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Water resource systems have been an important part of re- 
sources and environment related research at IIASA since its in- 
ception. As demands for water increase relative to supply, the 
intensity and efficiency of water resources management must be 
developed further. This in turn requires an increase in the 
degree of detail and sophistication of the analysis, including 
economic, social and environmental evaluation of water resources 
development alternatives aided by application of mathematical 
modeling techniques, to generate inputs for planning, design, 
and operational decisions. 

In 1978 it was decided that parallel to the continuation 
of demand studies, an attempt would be made to integrate the 
results of our studies on water demands with water supply con- 
siderations. This new task was named "Regional Water Management" 
(Task 1, Resources and Environment Area). 

One of the case studies in this Task, carried out in col- 
laboration with several Bulgarian institutions and the Regional 
Development Task of IIASA, is concerned with water resources 
management in the Silistra region of Bulgaria. This paper on 
modeling the water supply system in the Silistra region accom- 
panies the earlier study on the water demands of agriculture in 
the same region. 
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MODELING REGIONAL WATER 
SUPPLY: SILISTRA CASE STUDY 

V. C h e r n y a t i n  

1. INTRODUCTION 

The IIASA's  w a t e r  r e s o u r c e s  r e s e a r c h  r e l a t e d  t o  t h e  S i l i s t r a  

Case S t u d y  s t a r t e d  i n  1977 w i t h  t h e  mode l ing  o f  a g r i c u l t u r a l  

w a t e r  demands (Gouevsky and Maidment, 1 9 7 7 ) .  I n  many r e s p e c t s ,  

t h e  w a t e r  demand model had t h e  c h a r a c t e r  o f  a g e n e r a l  a g r i c u l -  

t u r a l  model f o r  t h e  S i l i s t r a  r e g i o n .  L a t e r  o n ,  t h e  model was 

e x t e n d e d  t o  t a k e  i n t o  a c c o u n t  t h e  s u b d i v i s i o n  o f  t h e  r e g i o n  i n t o  

a  number o f  d i s t r i c t s  w i t h  t h e  v a r i o u s  c o n d i t i o n s  o f  s o i l ,  c r o p  

s t r u c t u r e ,  w a t e r  s u p p l y ,  e t c .  (Gouevsky, Maidment, and S i k o r s k i ,  

RR-80-38, 1 9 8 0 ) .  The c r u c i a l  p o i n t  a t  t h i s  s t a g e  o f  t h e  s t u d y  

was knowing how much w a t e r  s u p p l y  c o s t s  i n  t o t a l ,  and  what  t h e  

shadow p r i c e s  o f  w a t e r  f o r  t h e  v a r i o u s  d i s t r i c t s  would be .  Un- 

f o r t u n a t e l y ,  it i s  i m p o s s i b l e  t o  answer t h e s e  q u e s t i o n s ,  even  

r o u g h l y ,  w i t h o u t  a n a l y s i s  o f  a  r e g i o n a l  water s u p p l y  sys t em.  

The second  s t a g e  o f  t h e  S i l i s t r a  w a t e r  r e s o u r c e s  r e l a t e d  

s t u d y ,  b e i n g  t h e  main s u b j e c t  o f  t h i s  p a p e r ,  i s  a  w a t e r  s u p p l y  

model.  The m a j o r  problem t o  be  s o l v e d  h e r e  i s  t o  d e t e r m i n e  t h e  

l e a s t - c o s t  v a r i a n t  o f  t h e  w a t e r  s u p p l y  sys t em a n d  t h e  shadow 

p r i c e s  o f  w a t e r  d i s t r i b u t e d  g e o g r a p h i c a l l y .  The l a t t e r  v e r y  much 

i n f l u e n c e s  t h e  i n t r a r e g i o n a l  s t r u c t u r e  and i n t e n s i t y  o f  p r o d u c t i o n .  

I n  t h i s  r e s p e c t  t h e  w a t e r  s u p p l y  model r e p o r t e d  h e r e  c a n  be  con- 

s i d e r e d  a s  an e s s e n t i a l  p a r t  o f  t h e  sys t em o f  r e g i o n a l  models  



(Albegov and C h e r n y a t i n ,  1 9 7 8 ) .  What i s  e s p e c i a l l y  i m p o r t a n t  

i s  t h a t  t h e  w a t e r  s u p p l y  model shou ld  be i n t e r r e l a t e d  w i t h  o t h e r  

r e g i o n a l  models. I n  t h e  S i l i s t r a  Case,  a t  t h e  end o f  1979, such 

a  c o o r d i n a t i o n  was done f o r  t h e  a g r i c u l t u r a l  w a t e r  demand and 

s u p p l y  models (Chernya t in  and Gouevsky, fo r thcoming)  . 
This  paper  sums up IIASA's work on modeling of t h e  

S i l i s t r a  w a t e r  s u p p l y  system. The w a t e r  s u p p l y  model p r e s e n t e d  

h e r e  was developed i n  c l o s e  c o o p e r a t i o n  w i t h  t h e  S o f i a  I n s t i t u t e  

f o r  Water P r o j e c t s  which i s  r e s p o n s i b l e  f o r  d e s i g n i n g  w a t e r  re- 

s o u r c e s  sys tems i n  B u l g a r i a .  I t  must b e  s t r e s s e d  t h a t  t h e  S i l i s t r a  

r e g i o n  i s  c h a r a c t e r i z e d  by f a i r l y  s i m p l e  h y d r o l o g i c a l  c o n d i t i o n s  

i n  t h e  r e g i o n .  Namely, abundance o f  w a t e r  i n  t h e  Danube r i v e r - -  

t h e  o n l y  s o u r c e  o f  water - -a l lows one c o r r e c t l y  t o  c o n f i n e  o n e s e l f  

t o  w i t h i n - y e a r  r e g u l a t i o n  o f  w a t e r  r e s o u r c e s .  T h i s  p r o p e r t y  

e s s e n t i a l l y  s i m p l i f i e s  a n a l y s i s  o f  a  w a t e r  s u p p l y  sys tem.  The 

developed o p t i m i z a t i o n  model d e t e r m i n e s  b a s i c  p a r a m e t e r s  o f  t h e  

S i l i s t r a  w a t e r  s u p p l y  s y s t e m - - c a p a c i t i e s  o f  r e s e r v o i r s  and pumping 

s t a t i o n s ,  and d i s c h a r g e  c a p a c i t i e s  o f  c a n a l s .  

Although i n t e n d e d  p r i m a r i l y  f o r  t h e  S i l i s t r a  w a t e r  s u p p l y  

sys tem,  t h e  model a c t u a l l y  had many p r o p e r t i e s  o f  a  g e n e r a l  w a t e r  

s u p p l y  model under conditions o f  w i t h i n - y e a r  r e g u l a t i o n  o f  w a t e r  

r e s o u r c e s .  Af te rwards  t h e  model was g e n e r a l i z e d  t o  c o v e r  t h e  

whole se t  o f  i r r i g a t i o n  sys tems  o f  " S i l i s t r a  t y p e " .  I n  t h i s  

g e n e r a l  form, it i s  e x p e c t e d  t o  be a p p l i e d  f o r  t h e  p l a n n i n g  o f  

many i r r i g a t i o n  sys tems i n  t h e  Danube lowland i n  B u l g a r i a .  The 

f i r s t  exper iment  i n  t h i s  f i e l d  was crowned w i t h  s u c c e s s .  Namely, 

t h e  p r a c t i c a l  a p p l i c a t i o n  o f  t h e  modeling r e s u l t s  l e a d  t o  a  con- 

s i d e r a b l e  budget  s a v i n g  f o r  t h e  S i l i s t r a  i r r i g a t i o n  system. 

Below, t h e  purposes  o f  modeling,  t h e  mathemat ica l  model o f  

a  r e g i o n a l  w a t e r  s u p p l y ,  and t h e  r e s u l t s  o f  i t s  a p p l i c a t i o n  f o r  

t h e  S i l i s t r a  r e g i o n  a r e  d e s c r i b e d  i n  d e t a i l .  

2 .  SILISTRA WATER SUPPLY PROBLEMS AND 
PURPOSES OF MATHEMATICAL MODELING 

2 
S i l i s t r a  i s  a  r e g i o n  c o v e r i n g  a  2700 km a r e a ,  w i t h  

a  p o p u l a t i o n  o f  200,000 l o c a t e d  i n  t h e  Nor th -Eas te rn  p a r t  o f  

B u l g a r i a .  The s o i l  q u a l i t y  and t h e  number o f  days  o f  sun  p e r  



y e a r  make t h i s  r e g i o n  f a v o r a b l e  f o r  i n t e n s i v e  a g r i c u l t u r a l  

deve lopment  unde r  i r r i g a t i o n .  U n f o r t u n a t e l y ,  it h a s  a  pronounced 

s h o r t a g e  o f  i t s  i n t e r n a l  w a t e r  r e s o u r c e s .  S i n c e  no o t h e r  r i v e r s  

e x i s t  i n  t h e  r e g i o n ,  t h e  b o r d e r i n g  Danube r i v e r  i s  t h e  o n l y  s o u r c e  

o f  w a t e r  f o r  a g r i c u l t u r a l ,  d o m e s t i c  and i n d u s t r i a l  consumpt ion .  

Groundwater i s  a v a i l a b l e ,  o n l y  i n  s m a l l  q u a n t i t i e s ,  a t  a  d e p t h  

e x c e e d i n g  400 metres which makes it u n p r o f i t a b l e  f o r  p r o d u c t i o n  

use .  Fu r the rmore ,  t h e  a n n u a l  r a i n f a l l  i s  r a t h e r  moderate--500 mrn 

i n  average--and d i s t r i b u t e d  (somewhat u n f a v o r a b l y )  w i t h i n  t h e  

y e a r  w i t h  r e s p e c t  t o  t h e  growing  s e a s o n .  

Accord ing  t o  t h e  long- t e rm h y d r o l o g i c a l  f o r e c a s t s ,  t h e r e  

w i l l  be no d e f i c i t  o f  w a t e r  i n  t h e  Danube r i v e r  a t  l e a s t  u n t i l  

t h e  y e a r  o f  2000. Because  o f  t h e  abundance  o f  w a t e r  i n  t h e  

Danube r i v e r ,  t h e  q u e s t i o n  o f  how m u c h w a t e r t o  wi thd raw f o r  

a g r i c u l t u r a l  and  i n d u s t r i a l  p r o d u c t i o n  and  f o r  m u n i c i p a l  u s e  i s  

d e c i d e d  s o l e l y  by t h e  economics o f  w a t e r  u s e .  S u f f i c e  i t  t o  s a y ,  

f o r  example,  t h a t  a l l  t h e  i r r i g a t e d  a r e a s  are l o c a t e d  a t  a  l e v e l  

v a r y i n g  f rom 100 m t o  more t h a n  200 m h i g h e r  t h a n  t h e  Danube 

r i v e r  l e v e l .  T h i s  means t h a t  t h e  conveyance  o f  i r r i g a t i o n  w a t e r  

i s  r a t h e r  e x p e n s i v e .  

The w a t e r  s u p p l y  s y s t e m  f o r  t h e  S i l i s t r a  r e g i o n  i s  d i v i d e d  

i n t o  two s e p a r a t e  s u b - s y s t e m s - - i r r i g a t i o n  w a t e r  s u p p l y  and w a t e r  

s u p p l y  f o r  h o u s e h o l d  and i n d u s t r i a l  consumpt ion .  The r e a s o n  f o r  

making s u c h  a  d i v i s i o n  i s  t h e  e s s e n t i a l  d i f f e r e n c e  i n  t h e  l e v e l  

o f  w a t e r  q u a l i t y  demanded by d i f f e r e n t  t y p e s  o f  w a t e r  u s e r s .  

With r e g a r d  t o  i n d u s t r y  t h e s e  a r e  ma in ly  food  e n t e r p r i s e s  e x c e p t  

f o r  some o t h e r  i n d u s t r i a l  a c t i v i t i e s  i n  t h e  c i t y  o f  S i l i s t r a .  

However, b e i n g  s i t u a t e d  a l o n g  t h e  Danube r i v e r  t h e y  have  t h e i r  

own w a t e r  i n t a k e s  which a r e  s m a l l  i n  compar i son  t o  t h e  t o t a l  

r e g i o n a l  w a t e r  r e q u i r e m e n t s .  A s  it i s  known, t h e  food  i n d u s t r y  

r e q u i r e s  t h a t  t h e  w a t e r  q u a l i t y  be o f  d r i n k i n g - w a t e r  s t a n d a r d s ,  

which ,  o f  c o u r s e ,  a r e  h i g h e r  t h a n  t h a t  r e q u i r e d  f o r  i r r i g a t i o n  

w a t e r .  

I n  q u a n t i t a t i v e  r e s p e c t ,  a b o u t  10 t o  15% o f  t h e  t o t a l  r e g i o n a l  

w a t e r  r e q u i r e m e n t s  f a l l  t o  t h e  s h a r e  o f  h o u s e h o l d  and  i n d u s t r i a l  

u s e s .  The o n l y  s o u r c e  o f  w a t e r  f o r  t h e s e  u s e s  i s  t h e  Danube 

t e r r a c e  w a t e r ,  which i s  l i m i t e d  i n  q u a n t i t y .  On t h e  o t h e r  hand ,  



i r r i g a t i o n  w a t e r  i s  wi thdrawn from t h e  Danube r i v e r  whose w a t e r  

q u a l i t y  i s  much worse  t h a n  t h a t  o f  t e r r a c e  w a t e r ,  b u t  it i s  

a d m i s s i b l e  f o r  i r r i g a t i o n .  The i r r i g a t i o n  w a t e r  s u p p l y  s y s t e m ,  

i n  t u r n ,  r e p r e s e n t s  a  s y s t e m  o f  i n t e r c o n n e c t e d  r e s e r v o i r s ,  c a n a l s ,  

pumping s t a t i o n ,  c u l v e r t s ,  syphons ,  etc.  A l l  t h e  above  l e a d s  t o  

t h e  c o n c l u s i o n  t h a t  t h e  S i l i s t r a  i r r i g a t i o n  s y s t e m  is a  s e p a r a t e  

and  most  i m p o r t a n t  p a r t  o f  t h e  r e g i o n a l  w a t e r  s u p p l y  sys t em.  

