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ABSTRACT 

NETWORK ANALYSIS OF CONJUNCTIVELY OPERATED 
GROUND WATER-SURFACE WATER SYSTEMS 

The concept of network models i s  introduced and a genera l  network model 
f o r  a mu l t i p l e  purpose, m u l t i p l e  u n i t  water  resource system i s  developed. 
The "ou t -o f -k i l t e r "  a lgor i thm i s  then presented a s  a s o l u t i o n  technique 
f o r  network flow problems. 

A model f o r  prel iminary sc reening  of a l t e r n a t i v e s  f o r  water supply from 
conjunc t ive  use of ground water  and su r f ace  water  i n  the Kaskaskia River  
Basin i n  I l l i n o i s  i s  presented and analyzed.  The r e s u l t s  from the  
a n a l y s i s  demonstrate how the  network a n a l y s i s  procedures can be used t o  
determine optimum investment p lans ,  t o  t e s t  po l icy  c o n s t r a i n t s ,  and t o  
develop p o l i c i e s  f o r  f u t u r e  deverlopment and f u t u r e  c o n s t r a i n t s .  

Hamdan, Abdu l l a t i f  S. and Dale D. Meredith 
NETWORK ANALYSIS OF CONJUNCTIVELY OPERATED GROUND WATER-SURFACE WATER SYSTEMS 
F i n a l  Report t o  Of f i ce  of Water Resources Research, Department of the  
I n t e r i o r ,  January 1974, Washington, D.C . ,  v i i  + 68 p. 
KEYWORDS--"con junc t ive  use/"reservoir  operation19'water supply/iknetwork 
analysis/optimization/operations research 



PREFACE 

This  f i n a l  r e p o r t  i s  f o r  t h e  OWRR P r o j e c t  A-059-ILL e n t i t l e d  

"Management o f  C o n j u n c t i v e l y  Operated Ground Water-Surface  Water Systems 

Using t h e  Theory o f  Network Flows" and covers  a s t u d y  pe r iod  o f  J u l y  1972 

t o  J a n u a r y  1974. The r e p o r t  i s  based i n  p a r t  upon t h e  Ph.D. t h e s i s  

"Network Approach t o  Management o f  C o n j u n c t i v e l y  Operated Ground Water-  

S u r f a c e  Water Systems" prepared by A.S. Hamdan under t h e  s u p e r v i s i o n  o f  

D.D. Mered i th .  

The t h e o r y  o f  network f lows was f i r s t  a p p l i e d  t o  a c e r t a i n  f a m i l y  

o f  l i n e a r  programming problems known a s  t h e  " t r a n s p o r t a t i o n  problem. I '  

A number of a l g o r i t h m s  and theorems have been developed and t h e  approach 

h a s  been a p p l i e d  i n  t h e  l a s t  two decades  t o  s u c c e s s f u l l y  f o r m u l a t e  and 

s o l v e  a l a r g e  number o f  m i l i t a r y  and i n d u s t r i a l  management problems. 

These i n c l u d e  problems o f  minimizing t h e  c o s t  of  a g i v e n  flow o f  a 

c e r t a i n  commodity i n  a network,  maximizing flow o f  some commodity i n  a 

network,  and c o o r d i n a t i o n  o f  a c t i v i t i e s  i n  a network. Among t h e  reasons  

why t h e  t h e o r y  o f  network f lows has  been so  popu la r  i s  t h e  f a c t  t h a t  i t  

can s o l v e  problems w i t h  thousands  o f  v a r i a b l e s  and hundreds of  c o n s t r a i n t s .  

Because a ground w a t e r - s u r f a c e  w a t e r  sys tem may be  though t  o f  a s  a network 

through which water f lows ,  it was b e l i e v e d  t h a t  network flow t h e o r y  might 

i 
be  u s e f u l  i n  s o l v i n g  some problems i n  w a t e r  r e s o u r c e s .  

The Kaskaskia  R i v e r  Bas in  i n  I l l i n o i s  was used a s  a c a s e  s t u d y  t o  

demons t ra te  t h e  modeling o f  ground w a t e r - s u r f a c e  wa te r  sys tems by networks .  

To i n d i c a t e  t h e  p o t e n t i a l  a p p l i c a b i l i t y  o f  network flow t h e o r y  t o  wa te r  

r e s o u r c e s  p lann ing ,  t h e  " o u t - o f - k i l t e r ' '  a l g o r i t h m  was used t o  determine 

optimum inves tment  p l a n s  under  d i f f e r e n t  p o l i c y  c o n s t r a i n t s  f o r  t h e  

Kaskaskia  River  Bas in  network model. 
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1. INTRODUCTION 

1.1 Background 

Maximum water development can only  be achieved through conjunc t ive  

( j o i n t )  ope ra t i on  of ground water  and su r f ace  water r e s e r v o i r s .  I n  t he  

1950's  t h e  advantages of t h i s  approach were recognized and s t u d i e s  were 

q u a l i t a t i v e  i n  na tu re  (Kazmann, 1951; Banks, 1953). 

The q u a n t i t a t i v e  a spec t s  o f  t h e  approach were emphasized i n  t h e  

1960 ' s .  This appears  i n  t h e  works of Buras (1962),  Chun e t  a 1  (1964), 

Domenico e t  a 1  (1966), Dracup (1966), Aron (1969) and Mi l l i gan  (1970). 

Research was aimed a t  op t imiza t ion  of  con junc t ive ly  operated water  

resource  systems using l i n e a r  and dynamic programming. Advantages and 

disadvantages of using l i n e a r  and dynamic programming t o  opt imize water 

resources  systems have been reviewed (Chow and Meredith,  1969b; Dracup 

e t  a l ,  1972) and the  l i t e r a t u r e  on t h i s  s u b j e c t  has  been documented 

(Chow and Meredith,  1969a; Gysi and Loucks, 1969; Kriss and Loucks, 1971; 

Loucks, 1972). 

"Network flow theory" i s  a branch of l i n e a r  programming theory t h a t  

was f i r s t  app l i ed  t o  a c e r t a i n  family of l i n e a r  programming problems known 

a s  thel ' t ranspor  t a t i o n  problem." A number of  a lgor i thms  and theorems have 

been developed and the  approach has been appl ied  i n  the  l a s t  two decades 

t o  succes s fu l ly  formulate and so lve  a l a r g e  number of  m i l i t a r y  and 

i n d u s t r i a l  management problems. These inc lude  problems of minimizing 

c o s t  of  a given flow of  a c e r t a i n  commodity i n  a network (Fulkerson,  1961), 

maximizing flow of some commodity i n  a network (Ford and Fulkerson,  1962),  

and o t h e r  problems (Elmaghraby, 1970). 

Among t h e  reasons why the theory of  network flows has been so  

succes s fu l  i s  the  f a c t  t h a t  i t  can so lve  problems with thousands of 

v a r i a b l e s  and hundreds of c o n s t r a i n t s ,  which cannot be solved by o t h e r  



techniques (Ford and Fulkerson,  1962). 

Using the  Trans-Texas d i v i s i o n  of the  planned Texas Water System 

a s  a case  s tudy,  the  Texas Water Development Board (1970) used the  "out-of-  

k i l t e r  a lgori thm,"  of  t h e  theory of network flows i n  a 4-phase research  

p r o j e c t  t o  develop and apply  planning techniques t o  t h e  planning of  

complex water  resources  systems. I n  t h e  f i r s t  phase t he  a lgor i thm was 

used t o  e s t ima te  cana l  and r e s e r v o i r  s i z e s  and t o  f i n d  r e s e r v o i r  ope ra t i ng  

r u l e s .  I n  t he  l a s t  phase t he  a lgor i thm was used t o  e v a l u a t e  and improve 

a l t e r n a t i v e  development plans.  

The Texas s tudy was one of the f i r s t  a t tempts  t o  use network flow 

theory i n  t he  planning of water resources  systems. The use of network 

flow theory concepts and a n a l y s i s  procedures i n  planning and management 

of water  resources  systems has no t  been f u l l y  explored.  

1.2 Object ive 

The ob jec t ive  of t h i s  s tudy i s  t o  demonstrate the a p p l i c a t i o n  of 

network flow theory  concepts and a n a l y s i s  procedures i n  water resources  

system planning and management. The development of a network model f o r  

a ca se  s tudy  a r e a  and the  a p p l i c a t i o n  of network a n a l y s i s  procedures t o  

provide answers t o  planning and management que r i e s  a r e  demonstrated. 

The demonstration of t h e  methodology of  model development and network 

flow theory  a n a l y s i s  procedures i s  f e l t  t o  be more important than the  

model per  se .  

1.3 Scope 

A demonstrat ion of t he  a p p l i c a t i o n  of network flow theory  concepts 

and a n a l y s i s  pmcedures  i n  water  resource systems planning and management 

i s  presented i n  t he  remainder of t h i s  r epo r t .  

-2- 



In Chapter 2  t he  concept of network models i s  introduced and a  

genera l  network model f o r  a  mu l t ip l e  purpose, mu l t ip l e  u n i t  water resource 

system i s  developed. The "ou t -o f -k i l t e r "  a lgor i thm i s  then presented a s  

a  s o l u t i o n  technique fo r  network flow problems. 

I n  Chapter 3  the Kaskaskia River Basin i n  I l l i n o i s  i s  presented a s  

a  case  s tudy t o  demonstrate t he  modeling of ground water-surface water  

systems by network models. The model i s  f o r  prel iminary screening  of  

a l t e r n a t i v e s  f o r  water supply from conjunct ive  use of ground water and 

su r f ace  water f o r  a  50 year planning period. 

The r e s u l t s  from the a n a l y s i s  of the  Kaskaskia River Basin case  

s tudy a r e  discussed i n  Chapter 4. The d iscuss ion  demonstrates how the  

a n a l y s i s  procedures can be used t o  determine optimum investment p lans ,  

to  t e s t  po l icy  c o n s t r a i n t s ,  and t o  develop p o l i c i e s  f o r  f u t u r e  development 

and f u t u r e  c o n s t r a i n t s .  

The summary and conclusions a r e  presented i n  Chapter 5. 

2. ANALYS IS PROCEDURE 

2.1 Purpose 

The a n a l y s i s  procedure provides t he  planner with a r igorous means 

f o r  eva lua t ion  of a l t e r n a t i v e  water resource systems. It includes the  

o u t - o f - k i l t e r  a lgor i thm which i s  a formal opt imiza t ion  technique. 

The genera l  purposes of the  procedure a r e :  (1) t o  eva lua te  a l t e r n a t i v e  

water  resource development p lans ,  (2) t o  f ind the  s i z e s  of system elements 

which correspond t o  supe r io r  a l t e r n a t i v e s ,  (3) t o  es t imate  t iming f o r  

investment i n  water supply expansion, and (4) t o  i n d i c a t e  a r e a s  f o r  

nong:row th  emphas i s .  

2.2 Concepts 

The o u t - o f - k i l t e r  a lgori thm i s  an opt imizat ion technique derived 

-3- 



from network flow theory which has t h e  c a p a b i l i t y  t o  so lve  problems 

which can be s t a t e d  i n  terms of f'lows and c o s t s  a s  

sub jec t  t o :  

f o r  a l l  i j  

i n  which c  i s  the  c o s t  of t r a n s f e r r i n g  one u n i t  of flow from loca t ion  
i j 

i t o  ' locat ion j ;  
q i  j  

i s  the  number of u n i t s  of flow from l o c a t i o n  i t o  

l o c a t i o n  j ;  
q j i  

i s  t h e  number of u n i t s  of flow from l o c a t i o n  j t o  l o c a t i o n  

i ;  b  i s  the  lower l i m i t  f o r  q  ' and u  i s  the  upper l i m i t  f o r  q  
i j  i j '  i j i j '  

The flow can represent  any commodity, e i t h e r  r e a l  o r  conceptual.  The 

loca t ions  a r e  u sua l ly  ca ' l l ed  nodes o r  junc t ions  and r ep resen t  po in ts  

i n  time o r  space. 

It o f t e n  happens t h a t  t h e  ob jec t ives  of a  water resource system 

a r e  so  we l l  def ined i n  terms of water demands t h a t  a  minimization-of- 

cos t  c r i t e r i o n  func t ion  ( a l s o  sometimes r e fe r r ed  t o  a s  an ob jec t ive  

func t ion)  i s  appropr ia te .  Howe,ver, i t  may be more d e s i r a b l e  t o  maximize 

the  n e t  r e tu rns .  Although maximization of  n e t  r e tu rns  and minimization 

of gross  c o s t s  a r e  two d i f f e r e n t  forms of t he  ob jec t ive  func t ion ,  i t  i s  

poss ib le  t o  convert  one  form i n t o  the  o the r  by a  simple mathematical 

manipulation. Cons t ra in ts  being the  same, an a l t e r n a t i v e  t h a t  maximizes 

t he  va lue  of a  c r i t e r i o n  func t ion  Z(x,y) minimizes t h e  ,value of another  

funct ion Z '  (x,y)  def ined a s  



Z1(x ,y )  = L - Z(X,Y) (2.3b) 

i n  which L i s  a cons tan t  l a r g e r  than any va lue  Z(x,y) may ob ta in .  

Hence, t he  word "cost"  may be i n t e r p r e t e d  t o  mean e i t h e r  t h e  a c t u a l  

c o s t  o r  some app rop r i a t e ly  def ined func t ion  of  n e t  r e t u r n s  synonymous 

w i t h  Z(x,y) above. I n  view o f  t h i s  i n t e r p r e t a t i o n  one can use a 

minirdzation-of-!'cost" c r i t e r i o n  func t ion  i n  o rde r  t o  minimize a c t u a l  c o s t s  

o r  t o  maximize n e t  r e tu rns .  

A network s t r u c t u r e ,  uniquely required f o r  t h e  a n a l y s i s  procedure,  

was devised t o  r ep re sen t  t h e  space and time continuum f o r  which t h e  

opt imal  s o l u t i o n  was des i r ed .  This s t r u c t u r e  and t h e  mathematical s ta tements  

which c h a r a c t e r i z e  it a r e  descr ibed below. 

2.3 Network S t r u c t u r e  

2.3.1 General 

The elements of t h e  water resource  system i s  f i r s t  represen ted  a s  

a network of  a r c s  (branches,  l i n k s )  and nodes. Arcs f a l l  i n t o  two groups: 

a r c s  which r ep re sen t  elements through which flow a c t u a l l y  occursand a r c s  

which represen t  elements through which flow conceptua l ly  occurs .  Flow 

a c t u a l l y  occurs  i n  elements such a s  r i v e r  reaches o r  p i p e l i n e s .  Carry- 

over s to r age  i n  a reservoi r  might be thought of  a s  flow: t h e  water  remains 

i n  s to rage  and no flow occurs  bu t  it can be presented a s  flowing from 

one time period t o  t h e  next.  

Nodes a l s o  f a l l  i n t o  two groups, supply nodes and use nodes. A 

supply node r ep re sen t s  a source where a supply o f  water can be  ob ta ined ,  

i . e . ,  a su r f ace  water r e s e r v o i r ,  a ground water a q u i f e r ,  an imported 

water source,  e t c .  A use node r ep re sen t s  a po in t  where water i s  u t i l i z e d  

t o  achieve some purpose, i . e . ,  water  supply,  i r r i g a t i o n ,  h y d r o e l e c t r i c  

power, a r t i f i c i a l  ground water recharge,  e t c .  

-5- 



Table  2 .1  Symbols and Terms Used t o  Represen t  Water Resource Systems 

s yrnbo l system a n a l o g  

a r c  

node 

lower bound f o r  f low i n  a r c  between 
node i and node j 

upper  bound f o r  f low i n  a r c  between 
node i and node j 

c c o s t  t o  t r a n s f e r  one u n i t  o f  f low 
i j from node i t o  node j 

Table  2 .1  c o n t a i n s  t h e  symbols used t o  i l l u s t r a t e  a w a t e r  r e s o u r c e  

sys tem a s  a network o f  a r c s  and nodes.  

Almost a l l  w a t e r  r e s o u r c e  a l l o c a t i o n  systems may be  r i g h t l y  fo rmula ted ,  

i n  more t h a n  one way, a s  networks amenable t o  network s o l u t i o n  methods. 

The minimum-cost f low network model h a s  been chosen h e r e  f o r  two reasons:  

(1)  t h e  method i s  n o t  r e s t r i c t e d  t o  c a p a c i t a t e d  f low networks ,  b u t  it  

i s  a l s o  a p p l i c a b l e  t o  bounded flow networks which a r e  t h e  o n l y  ones t h a t  

can r e p r e s e n t  r e a l ,  complex wa te r  r e s o u r c e  sys tems;  and ( 2 )  t o  t a k e  

advan tage  o f  t h e  powerful  o u t - o f - k i l t e r  a l g o r i t h m  a s  a s o l u t i o n  t echn ique .  

