, for there are many different approaches to the reservoir problem, 
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some of them mentioned in chapter 1. For everyone of them we should construct 

a certain number of computer codes, something that is practically impossible to 

accomplish. Even more, we already mentioned the lack of comparisons of different 

approaches. Consequently, we are going to look for the development of models that 

try to evaluate its perfonnance in absolute terms. We are going to compare the 

perfonnance of the P.B.S.D.P. selected at the end of the previous section with: 

- The value of the current production of electricity by the company that op

erates the reservoir. It will be called the Current Operation. 

- The best possible operation assuming a priori perfect knowledge of the daily 

inflows for the total period at hand. It will be called the Ideal Operation. 

- An approach based on the solution of a S.D.P. model on a monthly basis 

(a very common time basis), for the strategic problem, but with perfect 

knowledge of the inflows in each one of the days in the month, that is, the 

tactical operation will be solved in a completely deterministic basis. It will 

be called the Hierarchical Operation. This procedure would give an idea of 

the best operation that could result from one of the procedures currently in 

use. 

- And finally with the same S.D.P. model for the strategic problem, but with a 

perfect knowledge of the inflows 3 days ahead for the solution of the tactical 

problem. This will be called the Real Operation. 

In the following sections a more detailed presentation of each one of these 

models will be made. The values of the yearly electricity production for each one 

of these models are presented in Table 4.9. 
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Tabl€' 4.9.- Yearly electricity production (Gwh/year) for different approaches. 

Operation 

Year P.B.S.D.P. Current Ideal Hierarch. Real 

1963 124.5 124.2 123.7 112.9 

1964 122.6 128.4 133.0 121.8 

1965 124.5 124.8 116.6 116.2 

1966 55.4 57.7 63.9 58.1 

1967 89.0 95.5 83.2 81.2 

1965 98.8 113.3 110.9 98.6 

1969 171.1 170.6 170.0 157.4 

1970 94.0 81.8 101.3 95.1 88.8 

1971 149.5 128.0 162.8 162.2 144.2 

1972 260.5 231.6 255.0 250.3 232.6 

1973 43.4 49.0 52.6 53.6 45.3 

1974 140.9 111.8 138.9 141.7 134.1 

1975 101.6 101.6 108.9 103.6 94.9 

1976 111.4 95.7 128.1 117.5 107.4 

1977 210.3 182.3 213.2 212.5 186.3 

1975 105.9 107.8 100.9 112.7 103.3 

1979 89.1 73.4 97.3 95.4 86.8 

19S0 74.8 79.7 7S.6 75.4 72.2 

19S1 78.3 65.7 81.8 80.2 72.4 

19S2 195.5 165.7 212.2 195.1 175.0 

1983 73.0 68.1 73.8 71.9 67.7 

19S4 114.7 95.5 119.7 118.9 111.1 

1985 82.1 77.6 81.1 92.6 82.7 

19S6 65.2 60.9 78.5 71.0 62.2 
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Table 4.9.- Continued. 

Operation 

P.B.S.D.P. Current Ideal Hierarch. Real 

Average 115.7 104.5 120.8 118.8 108.9 

St. dev. 51.6 84.3 50.8 49.2 44.7 

Coef. Var. 0.44 0.81 0.42 0.41 0.41 

Max. 260.5 231.6 255.6 250.3 232.6 

Min. 43.4 49.0 52.6 53.6 45.3 
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4.2.1.-The Current Operation 

As a first indicator of the performance of the P.B.S.D.P. approach, we can 

use the average electricity production of the Sau reservoir in these 24 years. Unfor

tunately, by using the data at hand we were able to calculate only the electricity 

production for the period 1970-86. This average production was of the order of 

104.5 Gwh/year. In our case with the P.B.S.D.P. approach, for the same period 

of time (1970-86), this production was in the order of 117.1 Gwh/year, i.e. ap

proximately 12% above the average yearly production under the currently in use 

operation. This is a very promising result if we remember what was stated in the 

first chapter, that an improvement of 1 % in reservoir operation is considered a 

significant result. 

4.2.2.-The Ideal Operation 

Although the previously presented results show a better performance of the 

proposed policy with respect to that employed in the Current Operation, we can 

think of an alternative that, in our opinion, gives a better evaluation of the per

formance obtained under any policy. This alternative is the comparison with what 

could have been the ideal operation during these 24 years if we have known in ad

vance the daily flows for these 24 years of data. If this information would have been 

available in advance, we would have operated the reservoir in the best possible way 

for these 24 years. 
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We believe that this kind of comparison can be an absolute measure that 

could be used to compare different models of reservoir operation. We mentioned in 

the first chapter that although several approaches have been intended for reservoir 

operation, not many references have been found comparing, from the operational 

point of view, some of these approaches. The definition of a measure based on the 

above indicated assumption could alleviate such a lack. 

Let us define then this measure as the index of optimality (10). The formal 

definition of such an index for a maximization problem could be as: 

the proportion, expreHed a" a percentage, repre"ented by the wer de

fined performance of the re"ervoir under the "tudied approach in a 

certain period of time, with re"pect to the performance of the "ame 

re"ervoir if we have had a priori perfect information of the inftow,~ for 

that period. 

For a minimization problem, the 10 should be the inverse of this proportion. 

This idea of using perfect forecasts for analyzing the performance of a model 

for the operation of a reservoir ha" already been used in Simonovic and Burn (1989). 

Nevertheless, there is a difference between the computation of our defined Index of 

Optimality (10) and their use of the perfect forecast. The 10 is based on the 

knowledge of all the inflows of the period of study. It gives a measure of the 

performance of the currently applied model with respect to the best performance 

that could be attainable by any model for the reservoir at hand. Simonovic and Burn 

(1989) used a perfect forecast for the next 5 days, the time period required by their 

model of short-term operation. Therefore, they only got an idea of the influence of 

the accuracy in the forecast of inflows in the performance of their model. They did 

not get an idea of the performance of their model with the best absolute operation 

of the reservoir as it is obtained with the use of the 10. 
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The results (Table 4.9) of the operation of the Sau reservoir looking for the 

maximum electricity production, with a perfect knowledge in advance of the 24 years 

of inflows, showed an average yearly production of 120.8 Gwh/year, i.e., the 10 of 

the P.B.S.D.B. = 95.8. That is, P.B.S.D.P. performed only 4.2% below what could 

have been the ideal operation and against an 10 of the Current Operation = 85.2 

for the period 1970-86. 

