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ABSTRACT 

METROFOLITAN WATER SUPPLY ALLOCATION AND OPERATION 

I n  m e t r o p o l i t a n  a r e a s ,  water  i s  s u p p l i e d  t o  consumers from one o r  more 
s o u r c e s  th rough  s e p a r a t e  bu t  a d j a c e n t  sys tems of f a c i l i t i e s  commonly owned 
and o p e r a t e d  by munic ipa l  governments.  A l l o c a t i o n  of  p r o d u c t i o n  and 
d i s t r i b u t i o n  i s  determined by t h e  demand con ta ined  w i t h i n  munic ipa l  
boundar ies  r a t h e r  t h a n  o n  t h e  b a s i s  of r e g i o n a l  e f f i c i e n c y .  Some sys tems 
may have more c a p a c i t y  t h a n  r e q u i r e d  t o  meet t h e i r  needs ,  w h i l e  o t h e r s  
have i n s u f f i c i e n t  c a p a c i t y ;  and t h e  e x c e s s  c a p a c i t y  of  one sys tem cou ld  be 
used t o  augment t h e  sys tem t h a t  l a c k s  c a p a c i t y  and t h e r e b y  improve t h e  o v e r a l l  
e f f i c i e n c y  of u t i l i z a t i o n .  When viewed a s  a  r e g i o n a l  a l l o c a t i o n  problem, 
t h e n ,  t h e  c h a l l e n g e  i s  t o  minimize t h e  t o t a l  c o s t  of  p r o v i d i n g  p o t a b l e  wa te r  
w i t h  a  g iven  s e t  of  f a c i l i t i e s  ( i n  t h e  economic s h o r t - r u n  s e n s e ) .  T h i s  can  . 

be accomplished by e q u a t i n g  t h e  m a r g i n a l  c o s t s  of p r o d u c t i o n  p l u s  t r a n s p o r t a t i o n  
among a l l  i n t e r c o n n e c t e d  sys tems of  t h e  r e g i o n ,  whi le  meet ing,  a s  c o n s t r a i n t s ,  
wa te r  demands and c a p a c i t y  l i m i t a t i o n s .  P roduc t ion  c o s t  and t r a n s p o r t a t i o n  
( d i s t r i b u t i o n )  c o s t  f u n c t i o n s  were determined f o r  s e l e c t e d  water  s u p p l y  
sys tems ( o r  subsystems)  i n  t h e  Chicago a r e a .  Product ion c o s t  and t r a n s p o r t a t i o n  
c o s t  f u n c t i o n s  were determined e c o n o m e t r i c a l l y  and,  f o r  t r a n s p o r t a t i o n c o s t s ,  
t e c h n o l o g i c a l l y  u s i n g  a  geometr ic  programming procedure .  The r e s u l t i n g  c o s t  
f u n c t i o n s  were t h e n  used i n  a n  example problem t o  i l l u s t r a t e  t h e  u t i l i t y  of  
t h e  proposed methodology f o r  a l l o c a t i o n  and o p e r a t i o n .  
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of t h e  I n t e r i o r  on Matching Grant  P r o j e c t  No. B-059-ILL., March 1974. 
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I. INTRODUCTION 

The management of met ropol i tan  water  resources  i s  g e n e r a l l y  focused 

around two a r e a s  of primary r e s p o n s i b i l i t y :  p rov i s ion  of water s u p p l i e s  

f o r  domestic,  commercial and i n d u s t r i a l  u se ;  and the  c o l l e c t i o n ,  t rea tment  

and d i s p o s a l  of wastewater and s torm runof f .  A t h i r d  a r ea  of r e s p o n s i b i l i t y ,  

p rov i s ion  of f lood  p r o t e c t i o n  and f lood-water  management, i s  o f t e n  c l o s e l y  

r e l a t e d  t o  t he  second a r e a ;  and i t s  problems, beyond those  of storm-water 

c o l l e c t i o n  and d i sposa l ,  a r e  o f t e n  l e s s  t r a c t a b l e  t o  t h e  development of 

gene ra l  s t r a t e g i e s  f o r  management, s i n c e  t h e  problems and, consequent ly ,  

t h e  s o l u t i o n s  tend t o  be l o c a t i o n  - and s i t e  - s p e c i f i c .  

Other problems of ( o r - o p p o r t u n i t i e s  f o r )  water  resources  management, 

dea l ing  wi th  a e s t h e t i c s ,  r e c r e a t i o n  and t r a n s p o r t a t i o n ,  a r e  even more 

s p e c i f i c  t o  t h e  p a r t i c u l a r  met ropol i tan  a r e a  i n  ques t i on ;  s t i l l ,  t he  man- 

agement s t r a t e g i e s  involved a r e  i n t i m a t e l y  r e l a t e d  t o  t hose  of t he  primary 

mission a r e a s  of water supply and wastewater management. 

The fundamental r o l e s  played by water supply and wastewater management 

i n  t h e  development of  methodologies f o r  met ropol i tan  water resources  

management l e d  us  t o  conclude t h a t  they  provide t h e  most promising en t rLe  

t o  t he  development of o v e r a l l  management s t r a t e g i e s .  The approach taken 

was t o  examine, by means of mathematical modeling, t h e  concept and 

d e f i n i t i o n  of " e f f i c i e n t  s i z e "  a s  i t  r e l a t e s  t o  s e r v i c e  d i s t r i c t s  f o r  

water  supply and d i s t r i b u t i o n  and f o r  wastewater c o l l e c t i o n  and t rea tment .  

Once the  c h a r a c t e r i s t i c s  of e f f i c i e n t  s e r v i c e  d i s t r i c t s  a r e  de l inea t ed  

and procedures devised f o r  i d e n t i f y i n g  t h e  l i m i t s  o r  boundaries of such 

d i s t r i c t s ,  a r eg iona l  model can be cons t ruc ted  i n  which t h e  many a l t e r n a t i v e s  

f o r  met ropol i tan  water resources  management can be examined and t h e  pos s ib l e  
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t r a d e - o f f s  between e f f i c i e n t  ope ra t i on  of  water supply systems, waste- 

water systems, and systems f o r  f l ood  c o n t r o l ,  wa te r - r e l a t ed  r e c r e a t i o n ,  

and o t h e r  water resource  management a r e a s  can be eva lua ted  on a  b a s i s  

more f i r m l y  r e l a t e d  t o  t h e  concepts  of e f f i c i e n c y .  

I n  prev ious ly  repor ted  s t u d i e s ,  we have examined the  economics of 

wastewater c o l l e c t i o n  networks (51), t h e  performance of r e g i o n a l l y - r e l a t e d  

wastewater t rea tment  p l a n t s  (52), and t h e  economic and water q u a l i t y  a s p e c t s  

of wastewater t rea tment  p l an t  c e n t r a l i z a t i o n  and d e c e n t r a l i z a t i o n  (54,55). 

This  r e p o r t  addresses  t h e  problem of e f f i c i e n t  s e r v i c e  d i s t r i c t s  f o r  water 

supply systems. 

I n  most met ropol i tan  a r e a s ,  water is  suppl ied  t o  t h e  gene ra l  pub l i c ,  

inc lud ing  commercial and i n d u s t r i a l  u s e r s ,  from one o r  more sources  

through f a c i l i t i e s  comprised of t rea tment  p l a n t s ,  pumping s t a t i o n s ,  

r e s e r v o i r s ,  and d i s t r i b u t i o n  networks. These f a c i l i t i e s  a r e  u s u a l l y  

grouped i n t o  s e p a r a t e  but ad j acen t  supply systems t h a t  a r e  owned and 

opera ted  by municipal  governments. The a r ea  served by each system tends  

t o  co inc ide  wi th  t h a t  of t h e  munic ipa l i ty .  A community t h a t  owns i t s  

own system o r d i n a r i l y  does no t  buy water from nor s e l l  water t o  o t h e r  

communities t h a t  have t h e i r  own systems. A l loca t ion  of product ion and 

t r a n s p o r t a t i o n  i s  determined by t h e  demand contained wi th in  municipal  

boundaries and is  thereby  g e o p o l i t i c a l l y  d i c t a t e d .  When an  i n d i v i d u a l  

supply system has more than one t rea tment  p l a n t  o r  pumping s t a t i o n ,  pro- 

duc t ion  and t r a n s p o r t a t i o n  a r e  a l l o c a t e d  according t o  t h e  design capac i -  

t ies of p l a n t s  and pumps and t h e  hyd rau l i c  c h a r a c t e r i s t i c s  of t he  d i s -  

t r i b u t i o n  network. 

I f  a  r e g i o n a l  a l l o c a t i v e  scheme based on municipal  boundaries is  

economically e f f i c i e n t ,  t h i s  e f f i c i e n c y  has been achieved l a r g e l y  by 



chance. Ce r t a in ly  not  a l l  systems i n  t h e  met ropol i tan  a r e a  a r e  operated 

a t  t h e i r  peak e f f i c i e n c y .  A t  any given time, some systems w i l l  have 

more capac i ty  than requi red  t o  meet t h e i r  needs while  o the r  systems w i l l  

have i n s u f f i c i e n t  capac i ty .  The excess  capac i ty  of one system could be 

used t o  augment t he  system t h a t  lacks  s u f f i c i e n t  capac i ty  and thereby 

improve the  u t i l i z a t i o n  of t rea tment ,  t r a n s p o r t a t i o n ,  and s to rage  f a c i l i -  

t i e s  of both systems. Hydraulic cons ide ra t ions  play an important r o l e  

i n  determining the  use of t reatment  p l a n t s ,  pumps, r e s e r v o i r s ,  and 

d i s t r i b u t i o n  networks; however, i n  any complex supply system, the re  e x i s t  

a  g r e a t  number of ways t o  combine these  f a c i l i t i e s  i n  o rde r  t o  meet t he  

demands f o r  water .  Hydraulic a n a l y s i s  does not  i d e n t i f y  t h e  most 

economically e f f i c i e n t  a l t e r n a t i v e .  What i s  lacking  i n  both hydraul ic  

and g e o p o l i t i c a l  a l l o c a t i o n  schemes i s  cons idera t ion  of t he  economic 

c h a r a c t e r i s t i c s  of t he  production and t r a n s p o r t a t i o n  f a c i l i t i e s .  

The f e a s i b l e  s e t  of t reatment  and t r a n s p o r t a t i o n  f a c i l i t i e s  t h a t  

can be employed t o  meet given water demands i s  defined by hydraul ic  and 

p o l i t i c a l  cons ide ra t ions .  The condi t ions  of economic e f f i c i e n c y  provide 

a  r a t i o n a l e  f o r  s e l e c t i n g  the  opt imal  combination of t reatment  and t r a n s -  

p o r t a t i o n  f a c i l i t i e s  from the  f e a s i b l e  s e t .  Economic e f f i c i e n c y  i s  defined 

a s  t h a t  s i t u a t i o n  i n  which production and t r a n s p o r t a t i o n  a r e  so a l l o c a t e d  

among t h e  var ious  f a c i l i t i e s  t h a t  any change i n  a l l o c a t i o n  w i l l  i nc rease  

t h e  c o s t  of meeting demands and supplying water t o  t h e  region.  Of course,  

t h e  var ious  municipal o r  sub-systems must be phys i ca l ly  interconnected i n  

order  t o  implement t h e  o p t i o n a l  s t r a t e g y .  Adjacent water supply systems 

a r e  o f t e n  interconnected f o r  emergency purposes, a l though t h e  l i n k s  a r e  

seldom i f  ever  used. However, i f  connections had t o  be cons t ruc ted  o r  

enlarged,  t he  c o s t  would be i n s i g n i f i c a n t  compared t o  t he  c o s t  of a d d i t i o n a l  
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pump, t u n n e l  o r  t r e a t m e n t  c a p a c i t y .  Consequently,  t h e  s m a l l  c a p i t a l  

e x p e n d i t u r e s  r e q u i r e d  t o  i n t e r c o n n e c t  a d j a c e n t  sys tems would n o t  p r e c l u d e  

t h e  u s e  of s h o r t - r u n  economic a n a l y s i s  f o r  e v a l u a t i n g  a l t e r n a t i v e  s t r a t e g i e s .  

The problem, t h e n ,  i s  t o  minimize t h e  t o t a l  c o s t  o f  p r o v i d i n g  p o t a b l e  

w a t e r ,  g iven  a  m u l t i p l e - p l a n t ,  r e g i o n a l  w a t e r  supp ly  system. I n  t h i s  

paper ,  c o s t  min imiza t ion  w i l l  be d e a l t  w i t h  o n l y  i n  terms of s h o r t - r u n  

economic c o n s i d e r a t i o n s .  Opt imal  o p e r a t i o n  o r  u t i l i z a t i o n  o f  t h e  r e g i o n a l  

s u p p l y  sys tem i s  t h e  c e n t r a l  i s s u e  and n o t  t h e  development o r  expansion o f  

t h e  system. Under t h e  c o n d i t i o n s  o f  s h o r t - r u n  a n a l y s i s ,  t h e  c a p a c i t y  o f  a  

sys tem cannot  be p h y s i c a l l y  e n l a r g e d .  However, any p o r t i o n  o f  t h e  s y s t e m ' s  

c a p a c i t y  can be l e f t  i d l e  shou ld  i t  prove b e n e f i c i a l  t o  do s o .  