C a p a c i t a t e d  networks a r e  t h o s e  which have a lower  bound of  z e r o  on a l l  

a r c s  and a f i n i t e  maximum c a p a c i t y  f o r  one o r  more a r c s .  Bounded flow 

networks a r e  t h o s e  which ha've one o r  more a r c s  w i t h  b o t h  a n  upper and 

lower bound d i f f e r e n t  from z e r o .  

Network s t r u c t u r e s  f o r  a l l o c a t i o n  o f  w a t e r  from m u l t i p l e  s o u r c e s  

t o  m u l t i p l e  use  a r e  p r e s e n t e d  f o r  ( 1 )  a s i n g l e  t ime pe r iod  and ( 2 )  f o r  

m u l t i p l e  t ime p e r i o d s .  



2.3 .2  S p a t i a l  Representat ion - 

I n  t h i s  case water  i s  t o  be a l l o c a t e d  from N supp l i e s ,  N > 1, 

each sup[lly conta ins  r  u n i t s  (e.g. r  a c r e - f e e t )  of water ,  ncN, t o  M n  n  

uses ,  M > 1, each use demands d  u n i t s  of water ,  mcM, a t  a  u n i t  c o s t  of 
m 

c  from supply n  t o  use m y  ncN and m f M .  Where ncN means f o r  a l l  va lues  
nm 

of  n  i n  t he  s e t  N .  

A network t h a t  can r ep re sen t  t h i s  system i s  shown i n  Fig.  2.1. The 

network c o n s i s t s  of N + M nodes represen t ing  the suppl ies  and uses  plus  

two a d d i t i o n a l  nodes which c o n s t i t u t e  a  network source and a network 

s ink .  The source of t h e  network i s  connected t o  each supply node, the  

s i n k  i s  connected t o  each use node, and each supply node i s  connected 

t o  each use node by an a r c  with a  source-s ink  o r i e n t a t i o n ,  i . e . ,  the  

d i r e c t i o n  of flow i n  t he  a r c  i s  from t h e  source toward the  s i n k  (flow- 

d i r e c t i o n  i s  ind ica ted  by arrow).  The network source and the  network 

s i n k  a r e  a r t i f i c i a l  nodes which have been added t o  t ransform the  network 

i n t o  a  flow network with a s i n g l e  source and a  s i n g l e  s i n k  i n  o rde r  t o  

t ake  advantage of t he  s o l u t i o n  a lgor i thm descr ibed  below. 

The upper and lower bounds and c o s t s  f o r  a  u n i t  of flow i n  each a r c  

must be assigned such t h a t  the  network model r ep re sen t s  the  a c t u a l  phys ica l  

system. The minimum amount of water a v a i l a b l e  a t  supply node 1 would 

be 0 u n i t s  and the  maximum amount a v a i l a b l e  a t  supply node 1 i s  r ,  u n i t s .  
1 

Therefore ,  flow i n  t h e  a r c  from t h e  network source t o  supply node 1 has 

a  lower bound of  0 and an upper bound of r .  There i s  no c o s t  a s soc i a t ed  
1' 

wi th  t h e  conceptual flow from the  network source ( o r  o r i g i n )  t o  supply 

node 1, the re fo re  c  i s  equa l  t o  0. 
0 1 

The flow i n  t he  a r c  from supply node 1 t o  use node m r ep re sen t s  

the  amount of water a l l o c a t e d  from supply '1 t o  use m. The amount o f  
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w a t e r  t h a t  can be  a l l o c a t e d  from s u p p l y  node 1 t o  any use  node m y  
1 m '  

must be  g r e a t e r  than  o r  e q u a l  t o  0 and l e s s  than  o r  e q u a l  t o  r T h e r e f o r e ,  
1' 

t h e  lower and upper bounds on t h e  f low i n  t h i s  a r c  a r e  0 and r r e s p e c t i v e l y .  
1 

The c o s t  t o  a l l o c a t e  one u n i t  o f  wa te r  from s u p p l y  node l t o  use  node 

m i s  c .  
l m '  

The flow i n  t h e  a r c  from t h e  u s e  node m t o  t h e  network s i n k  r e p r e s e n t s  

t h e  amount o f  wa te r  u t i l i z e d  by use m and ,  t h e r e f o r e ,  i t s  lower bound 

i s  t h e  w a t e r  r e q u i r e d  f o r  t h i s  u s e ,  d  . I f  i t  i s  assumed t h a t  o n l y  d  
m m 

u n i t s  o f  water  can be  u t i l i z e d  a t  use  node m, t h e  upper bound f o r  t h e  

f low i n  t h e  a r c  from use  node m t o  t h e  network s i n k  i s  d  . However, m 

because  t h e  c r i t e r i o n  f u n c t i o n  i s  minimize t o t a l  c o s t  f o r  f low i n  t h e  

network,  t h e  s o l u t i o n  w i l l  r e s u l t  i n  t h e  minimum flow coming t o  u s e  node 

m such  t h a t  t h e  demand d  i s  s a t i s f i e d .  T h i s  a l l o w s  t h e  use  o f  a  l a r g e  
m 

v a l u e  f o r  t h e  upper bound on t h e  flow i n  t h e  a r c  from use  node m t o  t h e  

s i n k  w i t h o u t  any e f f e c t  on t h e  s o l u t i o n .  There is no c o s t  a s s o c i a t e d  

w i t h  t h e  flow i n  t h e  a r c  and t h u s  c  = 0. 
mw 

The lower and upper bounds and t h e  u n i t  c o s t s  can be ass igned  f o r  

f low i n  t h e  o t h e r  a r c s  by f o l l o w i n g  t h e  above method. The network i s  

a  bounded flow network through which a  minimum c o s t  flow cor respond ing  

t o  t h e  o p t i m a l  a l l o c a t i o n  schedu le  can  be  found p r o v i d i n g  t h a t  t h e  t o t a l  

s u p p l y  a v a i l a b l e  e q u a l s  o r  exceeds  t h e  t o t a l  demand, o r  

2 . 3 . 3  S p a t i a l  and Temporal R e p r e s e n t a t i o n  

Here t h e  s p a t i a l  a l l o c a t i o n  model i s  extended such t h a t  t h e  

w a t e r  can be a l l o c a t e d  o,ver T  t ime p e r i o d s ,  T  > 1. Carry-over  s t o r a g e  

from one t ime  pe r iod  t o  a n o t h e r  c o n s t i t u t e s  a n  a d d i t i o n a l  c h a r a c t e r i s t i c  



o f  t h e  network model o f  t h e  p h y s i c a l  system. I n  t h i s  c a s e  w a t e r  i s  t o  

be  a l l o c a t e d  over  T t i m e  p e r i o d s ,  T > 1, from N s u p p l i e s ,  N > 1, w i t h  

r u n i t s ,  t o  M u s e s ,  M > 1, w i t h  demands o f  d  u n i t s ,  a t  u n i t  c o s t s  
n t  m t  

o f  c  ncN, mcM, t cT .  
nmt ' 

A network model o f  t h i s  system is  shown i n  F i g .  2 .2 .  The network 

c o n s i s t s  of  N x T s u p p l y  nodes ,  M x T u s e  nodes ,  and two a r t i f i c i a l  nodes 

r e p r e s e n t i n g  t h e  network source  and s i n k .  Each s u p p l y  node i s  connected 

t o  t h e  s o u r c e  node and each  use  node i s  connected t o  t h e  s i n k  node by 

a  d i r e c t e d  a r c  ( f low i n  d i r e c t i o n  o f  ar row).  The s u p p l y  nodes a r e  

connected t o  t h e  u s e  nodes a t  each t ime pe r iod  by d i r e c t e d  a r c s  r e p r e -  

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

s u p p l y  a t  s u c c e s s i v e  t ime  p e r i o d s  a r e  connected by d i r e c t e d  a r c s  whose 

f lows r e p r e s e n t  c a r r y - o v e r  s t o r a g e .  A l l  a r c s  ha.ve a  s o u r c e  t o  s i n k  

o r i e n t a t i o n .  

The flows i n  t h e  a r c s  from t h e  network s o u r c e  t o  s u p p l y  nodes f o r  

t = 1 r e p r e s e n t  t h e  i n i t i a l  c o n d i t i o n s  f o r  t h e  s u p p l i e s .  The upper bound 

i s  t h e  i n i t i a l  s t o r a g e  c o n d i t i o n s .  Th i s  a r c  can  be cons ide red  a s  a  

s p e c i a l  t y p e  of  c a r r y - o v e r  s t o r a g e .  The f lows i n  t h e  a r c s  from t h e  

network s o u r c e  t o  t h e  supp ly  nodes f o r  t > 1 r e p r e s e n t  t h e  n e t  i n p u t  t o  

t h a t  supp ly  d u r i n g  t h a t  t ime pe r iod .  The lower bound f o r  t h e s e  a r c s  w i t h  

t > 1 i s  0 and t h e  upper  bound i s  t h e  maximum n e t  i n p u t  a v a i l a b l e  d u r i n g  

t h a t  p e r i o d .  The f lows i n  t h e  a r c s  from t h e  u s e  nodes t o  t h e  network 

s i n k  a r e  d e f i n e d  and bounded a s  i n  t h e  s p a t i a l  a l l o c a t i o n  problem. The 

f lows i n  t h e  a r c s  c o n n e c t i n g  s u p p l y  nodes i n  s u c c e s s i v e  t ime p e r i o d s  

r e p r e s e n t  c a r r y - o v e r  s t o r a g e  and t h e  lower bound i s  z e r o ,  o r  t h e  minimum 

p e r m i s s i b l e  w a t e r  l e v e l  f o r  t h e  s t o r a g e  f a c i l i t y ,  and t h e  upper  bound 

i s  t h e  maximum s t o r a g e  c a p a c i t y  of  t h e  p a r t i c u l a r  s u p p l y  s o u r c e .  The 
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u n i t  c o s t s  f o r  t hese  flows a r e  u n i t  c o s t s  f o r  s torage .  

The network i n  Fig.  2 .2  i s  a  bounded flow network through which a  

minimum c o s t  flow corresponding t o  t h e  optimal a l l o c a t i o n  schedule f o r  

t h e  system can be found providing t h a t  

f o r  t = 1, 2,  ..... T (2 .5)  

i n  which r  i s  the  t o t a l  amount of water a v a i l a b l e  a t  node n a t  time 
n t  

t i . .  , r  equals  the  c a r r y  o'ver s to rage  plus input .  
n t  

The formulat ion above assumes t h a t  a l l  of the  a v a i l a b l e  input  during 

a  period does not  have t o  be accounted f o r .  This means t h a t  i f  t he  input  

t o  a  supply source plus  the  c a r r y  over s to rage  from t h e  previous time 

period minus the  r e l ea ses  f o r  demands from the  various uses  i s  g rea t e r  

than the  s to rage  capac i ty  f o r  c a r r y  over s torage  t o  t h e  next  time period 

the  d i f f e r e n c e  i s  no t  accounted f o r  i n  t he  model , i .e . ,  p a r t  of the  input  

i s  dumped out  of t he  bas in  i n  the  case  of streamflow i n t o  a  r e s e r v o i r  

o r  unused in t he  case of a v a i l a b l e  water f o r  import. 

A l l  of t he  input  f o r  a  p a r t i c u l a r  supply can be forced i n t o  the 

system by s e t t i n g  the  lower bound equal  t o  t he  upper bound on t h a t  input  

a r c .  Then in  order  t o  take  ca re  of any necessary s p i l l  from a supply 

source another  use node can be added t o  represent  a  downstream channel 

t o  which s p i l l s  a r e  made. The water from t h i s  downstream channel can 

then flow out  of t he  system a s  represented by flow i n  an a r c  from t h i s  

use node t o  the  network s ink  o r  it can flow i n t o  another  supply source 

a s  input  f o r  t he  next  time period a s  represented by flow in  an a r c  from 

t h i s  use node t o  another  supply source a t  t he  next  time period.  The 

lower and upper bounds f o r  the flow in  the  a r c  from a supply node t o  

t h i s  new use node would be the  same a s  any o the r  a r c  from the supply node. 

The u n i t  cos t  might be zero o r  it could be p o s i t i v e  i f  the s p i l l  r e su l t ed  



i n  f looding .  The lower bound on t h e  flow i n  t h e  a r c  from t h i s  use node 

would be zero  and the  upper bound would be the  same a s  t he  upper bound 

on t h e  inflow t o  t h e  node. The u n i t  c o s t  f o r  flow i n  t h e  a r c  from t h i s  

use node would be zero un less  t h e  flow was pumped t o  a supply source 

wi th  a  h igher  e l eva t ion  i n  t he  next  time period i n  which case t h e  u n i t  

c o s t  wou ld be p o s i t i v e .  

A f i n a l  s t o r age  conten t  f o r  a  p a r t i c u l a r  supply source can be 

s p e c i f i e d  by s e t t i n g  t he  lower bound on t h e  flow i n  an a r c  from the  

supply node t o  t he  network s i n k  a t  t ime t = T equal  t o  t h e  des i r ed  f i n a l  

s t o r a g e  value. 

Flows i n  r i v e r s  and pipe l i n e s  a r e  normally permitted t o  vary between 

zero and a  s p e c i f i c  upper l i m i t ;  however, lower l i m i t s  can  be r a i s e d ,  

f o r  example, t o  provide f o r  q u a l i t y  c o n t r o l  o r  t o  guaran tee  p r i o r  r i g h t s  

t o  appropr ia ted  water.  Storage conten ts  a r e  l i k e l y  t o  be cons t ra ined  

between zero and some design capac i ty  which may be predetermined o r ,  

may i t s e l f ,  be a  p a r t  of t he  problem so lu t ion .  Upper l i m i t s  may be 

s t i p u l a t e d  a s  zero  f o r  elements no t  a v a i l a b l e  fo r  s e r v i c e  and the  l i m i t  

r a i s e d  t o  s to rage  capac i ty  when each element i s  added. 

I n i t i a l  r e s e r v o i r  s t o r age  con ten t s ,  f i n a l  r e s e r v o i r  s t o r age  con ten t s ,  

i npu t s ,  and demands can be forced i n t o  t h e  model by s e t t i n g  upper and 

lower bounds i d e n t i c a l .  An assumption i s  t h a t  evaporat ion l o s s e s  can 

be est imated a  p r i o r i .  Imported water i s  l im i t ed  between zero  and t h e  

maximum a v a i l a b l e .  Flows i n  s p i l l  a r c s  a r e  l imi ted  between ze ro  and 

the maximum c a p a c i t i e s  of sp i l lways  o r  o u t l e t  works. Flow i n  a  f i n a l  

s t o r age  a r c  i s  normally l imi ted  t o  between ze ro  and t h e  a c t u a l  s t o r age  

capac i ty .  

Table 2.2 conta ins  a  summary of node types ,  a r c  t ypes ,  f lows, and 

upper and lower bounds and c o s t s  f o r  flows. 



Table  2.2 Node Types, Arc Types, Flows, Upper and Lower Bounds, and Cos t s  f o r  Flows 

Nodes 

Supply Nodes: 

S u r f a c e  
R e s e r v o i r  

Ground Water 
A q u i f e r  

Arc Types 
( ~ n f l o w s / O u t f l o w s ~  

I N a t u r a l  s treamflow 
I 
I 

~ n f l o w s  1 Water t r a n s f e r r e d  from 
I a n o t h e r  r e s e r y o i r  

I 
I 
I I n i t i a l  c o n d i t i o n s  
I 
I 
I Carry-over from prev ious  pe r iod  

I 
I 
I 
I A l l o c a t i o n  t o  each  use  

I 
I 

I 
Outflows I A l l o c a t i o n  t o  a q u i f e r  

I ( a r t i f i c i a l  r echarge)  

1 
I 

I Water t r a n s f e r r e d  t o  a n o t h e r  
I r e s e r v o i r  
I 

I 
I 

Carry  over  t o  n e x t  period 

I 
I 

In f lows  ' Carry  over  Erom prev ious  pe r iod  
I 
I 

I A l l o c a t i o n  t o  each  use  

Use Nodes 

Use 

Ground Water 
Aqui fe r  

A r t i f i c i a l  Nodes 

Network Source 

Network S ink  

t 
Take s m a l l e r  

Cos t s  

None 

Transmission & c a p i t a l  

None 

S t o r a g e  

Transmiss ion & t r ea tment  

Transmission & a r t i f i c i a l  
r echarge  o p e r a t i o n a l  
c o s t  & c a p i t a l  

Transmission & c a p i t a l  

s t o r a g e  

None 

Transmission & t r ea tment  

Flow Bounds 

~ o w e r  

Streamflow 
d u r i n g  pe r iod  

0 

I n i t i a l  Condit-  
ions  

0 

0 

0 

Low flow 
augmentat ion 
req.  