4.2.3.-The Hierarchical Operation 

Regardless of the previous results, the so called Ideal Operation may sound 

unrealistic. In reality we will never know a priori the daily inflows for any period of 

time. The creation of a more realistic approach could be added. We have already 

mentioned that the common procedure in solving the problem of obtaining the 

decision policy was the decomposition of the problem and the successive solutions of 

the tactical and strategic operation formulations. We also employed this procedure. 

The solution of the strategic problem in order to define a set of monthly 

decisions was made by using a classical S.D.P. model with a return function in 

the fonn of a target function. The mathematical formulation of this model was as 

follows: 

NI 

f::'(k,i) = mrx LPr,,},m· (f::'+~(l,j) + R(k,i,/)) 'Vk, i; I : feasible 
}=l 

with boundary condition 



where: 

ff2(k,i) = maxR(k,i,/) 
I 
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f;:'(k, i): Total expected performance of the system month m and iteration n, asso

ciated with storage k and monthly inflow i. 

N I: Number of inflows discretization 

Pr.,j,m: Probability of receiving a j inflow after an i inflow in month m. It was 

obtained by frequency counting from the 24 years of data. 

R(k, i, I): Is the return associated from going to storage I from storage k when 

receiving a total inflow i during the month. Similarly as it has been done many 

other times for the same kind of problem, we selected the following goal function: 

R(k,i,/) = AfT - [(TR - Rd,,)/10j2 - (TS - Sto,,)2 

where: 

MT: ~laximum possible value of the sum of the square deviations with respect TR 

and TS. 

Sio,,: Value of the kth storage. 

TR: Monthly target release (30· 1.5 Hm3 /month) 

TS: Monthly target storage (120 Hm3 ). This value was selected because it produced 

the best performance. 

Rel,,: Monthly release or discharge associated with k storage and obtained from the 

following continuity equation: 

Rel" = Siol - Sio" + Inf. 
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Inf.: Mont.hly inflow i. 

The strategic decisions obtained from this model were used for setting the 

storage to which the reservoir should be conducted at the end of the month. With 

this knowledge the solution of the tactical problem looked for the maximization of 

the production of electricity on a daily basis, assuming a perfect knowledge of the 

daily inflows during the month. 

This is also not a very realistic approach, for we never make perfect forecasts 

30 days in advance. Nevertheless, it gives an idea of what could have been the 

maximum performance using a decomposition approach. It happens that the yearly 

average electricity production (Table 4.9) for the 24 years of data at hand could have 

been of 118.8 Gwh/year, a value that is 2.7% better than the proposed P.B.S.D.P., 

and 1.6% below the Ideal Operation. 

4.2.4.-The Real Operation 

Another approach more realistic than the previous one was also attempted. 

The same decomposition approach as before was used, but with more realistic mod

ifications. The same strategic operation as used in the Hierarchical Operation was 

selected, but for the solution of the tactical problem a forward D.P. model was 

formulated OIl a daily basis. 

Vk; I : feasible 

with boundary condition 



121 

where: 

!n{ k): Total performance of the system at day n, associated to k storage. 

Revn{k, I): Is the return associated with going from storage k to storage I, in one 

day. This return is of a form similar to the return function in previous section 4.2.3.: 

where: 

MT: t-.laximum possible value of the sum of the square deviations with respect T Rn 

and TSn . 

TRn: Daily target release for the nth day of the month. 

T Sn: Daily target storage for the nth day of the month. 

These T Rn and T Sn values are obtained from daily interpolation of the 

values resulting from the solution of the strategic model. 

StO': Ith Storage. 

Rei,.: Release or discharge at day n obtained from the following continuity equation: 

Rein = Stol - StOlt + In!n 

where: 

In!,.: Perfect forecasted inflow for the nth day of the month. 
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As was done with the Hierarchical Operation, it was assumed that the total 

inflow for the current month was known at its beginning. This facilitated making 

the strategic decisions, but for solving the tactical operation we assumed a perfect 

forecast only 3 days in advance, that is n = 1,2,3. This value of 3 days was 

recommended by Can and Houck (1984), and furthennore does not require a big 

computational time. Then we were able to solve the tactical operation in a simple 

way. The D.P. model was solved for this 3 day period. The best decision for the 

first day was implemented and the D.P. model solved again. This procedure was 

continued for every day in the month until arriving at the beginning of the next 

month, when a new strategic decision should be taken. Under these more realistic 

circumstances, the average yearly production (Table 4.9) was only 108.9 Gwh/year, 

clearly inferior to the results of the Ideal and the Hierarchical Operation, and of 

the P.B.S.D.P. model. 

Therefore, and according to the results of Table 4.9, we believe that we have 

reasons to conclude that the current P.B.S.D.P. approach seems to perform yielding 

very promising results. For this reason we have reasonable expectations also of a 

good performance when tested against simulated flow sequences. 

4.3.- Performance under synthetic sequences. 

To use the same set of data for testing as for deriving the statisitical pa

rameters of our formulation is not the only way to analyze the perfonnance of any 

model. Gencrating different sets of synthetic sequences of inflows and testing the 

model with these sequences is another alternative. 
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In our case we should generate sequences of daily inflows with special care 

in the generation of peak volumes and time between peaks. This was accomplished 

by using a known simple procedure for both stochastic variables (peak volumes and 

time between peaks). Using different seed numbers several sequences of random 

numbers uniformly distributed in the interval [0,1] were generated. By using the 

cumulative probability distribution functions of the stochastic variables under con

sideration we were able to relate this random number with a value of peak volume 

or time between peaks, whatever variable was considered, that fulfilled the following 

condition: 

Ru = P(y) 

where: 

Ru: Uniformly distributed random number. 

P( y): Cumulative probability distribution function for y variable. y can be referred 

to peak dicharge or time between peaks. 

\Ve must mention that we were able to carryon this procedure because 

we took into consideration a few points related to what was already presented on 

the statistical characteristics of the inflows to the reservoir (Table 4.2). First, it 

was assumed that, for all practical purposes, there was no significant correlation 

between the two stochastic variables. And second, previously to obtaining the 

cumulative probability distribution function for peak volumes in any season, every 

peak volume value was decreased by its base flow. This operation allowed us to 

decrease the correlation between successive values of peak volume up to a point 

that for practical purposes they could be considered uncorrelated. 

For the flow values between peaks we used the 24 years of data at hand to 

fit a linear regression model, as follows, for the flows succeeding a peak discharge 

in a cert ain range. 



where 

q,: Flow for day t. 

0:+ I: Intercept parameter for flows after t+ 1 days of peak i. 