S h o r t - r u n  economic a n a l y s i s  p r o v i d e s  t h e  means t o  e v a l u a t e  a l t e r n a t i v e  

s t r a t e g i e s  f o r  u t i l i z i n g  more e f f i c i e n t l y  t h a t  which a l r e a d y  e x i s t s .  A s  

noted above, t h e r e  i s  l i k e l y  t o  be e x c e s s  c a p a c i t y  i n  any g iven  r e g i o n a l  

supp ly  system. The i n a b i l i t y  t o  employ t h i s  c a p a c i t y  t o  meet c r i t i c a l  

demands i s  due,  i n  l a r g e  p a r t ,  t o  t h e  u n f o r t u n a t e  d i s t r i b u t i o n  of t h e  

demands i n  t ime  and space  and t o  t h e  i n f l e x i b l e  d i s p o s i t i o n  o f  wa te r  t r e a t - .  

ment, s t o r a g e ,  and conveyance f a c i l i t i e s .  But b e f o r e  a d d i t i o n a l  c a p a c i t y  

i s  cons idered  (which would r e q u i r e  long-run economic a n a l y s i s )  , t h e  

e x i s t i n g  sys tem shou ld  be s c r u t i n i z e d  and an  a t t e m p t  made t o  f u l l y  employ 

t h e  a v a i l a b l e  f a c i l i t i e s  th rough  o p e r a t i o n a l  c o n t r o l s .  

I n  o r d e r  t o  a c h i e v e  t h e  d e s i r e d  minimum c o s t ,  t h e  c a p a b i l i t y  o r  

c a p a c i t y  of each  system element  ( t r e a t m e n t  p l a n t s ,  pumps, d i s t r i b u t i o n  

networks) must be a s s e s s e d ;  and, based on t h i s  knowledge, each  e lement  

must be o p t i m a l l y  employed. While most p l a n t s  cannot  be p h y s i c a l l y  moved, 

t h e i r  demand l o a d s ,  o r  s e r v i c e  a r e a s ,  can be m d i f i e d .  Such changes may 

be r e q u i r e d  t o  more f u l l y  e x p l o i t  t h e  determined s e r v i c e  and economic 
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a t t r i b u t e s  of a  p a r t i c u l a r  element.  Any changes t h a t  a r e  made must 

p reserve  t h e  i n t e g r i t y  of  t h e  t o t a l  system s i n c e  o p t i m a l i t y  is  based 

on the  concerted ope ra t i on  of every element.  A s  t h e  demand f o r  water  

must be s a t i s f i e d ,  a  r educ t ion  i n  t h e  usage of one f a c i l i t y  must be 

accompanied by t h e  increased usage of a t  l e a s t  one o t h e r  element.  By 

a l t e r i n g  s e r v i c e  a r ea s ,  demand loads  a r e  moved t o ,  and away from, p a r t i c u -  

l a r  f a c i l i t i e s  i n  t h e  system, which i n  a  sense  i s  a  r e a l l o c a t i o n  of capac i ty .  

But r e g a r d l e s s  of whether demand i s  s h i f t e d  o r  t h e  capac i ty  t o  supply demand 

i s  r e l o c a t e d ,  t h e  s o l u t i o n  t o  t he  problem fo l lows  from t h e  op t imal  d e l i n e a t i o n  

of s e r v i c e  a r ea s .  

I n  t u r n ,  determinat ion of t h e  minimizing market a r e a  con f igu ra t i on  is  

based on equa t ing ,  f o r  a l l  source  a r e a s ,  t h e  sum of t he  marginal  c o s t s  of 

t h  product ion and t r a n s p o r t a t i o n .  For t h e  ith and j s e r v i c e  a r ea s ,  t h e  

marginal  c o s t  of producing an a d d i t i o n a l  u n i t  of water  a t  t h e  ith p l a n t  

and t r a n s p o r t i n g  it i n  t h e  s e r v i c e  a r e a  must be e x a c t l y  equa l  t o  t h e  

marginal  c o s t  of producing an  a d d i t i o n a l  u n i t  of water a t  t he  jth p l a n t  

p l u s  t h e  a s soc i a t ed  marginal  c o s t  of t r a n s p o r t a t i o n  t o  and wi th in  i t s  

s e r v i c e  a r ea .  Each s e r v i c e  a r ea  e x e r t s  a  demand f o r  water ;  and t h i s  

demand d i c t a t e s  t h e  q u a n t i t y  of water produced a t  a  p a r t i c u l a r  t rea tment  

p l a n t  and t r anspo r t ed  throughout t h e  a r e a .  The q u a n t i t i e s  produced and 

t r anspo r t ed  de f ine  t h e  marginal  c o s t s ,  and t h e  marginal  c o s t s  should be 

used t o  d e f i n e  t h e  s e r v i c e  a r ea .  I n  o rde r  t o  equa te  marginal  c o s t s  between 

s e r v i c e  a r e a s ,  t h e s e  a r e a s  must change i n  accordance wi th  t h e  economic 

c h a r a c t e r i s t i c s  of t h e i r  t reatment  and t r a n s p o r t a t i o n  f a c i l i t i e s .  A 

s ta tement  by Moses (26), al though taken  somewhat o u t  of con tex t  and of 

a  more gene ra l  a p p l i c a t i o n ,  exp la in s  t h e  na ture  of t h e  process:  "...exogenous 

change i n  demand f o r  a  commodity i n  one reg ion  may a f f e c t . . .  t h e  s p a t i a l  
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d i s t r i b u t i o n  o f  consumption, p r o d u c t i o n ,  e t c . ,  o f  a l l  commodities i n  a l l  

reg ions . "  As t h e  s e r v i c e  a r e a  boundar ies  change,  t h e  d i s t r i b u t i o n  of 

demand f a c e d  by each  w a t e r  t r e a t m e n t  p l a n t  and pumping s t a t i o n  changes;  

and,  s i n c e  s u p p l y  must e q u a l  demand, t h e  d i s t r i b u t i o n  o f  p roduc t ion  and 

t r a n s p o r t a t i o n  changes .  

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

b a s i s  f o r  e f f e c t i v e  p lann ing  and c o n t r o l  o f  water d i s t r i b u t i o n  systems.  

As was no ted  by Pagnot to  (38),  Load C o n t r o l  Systems Engineer  f o r  t h e  

P h i l a d e l p h i a  Water Department, t h i s  f i e l d  o f  i n q u i r y  has  been p r a c t i c a l l y  

ignored and y e t  it is q u i t e  impor tan t  " . . .consider ing t h a t  o v e r  f i f t y  

p e r c e n t  of p l a n t  inves tment  i s  r e p r e s e n t e d  i n  t h e  p i p i n g  and t h e  t r a n s -  

m i s s i o n  f a c i l i t i e s . "  Of a rmre g e n e r a l  n a t u r e ,  Koenig i n d i c a t e d  t h a t  as 

one o f  t h e  purposes  of h i s  i n q u i r y  i n t o  t h e  c o s t  o f  w a t e r  t r e a t m e n t  (28) 

was t o  " . . .obta in  a t  l e a s t  some p r e l i m i n a r y  d a t a  b e a r i n g  o n  t h e  q u e s t i o n :  

Is t h e r e  some r e a s o n a b l e  p r o b a b i l i t y  t h a t  wa te r  t r e a t m e n t  c o s t s  cou ld  be 

reduced o v e r  p r e s e n t  p r a c t i c e  i n  d e s i g n  and o p e r a t i o n  by t h e  a p p l i c a t i o n  

o f  modern p r o c e s s  o p t i m i z a t i o n  t echn iques?"  Although o p t i m i z a t i o n  was 

n o t  a t t e m p t e d ,  he  concluded t h a t  s u b s t a n t i a l  s a v i n g s  cou ld  n o t  be ach ieved  

th rough  c o n t r o l  t e c h n i q u e s .  However, t h e  r e d u c t i o n  i n  o p e r a t i n g  c o s t s ,  

whether t r e a t m e n t  o r  d i s t r i b u t i o n ,  i s  n o t  t h e  o n l y  i s s u e  i n  q u e s t i o n .  

What i s  more i m p o r t a n t  is how t o  o p e r a t e  a water s u p p l y  sys tem s o  as t o  

avo id  o r  d e f e r  f u r t 5 e r  c a p i t a l  inves tment .  To a c h i e v e  t h i s  end ,  mean 

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

o f  m a r g i n a l  c o s t  a l l o c a t i o n  can  be used t o  e v a l u a t e  f e a s i b l e  c o n t r o l  

s t r a t e g i e s .  

Before  t h e  r e l e v a n t  m a r g i n a l  c o s t s  can be e s t a b l i s h e d ,  q u a n t i t a t i v e  

r e l a t i o n s h i p s  between t h e  c o s t s  o f  b o t h  t r a n s p o r t a t i o n  and p roduc t ion  and 
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t h e  q u a n t i t y  of water must be defined.  Then, t hese  func t iona l  r e l a t i o n -  

s h i p s  must bs combined i n t o  a n  o b j e c t i v e  func t ion  t h a t  descr ibes  t h e  

v a r i a b l e  c o s t  of r eg iona l  water supply. This  research  r e p o r t  p re sen t s  a  

methodology f o r  c r e a t i n g  t h e  o b j e c t i v e  func t ion .  This  func t ion  incor -  

pora tes  product ion and t r a n s p o r t a t i o n  c o s t s  a s  w e l l  a s  t h e  c o n s t r a i n t s  

of meeting water demands and capac i ty  l i m i t a t i o n s .  Using e s t a b l i s h e d  

techniques,  t he  o b j e c t i v e  func t ion  i s  minimized, and marginal  c o s t s  

among s e r v i c e  a r e a s  a r e  equated. 

For gene ra l  perspec t ive ,  a  b r i e f  p r o f i l e  of t h e  municipal water 

supply indus t ry  along wi th  a  d e s c r i p t i o n  of phys ica l  f a c i l i t i e s ,  t rea tment  

processes ,  and water supply problems e x i s t i n g  i n  t he  t e s t  environment a r e  

given i n  t h i s  d i s s e r t a t i o n .  Relevant economic theory,  i t s  development and 

a p p l i c a t i o n  a r e  presented.  Actual  c o s t  func t ions  f o r  d i s t r i b u t i o n  f a c i l i t i e s  

and t reatment  p l a n t s  a r e  given. F i n a l l y ,  an exemplary r eg iona l  func t ion  i s  

cons t ruc ted ,  and i t s  minimization i s  demonstrated. 
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11. MUNICIPAL WATER SUPPLY INDUSTRY 

Output 

The domes t ic  w a t e r  supp ly  i n d u s t r y  produces  a "se rv ice -produc t ' '  ( 4 4 ) .  

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

g iven  q u a n t i t y  o f  w a t e r  on demand a t  a p r e s c r i b e d  p r e s s u r e .  The p u r i t y  

a s p e c t  of w a t e r  is  n o t  d e a l t  w i t h  i.n t h i s  d i s s e r t a t i o n  i n  t h e  s e n s e  t h a t  

t h e  obv ious  t r a d e - o f f s  between s l i g h t l y  less p u r e  w a t e r  and s l i g h t l y  r e -  

duced c o s t s  a r e  n o t  analyzed.  

Treatment  p r o c e s s e s  t r a n s f o r m  raw w a t e r  i n p u t  i n t o  a produc t  t h a t  

must meet s p e c i f i c  s t a n d a r d s  of p u r i t y .  Dr ink ing  w a t e r  s t a n d a r d s  a r e  

promulgated by the i i n i t e d  S t a t e s  Gepartment of I iea l th ,  and ruany s t a t e s :  

adop t  t h e s e  s t a n d a r d s  o r  some s t a t e s  e n f o r c e  t h e i r  own s t a n d a r d s .  Drink- 

i n g  w a t e r  s t a n d a r d s  are des igned  t o  i n s u r e  p u b l i c  h e a l t h  and s a f e t y .  

While t h e  p roduc t  must be s a f e  f o r  domes t ic  consumption,  i t  a l s o  s h o u l d  

b e  p a l a t a b l e  and f r e e  from o b j e c t i o n a b l e  o d o r s .  I n  a d d i t i o n ,  i t  must b e  

d e l i v e r e d  t o  t h e  consumer w i t h  a d e q u a t e  p r e s s u r e .  The t e c h n o l o g i c a l  

c o n c e p t s  of c o l l e c t i o n ,  p roduc t ion ,  and d i s t r i b u t i o n  a r e  w e l l  e s t a b l i s h e d  

and p r e s e n t  few problems t o  t h e  i n d u s t r y .  

Unl ike  t h e  p roduc t  o u t p u t ,  t h e  s e r v i c e  o u t p u t  p r e s e n t s  a f o r m i d a b l e  

problem t o  t h e  i n d u s t r y .  The i n d u s t r y  i s  c o n s t r a i n e d  t o  meet demand. 

