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Preface

A problem of water economy development is considered in
this paper. The problem is to define operational control of
water economy elements (reservoirs, canals, etc.), taking
into account their long-term development dynamics. By
long-term development dynamics we mean the creation and
expansion of reservoirs, canals and other hydrotechnical
structures over a given planning period {about 5-10 years).
Also, we want to determine the additional capacities of hydro-
technical structures, schedules for their installation, and
their operational control in order to minimize water economy
losses expected over the planning period. The supply of
resources required for water economy development is a given
exogenous variable. The problem is solved numerically under
a few assumptions concerned with water distribution over
alluvial planes, irrecoverable water, and a mathematical form
of the objective function.

-111-







Abstract

Given the management goal of minimizing the total losses
that occur within the existing construction and design of a
water economy system, particular problem of water economy de-
velopment is stated and solved numerically.

The paper is a continuation of a study in complex water
economy planning (RR-75-27). As before, it is assumed that the
planning process is consistent with the following procedures:
formulation of all development alternatives considered, cal-
culation of all alternative development programs, and water
economy damage estimation for each alternative development
program.

The problem of total loss minimization is a particular
case of a general problem statement. It allows one to reduce
the latter two planning procedures to a single one and solve
it effectively. With this approach it is possible to simul-
taneously obtain solutions to both short-term control and long-
term development strategy for a given water economy system.







Water Economy Program Evaluation

With Respect to Total Losses Expected

Igor Belyaev and Igor Zimin

I. Introduction

This paper is a continuation and development of the pre-
vious study in water economy planning [1]. The approach under
consideration was proposed to us by Professor Z. Kaczmarek in
order to illustrate and clarify the general methodology and
technique presented in [1]. Here we consider a particular case
where all goals (interests) of management are reduced to the
minimization of total losses which occur with the existing con-
struction and design of water economy systems.

Thus we consider water economy as an individual branch
connected with other branches within the framework of central-
ized management. We will deal with normative planning of the
branch development at high management level.

It is assumed that the planning process is consistent with
the following successive procedures:

- formulation of all conceivable development alternatives,
- calculation of all alternative development programs,

- estimation of damage or total losses which can occur
within the branch with respect to each given development
alternative program.

Since the project evaluation problem is stated in a less -
general form than in [1]}, the latter two procedures can be re-
duced to a single procedure and we can deal with the correspond-
ing model. Under this approach it is possible to simultaneously
obtain the solution of the short-term requlation problem and the
solution of the long-term development problem.

As before, we assume the existence of certain relations
between branches and directive body (center), which provide the
information necessary for the procedures considered (a detailed
description can be found in [1]}). For simplicity we consider a
deterministic river basin model.




II. Problem Statement

On the basis of the: given initial information, the whole
river basin is represented by the oriented network, whose
nodes correspond to separate river reaches, canals, hydro-
technical structures, reservoirs, water users (consumers) of
different kinds (cities, administrative regions, agricultural
areas, etc.). Arcs or arrows which connect nodes show water
flow directions.

For every node or for every water economy element we write

down a balance equation.
system dynamics.

All these equations describe river
They can be written as follows:
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where
w, {t) total amount of water in the i-th element at
1 instant t;
F..(t) intensity (or rate) of water running from ele-
1] ment i (the network node) to element j at in-
stant t;
F, (t) intensity of water withdrawal in element i at
10 the instant t (intensity of water flow to ano-
ther sector of the economy) ;
F . (t) intensity of water inflow into element i from
ol without (surface and underground inflow, pre-
cipitations);
Y set of preceding (upstream) elements (cross-
1 sections, reservoirs, canals);
YI set of elements into which water flows from
element 1i;
E..(t) intensity of water inflow into the i-th from the

Ji

j-th element due to floods;



i.(t) = intensity of water outflow from the i-th to the
] -j-th element due to floods;
Eio(t) = intensity of irreparable losses of water caused
by the flood at moment i;
?I = set of elements into which water flows from ele-
ment i if a flood occurs;
Ny
Y; = set of elements from which water flows to the

i-th element if a flood occurs;

M = total number of elements in the water system
i,j, = 13,...,M.

The initial conditions are determined by the state of the
basin at the initial moment of the planning period:

wo(£) = wg ) (2)

The values of wi(t), Fij’ are limited by the maximum (W;(t)’ﬁij)
and minimum (yi(t),O) feasible capacity of water reservoirs and

canals:
w, (k) < wi(t) s w, (k) (3)
0 < Fij(t) < Fij(t) . (4)

If element i corresponds to a reach of a river or canal, then
v—vi(t) =0 , (5)

as there is no accumulation of water in such reaches.
F . (t) are given functions of time. E,.(t), E. (t) are certain
oi ij io

given functions of all other variables and are determined by
the amount of water and by the relief in the vicinity of a

given reach.

Flood water flows are subject to the following natural
constraints:
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We have to make a few assumptions with respect to processes
which take place at each element when floods occur.
The value Eio is a total sum of such components of water

balance as filtration, evaporation and accumulation of water in
the vicinity of a given river reach. Défining this value we
assume the following hypotheses to hold:

Hypothesis 1

Eio(t) = ai(t)(mé&" Emi(t) + nZ:W Ein(t)> ,
i (6)

O <o;(t) <1 .

This means that the total water amount which leads to the forma-
tion of swamps in the neighborhood of the i-th element is a certain
portion of the water which goes through the i-th element from
various sources and from the i-th element to other elements.