13:+ I: Slope of the line relating flows at day t and t+ 1 after peak i. 

q:: Average flow after t days of peak i. 
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c:: A random normal variable assumed to have 0 expectation, 0 correlation, and 

variance = Var (q:+I)' 

It can be seen that this procedure resembles an ARMA(p,q) model. Nonethe

less, we must mention that this kind of model, for different values of p and q, was 

attempted with no acceptable results. Probably better results could have been ob

tained by using a model accounting, on a daily basis, for the physical processes of 

the watershed (rainfall, snowfall, evaporation and so on), but given that many of 

these data were not available, this model was not attempted. 

Then by using this linear regression model we produced 15 series of 3 con

tinuous years of daily data. These 3 years represent more than 1000 days of daily 

inflows, a number that we considered larger enough for our purposes. These series 

were tested using the decision policy obtained with the P.B.S.D.P. approach and 

with the decision policies from the different approaches presented in the previous 

section (Ideal, Hierarchical and Real). We must mention that we introduced a slight 

modification in the so called Real Operation. We changed the value of 3 days used 

in the previous section to 5 days in order to attempt to improve its performance. 

The results obtained for each one of the sequences of flows and for each 

attempted operation are shown Table 4.10. The corresponding values of the Index 

of Optimality (10) are in Table 4.11. From these results not much more can be 
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added to what was indicated in the previous section. The 10 of the P.B.S.D.P. 

approach for every synthetic sequence is very similar to that obtained with the 

24 years of data; an 10 = 95.8 for the 24 years of data against an 10 in the range 

93.9-96.6 for the 15 simulations. We think that this is the most important result 

in this table. The P.B.S.D.P. decision policy that was obtained from a different 

conceptualization of the physical reality can give an average electricity production, 

under the current circumstances, that is only between 6-3.5% below the optimal 

production with perfect total information. 

Finally we would like to suggest not to pay too much attention to the infe

rior performan('e of the so called Real Operation. Probably the objective functions 

used in the strategic and tactic operation of this decomposition approach are not 

the most suitable. Nevertheless, we do not think that using more suitable objective 

functions under this approach could surpass significantly the performance index of 

the P.D.S.D.P. model. Observe that the P.B.S.D.P. model has performed consis

tently between 1 to 4.5% below the so called Hierarchical Operation, and remember 

that this model was defined in the same way as the Real Operation, but with perfect 

information. Therefore, the performance values of the Hierarchical Operation are 

the maximum attainable by Real Operation. 
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Table 4.10.- Yearly average electricity production (Gwh/year) under synthetic inflow 

sequences. 

Average Operation 

# Simulat. Inflow P.B.S.D.P. Ideal Hierarch. Real 

1 501.3 103.4 108.6 106.6 93.6 

2 543.8 111.6 118.0 115.6 102.5 

3 537.6 110.7 116.6 114.1 96.2 

4 603.7 122.8 130.8 128.4 111.9 

5 686.0 141.6 148.8 145.8 130.0 

6 437.8 91.2 94.9 94.7 84.9 

7 590.0 122.1 128.0 125.3 111.1 

8 498.3 102.9 108.1 107.8 93.1 

9 509.3 104.9 110.4 107.4 94.8 

10 439.7 91.3 95.3 95.0 85.0 

11 674.2 141.1 146.1 144.2 123.7 

12 487.9 101.6 105.7 105.3 95.6 

13 518.5 107.1 112.4 108.6 96.9 

14 469.5 97.4 101.8 100.3 91.0 

15 574.8 119.0 124.6 124.3 108.3 
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Table 4.11.- Values of 10 for different approaches under synthetic sequences. 

AV('rage Operation 

# Simulat. Inflow P.B.S.D.P. Ideal Hierarch. Real 

1 501.3 95.2 100.0 98.2 86.2 

2 543.8 94.6 100.0 97.9 86.9 

3 537.6 94.9 100.0 97.8 82.5 

4 603.7 93.9 100.0 98.2 85.6 

5 686.0 95.2 100.0 98.0 87.4 

6 437.8 96.1 100.0 99.8 89.5 

7 590.0 95.4 100.0 97.9 86.8 

8 498.3 95.2 100.0 99.7 86.1 

9 509.3 94.7 100.0 97.3 85.5 

10 439.7 95.8 100.0 99.7 85.0 

11 674.2 96.6 100.0 98.7 84.7 

12 487.9 96.1 100.0 99.6 90.5 

13 518.5 95.3 100.0 96.6 86.2 

14 469.5 95.7 100.0 98.5 89.4 

15 574.8 95.5 100.0 99.7 86.9 
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CHAPTER 5 

DISCUSSION 

In the prevIOus chapter we have presented an idea of the performance of 

a different conceptualization of the physical reality of the solution of the reservoir 

problem. In g£'neral we feel that the results are quite promising. This method seems 

to perform quite robustly and for the case of the Sau reservoir could hav£' improv£'d 

substantially the performance of its operation. It is time to try to understand why 

these results were obtained and under what circumstances \ve can exp£'ct similar 

results, especially trying to put ourselves in the position of a possible user. 

As mcntioned the P.B.S.D.P. approach differs from other models of reservoir 

opcration in the order that the tactical and strategic operations are soh-ed. First wc 

soh'cd the tactical, and second we solved the strategic. This was possible because of 

the fact of the inclusion of the time between peaks, as a stochastic variable, inside 

the statc \'ector of the conventional S.D.P. formulation (Model II). This allows us 

to sce the operation of the reservoir in a sequence of decisions with no predefincd 

time. For comparison remember the way a common S.D.P model is implemented. In 

this model one strategic decision is taken every month or in any other user defined 

time period. Implicitly there is an association between time, strategic decision and 

D.P. stage. In the P.B.S.D.P. model the association is simply between strategic 

decision and stage, the time enters as part of the state vector. This has a ccrtain 

importance in the information that the user has to know at the moment of making 

any decision. In the S.D.P. this information refers to the current volume of water 

in storage, and the total monthly inflow. In the P.D.S.D.P., it rt,fers to the (,llIT(,llt 
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volume of water in storage, peak volume, and time to next peak. The knowledge of 

tIl(> current volume of water is easy to obtain; the simple recording of this variable in 

the reservoir should provide this infonnation. But for the application of a decision 

according with the tables obtained from the solution of Model I and II, the user will 

have to solve a double uncertainty each one represented by the other two stochastic 

variables (peak and time to peak). In a practical implementation we can visualize 

different approaches for attaining this knowledge. 