T h i s  means t h a t  w a t e r  must be  s u p p l i e d  more o r  l e s s  i n s t a n t a n e o u s l y  and  

c o n t i n u o u s l y .  Consequent ly ,  t h e  demand f o r  w a t e r  d i c t a t e s  b o t h  t h e  mag- 

n i t u d e  and s c h e d u l e  o f  p roduc t ion .  The w a t e r  i n d u s t r y  i s  r e s p o n s i b l e  

f o r  s u p p l y i n g  c u r r e n t  demands a s  w e l l  a s  a n t i c i p a t i n g  and mee t ing  f u t u r e  

demands. P h y s i c a l  p l a n t  must b e  o p e r a t e d ,  improved and expanded i n  s u c h  

a  manner a s  n o t  t o  j e o p a r d i z e  t h e  s a f e t y  o r  t h e  economic development o f  

t h e  dependent  community. 
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The demand f o r  wa te r ,  a s  a  f u n c t i o n  of t i m e ,  does more t o  i n f luence  

t h e  ou tput  c h a r a c t e r i s t i c s  of a  p a r t i c u l a r  system than  any o t h e r  f a c t o r .  

Demand v a r i e s  d i u r n a l l y  a s  w e l l  a s  from day t o  day, and from season  t o  

season.  I f  demand were uniform throughout t h e  day and y e a r ,  product ion 

could b e  scheduled and c o s t  and p r i c e s  f i rmly  e s t a b l i s h e d .  However, 

t h i s  is  n o t  t h e  case .  I n  F igure  11-1, supply is p l o t t e d  a g a i n s t  t i m e  

f o r  a  t y p i c a l  summer day i n  1968 f o r  t h e  Chicago wa te r  supply system. 

S ince  it i s  v i r t u a l l y  impossible  t o  measure demand, a s  such ,  i t  i s  con- 

s i d e r e d  t o  equa l  supply s o  long a s  no g ros s  v i o l a t i o n s  of  t h e  minimum 

p r e s s u r e  requirements  of t h e  system e x i s t  and few complaints  have been 

r epo r t ed  by custom2rs. A t  4:00 i n  the  -,orni.ng the demand r a t e  was zbout 

900 m i l l i o n  g a l l o n s  p e r  day (MGD), bu t  by 4:00 i n  t h e  a f t e rnoon  t h e  de-  

mand r a t e  was approximately 2,200 MGD. For t h i s  same y e a r  and supply 

system, t h e  pumpage f o r  an annual  average  day was approximately 1,024 

MGD, t h e  minimum day 796 MGD, and t h e  maximum day 1,666 MGD. 

The f a c t o r s  a f f e c t i n g  d a i l y  water  demand a r e  domest ic  and i n d u s t r i a l  

consumption, a i r  temperature ,  r a i n f a l l ,  e t c .  The i n f l u e n c e  of  t h e s e  

f a c t o r s  v a r i e s  bo th  s p a t i a l l y  and temporal ly .  I n  t h e  i n d u s t r i a l  a r e a s  

of Chicago, t h e  peak hour ly  pumpage occurs  a t  about 8:00 a.m., remains 

cons t an t  f o r  t h e  nex t  e i g h t  hours ,  and then  r a p i d l y  t a p e r s  o f f .  I n  sub- 

urban a r e a s ,  demand s t a r t s  about noon, peaks around 4:00 p.m. and a g a i n  

a t  9:00 p.m., and then  begins  t o  dec l ine .  I n  o r d e r  t o  s a t i s f y  t h e  s e r -  

v i c e  c o n s t r a i n t ,  t h e  water  supply system must have s u f f i c i e n t  capac i ty  

t o  meet peak demands. Consequently, excess  t rea tment  and pumping o r  

s t o r a g e  capac i ty  must be  maintained;  and, s i n c e  extreme even t s  occur  on ly  

one o r  two days each yea r  (and then j u s t  f o r  a  few h o u r s ) ,  a  l a r g e  p a r t  

of t h e  system remains i d l e  f o r  s u b s t a n t i a l  pe r iods  of t i m e .  
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Phys i ca l  P l a n t  

Along wi th  demand, t h e  q u a n t i t y  and q u a l i t y  of raw water  i npu t  de- 

f i n e  t h e  technology and p h y s i c a l  p l a n t  of t h e  water  supply system. The 

municipal  water  supply system i s  p h y s i c a l l y  c h a r a c t e r i z e d  by i t s  c o l l e c -  

t i o n ,  t r ea tmen t ,  and d i s t r i b u t i o n  f a c i l i t i e s .  Wells ,  r i v e r s ,  n a t u r a l  

l a k e s ,  r e s e r v o i r s ,  and oceans a r e  sou rces  of raw ~ ~ a t e r .  Co l l ec t i on  and 

d i v e r s i o n  of t h e s e  s u p p l i e s  t o  t rea tment  works a r e  accomplished by means 

of  r e s e r v o i r s  and dams, aqueducts ,  t u n n e l s ,  pumps, and o t h e r  h y d r a u l i c  

s t r u c t u r e s .  Treatment p l a n t s  t ransform t h e  raw water  i n t o  po t ab l e  out-  

pu t  by one o r  more processes  such a s  c h l o r i n a t i o n ,  s e t t l i n g ,  f i l t r a t i o n ,  

scftening, =nd!or d e s a l i n a t i o n .  Trea ted  water  m a y  b~ s to red  temporarj-ly 

i n  ground s u r f a c e  o r  e l eva t ed  r e s e r v o i r s  f o r  l a t e r  d i s t r i b u t i o n  o r ,  i m -  

media te ly  a f t e r  t r ea tmen t ,  i t  may be  d i s t r i b u t e d  by means of g r a v i t y  o r  

pumps through tunne l s  and p ipe  networks.  

The des ign  of t h e  water  supply system i s  most commonly based on t h e  

c r i t e r i o n  of maximum day demand. By no t  i nc lud ing  s t o r a g e  f o r  t r e a t e d  

wa te r  i n  t h e  des ign ,  s u b s t a n t i a l  t rea tment  and d i s t r i b u t i o n  c a p a c i t y  

would be  r equ i r ed  and c a p i t a l  c o s t  would b e  q u i t e  high. By jud i c ious  

placement of s t o r a g e  i n  t h e  d i s t r i b u t i o n  system, t r ea tmen t  p l a n t s ,  pumps, 

and p ipe  networks can b e  reduced i n  s i z e  which w i l l  reduce  c a p i t a l  c o s t .  

Also, t h e  u s e  of s t o r a g e  permi ts  more uniform product ion  schedules  and 

presumably improvement i n  water  q u a l i t y  and b e t t e r  c o n t r o l  over  chemical 

c o s t s .  S torage  i s  expensive,  and i n  most cases  t h e  maintenance of su f -  

f i c i e n t  s t o r a g e  t o  keep product ion  a t  a  cons t an t  l e v e l  would b e  p roh ib i -  

t i v e .  There is ,  of course,  an economic ba lance  between t rea tment  and 

d i s t r i b u t i o n  c a p a c i t y  and s t o r a g e  capac i ty .  There i s  evidence (4 )  t h a t  

a  s i x  pe rcen t  t o  16 percent  r educ t ion  i n  c a p i t a l  c o s t  can be  achieved by 



des ign ing  t h e  wa te r  supply system f o r  t h e  average day demand wh i l e  us ing  

s t o r a g e  t o  meet maximum day and maximum hour demand. 

The c o s t  of c o n s t r u c t i n g ,  main ta in ing  and o p e r a t i n g  t h e  r e q u i r e d  

p h y s i c a l  p l a n t  f o r  a  wa te r  supply system is h igh  r e l a t i v e  t o  o t h e r  i n -  

d u s t r i e s .  The c a p i t a l  tu rnover  r a t i o  (21) ,  i . e . ,  g ros s  revenues t o  cap-. 

i t a l  investment ,  i s  one t o  f i v e  f o r  t h e  water  supp1.y u t i l i t i e s  a s  com- 

pared t o  t h r e e  t o  f i v e  f o r  gas  u t i l i t i e s  and two t o  one f o r  p r i v a t e  man-. 

uEac tur ing  ( s e e  Table  11-1). The low r e t u r n  on c a p i t a l  investment  i s ,  

accord ing  t o  H i r s h l e i f e r  (23) ,  an i n d i c a t i o n  t h a t  t h e r e  i s  overinvestment  

i n  t h e  wa te r  supply i ndus t ry .  H i r s h l e i f e r  ma in t a in s  t h a t  t h e r e  i s  t y p i -  

c a l l y  premature and ove r ly  anlbitious investment 511 the ;'.ndustry. A f ~ r -  

t h e r  exp lana t ion  of t h e  low r e t u r n  f o r  c a p i t a l  i n v e s t e d  is g iven  by 

Hur t e r  (23A): " . . . ( t he  low r e t u r n )  may a l s o  b e  an  i n d i c a t i o n  t h a t  who- 

eve r  c o n t r o l s  t h e  wa te r  supply system i s  us ing  an e x c e p t i o n a l l y  low r a t e  

of discount ,  e i t h e r  on t h e  grounds of s o c i a l  o r  community benefi . t ,  o r  

ou t  of  ignorance o r  e r r o r . "  

Table  11-1 
SELECTED CAPITAL TURNOVJ3R RATIOS 

INDUSTRY C.T.R. 

E l e c t r i c  u t i l i t i e s  0.30 
Na tu ra l  gas  u t i l i t i e s  0.60 
Na tu ra l  gas p i p e l i n e s  0.40 
B e l l  Telephone System 0.40 
Water u t i l i t i e s  0.20 
T o t a l  manufacturing 2.00 

Costs  o f t h e  "service-product"  r e s u l t  from energy,  m a t e r i a l s ,  wages, 

i n t e r e s t ,  maintenance, and dep rec i a t i on .  These c o s t s  can b e  grouped 

i n t o  t h r e e  c a t e g o r i e s  (44): f i x e d ,  f i x e d  ope ra t i ng ,  and v a r i a b l e  
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ope ra t i ng .  Fixed c o s t s  a r e  c a p i t a l  c o s t s  such a s  i n t e r e s t  and deprec ia -  

t i o n :  they  a r e  r e l a t e d  t o  p l a n t  capac i ty  bu t  a r e  n o t  a f f e c t e d  by t h e  

a c t u a l  l e v e l  of product ion.  Fixed o p e r a t i n g  c o s t s  a r e  maintenance, 

wages, and o t h e r  overhead i tems such a s  p l a n t  l i g h t i n g  and hea t ing .  I f  

a  p a r t i c u l a r  f a c i l i t y  o r  system were t o  b e  t o t a l l y  s h u t  down, f i x e d  op- 

e r a t i n g  c o s t s  could be avoided whereas f i x e d  c o s t s  could n o t .  Va r i ab l e  

o p e r a t i n g  c o s t s  a r e  chemical and power c o s t s  and o t h e r  c o s t s  which r e l a t e  

d i r e c t l y  t o  t h e  l e v e l  of product ion.  I n  1970, Chicago's Bureau of Water 

r e p o r t e d  t h a t  t o t a l  c o s t s  ( t h e  sum of  f i x e d ,  f i x e d  o p e r a t i n g  and v a r i a b l e  

o p e r a t i n g  c o s t s )  were approximately $65,000,000 (7 ) .  Of t h a t  amount, 1 4  

,.11. u l ~ ~ i o n  d o l l a r s  were f i x e d  c o s t s ,  46 m i l i f o n  d o l a r s  vere f i x e d  ape raz ing  

c o s t s ,  and 5  m i l l i o n  d o l l a r s  were v a r i a b l e  ope ra t i ng  c o s t s .  Th i s  means 

t h a t  92 pe rcen t  of t h e  t o t a l  c o s t s  were f i xed  and only  e i g h t  pe rcen t  of 

t h e  c o s t s  were v a r i a b l e  and s e n s i t i v e  t o  product ion l e v e l s .  En o t h e r  

u t i l i t y  i n d u s t r i e s ,  f i xed  c o s t s  accounted f o r  60 t o  80 pe rcen t  of t h e  

t o t a l  c o s t s  (44).  I n  a  s tudy  done by Forn and Warford (17) ,  v a r i a b l e  

o p e r a t i n g  c o s t s  f o r  t h e  Manchester Water Supply System were approximately 

f o u r  pe rcen t  of t o t a l  c o s t s .  

Given t h e  dominance of f i xed  c o s t s ,  t h e  wa te r  supply i n d u s t r y  has  

been c h a r a c t e r i z e d ,  not  s u r p r i s i n g l y ,  a s  one of decreasi.ng average c o s t s  

(8) (44) (45).  I nc reases  i n  product ion  do l i t t l e  t o  a f f e c t  t o t a l  c o s t .  

Consequently,  average t o t a l  c o s t  decreases  a s  product ion  l e v e l s  i nc rease .  