T h a t  i s  why t h i s  s t u d y  i s  conce rned  w i t h  t h e  i r r i g a t i o n  w a t e r  

s u p p l y  s y s t e m  o n l y .  

From t h e  g e o g r a p h i c a l  p o i n t  o f  v iew,  t h e  i r r i g a t i o n  s y s t e m  

f o r  t h e  S i l i s t r a  r e g i o n  i s  d i v i d e d  i n t o  t h r e e  h y d r a u l i c a l l y  d i s -  

c o n n e c t e d  water s u p p l y  s y s t e m s  f o r  t h e  Tu t rakan ,Malak  P r e s l a v e t s  

and  S i l i s t r a  d i s t r i c t s ,  r e s p e c t i v e l y  (see F i g u r e  1 ) .  The M. 

P r e s l a v e t s  i r r i g a t i o n  s y s t e m  i s  t h e  most  r e p r e s e n t a t i v e  o n e  w i t h  

r e s p e c t  t o  b o t h  t h e  i r r i g a t i o n  a r e a  (more t h a n  6 0 % )  and t h e  

number o f  t y p i c a l  s y s t e m  e l e m e n t s  s u c h  as r e s e r v o i r s ,  pumping 

s t a t i o n s ,  c a n a l s ,  e tc .  Rega rd ing  t h e  T u t r a k a n  i r r i g a t i o n  s y s t e m ,  

t h i s  p r o j e c t  i s  a l r e a d y  underway and h a l f - b u i l t .  T h e r e f o r e ,  t h e  

M. P r e s l a v e t s  i r r i g a t i o n  s y s t e m s  have been  c h o s e n  a s  a  p i l o t  

w a t e r  p r o j e c t  i n  t h e  S i l i s t r a  c a s e .  The w a t e r  s u p p l y  model 

deve loped  f o r  t h e  M .  P r e s l a v e t s  d i s t r i c t  i s  e x p e c t e d  t o  be  

t r a n s f e r r e d  a f t e r w a r d s  t o  o t h e r  i r r i g a t i o n  s y s t e m s  i n  t h e  S i l i s t r a  

r e g i o n .  

The work on m a t h e m a t i c a l  model ing  o f  w a t e r  s u p p l y  s y s t e m s  

h a s  been done  by IIASA, i n  c l o s e  c o o p e r a t i o n  w i t h  t h e  S o f i a  

I n s t i t u t e  f o r  Water  P r o j e c t s .  Of c o u r s e ,  t h e  m a t h e m a t i c a l  

mode l ing  by  no means r e p l a c e s  t h e  whole work o f  d e s i g n i n g  a  

w a t e r  r e s o u r c e s  sys t em.  The b e s t  way to u n d e r s t a n d  t h e  p u r p o s e s  

o f  model ing  o r ,  s i m i l a r l y ,  what  I IASA's  r o l e  was i n  s u c h  a  c o l -  

l a b o r a t i o n ,  i s  t o  b r i e f l y  r e p r o d u c e  t h e  s e q u e n c e  o f  d e s i g n i n g  

s t a g e s  i n  t h e  deve lopment  o f  a  w a t e r  s u p p l y  s y s t e m  a s  t h e y  were 

made by t h e  I n s t i t u t e  f o r  Water  P r o j e c t s .  

A s  s e e n  from F i g u r e  2 ,  t h e  d e s i g n i n g  s t a g e s  f o r  an i r r i g a -  

t i o n  s y s t e m  r a n g e  f rom p r e l i m i n a r y  i n v e s t i g a t i o n s  t o  d e s i g n  work.  

W e  w i l l  b r i e f l y  comment o n  them. The f i r s t  s t a q e  i n c l u d e s  

p r e l i m i n a r y  g e o l o g i c a l ,  t o p o g r a p h i c a l ,  and  d e s i g n  i n v e s t i g a t i o n s ,  

w i t h  t h e  o b j . e c t  o f  r o u g h l y  o u t l i n i n g  what  t y p e  o f  w a t e r  s u p p l y  



F i g u r e  1 .  S i l i s t r a  r e g i o n .  
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sys t em w i l l  be  c r e a t e d - - w i t h  r e s e r v o i r  o r  n o t ,  w i t h  open  c a n a l s  

o r  p i p e l i n e s ,  w i t h  w a t e r  conveyance  by g r a v i t y  o r  by pumping, 

e tc .  A t  t h e  second s t a g e ,  t h e  l a n d  s u i t a b l e  f o r  i r r i g a t i o n  i s  

d e f i n e d  and ,  by d o i n g  t h a t ,  t h e  w a t e r  r e q u i r e m e n t s  a r e  d e t e r m i n e d .  

The t h i r d  s t a g e  c o n s i s t s  i n  t h e  d e f i n i t i o n  o f  a  s e t  o f  pos- 

s i b l e  v a r i a n t s  f o r  a  w a t e r  s u p p l y  sys t em.  I n  f a c t ,  t h i s  a l t e r -  

n a t i v e  s e t  i s  i n f i n i t e .  N e v e r t h e l e s s ,  i n  view o f  p u r e  p r a c t i c a l  

d i f f i c u l t i e s - - c o m p l i c a t e d  w a t e r - b a l a n c e ,  e n g i n e e r i n g ,  and  economic 

c a l c u l a t i o n s  o f  t h e  whole  i r r i g a t i o n  sys tem-- in  t h e  n e x t  s t a g e  

t h e  d e s i g n e r  h a s  t o  c o n f i n e  h i m s e l f  t o  a  se t  o f  a few v a r i a n t s ,  

u s u a l l y  no more t h a n  4 o r  5 .  The f i f t h  d e s i g n  s t a g e  r e s u l t s  i n  

d e t e r m i n a t i o n  o f  t h e  " b e s t "  v a r i a n t  f o r  an  i r r i g a t i o n  sys t em.  

The " b e s t "  h e r e ,  means t h e  o p t i m a l  v a r i a n t  i n  t h e  n a r r o w - s e n s e  o f  

t h e  word,  a s  w e  a r e  d e a l i n g  w i t h  t h e  o p t i m a l  v a r i a n t  . chosen  f rom 

among a  v e r y  l i m i t e d  se t  o f  p o s s i b l e  v a r i a n t s  o f  w a t e r  s u p p l y  

s y s t e m s .  The measure  w i t h  which  t o  compare t h e  d i f f e r e n t  v a r i a n t s  

a m o n g s t e a c h  o t h e r  is  t h e  t o t a l  a n n u a l  c o s t  o f  a  w a t e r  s u p p l y  

sys tem.  

Looking  a t  t h e  d e s i g n  scheme p r e s e n t e d  i n  F i g u r e  2 ,  it is 

e v i d e n t  t h a t  s t a g e s  4 and  5 a r e  r a t h e r  labor -consuming and ,  a t  t h e  

same t i m e ,  e a s i l y  f o r m a i i z a b l e .  We can g i v e  t h e  m a t h e m a t i c a l  

model ing  comple t e  c o n t r o l  o v e r  t h e s e  two s t a g e s .  The e s s e n t i a l  

a d v a n t a g e  o f  t h e  mathemat ica l -model ing  approach  h e r e  i s  t h a t  it 

a l l o w s  to a n a l y z e  t h e  i n f i n i t e  number o f  v a r i a n t s  f o r  a  w a t e r  

s u p p l y  sys t em.  I n  t h e  m a t h e m a t i c a l  model ,  t h e  s i m u l a t i o n  o f  t h e  

i n f i n i t e  number o f  v a r i a n t s  i s  r e a l i z e d  i n  a  f a i r l y  s i m p l e  

manner--by t h e  f low and  mass b a l a n c e  c o n s t r a i n t s  i n  a l l  t h e  

nodes  o f  a  w a t e r  ne twork .  Ano the r  s t a g e - - s e a r c h  f o r  t h e  o p t i m a l  

v a r i a n t - - i s  r e a l i z e d  by t h e  o p t i m i z a t i o n  p r o c e d u r e ,  which  d e t e r -  

mines t h e  l e a s t - c o s t  v a r i a n t  o f  w a t e r  s u p p l y  sys t em.  

Thus,  t h r o u g h  s u b s t i t u t i o n  o f  t h e  t w o  c o n v e n t i o n a l  d e s i g n  

s t a g e s  (see F i g u r e  2- -choice  o f  a  few v a r i a n t s  a n d  d e t e r m i n a t i o n  

o f  t h e  " b e s t "  v a r i a n t  o f  a  w a t e r  s u p p l y  s y s t e m )  f o r  t h e  two 

model ing  s t a g e s - - s i m u l a t i o n  o f  a l l  p o t e n t i a l  v a r i a n t s  and  s e a r c h  

o f  t h e  o p t i m a l  v a r i a n t  p r o d u c e s  r e s u l t s  which:  

o  s a v e s  t h e  d e s i g n e r  f rom t h e  m u l t i p l e ,  l abor -consuming 

c a l c u l a t i o n s  o f  a  w a t e r  s u p p l y  sys t em;  

o  g u a r a n t e e  t h e  s e l e c t e d  v a r i a n t  t o  b e  r e a l l y  o p t i m a l .  



The m a t h e m a t i c a l  model ing  e f f o r t  h a s  two a d d i t i o n a l  o b j e c -  

t i v e s  which a r e  v e r y  i m p o r t a n t  f o r  p r a c t i c a l  a p p l i c a t i o n .  

Namely, t h e  m a t h e m a t i c a l  model s h o u l d  be: 

( a )  o p e r a t i o n a l  f o r  a  wide  r a n g e  o f  i n i t i a l  d a t a ,  

( b )  s u i t a b l e  f o r  t h e  r a t h e r  a r b i t r a r y  c o n f i g u r a t i o n s  o f  

w a t e r  s u p p l y  sys t em.  

Of c o u r s e ,  a p p l i c a t i o n  o f  a  m a t h e m a t i c a l  model r e q u i r e s  

t h a t  t h e  a n a l y s t  h a s  a c c e s s  t o  t h e  computing f a c i l i t i e s  e q u i p p e d  

w i t h  a  n e c e s s a r y  s o f t w a r e .  

3 .  GENERALIZED WATER SUPPLY MODEL 

3.1  B a s i c  Assumpt ions  

B e f o r e  d e s c r i b i n g  t h e  m a t h e m a t i c a l  model ,  i t  is n e c e s s a r y  

t o  o u t l i n e  t h e  r a n g e  o f  i t s  a p p l i c a b i l i t y .  The b e s t  way o f  

d o i n g  t h a t  i s  t o  p r e s e n t  t h e  main a s s u m p t i o n s  o f  t h e  model:  

1 .  The main g o a l  o f  t h e  w a t e r  s u p p l y  s y s t e m  u n d e r  a n a l y s i s  

is  t o  meet w a t e r  r e q u i r e m e n t s ,  p r e s p e c i f i e d  b o t h  i n  

s p a c e  and  t i m e .  

2 .  The w a t e r  s u p p l y  s y s t e m  i s  d e t e r m i n e d  a s  i t  i s  by t h e  

e n d  o f  t h e  p l a n n i n g  p e r i o d .  

3 .  The a v a i l a b l e  w a t e r  r e s o u r c e s  a r e  u n l i m i t e d  and  c a n  

m e e t  a l l  w a t e r  r e q u i r e m e n t s .  

4 .  P r o c e e d i n g  from t h e  a n a l y s i s  o f  t o p o g r a p h i c a l  and  

g e o l o g i c a l  c o n d i t i o n s ,  t h e  b a s i c  scheme o f  t h e  w a t e r  

s u p p l y  s y s t e m  i s  f i x e d .  

5 .  The o p t i m a l  w a t e r  s u p p l y  s y s t e m  i s  c o n s i d e r e d  t o  b e  

t h a t  o n e  which  is t h e  l e a s t - c o s t l y .  

6 .  A l l  w a t e r - u s e r s  consume w a t e r  r e s o u r c e  i r r e v e r s i b l y .  

7 .  Only w i t h i n - y e a r  r e g u l a t i o n  o f  w a t e r  r e s o u r c e s  i s  

c o n s i d e r e d .  

8.  The t r a n s i t  t i m e  d e l a y s  f o r  c a n a l s  a r e  n o t  t a k e n  i n t o  

a c c o u n t .  

A c t u a l l y  t h e s e  a s s u m p t i o n s  i n d i c a t e  t h e  t y p e  o f  a  w a t e r  sup- 

p l y  s y s t e m  which c a n  b e  a n a l y z e d  by t h e  model p r e s e n t e d  below. 

The f i r s t  s t e p  o f  t h e  model b u i l d i n g  p r o c e s s  i s  t o  c o n s t r u c t  

f l o w  ne twork  r e p r e s e n t a t i o n  o f  t h e  i r r i g a t i o n  s y s t e m .  



3 . 2  Flow Network R e p r e s e n t a t i o n  o f  t h e  Sys t em 

The f low ne twork  c o n s i s t s  o f  t h e  f o l l o w i n g  s t a n d a r d  e l e m e n t s :  

1 .  n o d e s ,  

2 .  a r c s ,  

3 .  i n p u t s  ( i n f l o w s )  , 
4 .  o u t p u t s  ( o u t f  l ows )  . 
A l l  o f  them s h o u l d  b e  i n t e r c o n n e c t e d  i n  a  c e r t a i n  s e q u e n c e  

a s  i t  i s  i n  t h e  r e a l  i r r i g a t i o n  sys t em.  Though mapping a  r e a l  

s y s t e m  i n t o  a  u n i f o r m  ne twork  i s  n o t  a  m a t t e r  o f  d i f f i c u l t y ,  

n e v e r t h e l e s s ,  t h i s  p r o c e d u r e  c a n n o t  b e  e n t i r e l y  f o r m a l i z e d .  F o r  

example,  i n  d o i n g  so,  somet imes  w e  have  t o  i n t r o d u c e  a  number 

o f  f i c t i t i o u s  nodes  and  a r c s ,  combine a  few s t a n d a r d  e l e m e n t s  

i n t o  one  u n i t ,  e t c .  