0 

0 

0 

Outflows ! Water l e f t  i n  s t o r a g e  f o r  
I c a r r y  over  
I 

I 

I A l l o c a t i o n  from r e s e r v o i r  

I 
Inflown I 

I A l l o c a t i o n  from a q u i f e r  

I 

Outflows 1 A l l o c a t i o n  t o  t h e  network s i n k  

I 

I Water l e f t  i n  s t o r a g e  from 
prev ious  pe r iods  

I N a t u r a l  recharge t o  a q u i f e r  
I 

Inflows I A l l o c a t i o n  from r e s e r v o i r  

I 

I 

I 
I Recycled w a t e r  
I 
I 

I 

ou t f lows /  Car ry  over  t o  t h e  nex t  period 

I 

I 
Inf lows I None 

I 

I N a t u r a l  s treamflow a t  r e s e r v o i r  

I 

~ u t f l o w s l  N a t u r a l  r e c h a r g e  t o  a q u i f e r  
I 
I ~ n i t i a l  c o n d i t i o n s  
I 
I Downstream flow from r e s e r v o i r  
I 
I 

I n f lows  I Flow from demand r e g i o n  
I 

I 
Outflows! None 

value.  

None 

T r a n s m i s s f o n  & t r ea tment  

Transmission & t r ea tment  
& c a p i t a l  

None 

None 

None 

Transmission & a r t i f i c i r l  
r echarge  o p e r a t i o n  c o s t  

Treatment  & t r a n s m i s s i o n  & 
a r t i f i c i a l  r echarge  
opera  t i o n a l  cow t 

None 

None 

None 

None 

None o r  f lood  damanges 

None 

None 

Upper 

Streamflow 
d u r i n g  pe r iod  

Capac i ty  o f  
o t h e r  r e s e r v o i r  
p l u s  inflow t o  
o t h e r  r e s e r v o i r  

I n i t i a l  c o n d i t -  
i o n s  

Maximum 
r e s e r v o i r  
c a p a c i t y  

R e s e r v o i r  
c a p a c i t y  p lus  
in f low o r  * 
maximum demand 

R e s e r v o i r  
c a p a c l t y  p l u s  
Inflow o r  
maximum recharge* 

R e s e r v o i r  
c a p a c i t y  p lus  
in f low 

Maximum 
r e a e r v o i r  
c a p a c i t y  

Maximum a q u i f e r  
c a p a c i t y  

Maximum a q u i f e r  
c a p a c i t y  o r  
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2.4 Mathematical Descr ip t ion  

The mathematical d e s c r i p t i o n  of  t h e  network flow problem c o n s i s t s  

of  a  c r i t e r i o n  (ob j ec t ive )  func t ion  and c o n s t r a i n t  equa t ions .  The 

c r i t e r i o n  func t ion  i s  minimize t h e  t o t a l  c o s t  of flow through the  network 

and i s  given by 
T  N 

M i n i m i z e Z = C  c  
t=l n= l  on t  'ant t=l ,X n= l  C m = l  C 'nmtqnmt 

T M N  T  M 

i n  which t h e  f i r s t  s e t  of  terms on t h e  r i g h t  hand s i d e  o f  t h e  equat ion 

i s  t he  t o t a l  c o s t  of flow from t h e  network source ( o r i g i n )  t o  t h e  supply 

nodes, t h e  second s e t  o f  terms i s  t h e  t o t a l  c o s t  of  flow from t h e  supply 

nodes t o  t he  use nodes, t h e  t h i r d  s e t  of terms i s  t h e  t o t a l  c o s t  o f  

recycled flow from t h e  use nodes back t o  supply nodes f o r  use i n  t h e  

next  period of  time and t h e  f o u r t h  s e t  of terms i s  t he  c o s t  o f  f'low from 

t h e  use nodes t o  t h e  network sink. 

One s e t  o f  c o n s t r a i n t  equa t ions  r e q u i r e s  t h a t  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  supply nodes. Hence, 

i n  which t h e  f i r s t  summation y i e l d s  t h e  t o t a l  flow i n t o  t h e  supply node 

and t h e  second summation y i e ld s  t h e  t o t a l  flow out  o f  t he  node. Cont inu i ty  

must a l s o  be s a t i s f i e d  a t  t h e  use nodes. Thus, 

The remaining c o n s t r a i n t  equat ions d e s c r i b e  t h e  upper and lower l i m i t s  

on flow i n  a r c s  of  t h e  network. Therefore  

< qont 5 'ant o n t  - 



< u 
bnmt 5 qnrnt - nmt 

< u bmnt 5 'mnt - mnt 

Eqs. (2.9a) a r e  the  c o n s t r a i n t s  f o r  flow from the  network source t o  the  

supply nodes. Cons t ra in ts  f o r  flow from supply nodes t o  use nodes a r e  

given by equat ions (2.9b).  Equstions ( 2 . 9 ~ )  a r e  t he  c o n s t r a i n t s  f o r  

recycled flow from use nodes t o  source nodes. Cons t ra in ts  on flow from 

use nodes t o  t he  network s i n k  a r e  given by equat ions (2.9d).  

Equations (2.6) through (2.9) a r e  t h e  common form required by t h e  

o u t - o f - k i l t e r  a lgori thm. 

2.5 So lu t ion  Procedure 

2.5.1 General 

The o u t - o f - k i l t e r  a lgor i thm w i l l  not  be proved he re .  It w i l l  be 

descr ibed i n  genera l  and then ou t l i ned  i n  s t e p  form fol lowing Ford and 

Fulkerson (1962). In  t h i s  method minimization of  cos t  i s  made f o r  a  

c i r c u l a t i n g  flow, r a t h e r  than a  one-way flow i n  a  network. When flow 

c i r c u l a t e s  i n  a  network, t he  network becomes source and s i n k  f r e e  and 

it i s  a  c i r c u l a t i o n  network. A s i n g l e  source and s i n g l e  s i n k  network 

can eas i ' l y  be transformed i n t o  a  c i r c u l a t i o n  network by adding an  

a r t i f i c i a l  a r c  d i r ec t ed  from the  s i n k  t o  t he  source and having lower 

and upper bounds and a  u n i t  cos t  f o r  flow such t h a t  no a d d i t i o n a l  flow 

c o n s t r a i n t s  a r e  imposed on the  flow i n  the  o r i g i n a l  network. 

The o u t - o f - k i l t e r  a lgor i thm has the  following important advantages.  

F i r s t ,  i t  can accommodate lower bounds a s  we l l  a s  upper bounds f o r  each 

a r c  flow. Second, it can be i n i t i a t e d  wi th  any c i r c u l a t i o n  flow, f e a s i b l e  

o r  no t .  Also, t h e  s t a t u s  of no a r c  of t h e  network i s  worsened a t  any 
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s t e p  of the  computation. 

I n  order  t o  avoid the  cumberson no ta t ion  of equat ions (2.6) through 

(2 .9) ,  number t he  nodes of the  network consecut ive ly  from 1 t o  V wi th  

the network source a s  node 1 and t h e  network s i n k  a s  node V. Once the  

upper and lower bounds and t h e  u n i t  c o s t s  f o r  flows have been assigned 

t o  each a r c ,  t he  a lgor i thm does not d i f f e r e n t i a t e  between supply nodes 

and use nodes. Then t o  put the network i n t o  c i r c u l a t i o n  form, add an 

a r c  from node V t o  node 1 with a  lower bound of 0 ,  an upper bound of m, 

and a  u n i t  cos t  of 0. The flow in  the  a r c  from node V t o  node 1, qV1, 

i s  ca l l ed  the  c i r c u l a t i o n  of the  network. Hence, equat ions (2.6) through 

(2.9) become 
v v 

Minimize Z = C C c i jq i j  i=1 j=1 

sub jec t  t o  V V 
C q i j - C  q j i = O  j = l ,  .... v (2.11) 
i=l i=l 

A l l  v a r i a b l e s  w i l l  be r e s t r i c t e d  t o  i n t e g e r  values.  This i s  necessary  

t o  guarantee convergence of t he  algorithm. However, t h i s  i s  n o t  a  

r e s t r i c t i v e  assumption i n  water resources because i n  the  case  where 

f r a c t i o n s  of  u n i t s  a r e  involved, a  small  enough u n i t  can always be found 

so t h a t  only i n t e g e r  values a r e  considered. 

The o u t - o f - k i l t e r  a lgor i thm i s  based on d u a l i t y  theory. The s o l u t i o n  

i s  i n i t i a t e d  wi th  any p o s i t i v e  i n t e g r a l  flow and any s e t  of node numbers, 

?fi, i = 1, .... V ,  one assigned t o  each node. The node numbers a r e  analogous 

t o  dual  v a r i a b l e s  i n  d u a l i t y  theory. A t e s t  i s  made t o  determine whether 

the a r c  i s  i n - k i l t e r  o r  o u t - o f - k i l t e r .  The a lgor i thm concent ra tes  on 

the  o u t - o f - k i l t e r  a r c s ,  one a t  a  time, increas ing  o r  decreasing flow, 
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using a  l a b e l i n g  procedure u n t i l  a l l  a r c s  i n  t h e  network a r e  i n - k i l t e r ,  

a t  which time t h e  flow i n  t h e  network i s  opt imal .  I f  a t  l e a s t  one a r c  

of  t h e  network can n o t  be put  i n - k i l t e r ,  no f e a s i b l e  c i r c u l a t i o n  can 

poss ib ly  t ake  p lace  i n  t h e  network and the  a lgo r i t hm te rmina tes .  

One f e a t u r e  con t r ibu t ing  t o  t he  e f f i c i e n c y  of  t h i s  a lgor i thm i s  

t h a t  t h e  s t a t u s  of no a r c  i n  t h e  network i s  worsened a s  computation 

progresses :  an  i n - k i l t e r  a r c  s t a y s  i n - k i l t e r ,  whereas an o u t - o f - k i l t e r  

a r c  e i t h e r  s t a y s  t he  same o r  becomes l e s s  o u t - o f - k i l t e r .  

For given node numbers V,i, i = 1,. . . . V ,  compute 

Then, f o r  t h e  given ITi, i = 1,. . . .V, and c i r c u l a t i o n  q  a n  a r c  a  
V l  i j 

i s  i n  j u s t  one of t h e  fol lowing s t a t e s :  

An a r c  i s  s a id  t o  be 5 k i l t e r  i f  i t  i s  one of t he  s t a t e s  gi'ven by 

equa t ions  (2.14),  (2.15) o r  (2.16);  o therwise ,  t h e  a r c  i s  -- o u t - o f - k i l t e r .  

Therefore ,  t o  so lve  t h e  problem i t  s u f f i c e s  t o  g e t  a l l  a r c s  i n  k i l t e r ,  

because from d u a l i t y  t h e  op t ima l i t y  p r o p e r t i e s  a r e  

i f  c '  < 0 ;  then  q  = u 
i j i j  i j  

i f  c i j  > 0 ;  then q  = b  
i j  i j  

(2.24) 



A non-negative number ca l l ed  the  k i l t e r  number i s  a s soc i a t ed  with 

each a r c  i n  the  given s t a t e .  An i n  k i l t e r  a r c  has a  k i l t e r  number of 

0. The a r c  k i l t e r  numbers, K i j ,  corresponding t o  each o u t - o f - k i l t e r  s t a t e  

a r e  : 

f o r  equat ion (2.17) o r  (2.18) K i j  = bi j  - q i j  (2.25) 

f o r  equat ion (2.19) 

f o r  equat ion  (2,20) K i j  = c i j ( q i j  - b. .) (2.27) 
1 J 

Thus, o u t - o f - k i l t e r  a r c s  have pos i t i ve  k i ' l t e r  numbers. The k i l t e r  

numbers f o r  s t a t e s  def ined by equat ions (2.17),  (2.181, (2.21) and (2.22) 

measure i n f e a s i b i l i t y  f o r  t he  a r c  flow q  while the s t a t e s  defined by 
i j '  

equat ions (2.19) and (2.20) a r e  a  measure of the degree t o  which op t ima l i t y  

p r o p e r t i e s ,  equat ions (2.23) and (2.24),  f a i l  t o  be s a t i s f i e d .  

The algori thm concent ra tes  on a  p a r t i c u l a r  o u t - o f - k i l t e r  a r c  and 

at tempts  t o  put i t  i n - k i l t e r .  It does t h i s  i n  such a  way t h a t  a l l  in -  

k i ' l t e r  a r c s  s t a y  i n  k i l t e r ,  whereas the  k i l t e r  number fo r  any ou t -o f -k i ' l t e r  

a r c  e i t h e r  decreases  or  s t ays  the  same. Thus, a l l  a r c  k i l t e r  numbers 

a r e  monotone non-increasing throughout the computation. 

2.5.2 The Out-of-Kil ter  A'lgorithm 

The algori thm presented here  i s  due t o  Ford and Fulkerson (1962). 

Assign any in t ege r  c i r c u l a t i o n  q  and any s e t  of node i n t e g e r s  
v1 

fl i ,  i = 1, .... V. One can begin with = 0 ,  i = 1, .... V ,  and q  = 0 
i i j 

f o r  a l l  i and j. Next l o c a t e  an out -of -k i ' l t e r  a r c  a  and go t o  the  
s t  

appropr ia te  case below. 

Equation (2.17) i s  s a t i s f i e d  such t h a t  c '  > 0,  qst < bst.  S t a r t  a  
s t  

l abe l ing  process a t  t ,  t ry ing  t o  reach s ,  f i r s t  assigning t o  t the l a b e l  

+ - 
[ S  , X t  - bst - qst].  The ' labeling r u l e s  a r e :  
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I f  i i s  l abe l ed  [zh, xi ] ,  j is  un labe led ,  and i f  a  i s  an a r c  
i j  

such t h a t  e i t h e r  

c '  i j > 0 ,  qij< b i j  (2 .29)  

c l j  5 0 ,  q .  .< u i j  (2.30) 
1 J 

then j r e ce ive s  t h e  l a b e l  [i+, x.]  i n  which 
J 

x = m i n  [x b i j  - qi j ]  i' 
(2.31) 

j 

i f  a r c  a  s a t i s f i e s  equa t i on  (2.29) o r  
i j 

x  = min [ x . ,  u  - q . . ]  
1. i j  LJ 

(2.32) 
j 

i f  a r c  a  s a t i s f i e s  equa t i on  (2 .30) .  I f  i i s  l abe l ed  rz*, x i J ,  j i s  
i j 

un labe led ,  and i f  a r c  a  i s  an a r c  such t h a t  e i t h e r  
j i 

c '  > 0 ,  q j i  j  i > b j i  
(2.33) 

c '  < 0 ,  q j i  > U j i j i 
(2.34) 

then j r e c e i v e s  t h e  l a b e l  [i-, x . ]  where 
J 

x  = min [x i ,q j i  - b . . l  (2.35) 
j J 1 

i f  a r c  a  s a t i s f i e s  equa t i on  (2.33) o r  
j i 

x  = rnin [ x  
j 

i~ =Ij i  - U  1 (2.36) 
j i.' 

i f  a r c  a s a t i s f i e s  equa t i on  (2 .34) .  I f  a  breakthrough occu r s ,  i . e . ,  
j i 

s  r e c e i v e s  a  l a b e l  s o  t h a t  a  p a t h  from t t o  s has  been found, change 

t h e  c i r c u l a t i o n  by adding x t o  t h e  flow i n  t h e  forward a r c s  of t h i s  pa th ,  
9 

s u b s t r a c t i n g  x  from the  flow i n  r e v e r s e  a r c s ,  and f i n a l l y  adding xs t o  
S 

q s t .  
I f  non-breakthrough, i . e . ,  s  cannot be l a b e l e d ,  t hen  l e t  Xidenote 

t he  s e t  of nodes wi th  l a b e l s ,  and 2 denote  t he  s e t  o f  nodes wi thout  l a b e l s .  

Now d e f i n e  two s u b s e t s  of a r c s :  

- nl - [ a i j  1 icx ,  jcz ,  c '  i j  > 0,  q i j  < ui j ]  (2.37) 

- - I A, - {a j i  ( ~ F X ,  j c X ,  c j i  < 0 ,  q j i  > b .  . ]  (2.38) 
J 1 

such t h a t  A1 i s  t he  s e t  of a l l  a r c s  a  wi th  i be ing  a  l abe l ed  node and 
i j  

j be ing  an unlabeled node which have c '  > 0 ,  and q  < u  
i j i j  - i j '  

Then l e t  
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6, = min [ c '  1 
i j 

A 1 

b2 = min [ - c '  j i 
A, 

and 
L 

6 = min [6 
1 ,621 

Here i s  a  p o s i t i v e  in t ege r  o r  co according a s  t o  whether A1 i s  non- 

empty o r  empty. Change the  node in t ege r s  by adding (j t o  a l l  TT j ' f o r  

Equation (2.18) o r  (2.19) i s  s a t i s f i e d  such t h a t  c '  s t  = 0,  qst < bst o r  

c 1  < 0 ,  qSt < u The procedure i s  the same a s  i f  equat ion (2.17) i s  
s t  s t '  

s a t i s f i e d  except  x  = u - t s t  q s t *  

Equation (2.20) o r  (2.21) i s  s a t i s f i e d  such t h a t  c '  s t  > 0,  qst > bst o r  ' 

C '  = 0,  qst > u Here the  l abe l ing  process s t a r t s  a t  s  i n  an a t t e n p t  
s t  s t '  

t o  reach t. Node s  i s  assigned the  l a b e l  [ t - ,  x s = q s t  - bstl* 'The 

l a b e l i n g  ru l e s  a r e  aga in  given by equat ions (2.29) through (2.36).  I f  

breakthrough, change the  c i r c u l a t i o n  by adding and sub t r ac t ing  x  t o  a r c  
t 

flows along t h e  path from s  t o  t ;  then s u b t r a c t  x  from q  
t 

I f  non- 
s t *  

breakthrough, change the  node numbers a s  above. 