Considerable  a t t e n t i o n  has  been given t o  t h i s  a s p e c t ,  p a r t i c u l a r l y  i n  

r ega rd  t o  e s t a b l i s h i n g  t h e  p r i c e  of t r e a t e d  wa te r  (18) (19) (42) .  Fac- 

t o r s  c o n t r i b u t i n g  t o  d e c l i n i n g  average c o s t s  a r e  overinvestment ,  i n v e s t -  

ment i n  phys i ca l  r a t h e r  than o p e r a t i o n a l  a l t e r n a t i v e s ,  and, of course ,  

t h e  h igh ly  v a r i a b l e  temporal d i s t r i b u t i o n  of demand. Th i s  l a t t e r  f a c t o r ,  

a long w i t h  t h e  c o n s t r a i n t  t h a t  demand must be met,  a f f e c t s  t o t a l  average 
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c o s t s  because t h e  t rea tment  p l a n t ,  pumps and s t o r a g e  c a p a c i t i e s ,  re -  

qu i r ed  t o  meet peak demands, remain i d l e  most of t h e  t ime. During t h e i r  

i d l e  pe r iod ,  they  a r e  no t  c o n t r i b u t i n g  t o  t h e  making of revenue,  y e t  i n -  

t e r e s t  payments must cont inue  whether o r  n o t  t h e  f a c i l i t y  i s  f u l l y  

u t i l i z e d .  

Management 

P u b l i c  ownership i n  t h e  wa te r  supply i n d u s t r y  i s  s o  s t r o n g l y  en- 

t renched  t h a t  i t  i s  v i r t u a l l y  taken  f o r  g ran ted  (8). The unusua l ly  h igh  

c a p i t a l  investment  r equ i r ed  t o  c o n s t r u c t ,  o p e r a t e ,  and ma in t a in  a  wa te r  

supply system r e q u i r e s  cons ide rab l e  f i n a n c l a , ,  power. The low r e t u r n  on 

inves t ed  c a p i t a l  makes such a  ven tu re  u n a t t r a c t i v e  f o r  p r i v a t e  c a p i t a l  

(18). The assessment of c o s t s  and value of s e r v i c e s  i s  p a r t i c u l a r l y  

d i f f i c u l t  t o  e s t a b l i s h  because of t h e  j o i n t  r e l a t i o n s h i p  between wa te r  

supply and p u b l i c  h e a l t h ,  s a n i t a t i o n ,  cormunity growth, and f i r e  pro tec-  

t i o n .  While p r i v a t e  i n d u s t r y  would r e q u i r e  co~npensat ion t o  cover t o t a l  

p roduct ion  and d i s t r i b u t i o n  c o s t s ,  governmental ownership can i n s u r e  

product ion  even a t  a  l o s s ,  recognize  e x t e r n a l  b e n e f i t s ,  and s u b s i d i z e  

t h e  supply  system i f  necessary .  However, t h e r e  a r e  some s u c c e s s f u l ,  

p r i v a t e l y  owned wa te r  u t i l i t i e s .  

Governmental ownership u s u a l l y  t akes  t h e  form of munic ipa l  owner- 

sh ip .  T roxe l  (45) n o t e s  t h a t  a  s i n g l e  c i t y  i s  u s u a l l y  t h e  optimum market 

a r e a  f o r  a  supply system. This  market d e f i n i t i o n  probably i s  n o t  cor- 

r e c t ;  however, t h e r e  a r e  few examples upon whi.ch t o  b a s e  t h i s  opinion.  

A community w i l l  b u i l d  a  system t o  s e r v e  i t s  own needs.  Boundaries a r e  

e s t a b l i s h e d  and changed n o t  from a  c o n s i d e r a t i o n  of op t imiz ing  water  

supply s e r v i c e  b u t  r a t h e r  from p o l i t i c a l  cons ide ra t i ons .  

While t h e  Chicago's water  supply system s e r v e s  t h e  c i t y  of Chicago 
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and 72 suburbs ,  i t  i s  not  r e a l l y  a  r e g i o n a l  system. Operators  of t h e  

Chicago system have no c o n t r o l  over  suburban syscems which they  s e r v e .  

For example, s t o r age  capac i ty  a v a i l a b l e  i n  t h e  suburban systems cannot 

be  used by Chicago, no r  a r e  t h e r e  e f f e c t i v e  c o n t r o l s  placed on the wi th-  

drawals  from t h e  Chicago system by t h e  suburban systems. Chicago i s  a  

semi-regional  system: i t  se rves  a  major p o r t i o n  of t h e  me t ropo l i t an  

a r e a ;  i t  has  t o  d e a l  wi th  major problems of peak demand and f i x e d  c o s t s ;  

y e t ,  i t  cannot t ake  advantage of excess  capac i ty  a v a i l a b l e  i n  t h i s  com- 

p l e x  system. A t r u l y  r e g i o n a l  water  supply system i s  one t h a t  s e r v e s  a 

me t ropo l i t an  a r e a  by employing one o r  more sources  and t rea tment  p l a n t s  . 

and has  o p e r a t i o n a l  control.  over aL3. product ion  and d5.strj.biltion 

f a c i l i t i e s .  

Example Region and Problem 

While t h e  g e n e r a l  methodology of r e g i o n a l  c o s t  minimizat ion has  

u n i v e r s a l  a p p l i c a t i o n ,  development and t e s t i n g  was conducted us ing  f a c i l -  

i t i e s  i n  t h e  Chicago Metropol i tan Area ( s e e  F igure  11-2). E x i s t i n g  i n  

t h i s  a r e a  i s  a  n e a r l y  complete set of source  t ypes ,  system configura-  

t i o n s ,  i n s t i t u t i o n a l  c o n t r o l s ,  c o n s t r a i n t s ,  and managerial problems. I n  

f a c t ,  t h e  imminent need f o r  s o l u t i o n s  t o  t h e  problems of water  management 

and a l l o c a t i o n  i n  n o r t h e a s t e r n  I l l i n o i s  was one of t h e  c.ompelling f a c t o r s  

which l e d  t o  t h i s  r e sea rch  e f f o r t .  

I n  1970, wa te r  product ion and d i s t r i b u t i o n  amounted t o  1 ,304 FIGD (1) 

f o r  t h e  me t ropo l i t an  a r ea .  Of t h i s  t o t a l  q u a n t i t y ,  Lake Michigan sup- 

p l i e d  1,104 MGD. The remaining 200 MGD were supp l i ed  from ground water  

sources .  Approximately 46 percent  of product ion i s  used f o r  domest ic  

purposes .  Twenty-one percent  i s  used by l a r g e  i n d u s t r i a l  concerns,  t e n  

percent  i s  used by l a r g e  commercial i n t e r e s t s ,  t h r e e  percent  i s  used f o r  
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i r r i g a t i o n  (lawn s p r i n k l i n g ) ,  and 20 pe rcen t  i s  l o s t  through leakage  (37) .  

A t  l a s t  count ,  approximately 680 governmental agenc ies  i n  t h e  s ix-county 

a r e a  had a u t h o r i t y  t o  make developmental and managerial  d e c i s i o n s  a f f e c t -  

i n g  t h e  water  r e sou rces  of t he  reg ion  (37) .  I n  t h e  munic i2a l  water  sup- 

p l y  s e c t o r  a lone  t h e r e  were 342 a d m i n i s t r a t j v e  and ope ra t i ng  agenc ies .  

Approximately 85 of t h e s e  agenc ies ,  i nc lud ing  t h e  Ci ty  of Chicago, ob- 

t a i n e d  t h e i r  water  from Lake Michigan. O f  t h e s e  85, Chicago s u p p l i e s  it-- 

s e l f  and 72 o t h e r  m u n i c i p a l i t i e s .  The remaining 257 muni.cipa1 systems 

obta ined  t h e i r  water  from ground water  sources  (37).  

With one except ion  (Northbrook, I l l i n o i s ) ,  t h e  communi.ties w e s t  of  

Chicago an:! the  ~ t h e r  lake-front ctties and t o t m s  eith.cz purcha..;e water 

from t h e  l ake - f ron t  m u n i c i p a l i t i e s  o r  they a r e  dependent on groundwater.  

Groundwater i s  obta ined  from shal low w e l l s  i n  g rave l  o r  dolomite  o r  from 

deeper  w e l l s  i n  sandstone.  Although t h e  deeper w e l l s  a r e  more expensive 

t o  c o n s t r u c t ,  t h e i r  expected y i e l d ,  on t h e  average,  i s  much g r e a t e r  t h a n  

t h a t  f o r  sha l low we l l s .  The l a r g e  suburbs have tended t o  draw t h e i r  

water  from t h e  sandstone formation;  and, a s  demand has  i nc reased ,  more 

deep w e l l s  have been cons t ruc t ed  and t h e  e x i s t i n g  w e l l s  have been more 

heav i ly  pumped. Consequently,  t h e  p iezomet r ic  l e v e l  i n  t h e  sands tone  

formation has  f a l l e n  from w e l l  above ground l e v e l  ( a r t e s i a n )  t o  i t s  pres-  

e n t  l e v e l  of about two t o  t h r e e  hundred f e e t  below ground l e v e l .  Lower 

water  l e v e l s  r e q u i r e  more energy t o  d e l i v e r  t h e  wa te r  t o  t h e  customer; 

and, t h e r e f o r e ,  t h e  c o s t  of producing water  i s  h ighe r .  A s  t h e  suburban 

popula t ion  i n c r e a s e s  (one e s t i m a t e  i s  50 pe rcen t  (1) i n  t h e  next  t h r e e  

decades) and wa te r  l e v e l s  d e c l i n e ,  demands will .  become i n c r e a s i n g l y  more 

d i f f i c u l t  and expensive t o  meet. Already, t h e  s i t u a t i o n  i s  c r i t i c a l  f o r  

some suburbs,  e . g . ,  Elmhurst ,  V i l l apa rk ,  and Lombard, and t h e  p u b l i c  i s  

q u i t e  aware of t h e  problem (10) .  
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Although Lake Michigan r e p r e s e n t s  a  v a s t  source  of wa te r ,  t h e r e  i s  

a  Fede ra l  r e s t r i c t i o n  on t h e  withdrawal of water  from t h e  Lake by 

I l l i n o i s  (47) .  The r e s t r i c t i o n  was t h e  r e s u l t  of a  very lengthy  l i t i g a -  

t i o n  involv ing  most of t h e  Great Lake s t a t e s  and Canada. The U.S.  

Supreme Court ru l ed  on March 1, 1970, t h a t  I l l i n o i s  could withdraw only 

2,080 MGD. Out of t h i s  a l l o tmen t ,  t h e  r u l i n g  s e t  969 MCD a s  t h e  average 

withdrawal  t h a t  t h e  Metropol i tan San i t a ry  D i s t r i c t  of Grea t e r  Chicago 

(MSDGC) could use  f o r  main ta in ing  naviga t ion  and s a n i t a r y  cond i t i ons  on 

t h e  Chicago San i t a ry  and Ship Canal. The d i f f e r e n c e  between t h e  t o t a l  

d i v e r s i o n  and t h e  MSDGC's d ive r s ion  i s  a v a i l a b l e  f o r  municipal  wa te r  

su?ply, However, i n  the p a s t ,  the Ci ty  zf Chicago along w i t h  t h e  twelve 

o t h e r  lake-or ien ted  municipal systems consumed t h e  remaining supply,  

l e a v i n g  t h e  western suburbs without  access  o r  r i g h t  t o  t h i s  source .  

I n  r e c e n t  yea r s ,  improvements i n  was te  water  t rea tment  have reduced 

t h e  q u a n t i t i e s  of water  needed by t h e  Metropol i tan San i t a ry  D i s t r i c t  t o  

main ta in  cond i t i ons  on t h e  Ship Canal. Reduction i n  withdrawals  by t h e  

Metropol i tan  San i t a ry  D i s t r i c t  r e l e a s e s  Lake Michigan wa te r  t o  be used 

elsewhere. Since t h e r e  is  an u n s a t i s f i e d  demand f o r  water  i n  t h e  wes tern  

suburbs,  r e a l l o c a t i o n  of product ion and t r a n s p o r t a t i o n  w i l l  be made t o  

meet t h i s  need. I n  f a c t ,  t h e  l e g a l  processes  of p e r m i t t i n g  t h e  western 

suburbs access  t o  Lake Michigan have been i n i t i a t e d .  The ques t ion  under 

cons ide ra t ion  i s  how t h i s  r e a l l o c a t i o n  can be achieved s o  a s  t o  minimize 

t o t a l  r e g i o n a l  c o s t s .  