Nex t ,  t h i s  s p a t i a l  r e p r e s e n t a t i o n  h a s  t o  b e  expanded  t o  

t a k e  i n t o  a c c o u n t  t h e  m u l t i - p e r i o d  o p e r a t i o n  o f  t h e  wa tEr  s u p p l y  

sys tem.  T h i s  means t h a t  t h e  f l o w  ne twork  s h o u l d  have  two dimen- 

s i o n s - - s p a c e  and t i m e .  The t i m e  r e p r e s e n t a t i o n  o f  t h e  s y s t e m  

can  b e  r e a l i z e d  a s  a  l a y e r e d  ne twork ,  where e a c h  l a y e r  c o r r e s p o n d s  

t o  a  s i n g l e  t i m e  p e r i o d  and  i s  c o n n e c t e d  w i t h  t h e  s u b s e q u e n t  o n e s  

by s t o r a g e  a r c s  l e a v i n g  a l l  r e s e r v o i r  nodes .  S i n c e  t h e  l i n k s  

be tween  t h e  t i m e  l a y e r s  a r e  e a s y  t o  be  a c c o u n t e d  f o r ,  w e  can  

c o n f i n e  o u r s e l v e s  t o  a  d e t a i l e d  c o n s i d e r a t i o n  o f  o n l y  one  t i m e  

l a y e r  o f  f l ow ne twork ,  t a k i n g  i n t o  a c c o u n t  t h e  s t o r a g e  a r c s  

e n t e r i n g  a n d  l e a v i n g  t h e  r e s e r v o i r  nodes .  F i g u r e  3  shows a l l  

s t a n d a r d  e l e m e n t s  o f  a  f l o w  ne twork  and  t h e i r  i n t e r p r e t a t i o n  i n  

t h e  terms o f  r e a l  e l e m e n t s  o f  a n  i r r i g a t i o n  sys t em.  

Any i r r i g a t i o n  s y s t e m  w e  a r e  d e a l i n g  w i t h  i n  t h i s  p a p e r  i s  

assumed t o  b e  r e p r e s e n t e d  by a  f l o w  ne twork  c o n s i s t i n g  o n l y  o f  

t h e  s t a n d a r d  e l e m e n t s  p r e s e n t e d  i n  F i g u r e  3 .  By d e f i n i t i o n ,  any 

i n p u t  c a n  o n l y  b e  a t  a  pumping node,  which  i s  c a l l e d  a n  i n p u t  

pumping node.  On t h e  o t h e r  hand ,  any i n t e r n a l  pumping o r  d i s -  

t r i b u t i n g  node i s  assumed t o  have  a n  o u t p u t .  The a c t u a l  a b s e n c e  

o f  w a t e r  w i t h d r a w a l  i n  some i n t e r n a l  pumping o r  d i s t r i b u t i n g  

nodes  i s  s i m u l a t e d  by t h e  o u t p u t  o f  z e r o  c a p a c i t y .  F o r  e x p l a n -  

a t o r y  p u r p o s e s ,  a  s i m p l e  example o f  a  f l o w  ne twork  f o r  a  s i n g l e  

t i m e  p e r i o d  i s  shown i n  F i g u r e  4 .  



F i g u r e  3 .  Types and  D e f i n i t i o n s  f o r  S t a n d a r d  E lemen t s  o f  t h e  
Flow Network. 

Now w e  s h o u l d  i n t r o d u c e  t h e  numbering s y s t e m  f o r  a l l  ele-  

ments  o f  t h e  f l o w  ne twork  and  f o r  a l l  t i m e  p e r i o d s .  The c o m p l e t e  

numbering s y s t e m  i s  shown i n  T a b l e  1 ( t h e  e l e m e n t s  o f  t h e  f l o w  

ne twork  p r e s e n t e d  i n  F i g u r e  4 are numbered f o l l o w i n g  t h e s e  r u l e s ) .  

Legend S t a n d a r d  Element  
o f  t h e  Model 

For  t h e  s a k e  o f  g e n e r a l i t y ,  it i s  e a s y  t o  p r e s e n t  t h e  u n i f o r m  

ne twork  i n  a n  a n a l y t i c a l  form. For  t h e s e  p u r p o s e s ,  it i s  n e c e s -  

s a r y  t o  i n t r o d u c e  t h e  f o l l o w i n g  n o t i o n s  d e s c r i b i n g  t h e  l i n k s  

between a l l  nodes .  

Cor re spond ing  Element  o f  
t h e  R e a l  Water Supp ly  System 

! 
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j 
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I 3 
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F i g u r e  4 .  One-Layer S p a t i a l  Uniform Network. 





I = I 1 , .  . . , n }  = se t  o f  a l l  a r c  numbers ,  

+ 
I . € I  = s u b s e t  o f  t h e  e n t e r i n g - a r c  numbers f o r  node j ,  

I 
I ~ E I  = s u b s e t  o f  t h e  l e a v i n g - a r c  numbers f o r  node j .  

7 

L e t  u s  assume a  r e a l  i r r i g a t i o n  s y s t e m  which i s  mapped i n t o  

a  un i fo rm f l o w  ne twork  c o n s i s t  o f  t h e  s t a n d a r d  e l e m e n t s  g i v e n  

i n  F i g u r e  3. Then t h e  u n i f o r m  ne twork  is s a i d  t o  b e  p r e s e n t e d  

a n a l y t i c a l l y ,  i f  t h e  f o l l o w i n g  d a t a  a r e  s p e c i f i e d :  

1 .  n u m b e r s s ,  r ,  m ,  1, n ,  
+ 

2. s u b s e t s  o f  a r c  numbers I and I- f o r  a l l  j = 1 , .  . . , 
j j 

r+s+m+ll. 

Fo r  example ,  t h e  a n a l y t i c a l  r e p r e s e n t a t i o n  o f  t h e  f l o w  

( T a b l e  2 )  ne twork  shown i n  F i g u r e  4 is: 

s = 2 ;  r = 2 ; m = 1 ;  R = 3 ; n =  1 1 .  

T a b l e  2 .  S u b s e t s  1' and  I- i n  t h e  p a t t e r n  ne twork  
j j  

* is empty se t  

Node Number = j 
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3.3 Mathematical  D e s c r i p t i o n  o f  
t h e  G e n e r a l i z e d  Model 

To d e s c r i b e  f o r m a l l y  t h e  w a t e r  supp ly  model, i t  i s  neces-  

s a r y  t o  d e f i n e  t h e  model v a r i a b l e s ;  f o r  t h e  s a k e  o f  b r e v i t y  

t h e y  a r e  p r e s e n t e d  i n  t h e  f o l l o w i n g  t a b l e :  

T a b l e  3. V a r i a b l e s  i n  t h e  Model 

k  
A s  s e e n  from t h e  above t a b l e ,  i n p u t  f low q, (k=1,  ..., N) 

from a  w a t e r  s o u r c e  ci c a n  be  a  d e c i s i o n  v a r i a b l e  o r  i n i t i a l  d a t a .  

The f i r s t  s i t u a t i o n  c o r r e s p o n d s  t o  t h e  c a s e  where i n p u t  w a t e r  

f low r e s u l t s  from t h e  s o l u t i o n  o f  some o p t i m i z a t i o n  problem, 

The w a t e r  s o u r c e s  h e r e  c a n  be s t r eamf low,  l a k e  o r  groundwater .  

I n  t h e  second c a s e ,  t h e  i n p u t  w a t e r  f low i s  p r e s p e c i f i e d .  For 

example, it c a n  be a n  i n p u t  from a n o t h e r  i r r i g a t i o n  sys tem 

,--- 

D e f i n i t i o n  

a l r e a d y  b u i l t .  On t h e  o t h e r  hand, o u t p u t  w a t e r  f low wk can  be 
j 

a  w a t e r  r e q u i r e m e n t  f o r  an  i r r i g a t e d  a r e a  o r  a  f i x e d  i n p u t  i n t o  

I n p u t  f low a  i n  p e r i o d  k  

Flow i n  a r c  i i n  p e r i o d  k  

Output  f low j i n  p e r i o d  k  

a n o t h e r  i r r i g a t i o n  sys tem.  I n  b o t h  c a s e s ,  t h i s  f low s h o u l d  be 

p r e s p e c i f  i e d ,  

I 

I 
I 

1 

k  
qa m 3 / s  d e c i s i o n  

I ( o r  i n i -  
I 

I t i a l  d a t a )  

k  I 

Y i  ; m 3 / s  d e c i s i o n  
I 

k  w I m 3 / s  , i n i t i a l  
j I d a t a  
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3 .  3.1 C o n s t r a i n t s  

Now w e  have a t  ou r  d i s p o s a l  e v e r y t h i n g  t h a t  i s  r e q u i r e d  

t o  d e s c r i b e  t h e  model m a t h e m a t i c a l l y .  L e t  u s  s t a r t  w i t h  con-  

s t r a i n t s  o n  t h e  d e c i s i o n  v a r i a b l e s .  A l l  c o n s t r a i n t s  o f  t h e  

model a r e  p h y s i c a l  o n e s ,  and c a n  be d i v i d e d  i n t o  t h e  f o l l o w i n g  

f o u r  groups :  

( 1 )  Non-nega t iv i ty  c o n d i t i o n s  f o r  d e c i s i o n  v a r i a b l e s  

Being i n h e r e n t  i n  most ma themat ica l  programming problems,  

t h e s e  c o n s t r a i n t s  r e q u i r e  t h a t  a l l  d e c i s i o n  v a r i a b l e s  

be  non-negat ive .  

( 2 )  Flow b a l a n c e s  a t  pumping and d i s t r i b u t i n g  nodes 

T h i s  set  o f  c o n s t r a i n t s  r e q u i r e s  t h a t  f low c o n t i n u i t y  

be  s a t i s f i e d  a t  t h e  network nodes.  For  i n p u t  pumping 

nodes t h o s e  a r e :  

j = r + a  

k  = 1 ,  . . . ,  N . 
Analogously ,  f o r  t h e  d i s t r i b u t i n g  and i n t e r n a l  pumping 

nodes we have:  

( 3 )  Mass b a l a n c e s  f o r  each  r e s e r v o i r  

These c o n s t r a i n t s  d e s c r i b e  t h e  r e l e a s e  and s t o r a g e  

regimes  f o r  a l l  r e s e r v o i r s :  



The f i r s t  se t  o f  t h e s e  c o n s t r a i n t s  i s  a n n u a l  c y e i e  

c o n d i t i o n  f o r  r e s e r v o i r s .  I n  o t h e r  words ,  i t  r e f l e c t s  

t h e  f a c t  t h a t  w e  c o n s i d e r  o n l y  w i t h i n - y e a r  r e g u l a t i o n  

o f  w a t e r .  

( 4 )  Upper bounds 

T h i s  s e t  o f  p h y s i c a l  c o n s t r a i n t s  r e q u i r e s  t h a t  c a n a l  and  

pumping s t a t i o n  f l o w s  and a c t i v e  r e s e r v o i r  s t o r a g e s  s h o u l d  

n o t  exceed  t h e i r  c a p a c i t i e s .  Those a r e :  

s k - V  < O  ( f o r  r e s e r v o i r  n o d e s )  
I j - 

( f o r  pumping n o d e s )  

k < 0  ( f o r  c a n a l s / a r c s )  Yi - Z i  - 

i = 1 ,  ..., n;  k = 1 ,  ..., N . 

F u r t h e r m o r e ,  a  number o f  uppe r  bounds c o n s t r a i n i n g  

c a p a c i t i e s  o f  w a t e r  s u p p l y  f a c i l i t i e s  s h o u l d  be  added.  



3.3 .2  O b j e c t i v e  F u n c t i o n  

A s  s t a t e d  above ,  t h e  o b j e c t i v e  o f  o u r  mode l ing  is t o  f i n d  

a  l e a s t - c o s t  w a t e r  s u p p l y  sys tem.  When t h e  h y d r a u l i c  scheme o f  

t h e  s y s t e m  i s  f i x e d ,  w e  s h o u l d  d e t e r m i n e  c a p a c i t i e s  o f  reser- 

v o i r s ,  pumping s t a t i o n s ,  c a n a l s ,  and w i t h i n - y e a r r e g i m e s  o f  t h e i r  

o p e r ~ . t i o n ,  I n  t h e  model unde r  a n a l y s i s ,  t h e  measure  f o r  t h e  

t o t a l  costs a s s o c i a t e d  w i t h  t h e  e s t a b l i s h m e n t  and o p e r a t i o n  o f  

t h e  w a t e r  s y s t e m  i s  t h e  g e n e r a l i z e d  a n n u a l  c o s t  c a u s e d  by: 

- c o n s t r u c t i o n  o f  r e s e r v o i r s ,  pumping s t a t i o n s  and c a n a l s ,  

- l o s s  o f  t h e  submerged a r a b l e  l a n d s ,  

- o p e r a t i o n  o f  r e s e r v o i r s  and  c a n a l s ,  

- m a i n t e n a n c e  o f  pumping s t a t i o n s ,  

- consumpt ion  o f  e l e c t r i c  e n e r g y  f o r  ~ u m ~ i n g  w a t e r .  