Equation(2.22) i s  s a t i s f i e d  such t h a t  c '  < 0, qst > use. Here the  s t  

process i s  t he  same a s  f o r  Equation (2.20) and (2.21) except x  = 
q s t  

- u 
S s t *  

The l a b e l i n g  process i s  repeated f o r  t he  a r c  a  u n t i l  e i t h e r  a  
s t  s t  

i s  i n  k i l t e r ,  o r  u n t i l  a  non-breakthrough occurs  f o r  which 6 = w. I n  

t he  l a t t e r  ca se ,  s top  because the re  i s  no f e a s i b l e  c i r c u l a t i o n .  In  the 

former ca se ,  l oca t e  another  o u t - o f - k i l t e r  a r c  and cont inue u n t i l  a l l  a r c s  

a r e  i n  k i l t e r  o r  non-breakthrough occurs  f o r  which 6 = CO. 

2.6 Input  Data Requirements 

The input  da t a  requirements f o r  the  a lgor i thm a r e :  the  d i r e c t i o n  

of flow i n  each a r c  given by the  order  of  t he  s u b s c r i p t s ,  t he  upper and 

lower bounds and the  u n i t  cos t  f o r  flow i n  each a r c ,  the  i n i t i a l  flow 
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i n  each a r c ,  and the  i n i t i a l  node numbers. The i n i t i a l  flow va lues  and 

i n i t i a l  node numbers provide va lues  wi th  which t o  begin the  a lgor i thm 

and may be chosen a r b i t r a r i l y .  I n  many cases  it i s  convenient t o  begin 

wi th  t h e  i n i t i a l  flow values and i n i t i a l  node numbers s e t  equal  t o  zero. 

2.7 C a p a b i l i t i e s  

The r e s u l t s  obtained £ran  applying the  a lgor i thm t o  the  water resources 

network model w i l l  i n d i c a t e  t he  amount of water a l l o c a t e d  t o  each use 

from each supply during each time period.  This  w i l l  i n d i c a t e  s i z e s  of 

f a c i l i t i e s  requi red ,  times t o  expand supply f a c i l i t i e s ,  and by repeated 

a p p l i c a t i o n  a l t e r n a t i v e  systems can be evaluated.  I n  add i t i on ,  the  f i n a l  

node numbers r ep re sen t  shadow pieces which i n d i c a t e s  t h e  va lue  of 

a d d i t i o n a l  u n i t s  of water and thus i n d i c a t e s  those a reas  which a r e  c o s t l y  

f o r  expansion and hence a reas  where development should n o t  be encouraged. 

3. CASE STUDY-PLANNING FOR WATER SUPPLY I N  THE KASKASKIA RIVER BASIN 

3.1 General Descr ip t ion  

Much of t he  pre l iminary  d e s c r i p t i o n ,  i n i t i a l  cond i t i ons ,  and 

pro jec ted  bas in  needs a r e  adopted from an I l l i n o i s  S t a t e  Water Survey 

s tudy  of "Plans f o r  Meeting Water Requirements i n  the Kaskaskia River 

Basin, 1970-2020" (Singh e t  a l ,  1972).  

The Kaskaskia River Basin i n  sou th -cen t r a l  I l l i n o i s  (Fig. 3 .1)  covers 

an a r e a  of 5,840 square mi les .  The r i v e r  o r i g i n a t e s  west of t h e  c i t y  

of Champaign i n  Champaign County and flows southwester ly i n  a  meandering 

course f o r  about 150 mi les  before  it e n t e r s  the  M i s s i s s i p p i  River ,  8  miles  

upstream of Chester  i n  Randolph County. 

The bas in  has 115 small-to-medium s i z e  towns belonging t o  Bond, 

Champaign, Cl in ton ,  Coles,  Douglas, Effingham, Faye t t e ,  Madison, Marion, 

Monroe, Montgomery, Moul t r ie ,  P l a t t ,  Randolph, S t .  C l a i r ,  Shelby, and 





Washington Counties.  A t  p resent ,  water supp l i e s  f o r  t h e s e  towns a r e  

furnished from ground and su r f ace  waters  w i th in  the b a s i n  and from 

waters  imported from the  M i s s i s s i p p i  and Embarrass River Basins. 

Although some wel l s  i n  t h e  Kaskaskia River Basin d e r i v e  t h e i r  water 

from sandstones and limestones of t h e  Pennsylvanian and Miss i s s ipp ian  

bedrock formations,  t he  ma jo r i t y  of wel l s  i n  the  b a s i n  a r e  furnished i n  

t h e  over ly ing  sand and g rave l  o f  the  unconsolidated g l a c i a l  d r i f t  depos i t s .  

The sand and grave l  d e p o s i t s  unde r l i e  a  good por t ion  of t he  b a s i n ' s  a r e a  

(Fig.  3 . 2 ) ,  and they c o n s t i t u t e  t he  major source of ground water i n  t h e  

bas i n .  

S i t e s  of four  e x i s t i n g  and fou r  p o t e n t i a l  su r f ace  water  r e se rvo i r s  

i n  the  bas in  a r e  shown in  Fig.  3.3. Ca r ly l e ,  Shoal Creek and S i l v e r  

Lake Reservoirs  a r e  c u r r e n t l y  i n  ex is tence .  She lbyv i l l e  Reservoir  i s  

scheduled f o r  completion i n  1974. 

The four  towns of  B e l l e v i l l e ,   al all on, Shi loh  and Swansea i n  

S t .  C l a i r  County a r e  being suppl ied by Miss i s s ipp i  River water  through 

the  Eas t  S t .  Louis and In te rurban  Company. The f i f t h  town i n  the  bas in  

which i s  suppl ied by an  ou t s ide  source i s  Humboldt i n  Coles County. 

Humboldt rece ives  i t s  water from the  town of  Matton which i s  two mi les  

south i n  t h e  Embarrass River Basin. 

P ro j ec t  demands over the next  50 years  i n d i c a t e  a continuous increase  

over  time such t h a t  n e i t h e r  l o c a l  ground water nor e x i s t i n g  su r f ace  water 

r e s e r v o i r s  w i th in  the  bas in  can alone meet the  b a s i n ' s  demands. 

Therefore,  an  in t eg ra t ed  plan t h a t  incorpora tes  ground water and 

su r f ace  water wi th in  the  bas in  and poss ib ly  imported water  must be 

e s tqb l i shed  i f  f u t u r e  water  demands a r e  t o  be met a t  reasonable c o s t s .  

This plan should inc lude  (1) the  amount of water t o  be a l loca t ed  from 
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F i g .  7.2 D i s t r i b u t i o n  o f  Sand and Grave l  (composi t  from Pryor  (1956,  
S e l k r e g g  e t  a 1  ( 1 9 5 7 ) ,  and S e l k r e g g  and Kempton (1958) ) 





e a c h  s o u r c e  t o  v a r i o u s  demand r e g i o n s  a t  a l l  t imes  d u r i n g  , t h e  p lann ing  

pe r iod  ( o p e r a t i n g  r u l e s ) ;  and (2 )  t h e  t ime  and magnitude o f  development 

of  each  of  t h e  wa te r  s o u r c e s  ( d e s i g n  r u l e s ) .  

3.2 Network Model 

I n  o r d e r  t o  r educe  t h e  b a s i n ' s  demand c e n t e r s  i n t o  a  manageable 

number, t h e  b a s i n ' s  115 towns were grouped i n t o  t e n  r e g i o n s  a s  shown i n  

F i g .  3.1.  The d i v i s i o n  a t t empted  t o  f o l l o w  coun ty  l i n e s  e x c e p t  f o r  

Region 1 0  which i n c l u d e s  t h e  f o u r  towns t h a t  a r e  be ing  s u p p l i e d  by t h e  

E a s t  S t .  Louis  and I n t e r u r b a n  Company from M i s s i s s i p p i  R i v e r  w a t e r .  

The a l l o c a t i o n  problem h a s  been formulated a s  a  network w i t h  175 

nodes and 805 a r c s  (F ig .  3 . 4 ) .  A t  each  t ime pe r iod  t h e  e i g h t  s u r f a c e  

r e s e r v o i r s ,  t h e  imported w a t e r  supp ly ,  and t h e  ground wa te r  s u p p l i e s  

i n  Regions 1 , 2 , 3 , 4 , 6 , 7 , 9 ,  and 1 0  a r e  r e p r e s e n t e d  by 17 s u p p l y  nodes ;  t h e  

ground wa te r  i n  Regions 5  and 8  i s  r e p r e s e n t e d  by a  s i n g l e  s u p p l y  node 

and a  s i n g l e  use  node r e f l e c t i n g  t h e  c o n t i n u i t y  o f  t h e  a q u i f e r  and t h e  

f e a s i b i l i t y  o f  ground w a t e r  a r t i f i c i a l  r e c h a r g e  i n  t h e s e  two r e g i o n s ;  

and t h e  demand r e g i o n s  a r e  r e p r e s e n t e d  by 1 0  u s e  nodes.  F i n a l l y ,  a n  

a r t i f i c i a l  s o u r c e  node,  a n  a r t i f i c i a l  s i n k  node and an a r c  from s i n k  t o  

s o u r c e  a r e  added t o  t h e  network.  The d e f i n i t i o n s  of f lows ,  f low bounds,  

and flow c o s t s  a r e  summarized i n  Table  3.1. 

The f o l l o w i n g  assumpt ions  were i n c o r p o r a t e d  i n t o  t h e  network i n  

F i g .  3.4:  ( 1 )  wa te r  from t h e  s u r f a c e  r e s e r v o i r s  can be made a v a i l a b l e  

f o r  u s e  i n  any demand r e g i o n ,  (2)ground w a t e r  can o n l y  be  used i n  t h e  

r e g i o n  i n  which i t  i s  pumped, ( 3 )  w a t e r  may b e  imported i n t o  r e g i o n  10,  

and ( 4 )  o n l y  t h e  w a t e r  a l l o c a t i o n s  f o r  t h e  y e a r s  1970,  1980,  1990, 2000, 

2010, and 2020 need t o  be computed t o  o b t a i n  a n  o p t i m a l  s o l u t i o n .  The 

t o t a l  c o s t  f o r  t h e  sys tem can  t h e n  be  computed u s i n g  l i n e a r l y  i n t e r p o l a t e d  
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Table  3 . 1  In f lows  i n t o  and ~ u t f l o w s  from Var ious  Nodes, and 
Re la ted  Data f o r  t h e  Network i n  FLe. 3 . 4  

I ~ n f l o w s ~ o u t f l o w s  1- Nodes 
Upper Cos t s  

I I I I 
S u r f a c e  w a t e r  r e s e r v o i r s  

( 8  nodes)  

I A l l o c a t i o n  t o  
I a r t i f i c i a l  r e c h a r g e  
I use node 

In£  lows I N a t u r a l  s t reamflow 
I 

Outflows I A l l o c a t i o n s  t o  
I Regions 1 th rough  1 0  
I 

0  

0  

R e s e r v o i r  y i e l d  o r  maximum 
rechargek  

Cos t s  o f  raw w a t e r ,  
t r a n s m i s s i o n  and 
a r t i f i c i a l  r e c h a r g e  

Imported w a t e r  ( 1  node) 

I I t r e a t m e n t  I 

Maximum n e t  y i e l d  d e s i g n a t e d  
f o r  t h e  w a t e r  supp ly  u s e  

R e s e r v o i r  y i e l d  o r  maximum 
demand* 

Ground w a t e r  i n  Region 1, 
2 , 3 , 4 , 6 , 7 , 9 ,  and 1 0  

( 8  nodes)  
O  I Safe  

1 None I 

None 

Cos t s  o f  raw w a t e r  
t r e a t m e n t  and 
t r a n s m i s s  ion 

I 

I n f lows  I Water  impor t  

Outf lows , A l l o c a t i o n  t o  
I Region 1 0  

I 

In f lows  I N a t u r a l  ground w a t e r  
, r echarge .  

Car ry  over  from 0  I Aqui fe r  y i e l d  / None 1 

0  

0  

I I I I t r ea tmen t  1 

' prev ious  pe r iod  

Outf lows I A l l o c a t i o n s  t o  0  
a p p r o p r i a t e  r e g i o n s  

In f lows  N a t u r a l  ground w a t e r  
r echa rge .  
Car ry  ovef from 
a r t i f i c i a l  r echa rge  

Maximum demand 

Maximum demand 

A q u i f e r  y i e l d  1 None I 

o p e r a t i o n  

None - 
Cos t s  o f  raw w a t e r ,  
t r s n s m i s s i o n  and 

A q u i f e r  y i e l d  o r  
maximum demand* 

Ground w a t e r  i n  r e g i o n s  
5 and 8  ( 1  node) 

Costs  o f  raw w a t e r ,  
t r a n s m i s s i o n  and 

A q u i f e r  y i e l d  1 None 

S a f e  y i e l d  None 

Demand Regions 
(10  nodes)  

Use Nodes 
I 

In f lows  I A l l o c a t i o n s  from 
I r e s e r v o i r s  
I 

R e s e r v o i r  y i e l d  o r  
maximum demand* i Cos t s  o f  raw w a t e r ,  

t r a n s m i s s i o n  and 
t r e a t m e n t  

I use  n  d e  o f  p rev ious  
p e r i o a  I 

Outf lows I A l l o c a t i o n s  t o  Regions 

I 5 and 8  

I Ground wa te r  pumpage 

I 1 ° 1  Aqu i fe r  y i e l d  o r  Cos t s  o f  raw w a t e r ,  
I i n  r e g i o n  maximum demand* t r a n s m i s s i o n  and 

t r ea tmen t  

Aqu i fe r  y i e l d s  o r  maximum 
demand* 

Aqui fe r  y i e l d  I Ground w a t e r  l e f t  i n  
I s t o r a g e  t o  f o l l o w i n g  
I per iod  

I 

Cos t s  o f  raw w a t e r ,  
t r a n s m i s s i o n  and 
t r e a t m e n t  
None 0  

A r t i f i c i a l  r echa rge  
use  node ( 1  node)  

Outf lows I A l l o c a t i o n s  t o  meet 
I r e g i o n ' s  demand 
I 

I n f lows  ' A l l o c a t i o n s  from 
I r e s e r v o i r s  
I 
I 

I Ground w a t e r  l e f t  
I i n  s t o r a t e  i n  
I r eg ions  5 & 8  i n  
I prev ious  pe r iod  

Demand Demand d u r i n g  pe r iod  
d u r i n g  
pe r iod  

Outf lows I Ca r ry  over  t o  
I ground w a t e r  node o f  
I Reeions 5 and 8  o f  

None 

Rese rvo i r  y i e l d  o r  maximum 
recharge* 

Aqui fe r  y i e l d  

Aqui fe r  y i e l d  1 None 

Cos t s  o f  raw w a t e r ,  
t r a n s m i s s i o n ,  and 
a r t i f i c i a l  r echa rge  
o p e r a t  ion  

None 

I f o i l o w i n g  pe r iod  

m I None I 
Source and s i n k  nodes:  

Source node ( 1  node) 

S a f e  y i e l d  

Maximum demand 

I 

In f lows  I Flow from s i n k  

Outf lows I N s t u r a l  ground w a t e r  
I r e c h a r g e  

1 None 

1 None 1 I Imported w a t e r  f low 

I N a t u r a l  s t reamflow Maximum r e s e r v o i r  n e t  / None 
t o  s u r f a c e  reservoir . )  I y i e l d  d e s i g n a t e d  f o r  t h e  

S i n k  node ( 1  node) 

I 

Take s m a l l e r  va lue .  Rese rvo i r  y i e l d  m y  be t aken  a s  l a r g e  a a  demand i n  o r d e r  t o  l e t  a l g o r i t h m  de te rmine  o p t i m a l  s i z e .  
Aqu i fe r  y i e l d  may be s a f e  o r  mining y i e l d  depending on as sumpt ions  made. 1 

I 

I 
In f lows  , Wster  demands o f  

r eg ions  1  th rough  1 0  
I 1 per iod  1 

I Outflows I Flow t o  s o u r c e  

I wate r  supp ly  use 

Demand Demand d u r i n g  pe r iod  
d u r i n g  

None 

0  m None 



yea r ly  c o s t s  f o r  the  years  between the  times f o r  which yea r ly  c o s t s  

were computed. 