Example F a c i l i t i e s  

Chicago is a c i t y  of s u p e r l a t i v e s ,  and i t s  water  supply system i s  

no except ion .  The two f i l t r a t i o n  p l a n t s ,  providing t h e  C i ty  of Chicago 

and 72 suburban communities with t r e a t e d  water ,  a r e  two of t h e  l a r g e s t  
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i n  t h e  wor ld .  The C e n t r a l  Water F i l t r a t i o n  P l a n t  was b u i l t  i n  1964 and 

i s  l o c a t e d  on t h e  s h o r e s  o f  Lake Michigan a d j a c e n t  t o  t h e  c e n t r a l  b u s i -  

n e s s  d i s t r i c t .  T h i s  p l a n t  s e r v i c e s  t h e  c e n t r a l  b u s i n e s s  d i s t r i c t ,  t h e  

c e n t r a l  and wes t  c e n t r a l  suburbs  a s  w e l l  a s  t h e  e n t i r e  n o r t h e r n  p a r t  o f  

Chicago and t h e  n o r t h  and n o r t h w e s t  s u b u r b s  ( s e e  F i g u r e  11-31. The 

South Water F i l t r a t i o n  P l a n t ,  a l s o  l o c a t e d  on t h e  s h o r e  of Lake Michigan,  

was b u i l t  i.n 1947 and expanded ill 1966. It s u p p l i e s  w a t e r  t o  t h e  s o u t h  

p a r t  of Chicago and t h e  s o u t h  and sou thwes t  suburban cornmunities. n i s -  

t r i b u t i o n  o f  t r e a t e d  w a t e r  from t h e s e  two p l a n t s  is ach ieved  i n  two 

s t e p s :  t r e a t e d  w a t e r  i s  s u p p l i e d  t o  a  s e r i e s  o f  pumping s t a t i o n s ,  11 i n  

all, by means o f  t u n n e l s  c o n s t r u c t e d  i n  r o c k  formations some 406 feet 

benea th  t h e  c i t y .  The c i t y  and suburbs  a r e  d i v i d e d  i n t o  t h r e e  t u n n e l  

zones:  n o r t h ,  c e n t r a l ,  and s o u t h .  The c e n t r a l  f i l t r a t i o n  p l a n t  p r o v i d e s  

t r e a t e d  w a t e r  t o  t h e  n o r t h  and c e n t r a l  tunnel. zones ,  and t h e  s o u t h  f i l -  

t r a t i o n  p l a n t  p r o v i d e s  w a t e r  t o  t h e  s o u t h  t u n n e l  zone. T r e a t e d  w a t e r  i s  

t h e n  pumped from t h e  t u n n e l s  and i n t o  t h e  d i s t r i b u t i o n  network.  I n  1970, 

t h e  Chicago w a t e r  supp ly  sys tem produced 1 ,035 MGD on t h e  a v e r a g e  (7 ) .  

Average pumpage t o  t h e  c i t y  a l o n e  was 867 MGD, and  a v e r a g e  pumpage t o  

t h e  suburban communities was 168 MGD ( 7 ) .  T o t a l  p o p u l a t i o n  s e r v e d  i n  

t h a t  same y e a r  was 4,506,000 peop le ,  w i t h  3,367,000 p e o p l e  l i v i n g  i n  t h e  

C i t y  o f  Chicago and 1,139,000 p e o p l e  i n  t h e  suburban communities.  The 

p e r  c a p i t a  consumption of w a t e r  i n  t h e  C i t y  of Chicago was 257 g a l l o n s  

p e r  day. The p e r  c a p i t a  consumption f o r  r e s i d e n t s  i n  t h e  suburban  com- 

m u n i t i e s  was 147 g a l l o n s  p e r  day. 

The C e n t r a l  Water F i l t r a t i o n  P l a n t  h a s  a des igned  c a p a c i t y  of 960 

MGD; however., it h a s  o p e r a t e d  at w e l l  o v e r  1 ,000 m i l l i o n  g a l l o n s  p e r  day.  

Water i s  o b t a i n e d  from Lake Michigan th rough  a n  i n t a k e  c r i b  l o c a t e d  2-1/2 
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mi le s  o f f s h o r e  o r  through sho re  i n t a k e  g a t e s  l oca t ed  on t h e  n o r t h  s i d e  

of t h e  t rea tment  p l a n t .  The raw water  pas ses  through sc reens  which re-  

move f l o a t i n g  d e b r i s ,  a q u a t i c  weeds and f i s h .  Eight  low l i f t  pumps wi th  

an aggrega te  c a p a c i t y  of 1,900 MGD l i f t  t h e  wa te r  t o  permit  g r a v i t y  f low 

through t h e  p l a n t .  Next, t h e  water  flows through chemical a p p l i c a t i o n  

chambers where c h l o r i n e ,  anhydrous ammonia, aluminum s u l f a t e  o r  ox id ized  

- f e r r o u s  s u l f a t e ,  and a c t i v a t e d  carbon and f l u o r i d e  a r e  added. Chlor ine  

is used t o  k i l l  b a c t e r i a  and t h e  anhydrous ammonia t o  s t a b i l i z e  t h e  

c h l o r i n e  r e s i d u a l .  Aluminum s u l f a t e  o r  t h e  oxid ized  f e r r o u s  s u l f a t e  i s  

used a s  a  coagulant  t o  f a c i l i t a t e  removal of suspended m a t e r i a l  by s e d i -  

mentat ion and f i l t r a t i o n .  Act iva ted  carbon i s  used t o  absorb objec t ion-  

a b l e  t a s t e  and odors  and f l u o r i d e  t o  reduce c a r i e s  i n  t e e t h .  The chemi- 

c a l s  t hen  a r e  mixed by means of slow moving paddles  t o  promote t h e  growth 

of f l o c  p a r t i c l e s .  Tn t h e  s e t t l i n g  b a s i n  which fo l lows ,  t h e  f l o c ,  heavy 

wi th  adsorbed m a t e r i a l ,  s e t t l e s  t o  t h e  bottom of t h e  chamber. Nearly 85 

t o  90 percent  of t h e  f l o c  and suspended m a t e r i a l  i s  r e ~ o v e d  a t  t h i s  p o i n t  

i n  t h e  t rea tment  process .  The f i n a l  s t e p  i s  r ap id  sand f i l t r a t i o n .  

There a r e  96 f i l t e r  u n i t s  i n  t h i s  p l a n t .  The f i l t e r s  a r e  48 inches  deep 

and composed of graded sand and grave l .  Water is p laced  on top of t h e  

f i l t e r  beds and dra ined  down through t h e  m a t e r i a l ,  removing n e a r l y  a l l  

remaining suspended ma t t e r .  P r i o r  t o  d i s t r i b u t i o n  of t h e  t r e a t e d  wa te r ,  

more c h l o r i n e  and, i f  used, ammonia a r e  appl ied  t o  t h e w a t e r  f o r  f u r t h e r  

d i s i n f e c t i o n .  Lime o r  c a u s t i c  may be app l i ed  f o r  pH c o n t r o l .  I n  1970, 

t h e  Cen t r a l  Water F i l t r a t i o n  P l a n t  processed some 246,080.mi l l ion  ga l lons .  

There a r e  t h r e e  pumping s t a t i o n s  i n  t h e  n o r t h  tunne l  zone: Lake 

View, Thomas J e f f e r s o n ,  and Mayfair. Lake View has  a  r a t e d  c a p a c i t y  of 

70 MGD, Thomas J e f f e r s o n  a  capac i ty  of 120 MGD, and Mayfair a  c a p a c i t y  

o f '  320 MGD. Due t o  l a r g e  peak demands i n  t h e  n o r t h  tunne l  zone, t h e  
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Mayfair pumping s t a t i o n  i s  opera ted  a t  n e a r l y  i t s  maximum h y d r a u l i c  

capac i ty .  There a r e  fou r  pumping s t a t i o n s  i n  t h e  c e n t r a l  t unne l  zone- 

Chicago Avenue, Cermak, S p r i n g f i e l d ,  and Cen t r a l  Park.  The r a t e d  capac- 

i t y  f o r  each i s  210 MGD, 250 MGD, 280 MGD, and 280 MGD, r e s p e c t i v e l y .  

I n  t h e  sou th  t u n n e l  zone t h e r e  a r e  f o u r  pumping s ta t ions--68th S t . ,  

Western Ave., Roseland, and South West. The i r  r a t e d  c a p a c i t i e s  a r e  

200 MGD, 235 MGD, 230 MGD, and 125 MGD, r e s p e c t i v e l y .  The 11 pumping 

s t a t i o n s  are ope ra t ed  a t  a  p r e s s u r e  of  between 130 f t .  and 230 f t .  of 

water .  They main ta in  p r e s s u r e  and flow i n  a  d i s t r i b u t i o n  network which 

con ta in s  over  4,100 m i l e s  of water  mains. 

S torage  i n  Chicago's water  supply system I s  extremely small. The 

c e n t r a l  water  f i l t r a t i o n  p l a n t  main ta ins  a  r e s e r v o i r  of 111 m i l l i o n  ga l -  

l o n s ,  t h e  south  water  f i l t r a t i o n  p l a n t  a  r e s e r v o i r  o f  47 m i l l i o n  g a l l o n s ,  

and t h e r e  i s  a d d i t i o n a l  s t o r a g e  i n  t h e  south  t unne l  zone of 30 m i l l i o n  

ga l lons .  T o t a l  s t o r a g e  is approximately 188  m i l l i o n  ga l lons .  Due t o  

t h e  sma l l  amount of s t o r a g e  i n  t h e  system, t h e  t rea tment  p l a n t s  must re- 

spond almost  d i r e c t l y  t o  v a r i a t i o n s  i n  demand. 

While t h e  Chicago water  system s e r v e s  i t s e l f  and 72 suburbs,  it i s  

n o t  r e a l l y  a r e g i o n a l  system. The ope ra to r s  of  t h e  Chicago system have 

no c o n t r o l  over  t h e  suburban components beyond c e r t a i n  c o n t r a c t u a l  

agreements r e g u l a t i n g  p r i c e  and t o t a l  q u a n t i t i e s  of  wa te r  suppl ied .  I n  

t h e  city-suburban system, t h e r e  i s  approximately 140,000 MG of s t o r a g e  

which, i f  p rope r ly  u t i l i z e d ,  could dampen t h e  e f f e c t s  of peak demands 

and r e l i e v e  overextended elements i n  t h e  system. Y e t ,  Chicago c o n t r o l s  

only 0.2 percent  of t h e  t o t a l  s t o r age .  Fu r the r ,  t h e r e  a r e  no c o n t r o l s  

over  when t h e  suburbs draw water  from t h e  system. Consequently,  water  

can be  taken a t  peak pe r iods ,  thereby aggrava t ing  a  bad s i t u a t i o n .  I f  
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t r e a t e d  w a t e r  could  b e  s t o r e d  i n  t h e  suburbs  d u r i n g  o f f  peak p e r i o d s  and 

t h e n  r e t u r n e d  t o  t h e  c i t y  d u r i n g  pe:ak p e r i o d s ,  c o n s i d e r a b l e  s a v i n g s  

might b e  ach ieved .  

L i k e  Chicago, Evanston t a k e s  i t s  w a t e r  from Lake 1fi.chj.gnn. The. 

water is  t r e a t e d  a t  i t s  l a k e s i d e  p l a n t  and d i s t r i b u t e d  t o  i t s  customers  

through 330 miles of w a t e r  mains.  Water i s  drawn from Lake Michigan 

th rough  t h r e e  i n t a k e  p i p e s .  A t  t h e  end of t h e  in . t ake  pli.pes, a c t - i v a t e d  

carbon i s  added t o  t h e  w a t e r  t o  remove o b j e c t i u n a l ~ l e  t a s t e s  and o d o r s .  

The w a t e r  t h e n  p a s s e s  through c o a r s e  s c r e e n s  t o  remove f i s h ,  ].eaves, and 

l a r g e  f l o a t i n g  d e b r i s ,  and i s  pumped, by low l i . f t  pumps, t o  p r o v i d e  gr-av-.. 

ttj; flow through t h e  rest sf t h e  treacmenc pr-i;cssese Tl;s -"+-ad - r . n n f i < h - .  
I UCLU ~ . a y u ~ - ~ . l r ;  

of t h e  low l i f t  pumps i s  100 MGC, Liqu id  aluminum s u l f a t e  and c h l o r i n e  

are now added t o  t h e  w a t e r .  Ch lor ine  i s  used t o  d i s i n f e c t  t h e  w a t e r  ancl 

o x i d i z e  o r g a n i c  m a t e r i a l s ,  w h i l e  t h e  aluminum, s u l f a t e  i s  added a s  coagu-~ 

l a n t  t o  f a c i l i t a t e  removal of suspended m a t e r i a l  i n  t h e  w a t e r .  

A f t e r  a p p l i c a t i o n  of t h e  chemica l s ,  t h e  w-ater e n t e r s  a. f l a s h  mixer 

which f a c i l i t a t e s  chemical  r e a c t  i o n .  Leaving t h e  f l a s h  mixer ,  t h e  w a t e r  

e n t e r s  t h e  s low mix b a s i n  c o n t a i n i n g  hor izon ta l . ,  s lowly  moving p a d d l e s .  