A s  s t a t e d  above ,  w e  k e e p  t h e  a s s u m p t i o n  t h a t  o b j e c t i v e  

f u n c t i o n  i s  l i n e a r  w i t h  r e s p e c t  t o  c a p a c i t i e s  o f  r e s e r v o i r s  

and pumping s t a t i o n s ,  and d i s c h a r g e  c a p a c i t i e s  o f  c a n a l s .  To 

e x p r e s s  it f o r m a l l y ,  t h e  f o l l o w i n g  n o t i o n s  s h o u l d  be  i n t r o d u c e d :  

a = i n c r e m e n t  o f  a n n u a l  cost a s s o c i a t e d  w i t h  t h e  c o n s t r u c -  
j 

t i o n  and o p e r a t i o n  o f  r e s e r v o i r  j ,  d u e  t o  t h e  u n i t  * 
i n c r e m e n t  o f  i t s  c a p a c i t y ,  lv/m3; 

b  = i n c r e m e n t  o f  a n n u a l  c o s t  a s s o c i a t e d  w i t h  t h e  c o n s t r u c -  
j  

t i o n  and ma in tenance  o f  pumping s t a t i o n  j ,  d u e  t o  t h e  

u n i t  i n c r e m e n t  o f  i t s  c a p a c i t y ,  lv/m3/s;  

y i  = i n c r e m e n t  o f  a n n u a l  c o s t  a s s o c i a t e d  w i t h  t h e  c o n s t r u c -  

t i o n  and o p e r a t i o n  o f  c a n a l  i ,  d u e  t o  t h e  u n i t  i n c r e -  
3  ment o f  i t s  d i s c h a r g e  c a p a c i t y ,  lv/m / s ;  

e = u n i t  cost  a s s o c i a t e d  w i t h  e l e c t r i c i t y  consumpt ion  f o r  
j 

w a t e r  pumping a t  node j .  

* l v  i s  a n  a b b r e v i a t i o n  f o r  l e v a  - B u l g a r i a n  monetary  u n i t .  



I n  t h e s e  terms, t h e  o b j e c t i v e  f u n c t i o n  c a n  be w r i t t e n  a s  

f o l l o w s :  

j=1 j = r + l  

c o s t  o f  r e s e r v o i r s  c o s t  of pumping s t a t i o n s  

c o s t  o f  c a n a l s  c o s t  o f  e l e c t r i c  energy  

I t  must  b e  s a i d  t h a t  o b j e c t i v e  f u n c t i o n  E d e s c r i b e s  t h e  

r e a l  a n n u a l  cost o f  t h e  whole  w a t e r  s u p p l y  s y s t e m  w i t h  t h e - p r e -  

c i s i o n  o f  c o n s t a n t  a d d i t i v e s .  Because  c o n s t a n t  a d d i t i v e s  d o  

n o t  i n f l u e n c e  t h e  s o l u t i o n  o f  a n  o p t i m i z a t i o n  p rob lem,  t h e y  a r e  

o m i t t e d  . 
Thus,  t h e  g e n e r a l i z e d  m a t h e m a t i c a l  model o f  w a t e r  s u p p l y  

s y s t e m  unde r  a n a l y s i s  i s  t h e  set o f  c o n s t r a i n t s  ( 1 ) - ( 4 )  and  

o b j e c t i v e  f u n c t i o n  (5) t o  b e  min imized  o v e r  a l l  d e c i s i o n  v a r i -  

a b l e s .  I t  i s  enough f o r  t h e  u s e r  o f  t h i s  model t o  know t h e  
+ numbers r ,  s ,  m ,  1 ,  n ,  N ,  t h e  sets  o f  a r c  numbers I and  I- 

k j j  ' 
and t h e  i n i t i a l  d a t a  w j ,  tk, a  b y j , e  f o r a l l  j a n d k .  

j r  1' j 

4. SILISTRA WATER SUPPLY MODEL* 

The m a t h e m a t i c a l  model o f  t h e  S i l i s t r a  w a t e r  s u p p l y  s y s t e m  

w i l l  b e  d e r i v e d  from t h e  g e n e r a l  model as a s p e c i a l  c a s e .  The 

d e t a i l e d  scheme o f  t h e  (modeled)  w a t e r  s u p p l y  s y s t e m  i s  shown 

i n  F i g u r e  5 .  I t  c o n s i s t s  o f  t h e  f o l l o w i n g  s t a n d a r d  e l e m e n t s :  

t h r e e  r e s e r v o i r s ,  s i x  pumping s t a t i o n s ,  t w e n t y  c a n a l s ,  and n i n e  

d i s t r i b u t a r y  nodes .  I n  a d d i t i o n ,  t h e  i r r i g a t i o n  s y s t e m ' s  o n l y  

w a t e r  i n p u t  comes from t h e  Danube r i v e r  and t h e  t w e l v e  w a t e r  

o u t p u t s  i n t e n d e d  f o r  i r r i g a t e d  a r e a s .  

* By t h e  S i l i s t r a  w a t e r  s u p p l y  s y s t e m  w e  mean t h e  M. P r e s l a v e t s  
one .  



Figure 5. Scheme of the Silistra water supply system. 



The S i l i s t r a  w a t e r  s u p p l y  model is  c o n s t r u c t e d  u n d e r  t h e  

same a s s u m p t i o n s  which  w e  p r e v i o u s l y  s t a t e d .  W e  w i l l  b r i e f l y  

comment o n  some o f  them i n  c o n n e c t i o n  w i t h  t h e  S i l i s t r a  Case .  

F o r  e a c h  i r r i g a t e d  a r e a ,  t h e  w a t e r  r e q u i r e m e n t  and  t h e  g e n e r a l -  

i z e d  i r r i g a t i o n  t i m e - t a b l e  a r e  s p e c i f i e d .  A l though  the S i l i s t r a  

w a t e r  s u p p l y  s y s t e m  i s  e x p e c t e d  t o  b e  p u t  i n t o  o p e r a t i o n  o n l y  

s t e p - w i s e ,  t h e  d e c i s i o n  i s  made s o l e l y  w i t h  r e s p e c t  t o  t h e  

f u l l y  comple t ed  s y s t e m  which  c o r r e s p o n d s  t o  t h e  end  o f  t h e  

p l a n n i n g  p e r i o d ,  t h e  y e a r  of 1990.  I n  t h e  S i l i s t r a  s i t e  o f  t h e  

Danube r i v e r ,  t h e  t o t a l  water w i t h d r a w a l  d o e s  n o t  e x c e e d  5 %  o f  

t h e  s t r e a m f l o w ,  even  i n  t h e  peak  p e r i o d  o f  a  d r y  y e a r .  T h i s  

allows o n e  t o  r e g a r d  t h e  ( a v a i l a b l e )  water r e s o u r c e s  a s  u n l i m i t e d .  

The i r r e v e r s i b l e  u s e  of w a t e r  f o l l o w s  f rom t h e  f a c t  t h a t  t h e  

o n l y  u s e r  o f  water i s  i r r i g a t i o n .  F i n a l l y ,  b e c a u s e  o f  t h e  s m a l l  

s i z e  o f  t h e  S i l i s t r a  r e g i o n ,  t h e  t r a n s i t  t i m e  d e l a y s  a r e  n o t  

t a k e n  i n t o  a c c o u n t .  

A s  s t a t e d  p r e v i o u s l y ,  i n  o r d e r  t o  d e s c r i b e  m a t h e m a t i c a l l y  

t h e  model w e  s h o u l d :  

( 1 )  s p e c i f y  t h e  numbers  s ,  r ,  m,  1, n ,  N ;  

( 2 )  e n u m e r a t e  a l l  t h e  s t a n d a r d  e l e m e n t s  i n t o  a  f l o w  ne twork  

a c c o r d i n g  t o  tl-e r u l e s  o f  F i g u r e  5 ;  

( 3 )  d e f i n e  t h e  s u b s e t s  1' and  I- f o r  a l l  nodes  j = l ,  .... 
j j 

r+s+m+2. A f t e r  d o i n g  t h i s  (see F i g u r e  I ) ,  w e  o b t a i n :  

s = 1 = number o f  w a t e r  i n p u t s  o r  i n p u t  pumping n o d e s ,  

r = 3  = number o f  r e s e r v o i r  nodes ,  

m = 5 = number of i n t e r n a l  pumping n o d e s ,  

1  = 10 = number o f  d i s t r i b u t i n g  n o d e s ,  

n = 2 1 = n u m b e r  o f  a r c s .  

+ The s u b s e t s  o f  t h e  e n t e r i n g  ( I  . )  and  l e a v i n g  (J-) a r c s  
3 3 

a r e  i n  T a b l e  4. 

I t  i s  n e c e s s a r y  t o  stress t h a t  i n  t h e  S i l i s t r a  C a s e  t h e  

water i n p u t  qi i s  a  d e c i s i o n  v a r i a b l e ,  and  t h e  t w e l v e  water 

o u t p u t s  wk ( j  = 6 ,  . . . , 10. . 12 ,  . . . , 18 1 a r e  p r e s p e c i f i e d  
j 

i r r i g a t i o n  water r e q u i r e m e n t s .  



+ 
T a b l e  4. S u b s e t s  I a n d  I- i n  t h e  S i l i s t r a  Water S u p p l y  Sys t em 

j j 

Thus ,  t h e  m a t h e m a t i c a l  model  o f  t h e  S i l i s t r a  w a t e r  s u p p l y  

s y s t e m  c a n  b e  p r e s e n t e d  i n  t h e  fo rm  o f  c o n s t r a i n t s  ( I ) ,  . . . , 
( 4 )  a n d  t h e  o b j e c t i v e  f u n c t i o n  ( 5 )  . However, t a k i n g  i n t o  a c c o u n t  

t h e  p e c u l i a r i t i e s  o f  t h e  S i l i s t r a  i r r i g a t i o n  scheme,  t h e  model 

c a n  b e  w r i t t e n  much more s i m p l y .  F i r s t ,  a s  s e e n  f r o m  F i g u r e  5, 

c a p a c i t i e s  of a l l  pumping s t a t i o n s  a re  e q u a l  t o  t h e  d i s c h a r g e  

c a p a c i t i e s  o f  t h e  r e s p e c t i v e  c a n a l s .  T h i s  means t h a t  some d e c i -  

s i o n  v a r i a b l e s  a re  u n n e c e s s a r y  a n d  c a n  b e  o m i t t e d  f r o m  t h e  

g e n e r a l  model .  Second ,  some c a n a l s  are ( i n t e n t i o n a l l y )  con-  

s i d e r e d  t o  b e  o f  z e r o  c o s t .  T h i s  i s  d o n e  f o r  t h r e e  r e a s o n s .  

The  f i r s t  i s  t h a t  t h e  s i z e s  ( c o s t s )  o f  some c a n a l s  ( e . g .  13 )  
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a r e  f u l l y  d e f i n e d  by t h o s e  o f  t h e  a d j a c e n t  up-s t ream c a n a l s  

( r e s p e c t i v e l y  2 ) .  The second r e a s o n  i s  t h a t  some o f  t h e  c a n a l s  

a r e  a r t i f i c i a l l y  i n t r o d u c e d  i n t o  t h e  scheme (e .g .  21) t o  p r e s e n t  

i t  a s  a  uni form network. F i n a l l y ,  t h e  c o s t s  o f  some c a n a l s  

( e .g .  17)  a r e  i n c l u d e d  i n  t h e  c o s t s  o f  o t h e r  f a c i l i t i e s  ( r e s e r -  

v o i r  2 ) .  E v e r y t h i n g  mentioned above means t h a t  t h e  e x p r e s s i o n  

( 5 )  f o r  o b j e c t i v e  f u n c t i o n  i n  t h e  S i l i s t r a  w a t e r  s u p p l y  model 

c a n  b e  e s s e n t i a l l y  s i m p l i f i e d  i n  comparison w i t h  t h e  g e n e r a l  

c a s e .  

The mathemat ica l  model f o r  t h e  S i l i s t r a  i r r i g a t i o n  sys tem 

i s  p r e s e n t e d  below i n  t h e  reduced form, which c o r r e s p o n d s  t o  

t h e  g e n e r a l  model ( 1 )  - ( 5 )  w i t h  t h e  above mentioned s i m p l i f i c a -  

t i o n s  i n t r o d u c e d .  The t r a n s f o r m a t i o n s  o f  t h e  g e n e r a l  model 

c o n s t r a i n t s  and t h e  o b j e c t i v e  f u n c t i o n  i n c l u d e :  

( 1 )  e l i m i n a t i o n  o f  t h e  d e c i s i o n  v a r i a b l e s :  

by t h e  r e l a t i o n s  : 

( 2 )  omiss ion  o f  t h e  d e c i s i o n  v a r i a b l e s  Z 12' "" z2 1  
because  t h e y  c o r r e s p o n d  t o  t h e  c a n a l s  o f  z e r o  c o s t  

a s  e x p l a i n e d  above.  

With t h e s e  m o d i f i c a t i o n s ,  t h e  model under  a n a l y s i s  i s  

w r i t t e n  a s  f o l l o w s  ( c o n s t r a i n t  sets and t h e  o b j e c t i v e  f u n c t i o n  

a r e  numbered i n  accordance  w i t h  t h e  numbers adop ted  f o r  t h e  

g e n e r a l  model p r e s e n t e d  i n  s e c t i o n  3 o f  t h i s  p a p e r )  : 



Flow b a l a n c e s  a t  pumping and  d i s t r i b u t i n g  nodes  

k k k k 
Y1  - Y 2  - Y 3  = W 1 o  

k k k 
y2 - Y13 = W12 

k k k k 
Y1 3 - Y 1 4  + Y 1 5  = W13 

k k k 
Y 3  ''16 = W 1 4  

k k 
Y~~~ + Y17 - Y ~ 8  - Y16k = 0 

k k k 
='I 2 - ='4 = W15 

k k k 
Y4 ' Y5 = W16 

k k k 
Y5 - Y6 = W6 

k k = W7 
k 

Y6 - Y7 
k k k 

y7 - Y8 = W8 
k k k 

Y8 - Y9 = W17 
k k k 

Y9 - y10 = W9 
k k k k 

y10 + y 1 1  - y20 = w 1 8  . 