On one side the user will need the knowledge that a peak volume has been 

received in order to take the strategic decision of what storage we have to conduct 

the reservoir after a certain time. It can be easy to know when the total daily inflow 

of one day is bigger than the previous one. The simple continuous recording of the 

discharge entering the reservoir can provide this knowledge. But it is relati\"ely more 

difficult to know that today's inflow is bigger than next day inflow. Nevertheless, 

we feel that this is something not really difficult to achieve in practical applications, 

especially when we need to make this forecast with a precision that is dependent on 

the range of the discretization of the peak volumes. We think that the routing of 

upstream discharge values can serve for this purpose. For these reasons we always 

assumed a perfect identification of the range of the peak volume. 

The other variable to be provided is time to next peak. Its real determination 

should be more difficult than the peak itself. Some weather forecasting model should 

be used. It is logical to ask ourselves on the repercussions of a lack of accuracy. 

For the purpose of shedding some light on this question we repeated the same 

procedures as for the sensitivity analysis in the previous chapter, but introducing 

a slight modification. Instead of knowing the real value of the time to next peak 

(t) we will assume a fixed value of time between peaks (t'). This value will be used 

for looking in the tables resulting from Model I and II. Obviously, the real time to 

next peak (t) will not usually coincide with (t'). In the case that a peak is received 

before (i') a new set of decisions is applied according with the current storage in the 
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reservoir at that moment. For the case when the real time (t) is bigger than (t'), 

that is. no releases are scheduled from our tables for t > t' the A.S.R. was applied. 

With this procedure and using the same factors of the P.B.S.D.P. presented 

at the end of section 4.1.4. we ran the above procedures for three different values 

of(t'). 

- Case A).- t' = 3 days. 

- Case B ).- t' = 4 days. 

- Case C).- t' = 7 days. 

The results are presented in Table 5.1 in which for companson we have 

included the values of the performance of the P.B.S.D.P. model with perfect forecast 

of time. \Ve observe that there does not seem to be a lot of difference from one 

case to another in the yearly a\'erage electricity production, but we observe some 

variation on the values of total spilled volume. This kind of result echoes the results 

presented in section 4.1.4 when performing the sensitivity analysis. It is time to 

delve a little bit in the kind of results of the Tables from Model I and II for the case 

of the Sau reservoir. 

\\'e observe from tables resulting from Model II that whatever the peak 

volume is received the decision tends to be to carry the reservoir to a middle range 

storage, in our case to the range 115-135 Hm3 approximately. That is, lower storages 

tend to keep as much water as possible and upper storages tend to release it. This 

sowlds quite reasonable and we could expect such a behavior. From the tables 

resulting from Model I a much more interesting result is obtained. It was almost a 

generality that every set of daily releases has the same characteristic: the first days 

after a peak volume, the daily releases tend to be low, in the latest days the releases 

are relatively high. If we think of the management of a completely deterministic 

hydro!-!;Taph from the point of view of maximizing electricity productioIl this is wry 
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Table 5.1.- Yearly electricity production (Gwh/year) for different fixed times. 

time t' (days) 

Year P.B.S.D.P. 3 4 7 

1963 124.5 127.6 127.2 125.9 

1964 122.6 118.9 122.0 123.7 

1965 124.5 119.3 118.4 117.4 

1966 55.4 56.4 55.5 59.1 

1967 89.0 89.8 90.2 85.6 

1968 98.8 102.7 100.3 110.9 

1969 171.1 171.0 171.7 161.4 

1970 94.0 96.2 96.1 97.4 

1971 149.5 150.4 149.2 151.0 

1972 260.5 256.1 258.2 259.3 

1973 43.4 43.6 44.7 51.0 

1974 140.9 139.0 140.7 134.2 

1975 101.6 101.8 101.8 102.8 

1976 111.4 113.1 111.1 113.6 

1977 210.3 209.7 207.4 210.7 

1978 105.9 102.3 105.6 99.5 

1979 89.1 87.1 87.4 89.4 

1980 74.8 76.3 76.3 76.2 

1981 78.3 77.1 78.8 77.1 

1982 195.5 193.9 193.0 188.5 

1983 73.0 71.6 73.4 71.5 

1984 114.7 113.9 114.1 115.5 

1985 82.1 82.2 82.1 81.6 

1986 65.2 65.8 66.3 65.1 
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Table 5.1.- Continued. 

time t' (days) 

P.B.S.D.P. 3 4 7 

Average 115.7 115.2 115.5 115.3 

St. dev. 51.6 50.8 50.7 49.9 

Coef. Var. 0.44 0.44 0.44 0.43 

Max. 260.5 256.1 258.4 259.3 

Min. 43.4 43.6 44.7 51.0 

Tot. Spil. Vol. (Hm3 ) 176.3 173.7 205.7 266.6 
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reasonable. \Ve think that this hehaviour, lower releases in the first days after a peak 

and high releases the last days, is particular to the revenue function used. Different 

revenue functions would yield different relationship of releases. From this behaviour 

we can justify some of the results presented in previous Table 5.1. Consider the case 

of t' = 7 days. From what was stated in the previous paragraph we can expect that 

the reservoir is placed more frequently in upper storages and therefore increasing 

the amount of spilled water. This water could have been used in the production 

of electricity. Nevertheless, because of the higher energy coefficient in the upper 

storages the electricity production is compensated on the average. Prohably this 

has been the case on several of the different situations in the sensitivity analysis in 

chapter 4. This leads us to the impression that for the case of the Sau reservoir the 

use of a function based on electricity production, even though it has an immediate 

practical significance, does not reflect with great magnitude the effect of every 

studied factor. Probably the use of other functions or performance indexes could 

haw given a better impression. 

These have been our results concemmg the stochastic variables of the 

P.B.S.D.P. model. From another point of view, we could think that the user can 

forecast a set of inflows after a peak volume by using a certain hydrologic model. 

That is, once a peak volume is recorded he could be interested in using this infor

mation in order to operate the reservoir. He does not need to take always the same 

decision of releasing the amount of water calculated by using the values of D.E.I. 

as was performed in the previous chapter. The user can adapt the daily releases 

to the inflows forecasted by the model. In order to study the repercussions of the 

implementation of this ability we perfonned the same procedures as presented in 

previous section 4.1.4 but assuming that at the moment of taking a strategic deci

sion we have a perfect knowledge of the time to next peak and intermediate inflows. 

We performed this procedure for three different cases of D.E.I.: 

- Case A ).- D.E.1. -2/1 
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- Case B).- D.E.I. +00' 

- Case C).- D.E.1. -20' 

The results (Table 5.2) show little difference with those on Table 4.8. Some 

slight increase in the average electricity production, and some decrease on the total 

spilled volume. These results seems to be indicative that, for the case of the Sau 

reservoir, a perfect forecast does not seem to make a major difference. This is 

another difference with the disaggregations approaches in which it was mentioned 

that it is a held opinion that better forecasts give better operation. 