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

t h e  s e t t l i n g  b a s i n ,  s u f f i c i e n t  t ime  ( f o u r  t o  eight: h o u r s )  -is al lowed f o r  

a  s e t t l i n g  of t h e  f l o c  p a r t i c l e s .  Over 90 p e r c e n t  of t h e  suspended in- 

p u r i t i e s  are removed a t  t h i s  s t e p  i n  t h e  p r o c e s s .  The f i n a l  t r e a t m e n t  

s t e p  i s  sand f i l t r a t i o n .  The Evanston p l a n t  h a s  24  f i l t e r s  which have 

an  a g g r e g a t e  c a p a c i t y  of 72 MGD. The f i l t e r s  a r e  c o n s t r u c t e d  a s  f o l l o w s :  

g raded  g r a v e l  p r o v i d e s  t h e  b a s e  upon which 28 i n c h e s  of c o a r s e  sand is 

p l a c e d .  One-half of t h e  f i l t e r s  have a f i v e - i n c h  l a y e r  of a n t h r a c i t e  

c o a l  on t o p  of t h e  sand which t e n d s  t o  l e n g t h e n  t h e  f i l t e r  o p e r a t i o n .  
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Following f i l t r a t i o n  and be fo re  e n t e r i n g  t h e  s t o r a g e  r e s e r v o i r s ,  ch lor -  

i n e ,  ammonia, and f l u o r i d e  a r e  added. 

Approximately 21.9 m i l l i o n  ga l lons  of s t o r a g e  e x i s t  i n  t h e  system. 

Nine and a  h a l f  m i l l i o n  ga l lons  of s t o r a g e  is  i n  t h e  t rea tment  process  

and i n  t h e  f i l t e r e d  o r  t r e a t e d  water  r e s e r v o i r  a t  t h e  p l a n t .  Twelve and 

f o u r  t e n t h s  MG a r e  a v a i l a b l e  i n  t h e  d i s t r i b u t i o n  system i t s e l f .  O f  t h a t  

s t o r a g e ,  7.4 MG i s  a v a i l a b l e  i n  e l e v a t e d  tanks  o r  s tandpipes  f l o a t i n g  on 

t h e  system, and 5 MG of s t o r a g e  is  a t  ground l e v e l  and can be  inpu t  i n t o  

t h e  system by means of a  boos t e r  pumping s t a t i o n .  Th i s  s t o r a g e  is ap- 

proximately 30 percent  of t h e  r a t e d  output  f a r  t h e  t rea tment  p l a n t .  

With tha  average d a i l y  pumpage of 25 MGG f o r  Zvanston, t h e  s t o r a g e  capac- 

i t y  i n  t h e  system r e p r e s e n t s  approximately 88 percent  of t h e  average 

d a i l y  t o t a l .  Th i s  is  i n  sharp  c o n t r a s t  t o  s t o r a g e  found i n  t h e  Chtcago 

system, and it undoubtedly l e a d s  t o  c o s t  savings f o r  t h e  t rea tment  and 

d i s t r i b u t i o n  system. 

Evanston produces and, i n  terms of short-run economic ana lyses ,  

d i s t r i b u t e s  water  n o t  on ly  f o r  i t s  own r e s i d e n t s  bu t  f o r  t hose  of Skokie 

a s  we l l .  I n  f a c t ,  t h e  V i l l age  of Skokie purchases ove r  50 percent  of 

Evanston 's  output .  A t o t a l  popula t ion  of 154,000 people i s  supplied- 

83,000 i n  Evanston and 71,000 i n  Skokie. D i s t r i b u t i o n  t o  meet t h e s e  de- 

mands is  accomplished by seven e l e c t r i c  pumps and two g a s o l i n e  e l e c t r i c  

pumps wi th  a  t o t a l  r a t e d  capac i ty  of 124 MGD. Again, d i s t r i b u t i o n  i s  

aided under peak condi t ions  by e l eva t ed  s t o r a g e  f l o a t i n g  on l i n e  loca t ed  

a t  c r i t i c a l  p o i n t s  i n  t h e  system, 

An example of a  deep w e l l ,  water  supply system can be found i n  Des 

P l a i n e s ,  I l l i n o i s .  However, t h e  Des P l a i n e s  water  supply system i s  

unique i n  t h a t  i t  ob ta ins  i ts  water  from two sources .  It ob ta ins  p a r t  

of i t s  water  from seven deep we l l s  and another  p o r t i o n  from Lake Michigsn 
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v i a  t h e  Chicago w a t e r  supp ly  system. Under t c r n s  of a t en-year  c o n t r a c t  

w i t h  t h e  C i t y  of Chicago, Des P l a i n e s  must purchase  3.5 MGD; however, i t  

can purchase  up t o  7 MGD a t  any one t ime .  The remaining demand i s  met 

by t h e  deep w e l l s  and t r e a t m e n t  p l a n t  owned by t h e  C i t y  of Des P l a i n e s .  

The r a t e d  c a p a c i t y  of t h e  t r e a t m e n t  p l a n t  of Des P l a j n e s  i s  6 1IGl). 

The t r e a t m e n t  p r o c e s s  i s  mainly  t h a t  of s o f t e n i n g .  A t  t h e  b e g i n n i n g  of 

t h e  t r e a t m e n t  p r o c e s s ,  l ime ,  sodium phospha te  and coagul-ant a i d  a r e  

added t o  t h e  w e l l  w a t e r .  These chemica l s  a r e  then mixed i n  a b a s i n  t o  

form a p r e c i p i t a t e  much a s  i n  t h e  p r o c e s s e s  d e s c r i b e d  f o r  Evanston and 

Chicago. The mixed chemica l s  and w a t e r  are s l o w l y  p a s s e d  th rough  a sed-  

i m e n t a t i o n  b a s i n  where t h e  ~ I O C  IS dllowed t o  s e t t l e  out:, i a r r y i n g  w i t h  

i t  b a c t e r i a  and suspended m a t t e r .  Before  Lhe s e t t l e d  w a t e r  i s  f i l t e r e d ,  

carbon d i o x i d e  i s  added t o  t h e  w a t e r  by means of submerged b u r n e r s  t o  

r e d u c e  pH. The w a t e r  i s  t h e n  f i l t e r e d  th rough  r a p i d  sand f j l t e r s .  

There  a r e  f i v e  f i l t e r  beds  each  5 1  i n c h e s  deep. Fol lowing f i l t r a t i o n ,  

c h l o r i n e  i s  added a s  d i s i n f e c t a n t  and t o  o x i d i z e  any renaini .ng o r g a n i c  

m a t e r i a l .  

There  are t h r e e  m i l l i o n  g a l l o n s  of s t o r a g e  a t  t h e  s o f t e n i n g  p l a n t  

and t h r e e  and f i f t e e n  hundred ths  m i l l i o n  g a l l o n s  of e l e v a t e d  s t o r a g e  i n  

t h e  d i s t r i b u t i o n  system.  I n  a d d i t i o n  t o  t h i s ,  t e n  m i l l i o n  g a l l o n s  o f  

s t o r a g e  e x i s t  a t  ground l e v e l  a t  t h e  pumping s t a t i o n  which s u p p l i e s  

w a t e r  from Chicago. I n  1970, an a v e r a g e  of about  6 MGD was pumped i n  

t h e  C i t y  o f  Des P l a i n e s .  The a v a i l a b l e  s t o r a g e  is 275 p e r c e n t  of t h e  

d a i l y  pumpage. As mentioned above,  t h i s  s t o r a g e  c a n  b e  used t o  c o n t r o l  

p r o d u c t i o n  l e v e l s  w i t h i n  Des P l a i n e s  o r  t h e  C i t y  o f  Chicago. 

The C i t y  of D e s  P l a i n e s  w a t e r  d i s t r i b u t i o n  sys tem c o n t a i n s  approx i -  

m a t e l y  140 m i l e s  of w a t e r  main. P a r t  of t h e  energy  t o  d r i v e  t h e  w a t e r  

th rough  t h e  network is s u p p l i e d  by f o u r  pumps a t  t h e  s o f t e n i n g  plant . .  
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The aggrega te  capac i ty  of t h e s e  pumps i s  20 MGD. Water froin Chicago i s  

supp l i ed  by means of pumps a t  t h e  Maple S t r e e t  S t a t i o n  having an aggre-  

g a t e  capac i ty  of t h r e e  MGD. T o t a l  pumping capac i ty  f o r  d i s t r i b u t i o n  i n  

t h e  C i t y  of Des P l a i n e s  i s  s i x  MGD. 

The water  supply system of Des P l a i n e s  s e r v i c e s  approximately 

59,000 people ,  a s  w e l l  a s  i n d u s t r i a l  u se r s .  I n  1970, t h e  s o f t e n i n g  

p l a n t  t r e a t e d  approximately 876 MG of wa te r ,  whi le  t h e  Maple S t r e e t  

Pumping S t a t i o n  (supplying water  from Chicago) provided 1,825 MG. Con- 

s equen t ly ,  water  supp l i ed  from w e l l s  amounted t o  32 pe rcen t  of t h e  t o t a l  

demand, wh i l e  wa te r  supp l i ed  from Lake Michigan v i a  t h e  Chicago system 

provlded f o r  68 pe rcen t  of t h e  demand. 



Regiogal System Concept 

Given a  met ropol i tan  a r e a  w i t h  m u l t i p l e  municipal  watcr  supply sys -  

t e m s ,  how might t h e s e  systems be j o i n t l y  opera ted  s o  as t o  minimize 

r e g i o n a l  c o s t  of product ion and s e r v i c e  and avojd f u r t h e r  c g p i t a l  c o s t s ?  

Recognizing t h e  major r o l e  of f i x e d  and f i x e d  ope ra t i ng  c o s t s  i n  t h e  

water  supply i ndus t ry ,  an  immediate answer t o  tl~lis quest-ion would be  t o  

reduce t h e s e  c o s t s .  However, f i x e d  c o s t s  ( i n t e r e s t  and debt  r e t i r e m e n t j  

cannot be  e l imina ted  o r  reduced once t h e  cap i ta l .  h a s  been  conunitted. 

Even i f  t h e  p l a n t  i s  shu t  down, t h e  ope ra t i ng  agency s t i l l  i s  r e s p o n s i b l e  

f o r  f i x e d  c o s t s .  Fixed ope ra t i ng  c o s t s  can b e  ~aaa ipula tec l ,  bu t  con t ro l  

of t h e s e  c o s t s ,  i n  l a r g e  p a r t ,  is  a  ma t t e r  of b i i r eauc ra t i c ,  managerial., 

p o l i t i c a l ,  and s o c i a l  concern. For example, a t  Chi.cagols C e n t r a l  Water 

F i l t r a t i o n  P l a n t ,  s a l a r i e s  and wages f o r  1970 were approximately 

$2,890,000 (7) ( t h e  l a r g e s t  s i n g l e  expend i tu re ) ,  wh i l e  approximately 

$1,370,000 were expended on chemical m a t e r i a l  and s u p p l i e s  ( t h e  second 

l a r g e s t  expend i tu re ) .  Over 50 percent  of t h e  money spen t  f o r  power went 

f o r  l i g h t i n g  ( f i xed  v a r i a b l e  c o s t )  and n o t  pumping ( v a r i a b l e  c o s t ) .  

L igh t ing ,  of course ,  i s  necessary  f o r  ope ra t i on ,  s a f e t y ,  and s e c u r i t y  of 

t h e  p l a n t ,  bu t  a  cons iderab le  amount i s  used f o r  d i s p l a y  of t h e  b u i l d i n g  

and grounds. S imi l a r  comparisons a r e  a v a i l a b l e  f o r  d i s t r i b u t i o n  c o s t s .  

The employment po l i cy  of t h e  operati .ng agency and t h e  community's 

d e s i r e  t o  have ample t rea tment  and d i s t r i b u t i o n  c a p a c i t y  a r e  major fac-  

t o r s  a f f e c t i n g  f i x e d  ope ra t i ng  c o s t s .  Although f e r t i l e  ground f o r  in -  

q u i r y ,  n e i t h e r  managerial  schemes nor  community goa l s  and o b j e c t i v e s  a r e  

a t  i s s u e  he re .  Presumably, s o c i a l  va lues  have been a s s e s s e d ,  c a p i t a l  



2 8 

has been committed a s  t rea tment  p l a n t s  and d i s t r i b u t i o n  systems have 

been cons t ruc t ed ,  and ope ra t ing  personnel  a r e  on t h e  job. Consequently, 

what i s  of concern i s  t h e  e f f i c i e n t  u t i l i z a t i o n  of t h e  e x i s t i n g  inves t -  

ment-plant, l a b o r ,  m a t e r i a l s ,  e t c .  Optimal a l l o c a t i o n  of t h e  a v a i l a b l e  

resources  w i l l  minimize v a r i a b l e  ope ra t ing  c o s t s  whi le  reducing f u t u r e  

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

Now, how can t h e  v a r i a b l e  c o s t s  (power and chemicals) of product ion  

and d i s t r i b u t i o n  be  minimized on a  r e g i o n a l  b a s i s ?  The problem of  cos t  

minimizat ion is  n o t  unique t o  t h e  urban water  supply system. I n  f a c t ,  

power u t i l i t i e s  use  computational a lgor i thms t o  minimize t h e  c o s t s  of 

ope ra t ing  t h e i r  gene ra t ing  and d i s t r i b u t i o n  systenls 3 .  However, the 

problem and s o l u t i o n  was f i r s t  formulated a s  a  c o s t  minimizat ion f o r  t h e  

mul t ip le -p lan t  f i rm.  I n  t h i s  formulat ion and i n  subsequent ex t ens ions ,  

t h e  answer t o  minimizing r eg iona l  c o s t s  f o r  water  supply can be  found. 