Mass b a l a n c e s  f o r  r e s e r v o i r s  

Upper bounds  

t v -  k 
k-  1 3  - S l k  - < 0 

k 
tkY18 - S2k - . 0 

k 
tkY1 1 - S j k  - < 0 

k 
y16 < 0  - y 1 7  - 
S k - V  

j j 
< 0 - 

z 
y ~ k  - P, < 0 



The reduced form f o r  t h e  o b j e c t i v e  f u n c t i o n  is:  

c o s t  o f  r e s e r v o i r s  c o s t  of c a n a l s  and pumping 
s t a t i o n s  

c o s t  of e n e r g y  f o r  pumping w a t e r  

The model c o n s i s t i n g  o f  r e l a t i o n s  ( 2 )  - ( 4 )  and t h e  

o b j e c t i v e  func t ion  (5) was implemented on a computer. 

5. RESULTS OF MODELING 

The mathematical model presented  i n  S e c t i o n  4 was run on 

t h e  IBM 370/165 i n  P i s a .  Before showing t h e  r e s u l t s  of modeling, 

it i s  necessary t o  p r e s e n t  t h e  f u l l  se t  of  model c o e f f i c i e n t s - -  
i t i m e  pe r iods  tk, water requirements  w and t h e  c o s t  c o e f f i -  
j ' 

c i e n t s  a j r  e Y p W  

Actua l ly ,  a year  was d iv ided  i n t o  t h e  n ine  t i m e  pe r iods ,  

a s  shown i n  Table 5. While modeling, t h e  three-month t i m e  

per iod ,  December, January,  and February was omi t t ed ,  because 

du r ing  t h e s e  win te r  months water  supply system does n o t  o p e r a t e .  

This  i n t e r r u p t i o n  is  caused both by p o s s i b l e  f r e e z i n g  of  water  

i n  c a n a l s  o r  r e s e r v o i r s  and by t h e  n e c e s s i t y  o f  c a r r y i n g  o u t  

some work on maintenance o f  t h e  i r r i g a t i o n  system. 

The p r e s p e c i f i e d  water  requirements  f o r  a l l  i r r i g a t e d  

a r e a s  a r e  shown i n  Table 6 .  There i s  no i r r i g a t i o n  i n  t h e  f i r s t  

per iod  of  fou r  months, w i th  i n t e r r u p t i o n  f o r  t h e  win te r  season,  

and i t  can only be used f o r  s t o r i n g  water i n  r e s e r v o i r s ,  i f  any. 

The s i x t h  period--the f i r s t  t e n  days o f  August--is a per iod  

o f  t h e  most i n t e n s i v e  i r r i g a t i o n  f o r  a l l  a r e a s .  



T a b l e  5. D i v i s i o n  o f  a  Year i n t o  ~ i m e - P e r i o d s .  

P e r i o d  
Number 

D u r a t i o n  
[month]  

Months Comment 

- 

1 

3 
L. 

3 

4 

6 

7 

8 

December i 
J a n u a r y  i 3 i o u t  o f  work 
F e b r u a r y  

j ! 
I 

O c t o b e r  ; 
November 

I 

I 4 
March 
A p r i l  , 

I 
no  i r r i g a t i o n  1 

I 

I i I 

I 

i ! 
1 May 1 1 

F i r s t  20 d a y s  
of J u n e  

! I 

2 /3 i 
i 

i 
I 

L a s t  10 d a y s  1 / 3  
i 

o f  J u n e  i 

I 1 

J u l y  1 ! 

1/3 
i 

F i r s t  10 d a y s  i i t h e  most i n t e n -  
o f  Augus t  

i 
1 s i v e  i r r i g a t i o n  
I 

I 

L a s t  20 d a y s  
o f  ~ u g u s t  

September  

2/ 3 I 
i 

I 

1 
i 

I 



I 3  T a b l e  6 .  Water R e q u i r e m e n t s  for A l l  ~ r r i g a t i o n  Areas [m / s ] .  

8  : 

I 1 
0 .2421 

0 .174  I 

3 .914  

0 .373 

0 .61  

0 .403 

0.25 

0.867 

1 .03  

0.512 

0.404 

6 .569 

5  

0 .897 

0 . 6 1  

13 .674 

1 .302 

2 .133  

1 .408  

0 .873  

3 .027 

3.6 

1 .791  

1 . 4 1 1  

25 .248 

P e r i o d  
n  um- 

r e q u i r e -  wAyl m e n t s  

6  

1 . 2 9 4  

0 . 9 6 1  

20 .927  

1 .993 

3.264 

2 .155  

1 .337  

4 .634  

5 . 5 1  

2 . 7 4 1 1  

7  

0.582 

0.42 

9 .419 

0 .898  

1 .469  

0 . 9 7  

0 .602 

2 .086 

2 .48  

1 .234 

i 
2  i 4  I 

2 . 1 6  / 0 .972 

38 .64  

0.317 

0 .228  

5 .127 

0 . 4 8 8  

0 . 8  

0 . 5 2 8  

0 . 3 2 8  

1 . 1 3 5  

1 .35  

0 . 6 7 1  

0.53 

9 .467  

0 .248  

0.179 

4 .015 

0 .383  

0 .626 

0 .413  

0 .257  

0 .887  

1 .057  

0 .525 

0 .414 

7 . 4 1 3  

W i  10 

i I 
! O  W2 

W: 10 

17 .39  

1 .191 

0 .859  

19 .248  

1 .833 

3.003 

1 .983 

1 .229  

4 . 2 6 3  

5 .069  

2 .522 

1 .987  

35 .551  

i 
W4 
i 

W 
5  
i 

W 
6  
i 

W7 
i 

W8 

wi  
9  
i 

W1O 

W: 1  

0  

0  

0  

0  

0  

0  

0  

0  

0  



While  r u n n i n g  t h e  model,  t h e  f o l l o w i n g  c o s t  c o e f f i c i e n t s  

were used:  

A l l  o f  t h e  model c o e f f i c i e n t s  p r e s e n t e d  i n  t h i s  s e c t i o n  

a r e  c a l c u l a t e d  on  t h e  b a s i s  o f  i n i t i a l  d a t a  s u b m i t t e d  by t h e  

S o f i a  I n s t i t u t e  f o r  Water  P r o j e c t s .  

5.1 B a s i c  C h a r a c t e r i s t i c s  o f  Water Supp ly  System 

One o f  t h e  main g o a l s  o f  model ing  i s  t o  d e t e r m i n e  b a s i c  

c h a r a c t e r i s t i c s  o f  t h e  S i l i s t r a  w a t e r  s u p p l y  s y s t e m - - c a p a c i t i e s  

o f  r e s e r v o i r s  and  pumping s t a t i o n s  and d i s c h a r g e  c a p a c i t i e s  o f  

c a n a l s .  Some o f  t h e s e  c a p a c i t i e s  c ~ m p u t e d  unde r  t h e  above  c o e f -  

f i c i e n t s  a r e  shown i n  t h e  follow in^ t a b l e  ( T a b l e  7 ) .  

A s  c a n  be s e e n  f r o n  T a b l e  5 ,  t h e  t i n e - t a 5 l e s  o f  i r r i g a t i o n  

f o r  a l l  a r e a s  a r e  r a t h e r  i r r e g u l a r .  A n a l y s i s  o f  w a t e r  r e q u i r e -  

ments  shows t h a t  r a t i o  w m a  wi i s  c o n s t a n t  f o r  a l l  i r r i g a t e d  
I j 

areas ( w i t h i n  2 - 3 9 6 ) .  I n  o t h e r  words ,  a l l '  areas h a v e  t h e  same 

i r r i g a t i o n  t i m e - t a b l e  (see F i g u r e  6 ) .  

I f  t h e  w a t e r  s u p p l y  sys t em had c o n t a i n e d  r e s e r v o i r s ,  t h e n  

a l l  c a n a l s  and  pumping s t a t i o n s  would have  had t h e  same w i t h i n -  

y e a r  o p e r a t i o n  r eg imes  as t h e  t i m e - t a b l e  o f  i r r i g a t i o n .  From 

t h i s  p o i n t  o f  view, r e s e r v o i r s  a r e  i n t e n d e d  f o r  e q u a l i z a t i o n  

o f  t h e  w i t h i n - y e a r  o p e r a t i o n  r eg ime  f o r  t h e  i r r i g a t i o n  sys t em.  



number 

I I I 1 I I I I I I ,  
X  XI I l l  I V  V VI V I I  V l l l  IX  Months in a year 

Figure 6 .  Time-table of i r r i g a t i o n .  



T a b l e  7 .  B a s i c  C h a r a c t e r i s t i c s  o f  t h e  S i l i s t r a  
I r r i g a t i o n  Sys t em 

F a c i l i t i e s  

e s e r v o i r  1  

e s e r v o i r  2 

e s e r v o i r  3 

umping S t a t i o n  1  

umping S t a t i o n  2 

umping S t a t i o n  3 

umping S t a t i o n  4 

umping S t a t i o n  5 

urnping S t a t i o n  6 

a n a l  2 

a n a l  3 

a n a l  1 1  

U n i t s  I i 
I 

F i g u r e s  7 and  8 show t h e  o p e r a t i o n  r e g i m e s  f o r  some f a c i l i t i e s .  

Comparison o f  F i g u r e s  6 a n d  8 l e a d  t o  t h e  c o n c l u s i o n  t h a t  t h e  

r e s e r v o i r s  r e s u l t  i n :  

( 1 )  e q u a l i z i n g  t h e  w i t h i n - y e a r  o p e r a t i o n  r e g i m e s ,  and  

( 2 )  d e c r e a s i n g  t h e  maximum t r a n s i e n t  w a t e r  f l o w s ,  

f o r  pumping s t a t i o n s  and  c a n a l s .  The fo rmer  o c c u r s  d u r i n g  t h e  

four-month n o n - i r r i g a t i o n  p e r i o d  o f  s t o r i n g  w a t e r  i n  r e s e r v o i r s .  

For  example ,  t h e  o p e r a t i o n  t i m e - t a b l e  o f  pumping s t a t i o n  4 i s  

v e r y  c l o s e  t o  c o n s t a n t  d u r i n g  a l l  t h e  n i n e  work ing  months (see 

F i g u r e  8 ) .  

The d e c r e a s e  o f  t h e  maximum t r a n s i e n t  w a t e r  f l o w s  becomes 

p o s s i b l e ,  b e c a u s e  i n  t h e  peak  i r r i g a t i o n  p e r i o d s - - l a s t  10 d a y s  

o f  J u n e  and  f i r s t  10 d a y s  o f  Augus t - - the  w a t e r  r e q u i r e m e n t s  a r e  

m e t  b y  r e s e r v o i r s  a s  much a s  p o s s i b l e .  Q u a n t i t a t i v e  i l l u s t r a t i o n  

o f  t h i s  p o i n t  i s  made e a s y  w i t h  t h e  h e l p  o f  t h e  example  o f  t h e  

b a s i c  pumping s t a t i o n  1 s i t u a t e d  on  t h e  Danube s t r e a m f l o w .  A s  

s e e n  f rom T a b l e  6 ,  t h e  t o t a l  maximum w a t e r  r e q u i r e m e n t  
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Period numbers 
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Figure 7. Within-year storing of water in reservoirs. 
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F i g u r e  8.  Wi th in -yea r  o p e r a t i o n  r e g i m e s  f o r  pumping s t a t i o n s .  



c o r r e s p o n d i n g  t o  t h e  peak i r r i g a t i o n  p e r i o d  6  is: 

W 3  
max = w j 6  = 85.616 m /s . 

T h i s  means i f  r e s e r v o i r s  had n o t  e x i s t e d ,  t h e  c a p a c i t y  o f  

t h e  pumping s t a t i o n  would have  been e q u a l  t o  85.626 m 3 / s .  But ,  

a s  can  be  s e e n  from t h e  l a s t  t a b l e  ( T a b l e  7 ) ,  t h e  o p t i m a l  v a l u e  

f o r  t h i s  c a p a c i t y  i s  o n l y  38 .a54 m 3 / s .  I n  o t h e r  words,  t h e  

p r e s e n c e  o f  t h r e e  r e s e r v o i r s  d e c r e a s e s  t h e  c a p a c i t y  o f  t h e  Danube 

pumping s t a t i o n  by 2.25 t i m e s .  

5.2 Marginal  C o s t s  o f  Water 

Another  s e t  o f  modeling r e s u l t s  is  concerned w i t h  marg ina l  

c o s t  o f  w a t e r .  The two groups  o f  c o s t s  a r e  p r e s e n t e d  here--  

s e a s o n a l  and mean a n n u a l  u n i t  c o s t s  o f  w a t e r .  Both a r e  o b t a i n e d  

a s  t h e  s o l u t i o n  o f  t h e  d u a l  problem w i t h  r e s p e c t  t o  b a s i c  one.  

k  By d e f i n i t i o n ,  t h e  s e a s o n a l  marg ina l  c o s t  ( c  . )  o f  w a t e r  i n  
3 

t h e  j - t h  i r r i g a t e d  a r e a  i s  t h e  inc rement  o f  t h e  o p t i m a l  v a l u e  

o f  o b j e c t i v e  f u n c t i o n  E caused by t h e  u n i t  inc rement  o f  w a t e r  

consumption i n  t h i s  a r e a  a t  t i m e  p e r i o d  k .  I n  p r i n c i p l e ,  it 

i s  a n  a d d i t i o n a l  c o s t  a s s o c i a t e d  w i t h  s u p p l y i n g  t h e  j - t h  a r e a  

w i t h  an  a d d i t i o n a l  u n i t  o f  w a t e r  a t  t i m e  p e r i o d  k.  The s e a s o n a l  

marg ina l  c o s t s  o f  w a t e r  a r e  shown i n  t h e  f o l l o w i n g  t a b l e ,  

A s  c a n  be  s e e n  from T a b l e  8 ,  s e a s o n a l  marg ina l  c o s t s  

o f  wa te r  depend e s s e n t i a l l y  on t h e  g e o g r a p h i c a l  l o c a t i o n  o f  a n  

i r r i g a t e d  a r e a  and t h e  season  o f  w a t e r  consumption.  For  example, 

a t  t h e  s e v e n t h  i r r i g a t i o n  p e r i o d ,  t h e  s e a s o n a l  c o s t s  v a r y  from 
3 0.0059 t o  0.0584 lv/m , o r  a b o u t  t e n  t i m e s ,  depending on  t h e  

l o c a t i o n  o f  t h e  i r r i g a t e d  a r e a .  Analogously ,  i n  t h e  e i g h t h  

i r r i g a t e d  a r e a ,  t h e s e  c o s t s  d i f f e r  a b o u t  s i x t y s i x - f o l d - - f r o m  

0.0075 t o  0.0495 lv/m3--depending on t h e  s e a s o n .  