The equat ions  (2.10) ,  (2.11) and (2.12) can be appl ied  t o  t h e  

network i n  F ig .  3 . 4  t o  ob ta in  an opt imal  s o l u t i o n  providing the  values 

f o r  t he  flow bounds and flow c o s t s  a r e  a v a i l a b l e .  The procedures f o r  

f i n d i n g  these  va lues  a r e  descr ibed  i n  t he  remainder of t h i s  chap te r .  

3.3 Flow Bounds and Flow Costs 

Mathematically,  the  equat ions necessary  t o  desc r ibe  t h e  system a r e  

of t he  s imples t  a l g e b r a i c  type. The necessary  equat ions  inc lude  those 

f o r  pro jec ted  demands, f o r  projected suppl ies  and f o r  c o s t s  of supply 

elements.  

3.3.1 Water Demands 

Water requirements a r e  computed by 

where Q i s  t he  average year ly  consumption i n  ga l lons  per  day and P i s  

t he  populat ion.  This equat ion was developed by Singh e t  a 1  (1972) f o r  

towns i n  the  Kaskaskia River  Basin. The est imated water  requirements 

f o r  each town i n  t he  bas in  a r e  reported i n  Table 1 of Singh e t  a 1  (1972). 

These va lues  a r e  used t o  determine the  flow bounds f o r  flow i n  the  a r c s  

from t h e  use nodes. 

3.3.2 Water Supplies  

Singh e t  a l  (1972) provide e s t i m ~ t e s  of ground water  s a f e  y i e ld  

a t  each of t he  b a s i n ' s  115 towns. Pumping ground water i n  excess  of t he  

s a f e  y i e ld  i s  r e f e r r ed  t o  a s  mining. The mining y i e ld  was determined 

a s s m i n g  t h a t  t he  a q u i f e r  i s  10 f e e t  t h i c k ,  has a s to rage  c o e f f i c i e n t  

of 0.10, t h a t  a town may pump ground water from an  a r e a  of 9 square mi l e s ,  

and t h a t  ground water i n  a region may be completely mined over  a period 

of 10 years .  
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A r t i f i c i a l  recharge i n  t h e  bas in  would i nc rease  t he  ground water  

y i e l d s .  According t o  Smith (1967) a r t i f i c i a l  recharge by t h e  p i t  method 

t o  t he  unconsolidated sand and g rave l  d e p o s i t s  i s  p r a c t i c a b l e  o.ver an 

a r ea  approximately 100 miles  long and 5 miles  wide a long  the  Kaskaskia 

Ri'ver. 

Providing t h a t  enough recharge water  i s  a v a i l a b l e  t h e  r a t e  of 

a r t i f i c i a l  recharge i n  a  c e r t a i n  region i s  l im i t ed  by the  o p e r a t i o n a l  

recharge r a t e  t h a t  can a c t u a l l y  be achieved and t h e  r a t e  t h a t  would n o t ,  

a t  any time dur ing  t h e  planning per iod ,  r e s u l t  i n  water  accumulation i n  
I 

t h e  region i n  excess  of a v a i l a b l e  ground water  s t o r age .  ' Up t o  33.5 

m i l l i o n  ga l lons  per day (mgd) have been a r t i f i c i a l l y  recharged through 

a  g rave l  packed p i t  a t  Peo r i a ,  I l l i n o i s .  A recharge p i t  u sua l ly  occupies 

an a r e a  of l e s s  than one ac re .  Therefore ,  t h e  ope ra t i ona l  recharge 

r a t e  i s  no t  l i k e l y  t o  be t h e  l i m i t i n g  f a c t o r  on t h e  maximum r a t e  o f  

recharge i n  t he  Kaskaskia Basin. The a v a i l a b l e  s to rage  space i n  t he  

ground water  r e se rvo i r  i s  t h e  l i m i t i n g  f a c t o r  and i t  i s  taken i n t o  

cons ide ra t i on  i n  order  t o  prevent any water  logging i n  t h e  bas in  during 

the  planning per iod.  

The S t a t e  of I l l i n o i s  has a  r e se rve  n e t  water supply of 22.3 m i l l i o n  

ga l lon  per day (rngd) and 29.5 mgd i n  She lbyv i l l e  and Ca r ly l e  Reservoi rs ,  

r e s p e c t i v e l y  (pe r sona l  communication, U.S. Army Corps of Engineers ,  

S t .  Louis D i s t r i c t ,  1973). 

The maximum amounts of water  a v a i l a b l e  from t h e  o t h e r  e x i s t i n g  and 

p o t e n t i a l  r e se rvo i r s  must be computed a s  a  func t ion  of topography, capac i ty  

l o s s e s  because of sedimentat ion and evapora t ion  lo s se s .  

Data from S t a l l  (1964) was f i t t e d  by Singh e t  a 1  (1972) t o  a  s i n g l e  

equa t ion  such t h a t  the  annual r e s e r v o i r  capac i ty  l o s s  because of sedimentat ion 
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i n  t h e  Kaskaskia Basin i s  computed by 

-0.1473*(log10A) 0.64 capac i ty  l o s s  = 0.0191*A 

i n  which c a p a c i t y  l o s s  i s  i n  inches pe r  year and A i s  t he  dra inage  a r e a  

i n  square  mi les .  The ne t  r e s e r v o i r  s t o r a g e  i s  determined by s u b s t r a c t i n g  

t h e  c a p a c i t y  l o s s  over  t h e  per iod of time from t h e  r e s e r v o i r  capac i ty .  

The maximum amount of water t h a t  may be made a v a i l a b l e  f o r  water  

supply use from each of the  r e s e r v o i r s  i s  assumed t o  be 50% of  the r e s e r v o i r  

n e t  y i e l d .  The n e t  y i e l d  from a r e s e r v o i r  i s  t h e  d i f f e r e n c e  between 

the  gross  r e s e r v o i r  y i e l d  during a  per iod of c r i t i c a l  drawdown and t h e  

ne t  evaporat ion l o s s  dur ing  t h i s  per iod.  Singh e t  a l  used d a t a  f o r  

percent  d r a f t  r a t e  o r  r e s e r v o i r  y i e l d  a s  percent  of mean flow, p, p e r t a i n i n g  

t o  a  4 0 - ~ e a r  recur rence  i n t e r v a l  ( S t a l l ,  1964); t he  n e t  r e s e r v o i r  s t o r age  

a s  percent  o f  mean flow, S; and the  dra inage  a r e a ,  A ,  t o  de r ive  t he  

genera l  equa t ion  

f o r  r e s e r v o i r s  i n  t h e  Kaskaskia Basin. I n  equa t ion  (3 .4) ,  C and n a r e  

a  c o e f f i c i e n t  and exponent r e s p e c t i v e l y  and t h e  s u b s c r i p t  p  r e f e r s  t o  

t he  percent  d r a f t  r a t e .  

The evapora t ion  l o s s  dur ing  t h e  c r i t i c a l  drought is  determined from 

t h e  c r i t i c a l  drawdown du ra t i on ,  Tc, i n  months f o r  a  given va lue  of p  and 

t h e  n e t  evapora t ion  d a t a  a t  Sp r ing f i e ld  and Carbondale. Evaporat ion 

l o s s  from the  r e s e r v o i r  su r f ace  minus p r e c i p i t a t i o n  f a l l i n g  d i r e c t l y  on 

t h e  l ake  su r f ace  dur ing  t h e  c r i t i c a l  drawdown period y i e l d s  t he  n e t  

evaporat ion.  The e f f e c t i v e  su r f ace  a r e a  f o r  evapora t ion  i s  0.65-A where s 

As r ep re sen t s  t he  pool a r e a  i n  ac re s .  Values f o r  C ,  n ,  Tc, n e t  evapora t ion  

a t  S p r i n g f i e l d  and Carbondale, and the  relat i 've  weights  f o r  computing 

weighted evapora t ion  from t h e  da t a  f o r  t h e  two towns a r e  given i n  Tables 3 ,  

4,and 5 of  Singh e t  a 1  (1972). 



The X i s s i s s i p p i  R iver  wa te r  imported by t h e  E a s t  S t .  Louis  and 

I n t e r u r b a n  Water Company c o n s t i t u t e  t h e  o n l y  s o u r c e  o f  imported water  

considered i n  t h i s  s tudy .  A t  p r e s e n t  t h e  M i s s i s s i p p i  Ri'ver water  i s  b e i a g  

used t o  f u r n i s h  s u p p l i e s  t o  r e g i o n  10.  It i s  assumed t h a t  adequate  wa te r  

may be imported.  t o  meet t h e  demands o f  t h i s  r e g i o n  over  t h e  e n t i r e  p lann ing  

per iod  . 
The maximum amount o f  wa te r  a v a i l a b l e  from each supp ly  (Tab les  3.2 

and 3 .3)  was used t o  de te rmine  t h e  bounds f o r  flow i n  t h e  a r c s  t o  and 

from each supp ly  node. 

3.3.3 Cos t s  

The c o s t  o f  w a t e r  supp ly  i n c l u d e s  t h e  c o s t  o f  raw w a t e r ,  t h e  c o s t  

of t r e a t m e n t ,  and t h e  c o s t  o f  t r a n s m i s s i o n .  

Cost  of Raw Water 

Groundwater 

Based on t h e  work o f  Gibb and Sanderson (1969) ,  Singh e t  a 1  (1972) 

determined t h e  t o t a l  annua l  c o s t  o f  u n t r e a t e d  ground w a t e r ,  TCG, a s  

TCG = c ~ ( c R F ) ~ ~  + c ( C R F ) ~ ~ . ~  + c  + c B  
Pm 0 P  

(3.5) 

i n  which t h e  s u b s c r i p t s  20 and 12.5 r e f e r  t o  t h e  u s e f u l  l i f e  i n  y e a r s  

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

f a c t o r s ,  (CRF) , f o r  v a r i o u s  r a t e s  of i n t e r e s t .  C i s  t h e  c o s t  o f  w e l l s  
W 

and i s  g iven  by 

= 850-d 0.299 
Cw N w t / a  

t a b u l a r  
W 

(3.6a) 

= 680.d 0.408N lo? 
Cw g r a v e l  packed 

W w t  
(3.6b) 

i n  which d  i s  t h e  w e l l  dep th  i n  f e e t ,  a is  t h e  f a c t o r  t o  c o n v e r t  1966 
W 

d o l l a r s  t o  d o l l a r s  i n  year  o f  i n t e r e s t ,  and t h e  number o f  w e l l s t o  meet 

t h e  w a t e r  requirement  p l u s  s t andby  w e l l s ,  N w t ,  i s  g iven  by 



Table 3.2 Ground Water Yie lds  i n  1000 gpd 

(approximated t o  t he  next  lower thousand) 

Reg ion Safe  y i e l d a  Mining Yield 
b 

1 3,983 4,113 

2 2,518 3,085 

3 3,900 4,627 

4 1,074 6,684 

5 1,110 3,599 

6 3,494 8,740 

7 707 5,655 

8 2,720 9,254 

9 2,548 11,311 

10 2 04 2,056 

To ta l s  

a 
Source: Table 2 of Singh e t  a 1  (1972) 

b13ased on a 10-year mining period and assumptions of Sec t ion  3.3.2. 

The number of  wel ls  t o  meet t he  water requirement ,  Nw, i s  given by 

- - water  requirement i n  gp 
Nw 1440. qw 

x 1.5 

rounded t o  next  h ighe r  i n t e g e r .  Here q i n  ga l lon  per minute (gpm) i s  
W 

t h e  average long-term w e l l  y i e l d .  The m u l t i p l i e r  1 .5  a l lows 50% excess  

requirement over t h e  mean. The maximum ,value which Nw can assume i s  t he  

maximum number of w e l l s  t h a t  an a q u i f e r  can  s u s t a i n ,  Nm' and i s  given by 

rounded t o  nex t  lower i n t ege r .  Q i s  t h e  a q u i f e r  p o t e n t i a l  y i e l d  i n  
Y 

ga l l on  per  day (gpd).  I n  equa t ion  (3.5) C i s  t h e  c o s t  o f  submersible 
Pm 



Table  3.3 Maximum Water A v a i l a b l e  f o r  Water Supply  (1000 gpd) 
from S u r f a c e  Water R e s e r v o i r s  

E a s t  Fork  Kaskaskia  River  Res. 

Plum Creek Res. 

Rock S p r i n g  Branch Res.  
a 

Shoa l  Creek Res. 
a 

S i l v e r  Lake Res. 

Spanker Creek Res. 

S h e l b y v i l l e  Res. 
b 

a 
C a r l y l e  Res. 

a 
completed 

b t o  be  completed i n  1974 

t u r b i n e  and v e r t i c a l  t u r b i n e  pumps and motors  and i s  g i v e n  by 

i n  which  is is t h e  d e s i g n  head f o r  t h e  pump and e q u a l s  t h e  d e p t h  o f  t h e  

w e l l  p l u s  25 f e e t  t o  a l l o w  f o r  pumping t o  t r e a t m e n t  p l a n t .  The $800 i n  

e q u a t i o n  3.10b i s  f o r  t h e  motor hous ing  f o r  v e r t i c a l  t u r b i n e  pumps. 

Wel l s  a r e  assumed t o  have a u s e f u l  l i f e  o f  20 y e a r s .  The u s e f u l  l i f e  

o f  a pump i s  assumed t o  be 12.5 y e a r s .  C i s  t h e  a n n u a l  c o s t  o f  
0 P 

o p e r a t i o n ,  ma in tenance ,  and r e p a i r  on w e l l s  and pumps and i s  g i v e n  by 

C i s  t h e  annua l  e l e c t r i c a l  cha rges  f o r  pumping and i s  computed by 
e 

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

hours  pe r  y e a r ,  kwh, a s  c a l c u l a t e d  by 

kwh = 0.0011476*Q*H /E 
d g 

(3.12) 

i n  which E i s  t h e  average  o v e r a l l  e f f i c i e n c y  d u r i n g  t h e  y e a r  f o r  pumping 
g 

ground w a t e r .  



S u r f a c e  Water 

Based on work by Dawes and Wathne (1968) ,  Singh e t  a 1  ('1972) determined 

t h e  annua l  c o s t  o f  raw w a t e r  from r e s e r v o i r s ,  RWCR, i n  d o l l a r s  a s  

RWCR = IWS x CRFbO + OMRWS (3.13) 

i n  which CRF40 r e p r e s e n t s  t h e  c a p i t a l  r ecovery  f a c t o r  f o r  a  40-year p e r i o d .  

IWS i s  t h e  investment  c o s t  chargeab le  t o  wa te r  s u p p l y  and i s  g iven  by 

IWS = 0.5(RC + LC -1- RLC) -1- ITC (3.14) 

i n  which t h e  r e s e r v o i r  c o s t ,  RC,  i s  g i v e n  by 

RC = 6250.S 0.87 
f3 

i n  which S i s  t h e  g r o s s  s t o r a g e  i n  a c r e - f e e t  f o r  a  g iven  p e r c e n t  d r a f t  
g  

r a t e .  The land c o s t ,  LC, i s  g iven  by 

LC = 1 . 5  x 260-K-S 0.87 
g  

i n  which t h e  average  c o s t  o f  land i s  $260 per  a c r e ,  t h e  f a c t o r  1.5 i n d i c a t e s  

t h a t  t h e  l and  r e q u i r e d  i s  1 .5  t imes t h e  r e s e r v o i r  s u r f a c e  a r e a ,  and K 

d e f i n e s  t h e  r e l a t i o n s h i p  between r e s e r v o i r  s t o r a g e  and s u r f a c e  pool  a r e a  

i n  a c r e s .  The r e l o c a t i o n  c o s t ,  RLC, i s  g iven by 

RLC = 80,000*La + 200,000*(Lr + Lh) + 60,000.L (3.17) 
0 g  

i n  which La i s  t h e  l e n g t h  i n  m i l e s  of new a c c e s s  roads  and L r,Ln, and 

L a r e  t h e  l e n g t h s  i n  m i l e s  For r e l o c a t i n g  r a i l r o a d s ,  highways, and o i l  
08  

and gas  l i n e s  r e s p e c t i v e l y .  ITC i s  t h e  c o s t  i n  d o l l a r s  o f  t h e  i n t a k e  

tower and i s  g iven by 

ITC = 30,000 -1- 3 0 0 0 . ~  

i n  which x i s  t h e  w a t e r  supply  i n  mgd. 