We could ask ourselves why having a perfect forecast, as in the case of the 

Hierarchical Operation of section 4.2.3., we do not get results closer to the Ideal 

Operation. 'We think that the reasons for this behaviour in this case resides on the 

fact that Model I and II are solved for a fixed and unique set of D.E.1. It could also 

be the way the probability transition matrix was obtained had some influence. 

From what we have presented in this and in the previous chapter, we feel that 

in general the P.B.S.D.P. performs quite robustly for the case of the Sau reservoir. 

~evertheless, We must express a doubt. We can not prove definitely that the good 

performance of this approach is exclusively based on the fact of taking a strategic 

decision every time that a new peak volume is observed. We presume that the large 

number of strategic decisions taken during the year could have had some influence. 

Remember from Table 3.2 that on the average the case study has an average of 

8 peaks/month, that is, a strategic decision is taken every 4 days, more or less. 

Under such circumstances a high performance should be expected. Consider for 

example, the case where, by using some hierarchical decomposition approach, we 

make our strategic decision at the beginning of the month assuming a certain value 

for the total expected inflow during the month. This value tends to be correlated 

with the flow in the previous month, but there is no guarantee to have a perfect 

forecast. Under these circuIIlstances, if our real inflow during the month is not 
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Table 5.2.- Yearly electricity production (Gwh/year) for different values of D.E.1. 

with perfect knowledge of future inflows. 

D.E.1. 

Year +20" +00" -20" 

1963 126.4 127.5 127.9 

1964 120.6 119.7 122.4 

1965 118.3 124.2 118.7 

1966 58.9 55.1 54.6 

1967 87.3 90.9 90.1 

1968 105.8 100.6 104.7 

1969 165.7 168.3 164.2 

1970 96.2 97.5 96.5 

1971 162.3 159.4 163.0 

1972 240.0 248.0 240.0 

1973 46.2 47.3 48.7 

1974 138.5 137.8 136.0 

1975 101.1 101.8 101.3 

1976 109.2 116.4 109.7 

1977 211.2 207.6 212.8 

1978 103.7 106.8 98.7 

1979 88.2 87.9 89.0 

1980 75.3 75.9 74.2 

1981 78.9 78.7 79.7 

1982 197.1 198.5 202.3 

1983 70.4 72.3 69.3 

1984 115.3 114.1 113.4 

1985 84.9 83.2 80.6 

1986 65.1 65.2 65.9 
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Table 5.2.- Continued. 

D.E.1. 

+20- +00- -20-

Average 115.3 116.0 115.2 

St. dev. 49.2 49.9 49.8 

Coef. Var. 0.43 0.43 0.43 

Max. 240.0 248.0 240.0 

Min. 46.2 47.3 48.7 

Tot. Spil. Vol. (Hm3 ) 185.2 142.2 159.6 
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close to what we forecasted at the moment when the decision was taken, a poorer 

performance could result. If more strategic decisions were taken, it could have been 

easier to adjust the operation of the reservoir and to approximate it more closely to 

the ideal. And this is what could have been happened with the P.B.S.D.P. approach 

for the Sau reservoir, where a larger number of strategic decisions were made. Under 

circumstances of reservoirs receiving a smaller number of peaks, we can not assume 

the same performance will be obtained as observed. Moreover, there is no reason 

to think that another conceptualization of the reservoir problem involving a higher 

number of strategic decisions could give similar results. 

With the idea of shedding some light on this point we repeated agalll the 

common procedures of chapter 4 considering as peak volume those values bigger 

than the following day inflow, hut at least 25% bigger than the preceding inflow. 

Under thf'se circumstances an average of 1 peak every 6 days was obtained. Re

memher that without this restriction the average was 1 peak every 4 days. No 

other percentages were attempted because of the dimensionality of the problem. 

The results (Table 5.3) suggest that this fact could probably not mean any major 

difference whcnever we make good forecasts of the time to next peak, but major 

confirmation should come from analyzing different reservoirs. 

Another alternative is to use a disaggregation approach in which the strategic 

operation is solved in a time basis smaller than a month. As a result a bigger number 

of strategic decisions will result. With this purpose the same procedures used in 

the Hierarchical Operation (section 4.2) were repeated but in different time basis: 

7 days and 4 days. In addition for the case of 7 days a Real Operation procedure 

was repeatt,d with a perfect knowledge of the inflows 4 days in advance. The 

results are reported in Table 5.4. In this table we can observe that a disaggregation 

approach on a short-time basis (around 7 days) could have performed very similarly 

to the P.B.S.D.P. model. Nevertheless, we must put our attention in the fact that 

for this result we had to provide a perfect knowledge of the incoming inflows. A 

circulllstance that can not always be fulfilled. 
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Table 5.3.- Yearly electricity production (Gwh/year) for different frequences. 

Year 1 peak/ 4 days 1 peak/ 6 days 

1963 124.5 123.3 

1964 122.6 128.8 

1965 124.5 120.7 

1966 55.4 55.9 

1967 89.0 85.2 

1968 98.8 103.5 

1969 171.1 166.9 

1970 94.0 94.2 

1971 149.5 152.4 

1972 260.5 259.2 

1973 43.4 45.1 

1974 140.9 142.4 

1975 101.6 101.5 

1976 111.4 117.7 

1977 210.3 204.2 

1978 105.9 107.6 

1979 89.1 89.3 

1980 74.8 75.9 

1981 78.3 79.2 

1982 195.5 189.8 

1983 73.0 74.3 

1984 114.7 120.8 

1985 82.1 82.5 

1986 65.2 61.5 
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Table 5.3.- Continued. 

1 peak/ 4 days 1 peak/ 6 days 

Average 115.7 115.9 

St. de\'. 51.6 50.5 

Cod. Var. 0.44 0.44 

Max. 260.5 259.2 

Min. 43.4 45.1 

Tot. Spil. Vol. (Hm3 ) 176.3 222.2 
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Table 5.4.- Yearly electricity production (Gwh/year) for disaggregation approaches 

in other timf' basis. 