Three  t e n d e n c i e s  a r e  c l e a r l y  obse rved  when a n a l y z i n g  t h e  

s e a s o n a l  m a r g i n a l  c o s t s  o f  w a t e r .  F i r s t l y ,  c o s t s  depend on t h e  

i n t e n s i t y  o f  i r r i g a t i o n  d u r i n g  a  g i v e n  p e r i o d ,  r a t h e r  t h a n  on 



T a b l e  8 .  S e a s o n a l  Marg ina l  C o s t s  o f  Water 

t h e  p e r i o d  i t s e l f .  I n  p a r t i c u l a r ,  a t  t h e  p e r i o d  o f  t h e  most  

i n t e n s i v e  i r r i g a t i o n - - t h e  f i r s t  10 d a y s  o f  August  (i=6) - - t h e  

u n i t  w a t e r  c o s t s  f o r  a l l  i r r i g a t e d  a r e a s  a r e  much h i g h e r  t h a n  

a l l  o t h e r  p e r i o d s .  Second ly ,  t h e  s e a s o n a l  c o s t s  o f  w a t e r  i n -  

c r e a s e ,  a s  a  r u l e ,  when t h e  d i s t a n c e  o f  a n  i r r i g a t e d  a r e a  from 

t h e  Danube r i v e r  i n c r e a s e s  t o o .  T h i r d l y ,  i t  i s  i m p o r t a n t  t h a t  

t h e  p o s s i b i l i t y  o f  w i t h d r a w i n g  w a t e r  f o r  some i r r i g a t e d  a r e a s  

d i r e c t l y  f rom a  r e s e r v o i r  i n f l u e n c e s  t h e  s e a s o n a l  c o s t  o f  w a t e r  

v e r y  much. F o r  example,  f o r  a r e a  12, d i s t a n t  f rom t h e  Danube 

r i v e r ,  t h e  s e a s o n a l  c o s t  (0.0 147) i s  much less t h a n  i n  t h e  
3 a d j a c e n t  a r e a  1 1  (0.498 lv/m 1 .  T h i s  happens  b e c a u s e  i r r i g a t e d  

a r e a  12 c a n  u s e  w a t e r  f rom r e s e r v o i r  3 ,  which i s  i m p o s s i b l e  f o r  

a r e a  1 1 .  

For  t h e  p u r p o s e s  o f  economic a n a l y s i s ,  t h e  mean a n n u a l  

m a r g i n a l  c o s t s  o f  w a t e r  a r e  more s u i t a b l e  t h a n  t h e  s e a s o n a l  o n e s .  

U n i t s  

1 0 - ~ 1 v / m  
3 

" 
" 
" 
" 
" 
" 
" 
" 
" 
" 
" 

I t  i s  n a t u r a l  enough t o  d e f i n e  t h e  mean a n n u a l  c o s t  c f o r  some 
j 

6 

10.7 

12.8 

12.8 

10.7 

15.9 

23.9 

38.8 

49.5 

49.6 

49.6 

49.8 

14.7 

7 

0.59 

0.59 

0.59 

0.59 

0.63 

0.63 

0.66 

0.75 

5.63 

5.63 

5.84 

5.84 

5 

1.01 

2.89 

2.89 

3.77 

3.81 

3.81 

3.84 

5.58 

5.63 

5.63 

5.84 

5.84 

8 

0.59 

0.59 

0.59 

0.59 

0.63 

0.63 

0.66 

0.75 

1.62 

1.95 

2.16 

2.16 

1 

I 

2 

, 

1 
I 

3 1 4  
1 

I 

0.59 

0.59 

0.59 

0.59 

0.63 

0.63 

0.66 

0.75 

1.94 

1.95 

2.16 

2.89 

2.89 

2.89 

3.77 

3.81 

3.81 

3.84 

5.58 

5.63 

5.63 

5.84 

0.59 

0.59 

0.59 

0.59 

0.63 

0.63 

0.66 

0.75 

1.82 

1.82 

2.16 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  
5.84 

0.59 

0.59 

0.59 

0.59 

0.63 

0.63 

0.66 

0.75 

0.8 

0.8 

2.0 

2.16 2.16 1 12 2.16 



i r r i g a t e d  area j ,  as t h e  weighted-mean sum o f  s e a s o n a l  c o s t s  

o v e r  a l l  t h e  t i m e  p e r i o d s ;  t h a t  i s :  

whe re  6i > 0  a n d  ~ 6 ~  = 1 .  
j 

By d e f i n i t i o n ,  t h e  w e i g h t  c o e f f i c i e n t s  
i 

6: are  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  amount  o f  water t a k e n  by 
> 

i r r i g a t e d  area j i n  t h e  r e s p e c t i v e  t i m e  p e r i o d s .  Namely,  

A s  s e e n  f rom t h e  a b o v e  (see T a b l e  6 ) ,  t h e  w e i g h t  c o e f f i c i e n t s  

f o r  t h e  d i f f e r e n t  i r r i g a t e d  areas are  w i t h  s u f f i c i e n t  a c c u r a c y  

e q u a l ,  i . e .  6k = 6k f o r  a l l  j = l ,  ..., 12 .  T h i s  i s  a t r i v i a l  
j 

c o n s e q u e n c e  o f  t h a t  f a c t  t h a t  a l l  i r r i g a t e d  areas h a v e  t h e  same 

t i m e - t a b l e  o f  i r r i g a t i o n  (see F i g u r e  6 ) .  

The  w e i g h t  c o e f f i c i e n t s  c a l c u l a t e d  b y  t h e  f o r m u l a  ( 7 )  are 

g i v e n  below:  

T a b l e  9 .  We igh t  C o e f f i c i e n t s  f o r  M a r g i n a l  C o s t s  o f  Water 

P e r i o d  
Number i 

Weigh t  
Coef  f i -  
c i e n t  k 

1 

0  

4 

0.144 

5  

0 .306  

2  

0 .09 

b 

8  

0 .088  

6  

0 .156 

3  

0 .076 

7  

0 .141  



Using  r e l a t i o n  6  , t h e  mean a n n u a l  u n i t  c o s t s  o f  w a t e r  

are  d e t e r m i n e d  as f o l l o w s :  

T a b l e  10 .  Mean Annua l  C o s t s  o f  Wa te r  

A s  c a n  b e  s e e n  f r o m  a b o v e ,  t h e  mean a n n u a l  c o s t s  o f  w a t e r  

a l s o  d e p e n d s  o n  g e o g r a p h i c  l o c a t i o n  o f  a n  i r r i g a t e d  area.  The 

c o s t s  v a r y  a b o u t  4 . 5  t i m e s - - f r o m  0 .0267  lv/m3 i n  area 1  to  

0 .11 8 lv /mJ  i n  a r e a  11 .  A s  s t a t e d  b e f o r e ,  r e s e r v o i r s  d e c r e a s e  

3  

3 . 5 3  

6  

5 .69  

2  

3 .57 

A r e a  
Numbers 

M e  a n  
Annua l  
Costs,  

I 0 - ~ 1 v / m  3  

t h e  mean a n n u a l  costs  o f  w a t e r  f o r  i r r i g a t e d  areas u s i n g  water 

1  

2 .67 

d i r e c t l y  f r o m  t h e  r e s e r v o i r .  F o r  examp le ,  i n  area 12 ,  t h e  mean 

a n n u a l  cos t  e q u a l s  0 .626  lv /m3 v e r s u s  0 .118  lv /m3 i n  t h e  e l e v e n t h  

9  

11 .5  

4 

3 .6  

7  

8.03 

a r e a ,  w h i c h  i s  closer t o  t h e  Danube t h a n  t h e  p r e v i o u s  o n e .  The 

10 

11 .7  

11 

11 .8  

5 

4 .54 

8  

10 .5  

same c a n  b e  s a i d  a b o u t  t h e  t h i r d  a n d  s e c o n d  i r r i g a t e d  areas-- 
3 0 . 3 5 3  l v / m 3  v e r s u s  0 . 0357  lv /m , r e s p e c t i v e l y .  

12 

6 .16  

A l l  t h e  above -men t ioned  f a c t s  mean t h a t  t h e  u s e  o f  t h e  

a v e r a g e  u n i t  c o s t  o f  water i s  n o t  correct  i n  e conomic  a n a l y s i s .  

5 . 3  S e n s i t i v i t y  A n a l y s i s  

When m o d e l i n g ,  t h e  r e s p o n s e  o f  o p t i m a l  s o l u t i o n s  t o  t h e  

v a r i a t i o n s  i n  some i n i t i a l  d a t a  w a s  a n a l y z e d .  From o n e  p o i n t  

o f  v i e w ,  water r e q u i r e m e n t s ,  p r i c e  o f  l a n d ,  and  p r i c e  o f  e l e c t r i c  

e n e r g y  a re  m o s t  u n c e r t a i n  i n  t h e  S i l i s t r a  C a s e .  W e  w i l l  t r y  

b r i e f l y  to  e x p l a i n  t h i s  p o i n t .  A s  a r u l e ,  w a t e r  r e q u i r e m e n t s  

a re  d e t e r m i n e d  p r o c e e d i n g  f r o m  a p r i o r i  d e f i n e d  u n i t  c o s t s  o f  

water. S i n c e  it i s  i m p o s s i b l e  t o  c o r r e c t l y  p r e s p e c i f y  t h e s e  

c o s t s ,  we s h o u l d  make p r o v i s i o n  f o r  t h e  p o s s i b i l i t y  o f  v a r y i n g  

w a t e r  r e q u i r e m e n t s  i n  a w i d e  r a n g e .  N e x t ,  t h e  l a n d  p r i c e  i s  a  



r a t h e r  s u b j e c t i v e  v a l u e  .and t h e r e f o r e  u n c e r t a i n .  I t  i s  s u f f i -  

c i e n t  t o  s a y  t h a t  t h e  p r i c e  o f  l a n d  i n  B u l g a r i a  i s  d e f i n e d  a s  

a  n e t  r e t u r n  from t h e  hundred-years  c r o p - y i e l d  on t h i s  l a n d .  

A t  t h e  same t i m e ,  i n  t h e  S i l i s t r a  r e g i o n ,  one  has  t o  d i s t i n g u i s h  

f o u r  c a t e g o r i e s  o f  l a n d  depending on s o i l  q u a l i t y  and topograph-  

i c a l  c o n d i t i o n s .  L a s t l y ,  t h e  problem o f  today--energy-- i s  t h e  

r e a s o n  f o r  w i d e l y  v a r y i n g  p r i c e s  o f  e l e c t r i c i t y .  T h a t  i s  why 

w e  have c e n t e r e d  on t h e  s e n s i t i v i t y  o f  t h e  model w i t h  r e s p e c t  

to  t h e  above-mentioned i n i t i a l  d a t a .  

S i n c e  mee t ing  w a t e r  r e q u i r e m e n t s  i s  t h e  main purpose  o f  

w a t e r  s u p p l y  sys tem,  it s h o u l d  be v e r y  s e n s i t i v e  t o  t h o s e .  The 

two t y p e s  o f  v a r i a t i o n s  i n  w a t e r  r e q u i r e m e n t s  were cons ide red- -  

c o o r d i n a t e d  and p a r t i a l .  By c o o r d i n a t e d  v a r i a t i o n  i n  w a t e r  

r e q u i r e m e n t s ,  w e  mean t h e  c a s e  where a l l  o f  t h e  f r a c t i o n a l  

d W i  
changes  - j  i n  w a t e r  r e q u i r e m e n t s  a r e  e q u a l  f o r  a l l  i and j .  

W 
i 
j 

The p a r t i a l  v a r i a t i o n  c o r r e s p o n d s  t o  an  o p p o s i t e  c a s e .  

The r e s p o n s e o f  t h e  modeled w a t e r  s u p p l y  sys tem t o  t h e  

c o o r d i n a t e d  v a r i a t i o n s  i n  w a t e r  r e q u i r e m e n t s  is  shown i n  F i g u r e  

9 .  A s  n o t e d  from t h e  f i g u r e ,  t h e  changes i n  b a s i c  p a r a m e t e r s  

and g e n e r a l i z e d  annua l  c o s t  o f  t h e  i r r i g a t i o n  sys tem a r e  a  

l i n e a r  f u n c t i o n  o f  v a r i a t i o n  i n  w a t e r  r e q u i r e m e n t s .  For  example,  

t h e  c o o r d i n a t e d  change i n  w a t e r  r e q u i r e m e n t s  o f  20% i s  i d e n t i f i e d  

w i t h  t h e  changes  i n :  

0 
3 c a p a c i t y  o f  pumping s t a t i o n  1  o f  7 .6  m /s ,  

0 
3 c a p a c i t y  o f  r e s e r v o i r .  1  of  a b o u t  1 .05  m i l l i o n  m , 

0 
3 c a p a c i t y  o f  r e s e r v o i r  1  o f  a b o u t  26.3 m i l l i o n  m , 

o g e n e r a l i z e d  annua l  sys tem c o s t  o f  5.88 m i l l i o n  l v / y e a r .  