This sum does not include water which moves within the river

bed and within the dike area in particular. Thus under the
hypothesis we implicitly take into consideration space distri-
bution of river basin elements (Fig. 1).

Then we assume that flood outflow is distributed between
elements of the set ?; in proportions which are dependent on a

landscape of the given regions. Thus we have the following:

Hypothesis 2
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Figure 1|
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. Space distribution of river basin flows




and

1

This means that the amount of water which goes from the i-th to
the n-th element when a flood occurs is a portion of the water
amount which cannot be kept within the river-bed part of the
river. A typical situation is shown in Figure 2. ©Note that
the problem does not become more complex if we assume coeffi-
cients a and B to be dependent on time. It allows one to
simulate, for instance, whether to eliminate changes over time.
Determination of these coefficients can be done, on the one
hand, by retrospective expert estimation; on the other hand,
specific mathematical models are able to provide information

required for their evaluation.

Our third assumption concerns water consumption.

Hypothesis 3

wi(t)

IA

w

(8)
f;
Fio(t) di(t) .

I

This means that supply should not exceed water requirements
(demands) of consumers at each water economy element. Here

df is water demand of consumers who are exploiting water in a
given river or canal area, and d? is the demand of consumers ex-
ploiting water in the i-th reservoir. We consider the functions
df(t) and dY(t) to be defined over all planning period T.

We assume that the criterion for losses is additive with
respect to consumers and is a sum of penalties (expressed in
monetary units) for water shortages of consumers and losses
caused by floods.

Hypothesis 4

The objective function is as follows:
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where

X

im

(9)

= penalty for insufficient water amount in the
i-th reservoir (navigation, environment) ;

= penalty for insufficient water supply of the
i-th element (city, industry, agriculture, etc.);

= penalty for insufficient water flow in the
in-th river bed or canal (navigation, hydropower
stations, etc.);

= penalty for damage caused by floods in the
neighborhood of the i-th element;

= penalty for water losses and corresponding
consequences (e.g. swawmping of agricultural
areas;.

The problem is to find short-term regulation rules (controls

io) and long-term development control (expansion and

reconstruction schedules of existing water economy structures)

(controls uk(t)) which minimize total losses J over the planning

period.

It easily can be seen that saking into account (8) and (9),
the problem can be reformulated as follows:

I <51 ) S
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subject to
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F
F o) <d;(x) (16)
F £ & -
0 < Fij(to) + EéG.. fijz (t) Fij(t) (17)
iJ
F,.(t) >0 , (18)
ij -
Ng" 19)
wi (£) < w (El) + név‘ w;z (£) (
1
(20)
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zd(t) <1 i =1,2,...,M (23)

M . .

5 oc,.ud(t) < () (24)

L ij -

j=1

where
Gi' = set of activities whose completion will lead to
J putting additional canal or river capacities

into operation; *

Vi = set of activities which provides the
coming into operation of additional reservoir
capacities in the i-th element;

wg = magnitude (or portion) of the useful capacity
of the i-th reservoir which can be loaded after
completion of the n-th building activity;

cij = the nominal i-th resource requirement for the

j-th activity;
c'(t)= the i-th resource supply for water economy

development within the year t.

For the building dynamics (Eq. 20), see also [2]. Equation
(24) merely describes resource supply constraints.

We define additional canal capacity (fij) as a capacity which

can be used by water consumers after completion of the £-th
building stage of a given water economy structure. For example,
canal capacity can be increased by creating additional dikes

or dams.
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IIT. Solution of the Problem

Let us introduce the following notation:

Ain = left hand side in (17),
Aij = right hand side in (19),

™ = time moment when right hand side equality
*n holds in (19),

'™ = time moment when equality holds in (15),
77 = time moment when equality holds in (17),
1+ = time moment when equality holds in (20),

TF = time moment when equality holdas in (23).
We modify the problem by introducing discontinuous penalties

for violation phase constraints (13), (15), (17), (19), (20)
into the objective function:

where

Y large positive number,

0 (x)

i , if x>0
o , 1ifx<0 .

Thus we reduce the solution of the initial problem to the
following one:
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I » Min
(25)
s.t. (11), (12), (1ls), (18), (21), (22), (24)

This is an optimal control theory problem; for its numerical
solution, the method developed in [2] can be used. 1In this
case the Hamiltonian is as follows:
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where
1 _ _ 1 _ F
a; = 1 a; 4, € = cy + a;c ;

and pj(t), Ai(t) are Lagrange multipliers which satisfy the

following dynamical equations:

pj(t) = pj(t + 1)

. = 0 ’
pJ(T)
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and jump conditions
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(27)
, En e G.
(28)
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where %i right hand side of the i-th equation in (1).

The algorithm works as follows:

l. Find initial control approximation {Fii)(t),uj(o)(t)}.

We can also take existing water regulation rules with-

out considering construction of new water economy

structures (uj(O) = 0) as an initial approximation.

2. Integrate equations (1), (21) under given initial
conditions (2), (22). During integration we obtain
values Tln, Tl, tlj, tY, tj, Z, W.

3. Under uiven z, w, u and F integrate systems (27),
(28) from t =T to t = t.

4. Find controls which give a maximum to Hamiltonian (26)
under given p and A.

5. Repeat 2-4 until a remarkable decrease of the functional
takes place.

Finally we would like to note that the problem presented
can be generalized in different ways. For example, nonlinear
(convex) penalties can be introduced into the objective function
and floods can be considered as floods within dike areas and
outside dikes. The latter consideration is especially impor-
tant when distribution of pollution over water economy elements
is taken into consideration in the model.
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