Year Hierarch. (4 days) Hierarch. (7 days) Real (4 days) 

1963 125.0 126.3 123.4 

1964 126.0 125.7 130.0 

1965 113.4 120.2 116.6 

1966 66.7 61.0 61.8 

1967 79.0 84.0 80.7 

1968 107.3 110.8 102.7 

1969 167.8 171.6 164.5 

1970 92.7 93.2 92.9 

1971 148.2 155.6 147.1 

1972 246.4 254.4 245.8 

1973 55.9 50.9 51.2 

1974 142.0 143.3 142.3 

1975 103.3 103.2 100.8 

1976 111.3 116.7 111.6 

1977 198.2 204.9 192.3 

1978 115.2 109.2 116.1 

1979 90.1 90.9 90.3 

1980 76.1 76.7 76.4 

1981 79.9 79.7 79.7 

1982 179.9 193.5 173.0 

1983 75.7 70.5 72.2 

1984 117.4 118.4 121.2 

1985 88.8 87.2 89.1 

1986 66.9 68.7 66.4 
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Table 5.4.- Continued. 

Year Hierarch. (4 days) Hierarch. (7 days) Real (4 days) 

Average 115.6 117.4 114.5 

St. dev. 46.1 49.5 45.7 

Coef. Var. 0.40 0.42 0.40 

Max. 246.4 254.4 245.8 

r..Iin. 55.9 50.9 51.2 



142 

These are the advantages, limitations and difficulties that we observe to be 

associated with the implementation of this approach. Further confirmation should 

come from additiona.l experience under different conditions, especially concerning 

the nature and distribution of daily inflows. 
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CHAPTER 6 

CONCLUSIONS 

All along this work we have tried to give an idea of the difficulties, limitations 

and performance of the operation of a reservoir under a new conceptualization of 

the physical reality of the inflows. The resulting mathematical model (P.B.S.D.P.) 

under assumption of a unique association between peak discharge and shape of 

the hydrograph, obtains a set of daily releases for every combination of discretized 

peak volume. time to next peak and pair of storages (initial and final). This modd 

proceeds in a way different from the current disaggregation approaches, first it solws 

the tactical operation, and second it solves the strategic operation. 

The results obtained in its implementation in the daily operation of the 

Sau reservoir are valid as a first experience only for the reservoir at hand. \Ve 

belie\'{' that the improved performance with respect to the operation currently in 

use is conditioned by the fact that the new conceptualization of the physical reality 

has implit>d a high number of strategic decisions during the year. Probably, other 

conceptualizations involving also a high number of strategic decisions could have 

given similar results depending on the accuracy of the forecasts of the daily inflows. 

Nevertheless, the current approach of viewing the physical reality of the inflows to 

the reservoir 8..0; a succession of peak volumes and time span between them seems 

to present a few advantages with respect to the commonly used disaggregation 

approaches: 
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Once the peak is known, we can have a good definition of the successive 

flows until the next peak is recorded. This allows us to treat the tactical 

operation of the reservoir in between peaks as deterministic, accounting for 

the physical constraints that the reservoir operator finds every day. 

- In the P.B.S.D.P. model the unknown variable at the moment of taking a 

strategic decision is the time to the next peak. In general, in any break down 

approach the unknown variable is the total monthly inflow. We believe that 

in many circumstances the time to the next peak is a variable that may 

be easier to forecast than the total monthly inflow, and probably easier to 

update. For example, in a situation, in which on the average, several peaks 

are received in one month, we should forecast their occurrence in time and 

value in order to obtain a good estimation of the monthly inflow. \Vith the 

P.D.S.D.P. model we need to forecast only the time to the next peak. 

- The P.B.S.D.P. model seems to act very robustly with respect to some of the 

analyzed factors for the Sau reservoir. This statement should be confirmed 

with further experience using different reservoirs and performance indexes, 

based not only on production of electricity, but reflecting other purposes such 

as flood protection, navigation, recreation and so on. 

On the negative side, we must state how heavily this P.D.S.D.P. model can 

suffer from the curse of the dimensionality for a multireservoir system. The adap

tatioIl of other D.P. based techniques, such as Differential Dynamic Programming 

(Jacobson and Mayne, 1970), especially its option for handling stochasticity as done 

by Gjelsvik (1982), is an alternative worth to attempt even though it is associated 

with some mathematical complexity. 

In other order of things, we think that the use of the defined index of optimal

ity (dwpter 4), even though it can be conditioned by the type of performance index 
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selected, could help in the definition and comparison of several techniques. More

over, it can give an idea of how much improvement can be made in the operation 

of a reservoir when using a certain model. 

In general, we think that probably the malO conclusion and benefit that 

can be obtained from the reading of the previous chapters is that the attempted 

P.B.S.D.P. approach could be at least as useful to the analysis of the reservoir 

problem as the current disaggregation procedures. The performance of such pro

cedures depends on the accuracy of the forecasted inflows. If this ability exists 

it seems that they can perform better than the P.B.S.D.P. model. Otherwise, the 

P.D.S.D.P. model can be a useful alternative. Probably in instances where the reser

voir receives a high number of peak discharges every month would be the ideal case 

in which this approach could be applied. We think that a valuable extension of this 

study could be the testing of cases in which the number of peak discharges every 

month is really low. Similarly, we would like to suggest that it should be necessary 

some study on the influence of the time basis selected in the solution of the strategic 

problem in the current disaggregation approaches. The results of past chapter seem 

to indicate that this basis should be a function of the ability of making accurate 

forecasts. 

Finally. we would like to point the general outlook of this work. Instead of 

trying to adapt a new mathematical technique to the same conceptualization of the 

physical reality, we have tried to develop a different conceptualization of the physical 

reality and to select the most suitable mathematical-analytical technique available. 

The results of chapter 4 seem to indicate that WIder the physical circumstances at 

hand. this approach seems to be promising. We would like to think of this work 

as an example of the results that can be obtained when working in this direction. 

From an academic point of view, thinking of Hydrology as a science, we can do so. 

From a practical point of view, however it might not make a major difference. 
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In order to study the behaviour of the Sau reservoir under the P.D.S.D.P. 

approach of this work and under other approaches a set of codes were developed. 

All of them were coded in VAX-FORTRAN language. 

In this appendix and in the next one we are going to present a brief de

scription of the function accomplished by every code. We believe that the logic of 

the algorithm that they perform can be followed with the commentaries that are 

included. 

In particular in this appendix, we include a description of all the codes needed 

for obtaining, under the statements presented in chapters 2, 3, and 4, the dec~sion 

policy of the P.D.S.D.P. approach and its performance under different input se

quences. These two points could have been accomplished in only one main code, 

but for the sake of simplicity we decided to write a separate code for everyone 

of the needed steps. These codes can be grouped for their presentation into the 

following classes: 

- Definition of the discretization of storages and peak discharges. 

- Derivation of the decision policy. 

- Performance of this policy under different input sequences. 
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Definition of the discretization of storages and peak discharges. 