The o p e r a t i o n ,  maintenance,  and r e p a i r  c o s t s  chargeab le  t o  w a t e r  

supp ly ,  OMRWS, a r e  g iven  by 
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OMRWS = 5000 IWs < l o5  (3.19a) 

5 OMRWS = o.o5*IWS-0.025. (IWS-10 ) 
5 

10 5 IWS lo6  (3.19b) 

6 
OMRWS = O.O~*IWS-o.o~~*(Iws-lo5)-0.01. (IWS-10 ) IWS > lo6  ( 3 . 1 9 ~ )  

Equation (3.13) assumes t h a t  112 of t he  r e s e r v o i r ,  l and ,  r e l o c a t i o n s ,  

and ope ra t ion ,  maintenance, and r e p a i r  c o s t s  a r e  charged t o  water supply. 

Cost of t he  intake tower and i t s  OMR a r e  f u l l y  charged t o  water supply. 

The annual cos t  of raw water obtained d i r e c t l y  from the  Kaskaskia 

River ,  RWCKR, i s  given by 

RWCKR = ITC(CRF40 + 0.05) (3.20) 

i n  which ITC i s  t he  cos t  o f  the  in t ake  tower and the  OMR i s  taken a s  

5% o f  ITC. The c a p i t a l  recovery f a c t o r ,  CRF40, i s  fo r  a 40-year per iod.  

The cos t  of raw water from the  Car ly l e  and Shelbyvi l le  r e s e r v o i r s  

can be assumed t o  be a cons tan t  6 ~ 1 1 0 0 0  ga l lons  ( ~ l l i n o i s  Department of  

Transpor ta t ion ,  personal  communication). 

Cost of  Treatment of Raw Water 

Ground Water 

The ground water t reatment  includes i r o n  remo,val so f t en ing ,  and 

ch lo r ina t ion .  Based on work by I l l i n o i s  S t a t e  Water Survey (1968) and 

Koenig (1967), Singh e t  a 1  (1972) determined the  t o t a l  annual c o s t  of 

ground water t reatment ,  TCTPG,by 

TCTPG = ICTPG x CRF25 + OMRTPG (3.21) 

i n  which CRF25 denotes  t he  c a p i t a l  recovery f a c t o r  f o r  a u se fu l  p l an t  

l i f e  of 25 years .  ICTPG i s  t he  investment cos t  of a t reatment  p l an t  and 

i s  given by 

0.63 
ICTPG = 115,000*Qd 

i n  which Qd i s  t he  design p l an t  capac i ty  i n  mgd. Qd i s  t h e  water 

requirement f o r  any given year  o r  t he  amount of water a v a i l a b l e ,  whichever 
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i s  the  smaller .  OMRTPG i s  t he  annual ope ra t ion ,  maintenance, and r e p a i r  

cos t  and i s  given by 

OMRTGG = 0.05783.ICTPG (3.23) 

For u t i l i z a t i o n  f a c t o r  ( r a t i o  of mean d a i l y  pumpage t o  des ign  p l an t  

capac i ty)  of  one, equat ion (3.23) i s  modified t o  

-0.02074 
OMRTPG = 0.08069*ICTPG*(Qd 1 (3.24) 

Surface Water 

Surface water t reatment  includes chemical coagula t ion ,  sedimentat ion,  

rapid sand f i l t r a t i o n ,  and ch lo r ina t ion .  The annual c o s t  of su r f ace  

water t rea tment ,  TCTPR, i s  given by 

TCTPR = ICTPR x CRF30 + OMRTPR (3.25) 

i n  which CRF denotes the  c a p i t a l  recovery f ac to r .  ICTPR i s  the  inves t -  
30 

ment c o s t  o f  a  treatment p l an t  and i s  given by 

0.65 ICTPR = 267,900*Qd 

OMRTPR i s  the  ope ra t ion ,  maintenance, and r e p a i r  c o s t s  and i s  given by 

-0.02074 
OMRTPR = 0.08069.ICTPR (Qd 1 (3.27) 

Cost of Transmission of Water 

Ground Water 

The t o t a l  annual cos t  of t ransmission of ground water  TCT, i s  

given by 

TCT = (c l  + c ~ ) * c R F ~ ~  + ( c ~ ) c R F ~ ~  + c2 + c5 f c6 (3.28) 

i n  which subsc r ip t s  50 and 25 r e f e r  t o  the  amor t iza t ion  period i n  years  

f o r  the p i p e l i n e  and pumping s t a t i o n ,  r e spec t ive ly .  C1 i s  t h e  p i p e l i n e  

cons t ruc t ion  cos t  and i s  given by 

i n  which D i s  t he  i n s i d e  diameter of pipe i n  inches,  and L i s  t h e  length  

of the  pipe i n  miles .  I n  equat ion (3.28), C2 i s  t he  annual  c o s t  f o r  

r e p a i r i n g  leaks  and breaks i n  the p ipe l ine  and i s  given by 
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C i s  t h e  easement c o s t  and is  given by 
3 

C3 = 1700.L (3.31) 

C is  t he  pumping s t a t i o n  c o s t  and i s  given by 
4 

1.01 = 17,000- ( ~ 1 3 0 0 )  + 135- [npS 
1.01 

C4 - ( P i - n P S )  1 (3.32) 

i n  which n equa ls  t he  i n t e g e r  p a r t  of  t h e  r a t i o  ~ 1 3 0 0  and P r e f e r s  t o  s 

t h e  i n s t a l l e d  horsepower when H i s  300 f e e t .  H is  t h e  t o t a l  head which 

is  equa l  t o  t h e  s t a t i c  head, Hs, p lus  t he  f r i c t i o n  head, H f .  The p i p e l i n e  

i s  designed t o  c a r r y  a maximum of 1 .5  t imes t h e  average water requirement,  

Q. Thus 

H = 2.25*H0 + Hs (3.33) 

i n  which H i s  1.05 times t he  f r i c t i o n a l  head l o s s  (based on Colebrook 
0 

and White equa t ion ) .  The m u l t i p l i e r  1.05 al lows f o r  l o s s e s  i n  bends, 

e t c .  P .  i s  t h e  i n s t a l l e d  housepower a t  t he  pumping s t a t i o n  and i s  given 
1 

by 

= 0 .2634*Q*~=J /E  (3.34) 

i n  which E i s  t he  o v e r a l l  e f f i c i e n c y  a t  peak load,  Q i s  t h e  flow i n  

ga l lons  per day, and J i s  the  f i rming o r  standby f a c t o r .  J i s  given by 

J = 2.08 - 0.18*x J < 2.0 - x < 2.0 - (3.35a) 

J = 1.9666 - 0 . 1 2 3 3 . ~  2.0 < x < 5.0 - - (3.35b) 

J = 1.42 - 0 . 0 1 4 . ~  5.0 < x < 10.0 - - ( 3 . 3 5 ~ )  

J = 1.30 - 0.002°x 10.0 < x < 20.0 - - (3.35d) 

i n  which x equa ls  flow i n  mgd. It is  assumed t h a t  a pump'ing s t a t i o n  can 

produce a maximum of  300 f e e t  of head. I f  H is  g r e a t e r  than 300 f e e t  

then two o r  more pumping s t a t i o n s  a r e  necessary.  

C i s  t h e  pumping c o s t  and i s  given by the  product of c o s t  per  
5 

k i l l o w a t t  hour (kwh) and t o t a l  kwh per  year  used. T h e , t o t a l  energy 
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consumption is  given by 

T o t a l  kwh per year  = kQ(ptHo + psHs) (3.36) 

i n  which k i s  a conversion f a c t o r  and i s  given by 

k = (0.1337 x 365.24 x 62.4 x 0.7457)/(550 x 3600 x Ea) (3.37) 

i n  which Ea i s  t h e  o v e r a l l  e f f i c i e n c y  during thf  pumping per iod .  p and f 

p a r e  the  r a t i o s  of energy consumption f o r  vary ing  flow t o  t h a t  f o r  
S 

cons tan t  flow i n  r e spec t  t o  f r i c t i o n a l  and s t a t i c  heads,  r e spec t ive ly .  

These energy r a t i o s  a r e  evaluated by i n t e g r a t i o n  over  t he  pumping period 

f o r  the  vary ing  flow r a t e .  

C i s  t h e  ope ra t i on ,  maintenance, and r e p a i r  c o s t  f o r  t he  pumping 6 

s t a t i o n  and i s  gi'ven by 

i n  which 

' = 0 .85=p i / J  

P A  = 0.85*pS/J  

and A t  i s  t h e  pumping period a s  a f r a c t i o n  of the  yea r .  The m u l t i p l i e r  

0.85 conver t s  t h e  i n s t a l l e d  horsepower t o  f i n  w i r e  horsepower. 

The va lue  of  t he  i n s i d e  pipe d iameter ,  D,  i s  determined by s o l v i n g  

equa t ion  (3.28) such t h a t  a mirlimum c o s t  i s  determined f o r  the flow 

r eGi remen t  Q . 
Surface Water 

The t o t a l  c o s t  f o r  t ransmiss ion  of su r f ace  water ,  TCTSW, i s  given 

by 

TCTSW = (Cl I- C3)CRFS0 -I- (C7)CRF25 4- C 2  -I- C8 I- Cg (3.41) 

i n  which Cl ,  C2,  and C a r e  given by equa t ions  (3.29) ,  (3.30) and (3.31) 
3 

respective!ly.  C i s  t h e  pumping s t a t i o n  c o s t  (Hazen and Sawyer, 1971) 
7 

and i s  given by 
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According t o  Suter  and Harmeson (1960), t he  ope ra t iona l  c o s t  of 

a r t i f i c i a l  recharge us ing  t h e  p i t  method near  Peo r i a ,  I l l i n o i s ,  ranged 

between 1.6 t o  2 .9~11000 ga l lons  of recharge water.  Adjus t ing  t h e  higher  

of  these  two values t o  1970 values,  a  cons tan t  cos t  of 4 ~ / 1 0 0 0  ga l lons  

was used in  t h e  present  s tudy.  

The c o s t s  of raw water ,  t ransmiss ion ,  and ope ra t ion  were added t o  

compute the  t o t a l  a r t i f i c i a l  recharge c o s t s  from a l l  8 r e se rvo i r s .  The 

easement c o s t  of recharge p i t s  was found t o  be l e s s  than 0 .01~ /1000  ga l lons  

and f o r  t h i s  s tudy  it was ruled i n s i g n i f i c a n t .  

Cost of imported water 

The J u l y  1972 r a t e s  of water imported t o  Region 10 from t h e  

M i s s i s s i p p i  River by the  Eas t  S t .  Louis and In te rurban  Company were used 

t o  compute c o s t s  of water a t  10 year  time i n t e r v a l s  over  t he  planning 

period. 

Cost Summary 

A l l  c o s t s  a r e  present  value c o s t s  f o r  u n i t  flow i n  each a rc .  The 

values used i n  t h i s  s tudy a r e  presented i n  Appendix A .  

4. CASE STUDY RESULTS AND DISCUSSION 

4.1 Case Study Resul t s  

4.1.1 A l t e r n a t i v e s  Studied 

The o u t - o f - k i l t e r  a lgor i thm was used t o  determine a  minimal cos t  

flow through the  network of Fig. 3.4. The a lgor i thm was w r i t t e n  i n  

Fo r t r an  I V  and the  IBM-360175 a t  the  Univers i ty  of I l l i n o i s  a t  Urbana- 

Champaign was used t o  ob ta in  the  r e s u l t s .  The computer output  gave t h e  

opt imal  c i r c u l a t i n g  flow through t h e  network which r ep resen t s  the  minimal- 

cos t  a l l o c a t i o n  schedule over the  planning period and the shadow p r i ces  

of  suppl ies  and demands. The shadow p r i ces  i n d i c a t e  the  marginal savings 



i n  t o t a l  c o s t  f o r  a  un i t  decrease  i n  demand o r  a  u n i t  i nc rease  i n  supply. 

The case  s tudy problem was solved f o r  t he  fol'lowing t h r e e  condi t ions  

of supply a v a i l a b i l i t y :  

A l t e r n a t i v e  I. Water supp l i e s  inc lude  imported water ,  l o c a l  ground 

wa te r ,  and t h e  e x i s t i n g  s u r f a c e  r e s e r v o i r  of  Shoal Creek, S i l v e r  Lake 

and Ca r ly l e  which have a l r e a d y  been completed. It was assumed t h a t  

She lbyv i l l e  Reservoi r ,  which i s  scheduled f o r  completion i n  1974, would 

y i e l d  water  f o r  water supply use i n  t h e  year  1975 and beyond. These 

condi t ions  were imposed by s e t t i n g  upper bounds of zero on each a r c  e x i t i n g  

from the  network source and e n t e r i n g  the  supply node r ep re sen t ing  a  

nonexis t ing  r e s e r v o i r .  The s o l u t i o n  under t h i s  condi t ion  determines i f  

e x i s t i n g  f a c i l i t i e s  can meet t he  water demands over  t h e  planning per iod ,  

and i f  so ,  determines a  minimal c o s t  plan. 

A l t e r n a t i v e  11. Water supp l i e s  inc lude  l o c a l  ground water  and 

e x i s t i n g  and p o t e n t i a l  su r f ace  r e s e r v o i r s  but water  cannot be imported 

a t  any time dur ing  the  planning period. This  conditi.on i s  imposed by 

s e t t i n g  upper bounds of zero on each of  t he  imported water a r c s  e x i t i n g  

from t h e  network source.  The s o l u t i o n  under t h i s  condi t ion  determines 

i f  t he  l o c a l  supp l i e s  of t h e  bas in  a r e  adequate t o  meet t h e  demands i n  

t h e  bas in  over  t h e  planning per iod , and i f  so ,  determines a  minima 1-cos t 

plan. 

A l t e r n a t i v e  111. Water supp l i e s  inc lude  imported water ,  l o c a l  ground 

water and e x i s t i n g  and p o t e n t i a l  su r f ace  water  r e s e r v o i r s .  The s o l u t i o n  

under t h i s  condi t ion  determines a  minimal c o s t  plan providing t h a t  a l l  

sources  can be developed a s  soon a s  needed. 

Because ground water mining is bas ic  t o  t h e  p r a c t i c e  of conjunct ive 

use of  ground water and su r f ace  water ,  and because t h e  ground water c o s t s  
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i n  Chapter 3 a r e  based on t h e  sa fe  y ie ld  c r i t e r i o n ,  t h e  network was 

i n i t i a l l y  solved on the  assumption t h a t  ground water suppl ies  a r e  operated 

on a  s a f e  y ie ld  b a s i s .  This  s o l u t i o n  indica ted  t h a t  under a l l  t h r e e  

a l t e r n a t i v e s ,  ground water pumpage was l e s s  than t h e  s a f e  y ie ld  i n  Regions 

1 ,2 ,3 ,  and 8. Increas ing  the ground water  c o s t s  i n  the  remaining regions 

by 10% whenever pumping reached the  sa fe  y i e l d ,  and t h e r e a f t e r ,  the 

network was then solved assuming t h a t  ground water may be mined a t  the  

increased cos t s .  A l l  r e s u l t s  presented i n  t h i s  r epor t  a r e  f o r  the  condi t ions  

under which ground water can be mined. 

4.1.2 R e s u l t s  f o r  A l t e rna t ives  Studied 

The r e s u l t s  f o r  t he  th ree  cases s tudied  a r e  presented i n  Tables 4 .1  

through 4.6. The only elements of the systems l i s t e d  i n  these  t ab le s  

f o r  each case a r e  those from which a l l o c a t i o n s  were g rea t e r  than zero a t  

some time i n  the  planning period. 

A l t e rna t ive  I. The e x i s t i n g  sources of water supply inc luding  imported 

water ,  ground water ,  and completed and scheduled f o r  completion su r face  

r e se rvo i r s  wi th in  the  bas in  a r e  adequate t o  meet the bas in  demands over 

the e n t i r e  planning period. None of the remaining p o t e n t i a l  sur face  

r e se rvo i r  s i t e s  need t o  be developed a s  f a r  a s  water supply i s  concerned. 

Furthermore, t he  S i l v e r  Lake Reservoir ,  a l r eady  completed, need no t  be 

used f o r  water supply use. 

The ground water  suppl ies  a r e  t o  be developed on a  safe-y ie ld  bas i s  

i n  Regions 1 , 2 ,  and 3 and beyond s a f e  y ie ld  i n  Regions 4 ,5 ,6 ,7 ,9  and 10. 

Ground water i s  t o  be completely mined i n  Region 7 dur ing  the f i r s t  two 

decades of t he  planning period and in  Region 10 during the  l a s t  decade 

of the planning period . 
The o v e r a l l  cos t  of t h i s  plan over the  e n t i r e  planning period i s  

-44- 



Table 4.1 Optima1 Al loca t ion  Plans f o r  A l t e r n a t i v e  I (Al loca t ions  in  
1,000 gpd. Only a l l o c a t i o n s  g r e a t e r  than ze ro  a r e  shown.) 