P r a c t i c a l l y  s p e a k i n g ,  t h e  marg ina l  w a t e r  c o s t s - - s e a s o n a l  

and mean annual - -are  i n s e n s i t i v e  t o  t h e  c o o r d i n a t e d  v a r i a t i o n s  

i n  w a t e r  r e q u i r e m e n t s .  

I n  a  p a r t i a l  manner, w a t e r  r e q u i r e m e n t s  w e r e  v a r i e d  o n l y  

f o r  t h e  t h i r d  and t w e l f t h i r r i g a t e d  a r e a s ;  s e p a r a t e l y  f o r  each  

one .  Such a  c h o i c e  o f  i r r i g a t e d  a r e a s  i s  s t i p u l a t e d  by t h e  

f a c t  t h a t ,  among o t h e r s ,  a r e a s  3 and 12 have  t h e  l a r g e s t  w a t e r  



Fractional change in water requirements 

Figure 9. Sensitivity of the system to coordinated variations 
in water requirements. 



r e q u i r e m e n t s .  W i t h i n  a  y e a r ,  w a t e r  r e q u i r e m e n t s  f o r  a n  a r e a  

were changed  p r o p o r t i o n a l l y  o v e r  a l l  t i m e - p e r i o d s  s o  t h a t  t h e  

,Wi 

( j  = 3  o r  12)  w e r e  e q u a l  f o r  a l l  i .  f r a c t i o n a l  v a r i a t i o n s  - 
W 
i 
j 

F i g u r e  10 i l l u s t r a t e s  t h e  r e s u l t s  o f  s e n s i t i v i t y  o f  some 

s y s t e m  p a r a m e t e r s  t o  t h e  v a r i a t i o n s  i n  w a t e r  r e q u i r e m e n t s  f o r  

i r r i g a t e d  a r e a  1 2 .  A s  c a n  b e  s e e n  from t h i s  f i g u r e ,  t h e  r e spon-  

ses o f  c a p a c i t i e s  o f  pumping s t a t i o n  1  and r e s e r v o i r  2  t o  t h e  

v a r i a t i o n s  i n  w a t e r  r e q u i r e m e n t s  wf2 a r e  n o n - l i n e a r  f u n c t i o n s  

o f  t h o s e .  I n  p a r t i c u l a r ,  a  20% i n c r e a s e  o f  w a t e r  r e q u i r e m e n t  

i n  a r e a  12 d o e s  n o t  i n f l u e n c e  t h e  c a p a c i t i e s  o f  pumping s t a t i o n  

1 and  r e s e r v o i r  2 .  I n  c o n t r a s t  w i t h  t h i s ,  a  20% d e c r e a s e  i n  

w a t e r  r e q u i r e m e n t  i s  i d e n t i f i e d  w i t h  changes  i n  c a p a c i t i e s  o f  

pumping s t a t i o n  1  o f  1 .254 mvs and r e s e r v o i r  2  o f  1 .082 
3 m i l l i o n  m . 

A s  e x p e c t e d ,  t h e  a n n u a l  c o s t  o f  t h e  s y s t e m  and  c a p a c i t y  

o f  r e s e r v o i r  3  a r e  r a t h e r  s e n s i t i v e  t o  t h e  v a r i a t i o n s  i n  t h e  

w a t e r  r e q u i r e m e n t s  f o r  a r e a  12. P r a c t i c a l l y  s p e a k i n g ,  b o t h  a r e  

l i n e a r  f u n c t i o n s  o f  t h o s e  v a r i a t i o n s  w i t h  t h e  s t a t e  c o e f f i c i e n t s  

o f  0.1355 m i l l i o n  l v / y e a r / p e r c e n t  v a r i a t i o n  and 1 .55  m i l l i o n  

m5/percent  v a r i a t i o n ,  r e s p e c t i v e l y .  I t  must  be s a i d  t h a t  t h e  

c a p a c i t y  o f  t h e  r e s e r v o i r  t h a t  i s  n o t  shown i n  F i g u r e  10,  d o e s  

n o t  depend on  t h e  w a t e r  r e q u i r e m e n t  v a r i a t i o n s  r a n g i n g  from 

-80% t o  20%.  

The r e s p o n s e s  o f  some s y s t e m  p a r a m e t e r s  t o  t h e  v a r i a t i o n s  

i n  w a t e r  r e q u i r e m e n t  f o r  i r r i g a t e d  a r e a  3  a r e  shown i n  F i g u r e  11 .  

Three  c u r v e s  t h e r e  c o r r e s p o n d i n g  t o  t h e  g e n e r a l i z e d  a n n u a l  c o s t  

o f  t h e  s y s t e m ,  and  c a p a c i t i e s  o f  pumping s t a t i o n  1  and  r e s e r v o i r  

1 ,  a r e  v e r y  close s t r a i g h t  l i n e s .  Hence, a  20% i n c r e a s e  i n  w a t e r  

r e q u i r e m e n t s  i n c r e a s e s  a n n u a l  c o s t  by 0.818 m i l l i o n  l v / y e a r ,  

c a p a c i t y  o f  r e s e r v o i r  1 by 1.012 m i l l i o n  m5 and  i n  c a p a c i t y  o f  
3 pumping s t a t i o n  1  by 3.013 m /s .  No tab ly ,  c a p a c i t i e s  o f  a l l  

t h e  w a t e r  s u p p l y  f a c i l i t i e s  s i t u a t e d  o n  t h e  b r a n c h e s  o f  t h e  

w a t e r  ne twork  t o  t h e  r i g h t  s i d e  o f  node 11 (see F i g u r e  5 )  d o  

n o t  depend on t h e  v a r i a t i o n s  i n  w a t e r  r e q u i r e m e n t s  f o r  a r e a  3 .  
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Fractional change in water requirements for irrigated area 12 

Figure 10. Sensitivity of system to partial variations in 
water requirements. 



Fractional change in water requirements for irrigated area 3 

Figure 1 1 .  Sensitivity of system parameters to variations in 
water requirements. 



W e  go on  w i t h  s e n s i t i v i t y  a n a l y s i s  o f  t h e  s y s t e m  unde r  un- 

c e r t a i n t y  i n  l a n d  p r i c e .  A s  s t a t e d  a b o v e ,  i t  i s  a  s u b j e c t i v e  

v a l u e .  A t  t h e  same t i m e ,  e s t a b l i s h m e n t  o f  t h e  w a t e r  s u p p l y  

s y s t e m  e n t a i l s  t h e  i n e v i t a b l e  l o s s e s  o f  l a n d  needed  f o r  t h e  

c o n s t r u c t i o n  o f  i r r i g a t i o n  f a c i l i t i e s .  Accord ing  t o  t h e  d a t a  

p r e s e n t e d  by t h e  S o f i a  I n s t i t u t e  f o r  Water P r o j e c t s ,  up t o  70% 

o f  t h e i r  g e n e r a l i z e d  a n n u a l  c o s t s  a r e  due  t o  t h e  l a n d  l o s s e s .  

When model ing ,  t h e  f o l l o w i n g  two t y p e s  o f  l o s t  l a n d  a r e  t a k e n  

i n t o  a c c o u n t :  

( 1  ) submerged by r e s e r v o i r s ,  

( 2 )  needed f o r  c o n s t r u c t i o n  o f  c a n a l s .  

I t  must  b e  s a i d  t h a t ,  a s  d i s t i n c t  f rom r e s e r v o i r s ,  t h e  

a r e a  o f  l a n d  r e q u i r e d  f o r  c o n s t r u c t i o n  o f  c a n a l s  depends  on  

c a n a l  c a p a c i t i e s .  

F i g u r e  12 i l l u s t r a t e s  t h e  s e n s i t i v i t y  o f  w a t e r  s u p p l y  

s y s t e m  w i t h  r e s p e c t  t o  t h e  v a r i a t i o n s  i n  l a n d  p r i c e .  A s  c a n  

be  s e e n  from it, c a p a c i t y  o f  t h e  Danube pumping s t a t i o n  i s  

a c t u a l l y  i n s e n s i t i v e  t o  l a n d  p r i c e  i n  i t s  whole  r a n g e .  The 

c a p a c i t i e s  o f  r e s e r v o i r s  1  and  3 are c o n s t a n t  i n  t h e  r a n g e  o f  

p r i c e  r a t i o  f rom 0 .5  t o  2 .0 ,  b u t  t h e n  t h e  d e c r e a s e  i n  t h e  p r i c e  

r a t i o  f rom 0 . 5  to 0.1 i s  i d e n t i f i e d  w i t h  t h e  changes  i n  t h e  

c a p a c i t i e s  o f  6 .955 and  7.68% f o r  r e s e r v o i r s  1  and  3 ,  r e s p e c t i v e l y .  

The c a p a c i t y  o f  r e s e r v o i r  2  i s  most s e n s i t i v e  t o  l a n d  p r i c e .  

For  example,  a  d e c r e a s e  o f  t h e  p r i c e  r a t i o  f rom 0 . 5  t o  0 .1  

c a u s e s  t h e  86 .3% i n c r e a s e  i n  t h e  c a p a c i t y  o f  r e s e r v o i r  2 .  

Obse rv ing  t h e  c u r v e s  i n  F i g u r e  12,  w e  c a n  s t a t e  t h a t  b a s i c  

p a r a m e t e r s  o f  w a t e r  s u p p l y  s y s t e m  a r e  f a i r l y  i n s e n s i t i v e  t o  

l a n d  p r i c e  i n  t h e  r a n g e  o f  p r i c e  r a t i o  f rom 0 . 5  t o  1 . 5 .  

The c a p a c i t i e s  o f  a l l  w a t e r  s u p p l y  f a c i l i t i e s  are q u i t e  

i n s e n s i t i v e  t o  t h e  v a r i a t i o n s  i n  e n e r g y  p r i c e .  T h i s  c o n c l u s i o n  

f o l l o w s  from t h e  s t r u c t u r e  o f  o b j e c t i v e  f u n c t i o n  ( 5 )  . A s  c a n  

be  s e e n  f rom i t ,  t h e  t o t a l  e n e r g y  c o s t  a s s o c i a t e d  w i t h  pumping 

w a t e r  i s  d e t e r m i n e d  o n l y  by t h e  f o l l o w i n g  v a l u e s :  

( 1 )  p r i c e  o f  e l e c t r i c  e n e r g y ,  

( 2 )  amounts o f  water pumped by e a c h  o f  t h e  s i x  pumping 

s t a t i o n s  w i t h i n  a  y e a r .  



- - - - Reservoir 1 and 3 - Pumping station 1 - . - Reservoir 2 ..... .. . Annual cost 

Ratio of land price to existing one 

Figure 12. Sensitivity of system to variations in price of 
land. 



S i n c e  t h e  scheme o f  w a t e r  s u p p l y  s y s t e m  i s  f i x e d  and w a t e r  

r e q u i r e m e n t s  a r e  p r e s p e c i f i e d ,  t h e  l a t t e r  means t h a t  t h e  e n e r g y  

c o s t  d o e s  n o t  depend o n  t h e  v a r i a n t  o f  t h e  sys t em.  I n  o t h e r  

words ,  t h e  s e a r c h  o f  o p t i m a l  s o l u t i o n s  d o e s  n o t  depend  on  e n e r g y  

p r i c e .  Thus,  t h i s  r e s u l t s  i n  t h e  i n s e n s i t i v i t y  o f  t h e  b a s i c  

s y s t e m  p a r a m e t e r s  t o  e v e r y  p r i c e .  Of c o u r s e ,  t h e  g e n e r a l i z e d  

a n n u a l  c o s t  o f  t h e  w a t e r  s u p p l y  s y s t e m  i s  i n f l u e n c e d  by e n e r g y  

p r i c e .  S p e c i f i c a l l y ,  t h e  a n n u a l  c o s t  o f  t h e  s y s t e m  i s  a  l i n e a r  

f u n c t i o n  o f  e n e r g y  p r i c e ,  s o  t h a t  a  1% i n c r e a s e  i n  p r i c e  i s  

i d e n t i f i e d  w i t h  a n  i n c r e a s e  i n  a n n u a l  c o s t  o f  0.039 m i l l i o n  

l v / y e a r  . 
Summarizing some r e s u l t s  o f  s e n s i t i v i t y  a n a l y s i s ,  w e  c a n  

s t a t e  t h a t  t h e  w a t e r  s u p p l y  s y s t e m  i s  r a t h e r  s e n s i t i v e  t o  b o t h  

t h e  c o o r d i n a t e d  and  p a r t i a l  v a r i a t i o n s  i n  w a t e r  r e q u i r e m e n t s .  

A s  t o  p r i c e s  o f  l a n d  and  e n e r g y ,  t h e  s y s t e m  i s  f a i r l y  i n s e n s i -  

t i v e  to  them--at l e a s t  i n  t h e  l o n g  r a n g e .  

5.4 P r a c t i c a l  A p p l i c a t i o n  o f  t h e  Model 

The p r e s e n t  v e r s i o n  o f  t h e  S i l i s t r a  Water Supp ly  Model was 

f i r s t  implemented on  t h e  P i s a  IBM 370/165 computer  and  a f t e r w a r d s  

t r a n s f e r r e d  t o  t h e  S o f i a  ICL 1904 computer .  Running t h e  model 

on  t h e  l a t t e r  a l l o w e d  t h e  B u l g a r i a n  d e s i g n e r s  t o  correct  b a s i c  

p a r a m e t e r s  o f  t h e  i r r i g a t i o n  s y s t e m  d u e  to  t h e  v a r i a t i o n s  i n  

some i n i t i a l  d a t a  o v e r  t i m e .  