Development, Theory, and Condit ions 

I n  1947, P a t i n k i n  authored a  paper  (39) and comments (40) d e a l i n g  

wi th  t h e  comparative economic advantages of monopolies, o l i g o p o l i e s ,  

c a r t e l s ,  and p e r f e c t  competi t ion.  I n  t h e s e  works, he explored t h e  o p t i -  

mal s i z e  of t h e  a s soc i a t ed  f i rms  while  suppor t ing  h i s  conclus ions  wi th  

arguments based on a  c o s t  minimization model f o r  t h e  mul t ip le -p lan t  f i rm ,  

Although most of h i s  mathematical p r e s e n t a t i o n  d e a l t  w i th  t h e  two- 

i d e n t i c a l - p l a n t  f i rm ,  he d i d  acknoweldge t h e  f e a s i b i l i t y  of ana lyz ing  

t h e  n-plant  f i r m  wi th  each p l a n t  having a  d i f f e r e n t  c o s t  func t ion .  

P a t i n k i n ' s  short-run n-plant model has  t h e  mathematical form: 

Ci = f (Qi)  i = 1, 2, ..., n ,  
n  

minimize C = C Ci , 
n i=1 

s u b j e c t  t o  C Q .  = t o t a l  demand 
1 

i=l 



where C i s  t h e  v a r i a b l e  opera t ing  c o s t  of t h e  ith p l a n t ,  and Qi i s  t h e  
i 

ou tpu t  of t h e  ith p l a n t .  

The monopol i s t ic  mu l t ip l e -p l an t  f i rm  w a s  t h e  f i r s t  ca se  con.sidered 

by Pa t ink in .  He assumed a l i n e a r  demand function,, c o m p l ~ t e l y  unspec ia l -  

i z e d  f a c t o r s  of product ion  which precluded an,y form of monopsony, a. s i n g l e  

product  ou tpu t ,  and no i n t e r p l a n t  economies of s c a l e .  Also,  he assumed 

t h a t  t h e  f i rm  s t a r t e d  o f f  w i th  100 p l a n t s ,  t h a t  each. p l a n t  w a s  a t  i t s  

long-run opt imal  s i z e a n d  t h a t  a l l  p l a n t s  were i d e n t i c a l .  F i r s t  ana lyz ing  

t h e  short-run behavior  of t h e  f i rm ,  P a t i n k i n  found t h a t  t h e  f i r m ,  i n  max- 

imiz ing  p r o f i t ,  does n o t  minimize c o s t  and waul-d make no e f f o r t  t o  do s o ;  

C ~ w e v e r ,  i n  "Le long run ,  t h e  monopolist  would adjust his f:i.rtnls p o s i t i o n  

by adding o r  l i q u i d a t i n g  p l a n t s  s o  a s  t o  minimize long-run c o s t .  H e  dem- 

. o n s t r a t e d  t h a t ,  a f t e r  adjustment ,  t h e  short-rum rninTmurn cost. p o i n t  of pro-. 

duc t ion  co inc ides  w i t h  t h e  p o i n t  of product ion which maximizes long-run 

p r o f i t s .  A s  long a s  demand remains cons t an t ,  t h e  monopolist  wil:L a c t  t o  

minimize h i s  c o s t  wh i l e  maximizing h i s  p r o f i t .  The behavior  of t h e  

o l i g o p o l i s t  o r  t hose  engaged i n  p e r f e c t  competi t ion would h a r d l y  be  t h e  

same, a s  P a t i n k i n  p o i n t s  ou t .  Never the less ,  each wishes t o  minimize 

product ion  c o s t s .  Why t h e  p o s i t i o n  of minimum cos t  i s  pursued,  whether 

by a  d e s i r e  t o  maximize p r o f i t s  o r  by t h e  need t o  main ta in  a  compet i t ive  

p o s i t i o n ,  is n o t  important .  What i s  important  a r e  t h e  cond i t i ons  by 

which t h e  f i rm  achieves t h e  s t a t e  of minimum c o s t .  

P a t i n k i n  a r r i v e d  a t  two conclusions concerning t h e  n-plant  ca se  by 

use  of a Lagrangian func t ion .  He concluded t h a t  (a )  i f  two o r  more p l a n t s  

a r e  ope ra t ed  s imul taneous ly ,  t h e  r a t e s  of ou tput  i n  a l l  p l a n t s  must be 

such a s  t o  equate  t h e i r  marginal  c o s t s ;  and (b) no p l a n t  should b e  kept  

i d l e  i f  its margina l  c o s t s  a t  zero output  a r e  lower than  t h e  marginal  

c o s t s  of any o t h e r  p l a n t  a t  i t s  a c t u a l  r a t e  of opera t ion .  He went on t o  
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s t a t e  t h a t  t h e s e  cond i t ions  do not  permit the  formulat ion of gene ra l  

r u l e s  t o  determine how many p l a n t s  should be used t o  produce a  given 

output .  The s e l e c t i o n  of a f e a s i b l e ,  let  alone optimal ,  s e t  of p l a n t s  

remains an a r b i t r a r y  matter--an i n t e r e s t i n g  dilemma and one t h a t  h a s  y e t  

t o  be resolved.  

Leontief (32) ,  commenting on Pa t ink in ' s  works, con t r ibu ted  two addi- 

t i o n a l  condi t ions  t o  i n s u r e  t h a t  t h e  opera t ing ,  o r  a l l o c a t i n g ,  scheme 

would l ead  t o  minimum c o s t s .  These condit ions were (c) no more than one 

p l a n t  should be  operated a t  decreas ing  marginal c o s t s ;  and (d) i f  one 

p l a n t  i s  a c t u a l l y  operated wi th  f a l l i n g  marginal c o s t s ,  t he  r e c i p r o c a l  of 

its r a t e  of decrease must no t  be  sniailer i n  -Its aisso3.uce magnitude than 

t h e  r e c i p r o c a l s  of t h e  r a t e s  of inc reas ing  marginal c o s t s  of a l l  o the r  

ope ra t ing  p l a n t s  put  together .  

Two more condi t ions  r e s u l t e d  from Cohen's (9) review of Leonti.ef 's 

and Pa t ink in ' s  conclusions.  I n  e f f e c t ,  they a r e  extens ions  of Leon t i e f ' s  

condi t ion  ( c )  as given above. They a r e  (e) i f  no p l a n t  is opera t ing  a t  

i ts p o i n t  of minimum marginal  c o s t s ,  i .e. , 

where MC = marginal  c o s t ,  then a t  most one of t h e  p l a n t s  can be operated 

on t h e  decreas ing  por t ion  of i ts marginal cos t  curve: and ( f )  i f  one or 

more p l a n t s  are opera t ing  a t  t h e i r  minimal marginal  c o s t s ,  i . e . ,  

then no p l a n t  i n  opera t ion  can be opera t ing  on the  decreasing por t ion  of 

i ts marginal  c o s t  curve. 
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These f i v e  cond i t i ons  d e f i n e  t h e  minimum c o s t  s o l u t i o n  f o r  t h e  

mul t ip l e -p l an t  f i rm .  R e i t e r a t i n g  these  c o n d i t i o n s  i n  a  numerical o rde r  

they a r e :  

a .  I f  two o r  more p l a n t s  a r e  operated s imul taneous ly ,  %he r a t e s  

of ou tput  i n  a l l  t h e s e  p l a n t s  must b e  such. as t o  equate  t h e i r  

margina l  c o s t s ;  

b .  no p l a n t  should b e  kept  i d l e  i f  i ts  margina l  c o s t s  at zero  out-  

p u t  a r e  lower than  t h e  marginal  c o s t s  of any o t h e r  p l a n t  a t  i t s  

a c t u a l  r a t e  of product ion;  

c .  if no p l a n t  i s  opera t ing  a t  i t s  po in t  of minimum nlarginal. c o s t s ,  

then  at most one of t h e s e  plants can be  opera ted  on Lhe de-. 

c r eas ing  p o r t i o n  of i t s  marginal. c o s t  curve;  

d.  i f  one o r  more p l a n t s  are. operated a t  t11ei.r minimum margina l  

c o s t s ,  then  no p l a n t  i n  o p e r a t i o n  can be  ope ra t ing  on t h e  de- 

c r e a s i n g  p o r t i o n  of i ts  margina l  c o s t  curve;  

e. if one p l a n t  is a c t u a l l y  ope ra t ing  a t  f a l l i n g  margina l  c o s t s ,  

t h e  r e c i p r o c a l  of i t s  nega t ive  rate of decrease  must no t  be  

sma l l e r  i n  its abso lu t e  magnitude than  t h e  r e c i p r o c a l s  of the 

r a t e s  of i n c r e a s e s  of margina l  c o s t s  of a l l  o t h e r  ope ra t ing  

p l a n t s  added toge ther .  

The d e f i n i t i o n s  and theorems necessary t o  prove t h e  f i v e  cond i t i ons  

of c o s t  minimizat ion can be  found i n  t h e  works of  Piacco and McCormick (16) 

and i n  t h e  work of Cohen (9) .  

Appl ica t ion  

While t h e  mathematical p roo f s  demonstrate  t h e  v a l i d i t y  of t h e  s t a t e d  

cond i t i ons ,  they  do not  provide an e f f i c i e n t  coraputational scheme f o r  the 

problem of t h e  urban wa te r  system. And, of course,  t hey  do n o t  t ranscend 
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t h e  l i m i t a t i o n  and t h e  underlying assumptions of P a t i n k i n ' s  model. The 

g e n e r a l  mul t ip le -p lan t  model d i scussed  s a  f a r  i m p l i c i t l y  prec ludes  t h e  

need t o  cons ider  t r a n s p o r t a t i o n  c o s t s .  I n  f a c t ,  t he  c o s t  of t r a n s p o r t i n g  

t h e  f a c t o r s  of product ion  t o  t h e  process ing  c e n t e r s  and t h e  output  t o  t h e  

consumer were n o t  g iven  cons ide ra t ion  i n  P a t i n k i n ' s  model. Uniformly 

d i s t r i b u t e d  demand and uniformly d i s t r i b u t e d ,  nonspec i f i c  f a c t o r s  of pro- 

duc t ion  argue f o r  uniformly d i s t r i b u t e d  production--a conclusion t h a t  

f i n d s  suppor t  i n  work done by Losch ( 3 3 ) .  Losch found, under s i m i l a r  

assumptions,  t h a t  opt imal  market a r e a s ,  f o r  i d e n t i c a l  p l a n t s  and uniformly 

d i s t r i b u t e d  demand, a r e  r e g u l a r  hexagons a l l  having t h e  same a rea .  There- 

f o r e ,  t r a n s p o r t a t i o n  c o s t  can b e  uniformly and l i n e a r l y  d i s t r i b u t e d  t o  

each p l a n t  o r  product ion  c e n t e r  without  a f f e c t i n g  t h e  minimizing condi- 

t i o n s .  Consequently,  neg lec t ing  t r a n s p o r t a t i o n  c o s t  i s  j u s t i f i e d  i n  t h e  

c a s e  of P a t i n k i n ' s  model. 

I n  t h e  case  a f  t h e  mul t ip le -p lan t  water  supply system, ar most s i m i -  

lar  systems,  t r a n s p o r t a t i o n  c o s t  must be  considered i f  a r e a l i s t i c  a l l o c a -  

t i o n  scheme is t o  b e  c rea t ed .  Water v a r i e s  i n  q u a l i t y  and q u a n t i t y  from 

l o c a t i o n  t o  l o c a t i o n .  The c h a r a c t e r i s t i c s  of a  supply  sou rce ,  i ts  loca- 

t i o n ,  and its r e f e r e n c e  t o  demand de f ine  an  important  p a r t  of t h e  c o s t  

functLon. The remaining d e f i n i t i o n  i s  provided by t h e  s i z e  and t e c h n i c a l  

c h a r a c t e r i s t i c s  of t h e  t rea tment  and t r a n s p o r t a t i o n  f a c i l i t i e s  a s  i n d i -  

ca t ed  e a r l i e r .  Various s i z e  t rea tment  p l a n t s  e x i s t  i n  most urban  a r e a s ,  

This is due t o  t h e  n a t u r e  of t h e  supply sources  and t o  t h e  demand, t h e  de- 

s i g n  c r i t e r i a ,  and t h e  technology t h a t  e x i s t e d  when t h e  f a c i l i t i e s  were 

b u i l t .  I n  t h a t  t h e  e x i s t i n g  p l a n t s  r ep re sen t  a  c e r t a i n  c a p i t a l  investment ,  

and t h a t  they  a r e  s t i l l  o p e r a t i o n a l l y  sound, t h e i r  i n c l u s i o n  i n  t h e  re -  

g i o n a l  supply system would appear t o  b e  j u s t i f i e d .  The e x i s t i n g  p l a n t s  



can s e r v e  a s  t h e  i n i t i a l  set of product ion c e n t e r s ,  thus  avoiding t h e  

problem, a s  noted by Pa t ink in ,  of s e l e c t i n g  t h e  s e t  of p l a n t s  t o  produce 

t h e  s p e c i f i e d  output .  Given t h e  vary ing  s i z e ,  n a t u r e ,  and 1oc.ation of 

water  t rea tment  p l a n t s ,  even i f  demand i s  assumed t o  be t o t a l l y  i n e l a s t i c  

and uniformly d i s t r i b u t e d  w i t h i n  a  market a r e a ,  t h e  a s s o c i a t e d  t r anspor t a -  

t i o n  c o s t  would apply t o  each p l a n t  nonuniformly and n o n l i n e a r l y ;  and ,  

t h e r e f  o r e ,  they  should be  considered i n  t h e  minj.mization process .  