- The first step that was accomplished was the manual creation of the file 

SAUMAIN.DAT, in which the following variables were sequentially stored: the daily 

inflow, the height of the water in the reservoir and the outflow through turbines 

for every day from 1963 to 1986. The height of the reservoir and outflow through 

turbines were available only from 1970 to 1986. 

- This file serves as input to the code CHECK. This code acts interactively 

with the user for determining the distribution and number of peaks within any 

season, month or period of time selected by the user. With this information, the 

user must create a file CLASS.OAT with the limits defining every class of peak 

discharge. Also th(' user must create a file STATE.OAT with the sequentially desired 

values of storage reservoir. On the first line of this file three other values must be 

indicated: the number of increments (NINC) in order to create auxiliary storages, 

(its necessity will be seen later on), the minimum allowed daily release (A.S.R.), 

and the maximum allowed discharge (M.C.T.), in our case the maximum discharge 

through the turbines. 

\\lith these two steps, the user directed part is completed. After it, everything 

is automatically performed. The user does not interact with the codes. 

Derivation of the decision policy 

- The files CLASS.DAT and SAUMAIN.DAT are inputs to the code 

rROBAB that gives as output a file PROBAB.DAT with the probability transition 

matrix associatt,d with every pair of peak and time in between. 
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- These two files also serve as input to the code MAILLET. This program 

calculates the average flow (D. E.I.) for every day after a certain peak. It wri tes 

results in file MAILLET.OAT. 

- The file MAILLET.DAT serves as input to the code VALUE. This code, per

forming the forward D.P. model of section 4.1.1, obtains the return value R(k, i, 1, t) 

associated with going from a storage k to another storage 1 in t days after receiving 

a peak i. It solves the so called Model I. Observe that the successive flows for the i 

days are considered known. They are the average flows in file MAILLET.OAT. 

In order to diminish the imprecision generated by the discretization of the 

storages in this forward D.P. model, several auxiliary storages for serving as auxil

iary states are created within the code VALUE. For this reason, the value of NINC 

is needed in the file STATE.DAT. This value indicates the number of auxiliary stor

ages that will be created between two decision storages. For example if NINC=5 

and any two decision storages are 100 and 105, the storages used as state variables 

in the forward O.P. formulation will be 100, 101, 102, 103, 104, and 105. It was 

observed that a value of NINC around 3 was suitable. 

The results, that is, the maxImum electricity production associated with 

every pair of storages (initial and final), peak and time in between, are written in 

file VALUE.DAT. 

- The final step in obtaining the steady-state policy was the elaboration of 

code OISER performing the recursive relationship presented in chapter 2 (Model II). 

The inputs of this code are the files PROBAB.OAT and VALUE.DAT. The 

outputs arc the file DISPOL.OAT (indicating the optimal decision in case that the 

time to the next peak will be totally unkown to the operator at the moment of 

taking the strategic decision), and the file TOTAL.OAT (for the case that time to 

the next peak will be known). 
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Performance of this policy under different input sequences 

- The optimal decision expressed in the previously mentioned files, DIS

POL.DAT and TOTAL.DAT, is presented as the optimal storage to go after t days. 

It is necessary to express this decision as the amount of water to be released every 

day. This is accomplished with another set of codes. 

- For the case that the time to the next peak is Wlknown, we created the code 

DISCHECK that reads the files DISPOL.DAT, MAILLET.DAT and STATE.DAT 

previously created, and generates the file RELEASE.DAT with the corresponding 

optimal daily releases associated with every combination of storage and peak. 

- For the other situation, the case in which the time to the next peak is known, 

the file TOTAL.DAT is used for obtaining the succession of daily discharges for every 

combination of storage, peak discharge and time span. This is accomplished with 

the codt' TOTREL that reads from the files TOTAL.DAT, MAILLET.DAT and 

STATE.DAT, and generates the file TOTREL.DAT. 

- Now, we are in a position to test the P.B.S.D.P. approach under different 

input sets. For this purpose it was necessary to create the code GENERA. As it 

was presented in chapter 4, this code needs the a and j3 values of the linear model 

of section 4.3. These values are read from the file PROP.DAT generated by the 

code MAILLET. Interactively, we can introduce a seed number, that is, the first 

integer number that is used by the built-in VAX function RAN. Automatically 3 

years of successive daily inflows with statistics similar to those presented in the set 

of 24 years of data are written in the file GENERA.DAT. 

- This file, GENERA.DAT, is used as input for the codes that perform 

the operation of the Sau reservoir Wlder the decision tables included in the files 

TOTREL.DAT and RELEASE.DAT. These codes are respt'ctively: TOTRES (case 

of kllown time to the next peak) and RESULT (case of unknown time to the next 
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peak). The results are written in the files TOTRES.RES and DISCHECK.RES 

respectively. 

An exact description of the function of every code and the relations among 

the different files and codes is expressed in the following Table A.1 and Figures A.1 

and A.2. 

Table A .1.- Function of every code needed for the derivation of the decision policy 

under the P.B.S.D.P. approach. 

CODE Function of code 

CHECK Gives information to the user about some characteristic of the 

inflows. 

DISCHECK Translates the optimal decision into daily releases. 

DISER Obtains the optimal decision for the Sau reservoir under the 

current approach (Model II). 

GENERA Generates daily inflow sequences. 

MAILLET Calculates the succesive flow discharges after a certain peak. 

PROBAB Calculates the transition probabilities of a certain peak after 

another peak with some time span in between. 

RESULT Performs the daily operation of the Sau reservoir assummg 

unknown time to next peak. 

TOTREL Obtains the daily releases for different time spans. 

TOTRES Performs the daily operation of the Sau reservoir assummg 

known time to next peak. 

VAL UE Obtains the maximum electricity production associated with: 

initial and final storage, peak and time span (Model I). 
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In chaptpr 4 we mentioned that we tried different approaches in order to 

evaluate the performance of the P.B.S.D.P. model. These other approaches were 

called the Current, Ideal, Hierarchical, and Real Operation. 

For these approaches several codes were needed; they are presented in this 

appendix. 

- The first one is the code ENERGY. This code, after reading inflow data 

from the file SAU~IAIN.DAT, presented in the previous appendix, creates the file 

El\ERVAL.RES with the data about the Current Operation. It also creates the file 

~1():\I~FL.DAT with the monthly inflows. 

- This latter file, MONINFL.DAT, is used by the code MARKOV in order to 

create the file MARKOVl.DAT with the Markov chain relating the total monthly 

inflows. 