I n  1979, IIASA recommendat ions on  t h e  b a s i c  p a r a m e t e r s  o f  

t h e  S i l i s t r a  w a t e r  s u p p l y  s y s t e m  were g i v e n  t o  t h e  S o f i a  

I n s t i t u t e  f o r  Water P r o j e c t s  which  is  i n  c h a r g e  o f  d e s i g n i n g  

w a t e r  r e s o u r c e  s y s t e m s  i n  B u l g a r i a .  A s  a r e s u l t  o f  t h e  above ,  

t h e  main c r i t e r i a  f o r  t h e  p r a c t i c a l  e s t i m a t i o n  o f  t h e  mode l ing  

r e s u l t s  i s  t h e  g e n e r a l i z e d  a n n u a l  c o s t  o f  t h e  w a t e r  s u p p l y  

sys t em,  i n  s p i t e  o f  t h e  f a c t  t h a t  t h i s  a n n u a l  c o s t  o f  t h e  s y s t e m  

e n v i s a g e d  by t h e  p r o j e c t  was known--45.516 m i l l i o n  l v / y e a r .  The 

p o i n t  i s  t h a t  t h e  g e n e r a l i z e d  a n n u a l  c o s t  unde r  mode l ing  i s  

n o t  a r e a l  one  due  t o  t h e  f o l l o w i n g .  F i r s t l y ,  t h e  l i n e a r  o b j e c -  

t i v e  f u n c t i o n  d e s c r i b e s  o n l y  i n  a p p r o x i m a t e  terms, t h e  changes  

i n  r e a l  c o s t s  depend ing  on t h e  changes  i n  d e c i s i o n  v a r i a b l e s .  

Second ly ,  it t a k e s  i n t o  a c c o u n t  no a d d i t i v e  components .  A s  a  

model ing  r e s u l t s ,  t h e  o p t i m a l  v a l u e  o f  g e n e r a l i z e d  a n n u a l  c o s t  

o f  t h e  sys t em is  e q u a l  to  29.4 m i l l i o n  l v / y e a r .  



T h a t  i s  why t h e  f o l l o w i n g  way w a s  c h o s e n  to  c o r r e c t l y  

estimate t h e  o p t i m a l  s o l u t i o n  o b t a i n e d  by t h e  model r u n .  A s  

s t a t e d  above ,  t h e  model r u n  r e s u l t s  i n  c a p a c i t i e s  and  o p e r a t i o n  

r e g i m e s  f o r  a l l  t h e  w a t e r  s u p p l y  f a c i l i t i e s .  On t h e  b a s i s  o f  

t h i s  d a t a ,  o n c e  more h y d r a u l i c  and  economic c a l c u l a t i o n  o f  t h e  

whole i r r i g a t i o n  s y s t e m  was made by t h e  S o f i a  I n s t i t u t e  f o r  

Water P r o j e c t s .  The g e n e r a l i z e d  a n n u a l  cost--39.212 m i l l i o n  

l v / y e a r - - o b t a i n e d  by t h i s  c a l c u l a t i o n ,  s h o u l d  b e  compared w i t h  

t h a t  e n v i s a g e d  by t h e  p r o j e c t .  Comparison o f  t w o  a n n u a l  costs  

answers  t h e  q u e s t i o n ,  which  o f  t h e  t w o  v a r i a n t s  o f  w a t e r  s u p p l y  

s y s t e m  is  b e t t e r - - t h a t  e n v i s a g e d  by t h e  p r o j e c t  o r  t h a t  d e t e r -  

mined by t h e  o p t i m i z a t i o n  model.  The f o l l o w i n g  t a b l e  i l l u s -  

t r a t e s  some r e s u l t s  o f  compar ing  t h e  t w o  v a r i a n t s  o f  t h e  w a t e r  

s u p p l y  s y s t e m s .  

T a b l e  11.  Comparison o f  t h e  Water  Supp ly  Sys tem V a r i a n t s  

Determined  
by Model ing 

Env i saged  by 
t h e  I n s t i t u t e  
f o r  Water 
P r o j e c t s  

23.22 

26.02 

26.03 

193.80 

23.22 

12.10 

12.40 

45.50 

Pumping S t a t i o n  1  

R e s e r v o i r  1  

R e s e r v o i r  2  

R e s e r v o i r  3  

Cana l  1  

C a n a l  2  

Cana l  3  

G e n e r a l i z e d  
Annual C o s t  

U n i t s  

m 3/ s 

m i l l i o n  m 3  

m i l l i o n  m 3  

I 
m i l l i o n  m 3  

m 3 / s  

m 3/ s 

m 3 / s  

m i l l i o n  l v /  
y e a r  

I 

38.054 

5 .248  

2.454 

131.645 

38.054 

15 .813  

21.344 

29.400 by model 
r u n  

39.2 12 by hydrau -  
l i c  cal-  I 
c u l a t i o n  1 



By a n a l y z i n g  T a b l e  1 1 ,  w e  can  c o n c l u d e  t h a t  t h e  main d i s -  

t i n c t i o n  o f  t h e  modeled v a r i a n t  f rom t h e  p r o j e c t e d  o n e  c o n s i s t s  

i n  t h e  d e c r e a s e  i n  t h e  c a p a c i t i e s  o f  a l l  r e s e r v o i r s  a n d ,  on  t h e  

o t h e r  hand ,  i n  t h e  r e s p e c t i v e  i n c r e a s e  i n  t h e  c a p a c i t i e s  o f  t h e  

main c a n a l s  and pumping s t a t i o n .  The a n a l y s i s  o f  t h e  g e n e r a l i z e d  

a n n u a l  c o s t s  shows t h a t  t h e  v a r i a n t  02 t h e  i r r i g a t i o n  s y s t e m  

o b t a i n e d  by mode l ing  i s  c h e a p e r  by 6-304 m i l l i o n  l v / y e a r  ( o r  

a b o u t  1 5 % )  i n  compar i son  w i t h  t h e  p r o j e c t e d  o n e .  

The more d e t a i l e d  c o s t  a n a l y s i s ,  c a r r i e d  o u t  by t h e  S o f i a  

I n s t i t u t e  f o r  Water  P r o j e c t s  p o i n t s  o u t  t h e  a d d i t i o n a l  advan- 

t a g e s  o f  t h e  o p t i m a l  v a r i a n t s  o f  t h e  s y s t e m  compared t o  t h o s e  

e n v i s a g e d  by t h e  p r o j e c t .  S p e c i f i c a l l y ,  f o r  t h e  v a r i a n t  o f  t h e  

i r r i g a t i o n  s y s t e m  d e t e r m i n e d  by mode l ing ,  t h e  t o t a l  c a p i t a l  

i n v e s t m e n t  and  cost  o f  submerged l a n d  i s  32 m i l l i o n  l v  and  8.4 

m i l l i o n  l v  r e s p e c t i v e l y ;  less  t h a n  f o r  t h e  v a r i a n t  e n v i s a g e d  

by t h e  p r o j e c t .  

Thus,  u s i n g  t h e  o p t i m i z a t i o n  model i n  c h o o s i n g  t h e  o p t i m a l  

v a r i a n t  o f  t h e  S i l i s t r a  w a t e r  s u p p l y  s y s t e m  h a s  r e s u l t e d  i n  a  

c o n s i d e r a b l e  b u d g e t  s a v i n g .  I f  t h e r e  had n o t  been a  p r o j e c t e d  

v a r i a n t ,  t h e  u s e  o f  t h e  model would have  s a v e d  d e s i g n e r s  f rom 

t h e  labor-consuming h y d r a u l i c  c a l c u l a t i o n s  f o r  a  number o f  

p r e l i m i n a r y  v a r i a n t s  o f  t h e  w a t e r  s u p p l y  sys t em.  The l a t t e r  

a d v a n t a g e  o f  t h e  m a t h e m a t i c a l  model ing  a p p r o a c h  t o  a  w a t e r  

s u p p l y  problem i s  o f  g r e a t  i m p o r t a n c e  i n  p l a n n i n g  t h e  new 

i r r i g a t i o n  s y s t e m s .  

6 .  CONCLUSIONS 

T h i s  p a p e r  sums up t h e  IIASA's  work o n  t h e  w a t e r  s u p p l y  

model ing  i n  t h e  S i l i s t r a  Case  S tudy .  The ma jo r  r e s u l t s  a r e :  

1 .  Development o f  t h e  g e n e r a l  w a t e r  s u p p l y  model s u i t a b l e  

f o r  i r r i g a t i o n  s y s t e m s  o f  r a t h e r  a r b i t r a r y  c o n f i g u r a -  

t i o n s .  The main o b j e c t i v e  o f  mode l ing  i s  t o  d e t e r m i n e  

t h e  l e a s t - c o s t  v a r i a n t  o f  a  w a t e r  s u p p l y  sys t em.  



Development and computer  i m p l e m e n t a t i o n  o f  t h e  S i l i s t r a  

i r r i g a t i o n  w a t e r  s u p p l y  model b a s e d  o n  t h e  g e n e r a l  o n e .  

For  a w i d e  r a n g e  o f  i n p u t  d a t a ,  t h e  d e v e l o p e d  model 

a l l o w s  o n e  t o  d e t e r m i n e :  

o c a p a c i t i e s ,  

o g e o g r a p h i c a l l y  d i s t r i b u t e d  m a r g i n a l  c o s t s  o f  

w a t e r ,  and  

o w i t h i n - y e a r  o p e r a t i o n  r e g i m e s ,  

f o r  a l l  t h e  water s u p p l y  f a c i l i t i e s  o f  t h e  S i l i s t r a  

i r r i g a t i o n  sys t em.  

3 .  The s e n s i v i t i t y  a n a l y s i s  which r e s u l t s  i n  t h a t  S i l i s t r a  

w a t e r  s u p p l y  s y s t e m  is  r a t h e r  s e n s i t i v e  t o  t h e  v a r i a -  

t i o n s  i n  w a t e r  r e q u i r e m e n t s ,  and f a i r l y  i n s e n s i t i v e  

t o  t h e  v a r i a t i o n s  i n  p r i c e s  o f  l a n d  and e lec t r ic  e n e r g y .  

4 .  P r a c t i c a l  a p p l i c a t i o n  o f  t h e  mode l ing  r e s u l t s  t o  t h e  

S i l i s t r a  i r r i g a t i o n  s y s t e m  p o i n t s  t o  t h e  a d v i s a b i l i t y  

o f  a  c o n s i d e r a b l e  d e c r e a s e  i n  t h e  c a p a c i t i e s  o f  a l l  

t h r e e  r e s e r v o i r s .  The o p t i m a l  v a r i a n t  o b t a i n e d  by 

mode l ing  i s  a b o u t  4 0  m i l l i o n  l v  i n  c a p i t a l  i n v e s t m e n t ,  

and  6 . 3  m i l l i o n  l v  i n  a n n u a l  c o s t  c h e a p e r  t h a n  t h a t  

e n v i s a g e d  by t h e  p r o j e c t .  

5. The d e v e l o p e d  mode l ing  a p p r o a c h  i s  e x p e c t e d  t o  b e  used  

by t h e  w a t e r  u s e  d e s i g n e r  as  a  u n i v e r s a l  t o o l  t o  s e a r c h  

f o r  t h e  l e a s t - c o s t  a l t e r n a t i v e s  f o r  many i r r i g a t i o n  

s y s t e m s  i n  B u l g a r i a .  
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APPENDIX: COMPUTER OUTPUT OF THE LP SILISTRA MODEL 

The l i n e a r  programming model o f  t h e  S i l i s t r a  I r r i g a t i o n  

was implemented o n  t h e  P i s a  IBM 370/165 by  Andras  P o r  f rom t h e  

SDS S e c t i o n  o f  IIASA. The Sesame package  was u s e d  f o r  g e n e r -  

a t i n g  t h e  model i n t o  a  MPS 360 f o r m a t  and  was a l s o  u s e d  f o r  
I  

t h e  s o l u t i o n .  Below, t h e  i d e n t i f i e r s  f o r  c o n s t r a i n t s  ( 2  ) - 
1 

( 5  ) , ( h o r i z o n t a l  s e c t i o n )  , a n d  d e c i s i o n  v a r i a b l e s  ( v e r t i c a l  

s e c t i o n )  , and  t h e  l i s t i n g  o f  o p t i m a l  s o l u t i o n s  a r e  p r e s e n t e d .  

Name o f  
Row 

DEMjk 

STORik 

BALAi  

RELik 

INFLOWk 

CONSTRK 

UPSTOik 

UPCNnk 

FUNC 

D e f i n i t i o n  

Flow b a l a n c e  a t  node  j  i n  t i m e  p e r i o d  k  

Mass b a l a n c e  i n  r e s e r v o i r  i i n  t i m e  p e r -  
i o d  k  

Annual c y c l e  c o n d i t i o n  f o r  r e s e r v o i r  i 

Upper bound o n  w a t e r  r e l e a s e  f rom 
r e s e r v o i r  i i n  p e r i o d  k  

Flow b a l a n c e  a t  node  5  i n  p e r i o d  k  

P h y s i c a l  c o n s t r a i n t  o n  f l o w s  a t  node  19 

Upper bound o n  w a t e r  s t o r a g e  i n  reser- 
v o i r  i i n  p e r i o d  k  

Upper bound o n  w a t e r  f l o w  i n  c a n a l  n  
i n  p e r i o d  k  

O b j e c t i v e  f u n c t i o n  

Ref- 
e r e n c e  

(2 '  ) 

( 3 ' )  

( 3 '  ) 

( 4 ' )  

( 2 ' )  

( 4 ' )  

( 4 5  

( 4 ' )  

( 5 ' )  

U n i t  

m 3 / s  

In 
3 

m 3  

In 
3  

m 3 / s  

3  m /s. 

M 3 

3  m / s .  

l v / y e a r  



The  d e c i s i o n  v a r i a b l e  i d e n t i f i e r s  almost c o i n c i d e  w i t h  

t h e i r  n o t i o n s  i n  t h e  m a t h e m a t i c a l  mode l .  The o n l y  d i f f e r e n c e  

i s  t h a t  t h e  f i r s t  i d e n t i f i c a t i o n  number c o r r e s p o n d s  t o  t h e  

lower i n d e x  o f  a v a r i a b l e  a n d  t h e  s e c o n d  i d e n t i f i e r  number 

c o r r e s p o n d s  t o  t h e  u p p e r  o n e .  
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