Supply Use 1970 1980 1990 2000 2010 2020 
Region 

Shoal Creek 4  - 1895 2304 2735 3  19 0  3660 
Reservoi r  5  - - - - - 1066 

She lbyv i l l e  
Reservoir  3 - 1095 1413 1749 2074 - 
Car ly l e  5  - - - 2333 2745 2105 

7  - 194 3379 480 1 5510 6238 
8  1643 2  040 2592 3 169 3755 4359 
9  - - - 5 13 1 5987 6849 

Imported Water 10 7938 9496 11242 13045 14726 14808 

Ground Water '1 
2  
3  
4  
5  
6  
7  
9  

10  

To ta l  Plan Cost ($)  175,844,225 



Table 4.2 Optimal Al loca t ion  Plans fo r  A l t e rna t ive  11. (Allocat ions 
i n  1,000 gpd. Only a l l o c a t i o n s  g r e a t e r  than zero a r e  shown.) 

Use 
supply Region 1970 1980 1990 2000 2010 202 0 

Eas t  Fork 5 - - 
Kaskaskia River 7 - 3447 
Reservoir  9 - - 

10 - - 
Plum Creek 9 - - 
Reservoir  10 2181 5873 

Rock Spring 10 847 847 
Branch Reservoir 

Shoal Creek 4 - 1895 
Reser,voir 10 - - 
S i l v e r  Lake 10 2854 2572 
Reservoir 

Shelbyvi l le  3 9 01 1095 
Reservoir  

Car ly le  8 1643 2040 
Reservoir 9 - - 

10 - - 
Ground Water 1 

2 
3 
4 
5 
6 
7 
9 

10 

Tota l  plan cos t s  ($ )  205,157,375 



Table 4.3 Optimal Al loca t ion  Plans f o r  A l t e rna t ive  111. 
(Allocat ions i n  1000 gpd. Only a l l o c a t i o n s  g r e a t e r  
thhn zero a r e  shown.) 

Use 
Region 

East  Fork 5 
Kaskaskia River 7 
Reservoir 8 

9 

Plum Creek 9 
Reservoir  

Shoal Creek 4 
Reservoir 

Shelbyvi l le  3 
Reservoir 

Carlyle  8 
Reservoir  9  

Imported Water 10 7938 

Ground Water 1 
2 
3 
4 
5 
6 
7 
9 

10 

Cost ($/day) 7532 

To ta l  Plan Cost ($)  146,853,275 



Table 4.4 Shadow P r i c e s  f o r  A l t e r n a t i v e  1.. ($/1000 ga l lons .  
Only .values g r e a t e r  than zero a r e  shown.) 

Supply o r  Demand 19 70 1980 1990 2000 2010 2020 

Supply 
Eas t  Fork Kaskaskia 
River Reservoir  96.09 96.09 96.09 96.09 96.09 96.09 

Plum Creek 
Reservoi r  96.09 96.09 96.09 96.09 96.09 96.09 

Rock Spr ing  Branch 
Reservoi r  96.09 96.09 96.09 96.09 96.09 96.09 

Shoal Creek Reservoi r  - - - - - 0.17 

Spanker Creek 
Reservoir  96.09 96.09 96.09 96.09 96.09 96.09 

She lbyv i l l e  
Reservoir  

Ground water  : 
Region 7 
Region 10  

Demand 

Region 1 

Region 2 

Region 3 

Region 4 

Region 5 

Region 6 

Region 7 

Region 8 

Region 9 

Region 10 



Table 4.5 Shadow Pr i ces  f o r  A l t e rna t ive  11. ( ~ / 1 0 0 0  ga l lons .  
Only va lues  g r e a t e r  than zero a r e  shown.) 

- 
Supply o r  Demand 19 70 1980 1990 2000 2010 2020 

Supply 
Eas t  Fork 
Kaskaskia River - - - - - 2.02 
Reservoir  

Plum Creek 
Reservoir  22.91 2.20 5.91 3.25 8.40 5.81 

Rock Spring - 5.19 - - - - 
Branch Reservoir  

Shoal Creek 
Reservoir 1.46 - - - - 0.28 

S i l v e r  Lake - 0.90 1.68 - - - 
Reservoir  

ImportedWater  251.78 251.78 251.78 251.78 251.78 251.78 

Ground Water: 
Region 10  

Demand 
Region 1 

Region 2 

Region 3 

Region 4 

Region 5 

Region 6 

Region 7 

Region 8 

Region 9 

Region 10 



Table 4.6 Shadow Pr i ce s  f o r  Alternati 've I11 ( ~ / 1 0 0 0  ga l lons .  Only 
va lues  g r e a t e r  than zero a r e  shown.) 

Supply o r  Demand '19 70 1980 1990 2000 2010 2020 

Supply 

Eas t  Fork 
Kaskaskia River - - 
Reservoir  

Plum Creek - - 
Reservoi r  

Ground Water : 
Region 10 - - - - 0.49 1.79 

Demand 

Region 1 17.40 16.66 15.83 14.95 13.99 13.19 

Region 2 30.43 30.31 29.41 24.89 23.05 21.29 

Region 3 22.95 21.39 20.30 19.47 18.88 17.95 

Region 4 52.02 43.14 31.31 25.02 21.45 19.15 

Region 5 60.47 57.76 37.32 25.22 19.22 16.07 

Region 6 33.39 29.02 25.89 23.98 24.77 22.45 

Region 7 40.83 36.57 25.28 19.35 16.09 14.31 

Region 8 22.74 21.29 20.26 19.45 18.87 18.33 

Region 9 47.87 48.16 33.64 26.01 30.05 22.82 

Region 10  22.04 21.89 21.79 21.70 21.64 21.58 



$175,844,225 which i s  $4,121,768 l e s s  than  t h e  c o s t  of t he  same plan 

developed on a  s a f e  y ie ld  b a s i s .  Developed on a  s a f e  y i e ld  b a s i s  t h i s  

plan would r equ i r e  water  from S i l v e r  Lake Reservoir  t o  provide water  t o  

Region 9 during the  f i r s t  two decades and t o  Region 6 du r ing  the l a s t  

t h r e e  decades,  

A l t e r n a t i v e  11. The l o c a l  ground water  and su r f ace  water  supp l i e s  

a r e  adequate t o  meet t he  basin&mands over  the  e n t i r e  planning per iod.  

However, a l l  r e s e r v o i r s  except  Spanker Creek Reservoir  would have t o  be 

developed a t  t he  s t a r t  of t h e  planning per iod.  

The ground water supp l i e s  a r e  t o  be developed on a  s a f e -y i e ld  b a s i s  

i n  Regions 1 ,2 ,  and 3 and beyond safe-y ie ld  i n  Regions 4 ,5 ,6 ,7 ,9  and 10 

wi th  t h e  ground water  being completely mined i n  Region 10 dur ing  the  

f i r s t  decade of the planning per iod.  

The o v e r a l l  t o t a l  c o s t  of t h i s  p lan  i s  $205,175,375 which i s  

$2,685,402 l e s s  than t h e  cos t  of  the  same plan developed on a s a f e  y i e ld  

bas i s .  

A l t e r n a t i v e  111. The l o c a l  ground wa te r ,  imported water ,  t h r e e  

e x i s t i n g  r e s e r v o i r s ,  and two p o t e n t i a l  r e s e r v o i r s  a r e  used i n  t h i s  plan 

t o  meet t h e  bas in  demands. 

The ground water  development f o r  Case I11 i s  s i m i l a r  t o  t h a t  f o r  

Case I1 except  the  development i n  Region 10  would be delayed u n t i l  the  

l a s t  two decades of t he  planning per iod.  

The o v e r a l l  t o t a l  c o s t  f o r  t h i s  plan i s  $146,853,275 which i s  

$9,603,353 l e s s  than the  c o s t  of  t h e  same plan developed on a s a f e  y i e ld  

bas i s .  Developed on a  s a f e  y i e ld  bas i s  t h i s  plan would r equ i r e  water  

from S i l v e r  Lake Reservoir  t o  provide water t o  Region 6 dur ing  the  l a s t  

t h r e e  decades.  
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4.2 Discussion of  Resu l t s  

Network a n a l y s i s  was used i n  t h i s  case s tudy a s  a  pre l iminary  

sc reening  t o o l  t o  i d e n t i f y  p o t e n t i a l l y  o p t i o n a l  a l t e r n a t i v e  plans.  The 

procedure permits the  planner  t o  eva lua t e  s e v e r a l  a l t e r n a t i v e  p lans  t o  

determine s i z e  of s t r u c t u r e s  and the  po in t  i n  time a t  which they  w i l l  

be needed and t o  determine information h e l p f u l  i n  s e t t i n g  p o l i c i e s  f o r  

f u t u r e  developments. 

4.2.1 Evaluat ion,  of A l t e r n a t i v e s  

The a n a l y s i s  procedure allows t h e  planner f i r s t  t o  determine i f  t h e  

a l t e r n a t i v e  under cons ide ra t i  on i s  capable  of meeting t h e  bas in  demands 

over t h e  planning per iod.  

I f  t h e  a l t e r n a t i v e  system under cons ide ra t i on  can meet t h e  bas in  

demands then  the  l e a s t  cos t  plan t o  meet t h e  demands i s  i d e n t i f i e d .  

The c o s t  a s  determined here  i s  t he  presen t  va lue  of t h e  c o s t s  a t t r i b u t e d  

t o  providing water supply i n  t h e  bas in  over t h e  planning per iod.  The 

t o t a l  c o s t  f o r  each element has been converted t o  a  p re sen t  value per 

u n i t  of water  provided by t h a t  eler~dent i n  eaclt s p e c i f i c  period of time. 

These presen t  va lue  u n i t  c o s t s  a r e  obtained by assuming an  axount t o  be 

provided by each element i n  each time per iod .  I f  t he  assumed a l l o c a t i o n  

values f o r  each element a r e  approximately equa l  t o  t h e  va lues  obtained 

by t h e  a n a l y s i s  procedure o r  i f  t h e  c o s t  func t ions  f o r  t h e  elements a r e  

i n  a l l  ways l i n e a r ,  then t h e  r e s u l t i n g  t o t a l  c o s t  r ep re sen t s  t h e  minimal 

c o s t  plan.  I f  t h e  c o s t  func t ions  a r e  n o t  i n  a l l  ways l i n e a r  and the  

assumed a l l o c a t i o n  values  f o r  each element a r e  not approximately equal  

t o  t h e  values  obtained by t h e  a n a l y s i s  procedure,  then the  p re sen t  va lue  

of t h e  u n i t  c o s t s  w i l l  have t o  be revised f o r  a  second a n a l y s i s  i n  l i g h t  

of t he  r e s u l t s  from t h e  f i r s t  a n a l y s i s  s i m i l a r  t o  what was done above 

regard ing  ground water  mining. 



Once t h e  b a s i c  network model and the  suppor t ing  da t a  have been 

developed the  procedure can r e a d i l y  be used t o  eva lua t e  s e v e r a l  a l t e r n a t i v e s  

a s  i l l u s t r a t e d  above by simply changing flow bounds o r  c o s t s .  These 

a l t e r n a t i v e  systems can then be ranked a s  t o  l e a s t  c o s t  such t h a t  the  

a n a l y s i s  can be r e f ined  f o r  a  second o r  more i t e r a t i o n s  on those 

a l t e r n a t i v e  systems which a r e  most l i k e l y  t o  r e s u l t  i n  t he  op t imal  plan. 

The a n a l y s i s  procedure a l s o  al lows t h e  planner t o  eva lua t e  po l i cy  

dec i s ions  e a s i l y .  I n  the  case  s tudy  t h e  po l i cy  t o  allow o r  d i sa l low the  

importat ion of water i n t o  t h e  bas in  can be evaluated by simply changing 

t h e  flow bounds on a  few a r c s .  The r e s u l t s  above i l l u s t r a t e  t h a t  t h e  

importat ion of water i s  a  b a s i c  element of  any minimal c o s t  plan f o r  

water  supply i n  t h e  Kaskaskia River Basin. Resul t s  such a s  t h e s e  then 

inform t h e  planner which p o l i c i e s  a r e  of  primary importance and which 

p o l i c i e s  might be compromised when making p o l i t i c a l  t r a d e  o f f s  wi th  

o t h e r  planning agencies .  

4.2.2 S i ze  and Time of Element Development 

The r e s u l t s  from the  a n a l y s i s  procedure can be used t o  determine 

the  s i z e  requi red  f o r  each element and t h e  time a t  which i t  should be 

ready f o r  use.  For example, examine the  p r o f i l e  of  a l l o c a t i o n s  from 

ground water  developments i n  Region 10 f o r  A l t e r n a t i v e  I a s  shown i n  

Table 4 .1  and F ig .  4.1. The w e l l  f i e l d  f o r  t h i s  a l t e r n a t i v e  i n  t h i s  

region doesn ' t  need t o  be developed before  t h e  year  2000 and then  can 

be developed i n  s t a g e s  u n t i l  i t  i s  f u l l y  developed by t h e  end of  the  

planning per iod .  The same p r o f i l e  of a l l o c a t i o n s  r e s u l t s  from A l t e r n a t i v e  

I11 a s  shown i n  Table 4.3. However, A l t e r n a t i v e  11, from Table 4.2 

would r e q u i r e  t h a t  t he  w e l l  f i e l d  i n  t h i s  region be f u l l y  developed a t  

t h e  beginning of t h e  perjod and then used only a  smal l  amount a f t e r  t h e  

f i r s t  decade. 
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The information about t he  s i z e s  of the  elements and t h e  time a t  

which they a r e  required can be used by the  planner i n  the s e l e c t i o n  of 

the  f i n a l  a l t e r n a t i v e .  Fac tors  o the r  than c o s t s  must be considered i n  

the  s e l e c t i o n  of  t he  f i n a l  a l t e r n a t i v e .  It  might be poor pol icy  t o  choose 

the  l e a s t  cos t  a l t e r n a t i v e  which would requi re  t he  development of a  major 

element which would be used f o r  only a  b r i e f  period and then discarded 

when f o r  on ly  a  s l i g h t l y  higher  cos t  a l l  of t he  elements of t he  system 

would be more f u l l y  used. The a n a l y s i s  procedure here  al lows the  planner 

t o  look a t  t hese  a l t e r n a t i v e s  and eva lua t e  t he  p o l i c i e s  t h a t  might be made. 

4.2.3 F.uture Develop~iient P o t e n t i a l  

The va lue  of the  dua l  va r i ab l e s  ( t h e  f i n a l  node numbers f o r  the  out- 

o f - k i l t e r  a lgori thm) of a  programing problem can be i n t e r p r e t e d  a s  

shadow p r i c e s .  Shadow p r i ces  represent  marginal values.  I n  the  context  

of determining the  l e a s t  c o s t  of meeting demands i n  a  supply-demand 

a l l o c a t i o n  problem,the shadow pr ices  r ep re sen t  the  marginal values of 

va r ious  suppl ies  and demands. The shadow p r i ces  f o r  supp l i e s  and demands 

f o r  the t h r e e  a l t e r n a t i v e s  f o r  the ca se  s tudy a r e  presented i n  Tables 

4.4,  4.5 and 4.6. The numbers i n  these t a b l e s  r ep re sen t  the c o s t  reduct ions 

i n  cents  t h a t  may be obtained a t  a  p a r t i c u l a r  time period i f  a  supply 

i s  increased by 1000 ga l lons  during t h a t  time period and the  cos t  reduct ion 

i n  cents  t h a t  may be obtained a t  a p a r t i c u l a r  time period of a demand 

i s  decreased by 1000 gal lons during t h a t  time period. 

For example, during 1970 fo r  A l t e rna t ive  I from Table 4.4,  the 

shadow p r i c e  f o r  ground water supply i n  Region 7  i s  27.96~11000 ga l lons  

and the  shadow p r i c e  fo r  water demand i n  Region 7  i s  68.79~11000 ga l lons .  

This means t h a t  i f  another  1000 ga l lons  were a v a i l a b l e  i n  the  ground 

water supply i n  Region 7  such t h a t  it  could be used i n  1970 the re  would 
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be a  r e d u c t i o n  o f  2 7 . 9 6 ~  i n  t h e  t o t a l  c o s t .  S i m i l a r l y  i f  t h e r e  were a  

r e d u c t i o n  i n  t h e  demand i n  Region 7  f o r  1970 of  1000 g a l l o n s  t h e r e  would 

be a  r e d u c t i o n  o f  6 8 . 7 9 ~  i n  t h e  t o t a l  c o s t .  