- The file MARKOVl.DAT is used as input for the code DISERCLA. The 

output is the file CLAPOL.DAT in which is contained the decision table indicating 

to which final storage should we go when, at the beginning of the month, the 

reservoir is placed at a certain storage level and receives, during the month, a 

certain inflow. 
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- With the decision policy contained in the file CLAPOL.DAT, that is to say, 

having solved the strategic operation, we will proceed to test the different sequences 

of daily inflows generated by the code GENERA presented in the previous appendix. 

For this purpose it was necessary to develop a new code, DPREAL, in order to 

perform the Real Operation. The results are written in file DPREAL.RES. 

- Another code, DPCHECK, performs the Hierarchical Operation. Its func

tions and methdology are similar to that of the code DPREAL. It reads the decision 

policy from file CLAPOL.DAT and the daily inflows from file GENERA.DAT. It 

writes the results of the performance of the Sau reservoir, under these assumptions, 

in file CLACHECK.RES. 

- For the ideal case, that is, the case in which every daily inflow for the 

24 years is completely known, the code OPTIM was created. This code, using a 

forward D.P. formulation gives the optimal electricity production for the 24 years 

of data (t he Ideal Operation). 

A brief description of the function of every code and the relations among the 

different files and codes are presented in Table B.1 and Figure B.1. 
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Tablf' B.1.- Function of every code needed for obtaining the decision policy under 

otllf'r approaches. 

CODE Function of code 

DISERCLA Solves on a monthly basis the strategic problem of the Sau 

reservoir using a S.D.P. 

DPCHECK Performs the so called Hierarchical Operation. 

DPREAL Performs the Real Operation. 

ENERGY Performs the Current Operation. 

MARKOV Obtains the monthly Markov chain. 

OPTIM Performs the Ideal Operation 
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APPENDIX C 

EXAMPLE OF P.B.S.D.P. MODEL 

c 
C PROGRAr-.l PBSDP 

C 

C This VAX code performs the example of the P.B.S.D.P. model in section 2.1 

C 

C 

DI~lENSION NDAY(2),STO(2),FLO\V( 4),PEAK(2,4) 

DnIEl\'SION NOPT(2,2,2),F1(2,2,2),F2(2,2,2),R(2,2,2,2) 

DI~IEl\'SION DIF(2,2,2 ),PR( 2,2,2,2),V(2,4) 

Il\'TEGER T,U 

CO~I~10N NS,ND,NP,MAXD,NDAY,STO 

C Storage values (STO) 

DATA STO/3.,4./ 

C Days between peaks (NDAY) 

DATA NDAY /3,4/ 

(' Sequences of inflows (PEAK) 

DATA PEAK/7.,5.,4.,3.,2.,2.,1.,1./ 



C Number of storages (NS) 

NS=2 

C Number of days between peaks (ND) 

ND=2 

C Number of peaks (NP) 

NP=2 

C :l\Iaximum number of days between peaks (MAXD) 

MAXD=4 

C Reading transition probabilities (PR) 

OPEN( 1 ,FILE= 'PROBEX.DAT',STATUS= 'OLD') 

DOI=l,NP 

DO T=l,ND 

READ(l,l) ((PR(I,T,J,U),U=l,ND),J=l,NP) 

END DO 

END DO 

C Calculating returns R(k,i,l,t) from MODEL I 

DO K=l,NS 

DO I=l,NP 

C Selecting the sequence of inflows 

DO J=l,MAXD 

FLOW(J )=PEAK(I,J) 

END DO 

CALL MODELI(STO(K),FLOW,V) 

C Seiccting the values of R(k,i,l,t) 

DO L=l,NS 
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DO T=l,ND 

R(K,I,L,T)= V(L,NDAY(T)) 

END DO 

END DO 

END DO 

END DO 

C Iteratiw process for MODEL II 

DO \VHILE(KIND.EQ.O) 

DO K=l,NS 

DO I=l,NP 

DO T=l,ND 

VMIN=9999. 

DO L=l,NS 

ACM=O. 

C Performing the calculation of the average of previous states 

DO J=l,NP 

DO U=l,ND 

AC~1=ACM+(PR(I,T,J,U)*F2( L,J,U)) 

END DO 

END DO 

C Calculating current value 

ACM=ACM+R(K,I,L,T) 

C Testing for optimality 

IF(ACM.LT.VMIN) THEN 

VMIN=ACM 

C Keeping optimal storage 

NOPT(K,I,T)=L 

END IF 

END DO 
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C Keeping optimal expected return 

F1(K,I,T)=VMIN 

END DO 

END DO 

END DO 

C Checking stopping rule 

DO K=l,NS 

+ 

DO I=l,NP 

DO T=l,ND 

IF( ABS( (F1( K,I,T)-F2(K,I,T) )-DIF( K,I,T)) 

.LT.0.05*DIF(K,I,T)) KIND=KIND+ 1 

DIF( K,I, T )=Fl( K,I, T)-F2( K,I, T) 

F2(K,I,T)=F1(K,I,T) 

END DO 

END DO 

END DO 

IF( KIND.NE.NS*NP*ND \ T :IND=O 

END DO 

C Writing results (Table 2.3) (next optimal storage (NOPT)) 

OPEN(2,FILE='PBSDPEX.RES',STATUS='NE\V') 

DO K=l,NS 

DO I=l,NP 

DO T=l,ND 

WRITE(2,2) K,I,T,NOPT(K,I,T) 

END DO 

END DO 

END DO 
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1 FORMAT(lX,4(2X,F5.2)) 

2 FORMAT(1X,313,3X,I3) 

STOP 

END 

C**************************************************** 

C 

C Subroutine MODELl 

C 

C This subroutine performs the solution of Model I 

C**************************************************** 

SCBROUTI~E ~IIODELI(SI,FLOW,V) 

DI~IE~SION FLO\V( 4 ),STO(2),NDAY(2),V(2,4) 

I~TEGER T 

CO~tMON NS,ND,NP,MAXD,NDAY,STO 

C Target Release (TR) and Target Storage (TS) 

TR=2. 

TS=6. 

C Calculating boundary condition 
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DO K=l,NS 

REL=SI+FLOW( 1 )-STO(K) 

V(I\,l )=( (TR-REL)**2)+( (TS-SI)**2) 

END DO 

C Iterative process 

DO T=2,MAXD 

DO K=l,NS 

V1IIN = 1000. 

DO L=l,NS 

REL=STO(L)+FLOvV(T)-STO(K) 

VAL=( (TR-REL)**2)+( (TS-STO(L) )**2) 

VAL=VAL+V(L,T-l) 

IF(VAL.LT.VMIN) VMIN=VAL 

END DO 

V(I\,T)=VMIN 

END DO 

END DO 

RETURN 

END 

IG2 
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