I n t e r e s t i n g  i n f o r m a t i o n  on t h e  economic f e a s i b i l i t y  o f  c e r t a i n  

p r a c t i c e s  i n  v a r i o u s  r e g i o n s  may be o b t a i n e d  by a n a l z y i n g  t h e  shadow 

p r i c e s .  For  example, t h e r e  would be a  r e d u c t i o n  of  2 7 . 9 6 ~ 1 1 0 0 0  g a l l o n  

i n  t h e  t o t a l  c o s t  i f  t h e  ground w a t e r  s u p p l y  i n  Region 7  i n  1970 f o r  

A l t e r n a t i v e  I were i n c r e a s e d .  Th i s  i n d i c a t e s  t h a t  it  i s  economic t o  

p r a c t i c e  ground w a t e r  a r t i f i c i a l  r e c h a r g e  i n  t h i s  r e g i o n  t o  i n c r e a s e  

ground w a t e r  a v a i l a b l e  i n  s t o r a g e  f o r  1970 a s  long  a s  t h e  t o t a l  c o s t s  

of  r e c h a r g i n g  1000 g a l l o n s  a r e  l e s s  t h a n  2 7 . 9 6 ~ .  

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  shadow p r i c e s  o f  demands a t  

f u t u r e  t ime p e r i o d s  may be used t o  d e t e r m i n e  t h e  growth p o t e n t i a l  o f  

.va r ious  r e g i o n s .  L i m i t i n g  growth i n  a  r eg ion  w i t h  h i g h  shadow p r i c e s  

o f  f u t u r e  demands would r e s u l t  i n  g r e a t e r  s a v i n g s  t h a n  by l i m i t i n g  

growth i n  a  r e g i o n  w i t h  low shadow p r i c e s .  I t  i s  obv ious ,  f o r  example,  

t h a t  r educ ing  demands i n  Region 9  i n  f u t u r e  y e a r s  f o r  A l t e r n a t i v e  I 

would r e s u l t  i n  g r e a t e r  s a v i n g s  i n  wa te r  s u p p l y  c o s t s  t h a n  reduc ing  

demands i n  Region 1. I n  o t h e r  words,  from a  w a t e r  s u p p l y  c o s t  'viewpoint  

Region 1 h a s  a  g r e a t e r  growth p o t e n t i a l  t h a n  Region 9 .  There would be 

a  s a v i n g s  o f  24.67 - 1 3 . 1 9 ~  = 1 1 . 4 8 ~ 1 1 0 0 0  g a l l o n  f o r  demand t i t a t  can be  

t r a n s f e r r e d  from Region 9  t o  Region 1. T h e r e f o r e ,  i t  would be  more 

economical  i f  t h e  p r o j e c t e d  growth i n  Region 9  could  be encouraged t o  

occur  i n  Region 1 r a t h e r  than  Region 9 .  

5 .  SUMMARY AND CONCLUSIONS 

5 . 1  Su-ry 

The network approach  t o  wa te r  r e s o u r c e s  sys tems o p t i m i z a t i o n  i n c l u d e s  

modeling t h e  problem a s  a  network and s o l v i n g  i t  w i t h  a  network-based 

-56- 



s o l u t i o n  a l g o r i t h m .  The network model o f  a  w a t e r  r e s o u r c e s  sys tem 

c o n s i s t s  o f  nodes and d i r e c t e d  a r c s .  The nodes r e p r e s e n t  s u p p l i e s  where 

w a t e r  i s  o r i g i n a t e d  and u s e s  where wa te r  i s  "consumed." The "supply" 

nodes a r e  connected t o  a  common s o u r c e  node,  t h e  "use" nodes a r e  connected 

t o  a  common s i n k  node,  and t h e  "supply" and "use" nodes a r e  connected 

among themselves  by d i r e c t e d  a r c s  r e p r e s e n t i n g  v a r i o u s  a l l o c a t i o n  a l t e r n a -  

t i v e s .  A v a i l a b l e  s u p p l i e s  a r e  imposed a s  i n t e g e r - v a l u e  upper bounds on 

a r c s  e x i t i n g  from t h e  network s o u r c e  and demands a r e  imposed a s  i n t e g e r -  

valued lower 'bounds on a r c s  e n t e r i n g  t h e  network s i n k .  L i n e a r  u n i t  "cos t s"  

a r e  imposed on a p p r o p r i a t e  a r c s .  Any a d d i t i o n a l  c o n s t r a i n t s  on t h e  amount 

o f  w a t e r  t o  be a l l o c a t e d  from a  p a r t i c u l a r  supp ly  t o  a  p a r t i c u l a r  use  

may a l s o  be imposed on a p p r o p r i a t e  network a r c s .  Once modeled a s  a  

network,  a  w a t e r  r e s o u r c e s  a l l o c a t i o n  problem may be so lved  by a  network- 

based s o l u t i o n  a l g o r i t h m  such  a s  t h e  o u t - o f - k i l t e r  a l g o r i t h m .  

Water r e s o u r c e s  a l l o c a t i o n  problems w i t h  s e v e r a l  s u p p l i e s ,  i n c l u d i n g  

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

w a t e r  a r t i f i c i a l  r e c h a r g e  may b e  modeled a s  a  network and so lved  by 

network-based s o l u t i o n  methods , i f  t h e  wa te r  "cos t s"  can be  made l i n e a r .  

The s o l u t i o n  from t h e  o u t - o f - k i l t e r  a l g o r i t h m  r e s u l t s  i n  an  o p t i m a l  p l a n  

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

t o  meet a l l  demands. I n  a d d i t i o n  t h e  r e s u l t s  i n d i c a t e  t h e  o p t i m a l  s i z e  

o f  wa te r  s u p p l y  f a c i l i t i e s  and t h e  t ime  a t  which t h e y  w i l l  be needed.  

The r e s u l t s  a l s o  i n c l u d e  t h e  shadow p r i c e s  which can  be used t o  gu ide  

promotion of  f u t u r e  economic and p o p u l a t i o n  growth i n  t h e  b a s i n .  The 

network approach can  a l s o  be used t o  e v a l u a t e  v a r i o u s  p o l i c i e s  such as  

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

o f  any more r e s e r v o i r s  i n  t h e  b a s i n .  
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A network r e p r e s e n t a t i o n  o f  t h e  w a t e r  r e s o u r c e s  sys tem seems t o  

reduce t h e  problem t o  i t s  b a r e  e s s e n t i a l s  which h e l p s  t o  b r i n g  o u t  t h e  

fundamental  concep t s  n e c e s s a r y  f o r  i t s  s o l u t i o n .  Th i s  i s  due t o  t h e  

" s p e c i a l  c h a r a c t e r i s t i c s "  i n h e r e n t  i n  t h e  network s t r u c t u r e .  These 

c h a r a c t e r i s t i c s  a r e  e x e m p l i f i e d  by t h e  b i n a r y  r e l a t i o n s h i p s  between t h e  

nodes and a r c s  and t h e  p r e s e r v a t i o n  o f  f low through a l l  ne twork nodes 

and i n  t h e  network a s  a  whole. E x p l o i t i n g  t h e s e  " s p e c i a l  c h a r a c t e r i s t i c s ' '  

i s  what makes t h e  network s o l u t i o n  methods more p l a u s i b l e  and e f f i c i e n t  

than t h e  more common l i n e a r  programming Simplex Method and i t s  m o d i f i c a t i o n s .  

5 .2  Conc l u s  i o n s  

1. The network r e p r e s e n t a t i o n  o f  a  sys tem prov ides  t h e  p l a n n i n g  

agency w i t h  a  p h y s i c a l  p i c t u r e  r e v e a l i n g  v a r i o u s  components o f  t h e  sys tem 

s t r u c t u r e  and a l l o c a t i o n  a l t e r n a t i v e s .  

2. The o u t - o f - k i l t e r  a l g o r i t h m  i s  a n  e f f i c i e n t  s o l u t i o n  t echn ique .  

It  r e q u i r e s  a b o u t  1 /15  t h e  t i m e  f o r  t h e  Simplex Method. Fur the rmore ,  

t h e  o u t - o f - k i l t e r  a l g o r i t h m  p o i n t s  o u t  t h e  i n f e a s i b i l i t y  of a  problem 

i f  a  f e a s i b l e  s o l u t i o n  does  n o t  e x i s t .  

3 .  Large a l l o c a t i o n  problems c o n s i s t i n g  o f  thousands  o f  v a r i a b l e s  

and c o n s t r a i n t s  may be so lved  a t  a  r e a s o n a b l e  computer c o s t .  The computer 

t ime r e q u i r e d  t o  s o l v e  t h e  c a s e  s t u d y  which c o n s i s t e d  o f  175 nodes and 

805 a r c s  was l e s s  than two minutes  on a n  I B M  360175. 

4. The t ime v a r i a b l e  can  be  i n c o r p o r a t e d  i n t o  t h e  network s t r u c t u r e  

and t h e r e f o r e  conver ted  i n t o  a  space  v a r i a b l e ,  t h u s  r e d u c i n g  t h e  d i m e n s i o n a l i t y  

o f  t h e  problem. 

5.  The network-based s o l u t i o n  s o l u t i o n  t e c h n i q u e s  p rov ide  a  r eady  

means t o  e v a l u a t e  a l t e r n a t i v e  p o l i c i e s  and a l t e r n a t i v e  sys tem d e s i g n s .  

6 .  The r e s u l t s  from t h e  o u t - o f - k i l t e r  a l g o r i t h m  s o l u t i o n  i n d i c a t e s  
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whether t h e r e  i s  a  f e a s i b l e  s o l u t i o n  and i f  so  the  o p t i o n a l  a l l o c a t i o n  

p lan ,  opt imal  s i z e s  f o r  each element,and time each element w i l l  be needed. 

The shadow p r i ce s  can be used t o  eva lua t e  p o s s i b i l i t y  of t r ade  o f f s  o r  

they can  be used t o  guide the  s e t t i n g  of po l icy  toward f u t u r e  economic 

and populat ion growth i n  the  bas in .  

7 .  The l i n e a r i t y  of t he  o b j e c t i v e  func t ion  i s  b a s i c  t o  models t o  

be analyzed by the  network approach. Because of the  c o s t  and b e n e f i t  

func t ions  o f  water resources  systems a r e  ha rd ly  l i n e a r ,  l i n e a r i z a t i o n  

of these  c o e f f i c i e n t s  must precede any opt imiza t ion  process using t h i s  

approach. 

8. The f a c t  t h a t  flow needs t o  be preserved a t  every node of a  

network n e c e s s i t a t e s  t h a t  i n f i l t r a t i o n  and evaporat ion l o s s e s  be est imated 

independently p r i o r  t o  any network a n a l y s i s .  

9 .  Network modeling and the  o u t - o f - k i l t e r  a lgor i thm provide an 

e f f i c i e n t  t o o l  f o r  prel iminary sc reening  of  a l t e r n a t i v e  water  resource 

systems. 
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APPENDIX A PRESENT VALUE COSTS 

Table A . l  Ground Water Costs ( ~ / 1 0 0 0  ga l lons)*  

Region 19 70 1980 199 0 2000 2010 2020 

1 17.40 16.66 15.83 14.95 13.99 13.19 

-1. 

Compiled from Singh e t  a 1  (1972) 

Table A.2 Costs of Raw Surface Water ( ~ / 1 0 0 0  ga l lons)  

Source 1970 1980 1990 2000 2010 2020 

Eas t  Fork 
Yaskaskia 
River Res. 8.49 7.66 6.69 6.00 5.64 5.11 

Plum Creek 
Res. 11.02 9.40 8.31 7.43 6.70 6.08 

Rock Spring 
Branch Res. 33.74 28.55 25.81 23.33 21.34 19.50 

Shoal Creek 
Res. 11.39 10.97 9.76 8.78 8.01 7.71 

S i l v e r  Lake 
Res. 16.05 14.08 12.78 11.66 10.74 9.94 

Spanker Creek 
Res . 30.14 25.54 21.89 19.12 17.11 15.32 

Shelbyvi l le  
Res . 6.00 6.00 6.00 6.00 6.00 6.00 

Car ly le  Res. 6.00 6.00 6.00 6.00 6.00 6.00 



Taklr? A .  3 Costs of Surface Water Treatment ( ~ / 1 0 0 0  ga l lons )  

-- source 1970 1980 . 1990.. . . , 2000 2010 2020 d - 

East  ?ark Kaskaskia 
River Res. 9.20 8.97 8.46 8.01 7.52 7.34 

Plum Creek Res. 13.96 12.67 11.88 11.28 'lo. 83 10.45 

Rock Spring Res. 24.53 21.91 20.90 19.91 '19.20 18.50 

Shoal Creek Res. 12.90 12.97 12.04 11.28 10.74 9.91 

S i l v e r  Lake Res.. 17.19 15.62 14.67 13.86 13.22 12.66 

Spanker Creek Res. 20.10 18.43 17.09 16.14 15.60 15.08 

Shelbyvi l le  Res. 16.31 15.10 14. '17 13.41 12.85 12.32 

Car ly le  Res. 16.31 15.10 14.17 13.41 12.85 12.32 
- 
.- 

Table A .4  Water Transmiss ion Cost from Eas t  F ~ r k  Kaskaskia River Reservoir  
( ~ / 1 0 0 0  ga l lons )  

To region 1970 1980 1990 2000 2010 2020 

1 1176.54 532.85 270.86 144.29 79.99 45.78 



Table A.5 Water Transmission Costs from Plum Creek Reservoir 
( ~ / 1 0 0 0  ga l lons)  

To region .19 70, ,1980 1990 2000 2010 2020 

1 1843.67 835.35 424.82 226.42 125.59 71.92 

2 520.50 288.03 149.03 74.71 39.76 21.85 

3 463.91 218.77 100.88 49.99 26.43 14.62 

4 417.03 225.99 112.39 58.82 32.20 18.33 

5 441.66 197.76 92.64 46.96 25.43 14.38 

6 442.89 212.63 107.66 57.02 31.44 18.00 

7 229.69 120.15 61.71 33.01 18.39 10.38 

8 404.18 189.69 90.78 46.74 25.57 14.65 

9 54.41 26.09 13.45 7.30 4.12 2.30 

10 83.92 46.86 26.17 14.61 8.16 4.56 

Table A.6 Water Transmission Costs from Rock Spring Branch Reservoir 
( ~ / 1 0 0 0  ga l lons)  

- 

To region 1970 1980 1990 2000 2010 2020 

1 355.22 196.51 109.73 61.27 34.22 19.11 

2 353.10 195.50 101.70 51.66 27.84 15.52 

3 239.04 133.48 74.53 41.62 23.24 12.98 

4 133.28 74.72 41.56 23.20 12.96 7.24 

5 144.75 80.83 45.13 25.20 14.07 7.86 

6 68.83 38.43 21.46 11.98 6.69 3.74 



Table A.7 Water Transmission Costs from Shoal Creek Reservoir  
( c /  1000 ga l lons)  

To region 1970 1980 1990 , . . .  2000 2010 2020 

1 1034.23 468.31 238.04 126.81 70.30 40.24 

2 259.51 143.60 74.26 37.18 19.77 10.86 

3 195.84 92.26 42.49 21.03 11.11 6.15 

4 35.46 19.20 9.51 4.96 2.70 1.53 

5 190.80 85.35 39.94 20.22 10.95 6.18 

6 183.22 87.89 44.48 23.55 12.98 7.43 

7 122.76 65.37 34.89 19.48 10.88 6.08 

8 456.74 212.70 100.34 50.72 27.19 15.59 

9 150.45 75.21 40.67 22.82 12.75 7.12 

10 107.64 60.10 33.56 18.74 10.47 5.84 

Table A.8 Water Transmission Costs from S i l v e r  Lake Reservoir 
( ~ 1 1 0 0 0  ga l lons )  

To region 1970 1980 1990 2000 2010 2020 

1 1339.93 606.65 308.43 164.33 91.12 52.17 



Table A.9 Water Transmission Costs from Spanker Creek ~eservoir 
(~/1000 gallons) 

To region 1970 1980 1990 2000 2010 2020 

Table A.10 Water Transmission Costs from Shelbyville Reservoir 
(~/1000 gallons) 

To region 1970 1980 1990 2000 2010 2020 

1 531.00 240.26 122.01 64.92 35.95 20.55 



Table  A . l l  Water Transmiss ion Cos t s  from C a r l y l e  R e s e r v o i r  
(c /1000 g a l l o n s )  

To r e g i o n  197 0 1980 ,1990 2000 2010 2020 

Tab le  A.12 Cos t s  o f  A r t i f i c i a l  Recharge 

From Reser .  1970 1980 1990 2000 2010 2020 

E a s t  Fork 118.60 59.10 32.86 21.21 15.70 12.53 

Plum Creek 419.20 203.09 103.09 58.17 36.13 24.46 

Rock S p r i n g  118.34 77.56 54.94 41.36 33.18 27.88 

Shoal  Creek 206.19 100.32 53.70 33.00 22.96 17.89 

S i l v e r  Lake 94.75 55.25 36.46 26.72 20.92 17.39 

Spanker Crk. 117.49 76.08 51.88 37.63 29.21 23.85 

C a r l y l e  10.43 10.19 10.09 10.04 10.02 10.01 

- 
Table  A . 1 3  Cos t s  of  Imported Water (c /1000 g a l l o n s )  

Year Cost  

1970 22.04 