As r epo r t ed  by Westf ie ld (49) t h e  power i n d u s t r y  employs an economic 

model which con ta ins  a  t r a n s p o r t a t i o n  c o s t  functi.on. Power 1-oss , i n  p a r t ,  

is a  f u n c t i o n  of d i s t a n c e  of t ransmiss ion;  and, t h e r e f o r e ,  i t  r e p r e s e n t s  a  

t r a n s p o r t a t i o n  c o s t .  The t r a n s p o r t a t i o n  func t ion  i s  included in the  model 

a s  p a r t  of t h e  product ion,  demand, e q u a l i t y  c o n s t r a i n t .  There a r e  sev- 

eral problems wi th  t r a n s f e r r i n g  t h i s  experience t o  t h e  urban w a t e r  supply  

system. I f  t h e  d i s t a n c e  over which t h e  commodity is  t r a n s p o r t e d  i s  known 

b e f o r e  t h e  a l l o c a t i o n  of product ion  is made, demand must b e  d i s c r e t e .  I n  

f a c t ,  the power economic model descr ibed  by West f ie ld  d e a l s  on ly  w i t h  di.s-- 

c r e t e  demand and f i x e d  t r a n s p o r t a t i o n  networks. To employ s u c h  a scheme 

t o  r e p r e s e n t  an  urban water  supply system would meall a  cons ide rab le  1-oss 

of d e f i n i t i o n ,  o r  i t  would r e s u l t  i n  a computat ional ly i n f e a s i b l e  problem. 

F u r t h e r ,  w a t e r  ( un l ike  ~ o w e r )  is not  consumed (ba r r ing  leakage)  i n  t h e  

p roces s  of t r a n s p o r t a t i o n ,  s o  t h e  c o s t  of t r anspor t ing  wa te r  must b e  incor -  

pora ted  i n t o  t h e  model by means o t h e r  than  t h e  production-demand c o n s t r a i n t .  

C e r t a i n  assumptions about t h e  n a t u r e  of demand f o r  wa te r ,  t h e  opera- 

t i o n  of t h e  t rea tment  p l a n t s ,  and t h e  capac i ty  of t h e  t r a n s p o r t a t i o n  sys-  

tem have been made i n  o rde r  t o  f a c i l i t a t e  t h e  computat ional  s o l u t i o n .  

Hopeful ly,  t h e s e  assumptions a r e  s u f f i c i e n t l y  r e a l i s t i c  so  as t o  l ead  t o  a  

s o l u t i o n  having p r a c t i c a l  va lue .  The demand f o r  water  i s  assumed t o  b e  



t o t a l l y  i n e l a s t i c .  Th i s  assumption permits  each p l a n t  t o  funct ion  a s  an 

i n d i v i d u a l  con t r ibu to r  toward meeting t h e  t o t a l  demand. While a  change 

of production a t  one p lan t  w i l l  a f f e c t  production l e v e l s  a t  o the r  p l a n t s ,  

i t  w i l l  n o t  a f f e c t  product p r i c e s  or  cause a  change i n  t o t a l  demand. A 

f u r t h e r  economic assumption i s  t h a t  t h e  phys ica l  system is f i x e d ,  i . e . ,  

t h e  s o l u t i o n  w i l l  be l imi t ed  t o  short-run considerat ion.  No new p l a n t s  

can be  brought i n t o  t h e  system, nor can t h e  e x i s t i n g  p l a n t s  b e  expanded. 

The only poss ib le  choice would be between opera t ing  o r  n o t  opera t ing  a 

p a r t i c u l a r  f a c i l i t y .  Short-run economic a n a l y s i s  provides a  means t o  eval- 

u a t e  a l t e r n a t i v e  s t r a t e g i e s  f o r  u t i l i z h g  more e f f i c i e n t l y  that which 

a l ready e x i s t s .  Inso fa r  as t h e  t e c h n i c a l  opera t ion  of t h e  water  supply 

system is concerned, each element, whether t r a n s p o r t a t i o n  o r  production, 

is assumed t o  be  operated wi th  t echn ica l  e f f i c i e n c y  and t o  be c o n s i s t e n t  

with its a l l o c a t e d  t a sk .  The assigned t a sk  may o r  may not  be  the optimal  

f o r  each i n d i v i d u a l  element; however, t h e  ob jec t ive  is t o  optimize t h e  

system as a whole i n  order  t o  minimize regional cos ts .  

Minimization 

One of t h e  most u s e f u l  techniques, given r e l a t i v e l y  s imple mathe- 

ma t i ca l  func t ions ,  f o r  determining and examining cons t ra ined  minimum 

s o l u t i o n s  employs t h e  Lagrangian funct ion  (31.). The funct ion  is  

where t h e  X i ,  i=l, ..., m a r e  a r b i t r a r y  va r i ab les .  The proof and condi- 

t i o n s  f o r  q* and A* t o  be a minimum po in t  of L(q,  A) a r e  given i n  the  

works of Lancaster  (31) and Wagner (48) among o the r s .  Thei r  works a l s o  

demonstrate t h a t  i f  q* and A* is  a minimum po in t  of L(q, A) then  q* i s  a 



minimum.point of f ( q ) .  For convenience, t he  assumptions of minimizat ion 

a r e  g iven  below. 

Assumptions (48) : 

1. Each c a n s t r a i n t  i s  uniquely def ined ,  f i n i t e  and convex f o r  

a l l  va lues  of q I ,  q2, - 9 qn0 

i 
2. Each ag (q) /aq .  i s  continuous f o r  a l l  q s a t i s f y i n g  t h e  

J 

c o n s t r a i n t s .  

3 .  The o b j e c t i v e  func t ion ,  f ( q ) ,  i s  s ingle-valued and f i n i t e  

f o r  each q s a t i s f y i n g  t h e  c o n s t r a i n t s .  

4. Every a f  (q) / a  q . i s  single-valued , f i n i t : @  and conti.izuous a t  
J 

each  q s a t i s f y i n g  t h e  c o n s t r a i n t s .  

Condit ions:  

1. gi(q*) 5 o 

2. There e x i s t  A; 2 0 i = 1, ..., m 
* 

such t h a t  gi(q*) A i  = 0 i = 1, ..., m 
m 

3 .  af(q*)/aqj  - ( 1 a g i ( q * ) / a q j ) q  = o . j = 1 , 2 ,  ..., n 
i=l 

An important  a s p e c t  of t h e  Lagrangian func t ion  is  t h e  economic i n t e r -  

p r e t a t i o n  of t h e  A's. A .  i s  t h e  marginal  v a l u e  (or  margina l  c o s t )  of 
1 

r e l a x i n g  t h e  ith c o n s t r a i n t .  Consider,  f o r  example, an o b j e c t i v e  func- 

t i o n  f ( q )  which is s u b j e c t  t o  a s i n g l e  c o n s t r a i n t  g (q)  = b where q is a 

v e c t o r  q I, q29 - * Y  9,- By t h e  cha in  r u l e  

The p a r t i a l  d e r i v a t i v e  of t h e  c o n s t r a i n t  i s  
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Multiplying the  above equation by A* r e s u l t s  i n  

and sub t rac t ing  t h i s  equation from the  p a r t i a l  de r iva t ive  of t h e  objec- 

t i v e  funct ion r e s u l t s  i n  

Rearranging this equation 

The terms i n s i d e  the  bracket must equal  zero. under the condi.tions of 

iriinimizatior~ (see  the  t h i r d  condition given above), therefore 

For a small  increase  o r  decrease in b,  A* i nd ica tes  the  marginal change i n  

the object ive  function.  

The p r a c t i c a l  appl ica t ion of the  Lagrange function is l imi ted by the  

nature  of the  minimizing equation s e t  generated by t he  t h i r d  condit ion,  

I f  the  s e t  of equations is  not  l i nea r  o r  i f  subs t i t u t i on  or e l iminat ion 

techniques cannot be applied,  q* and A* cannot be e a s i l y  determined. 

However, another optimizing technique, geometric programming, can dea l  

with such nonlinear conditions (11) (12) (25). 

The advantages of employing geometric programming a r e  b e s t  s t a t ed  in 

the  words of Duffin, Peterson and Zener: "We foresee  t h r ee  benef i t s  from 

using geometric programming. The f i r s t  benef i t  is an ove ra l l  p ic tu re  of 

the  r e l a t i v e  importance of the various design parameters. The second 



b e n e f i t  i s  t h a t  geometric programming ( p a r t i c u l a r l y  when c o n s t r a i n t s  a r e  

involved)  is more amenable t o  d i g i t a l  computers than  a r e  s t anda rd  ap- 

proaches.  The t h i r d  b e n e f i t  is t h e  engineer ing  d i s c i p l i n e  t h a t  geometric 

programming imposes on i t s  use r .  I n  par t icu l .a r  , e q u a l i t y  c o n s t r a i n t s  

must be  r ep l aced  by i n e q u a l i t y  c o n s t r a i n t s ,  and such conversian f o r c e s  

the u s e r  a t  the very  beginniag t o  ana lyze  t h e  way i n  which t h e  v a r i o u s  

des ign  parameters  i n t e r a c t  w i th  one another ."  

The s o l u t i o n  technique can be  app l i ed  t o  any problem t h a t  can b e  

expressed i n  terms of posynomials, i .e . ,  

a a a 
i i2 im where u = c .t 

i 1 1 .  ... tm 

and c > 0, t > 0 and a a r e  r e a l  numbers. 
i j i j 

The p r ima l  problem, termed Program A, is converted t o  t h e  d u a l  problem, 

termed Program B ,  which can be more e a s i l y  solved.  The programs are a s  

fo l lows  : 

Pr imal  Program A 

s u b j e c t  t o  

j = 1, .. ., m ( n a t u r a l  c o n s t r a i n t s )  

i = 1, . . . , p ( fo rced  c o n s t r a i n t s )  

where 

is J [k] 



and 

Dual Program B 

where 

Ak(6) = E 6 
i&J [k] 

i 

s u b j e c t  t o  

6i ) 0 i = 1, . . . , n ( p o s i t i v i t y  condit ion) 

(normality condi tio~l.) 

Za , ,&-  = 0 j = 1, 2., . . . , m (or thogonal i ty  
1J 1. 

condi t ton) 

Again f o r  convenience, the f i r s t  tEieorem of geometric programming is 

(12) : 

Suppose that primal program A is superconsis tent  and t h a t  t h e  primal 

funct ion  g  ( t )  a t t a i n s  its constrained minimum value  a t  a po in t  t h a t  s a t i s -  
0 

f i e s  t h e  primal cons t ra in t s .  Then 

( i )  T h e  corresponding dual  program B is c o n s i s t e n t  and t h e  dual  

function v(6)  a t t a i n s  its constrained maximum value  a t  a  point  

which s a t i s f i e s  the  dual  cons t ra in t s .  



( i i )  The cons t ra ined  maximum v a l u e  of t h e  d u a l  func t ion  i s  equa l  

t o  t h e  cons t r a ined  minimum v a l u e  of t h e  pr imal  f u n c t i o n .  

( i i i )  I f  t* is a minimizing po in t  f o r  p r ima l  program A,  t h e r e  are 

non-negative Lagrange m u l t i p l i e r s  IJ k*, Ic = 1, 2 ,  . . . , F 5 

such  t h a t  t h e  Lagrange func t ion  

has t h e  p rope r ty  

f o r  a r b 5 t r a r y  t > O and a r b i t r a . ~  p :> 0. Moreover, there 
9 k - 

is a maximizing vec to r  6* f o r  dua l  program I3 whose conrpanents 

a r e  

where t = t* and p = u .  F u r t h e m o r e ,  

( i v )  I f  6* fs a maximizing p o i n t  f o r  dua l  program B y  each  minimizing 

p o i n t  t* f o r  pr imal  program A s a t i s f i e s  t h e  system of equa- 

t ions  



where k ranges over a l l  p o s i t i v e  i n t e g e r s  f o r  which A (6*) > 0. 
k 

Theorem 1 e s t a b l i s h e s  t h e  r e l a t i o n s h i p  hetween t h e  d u a l  and primal. 

v a r i a b l e s  ( 6 ,  t ) .  It provides a computation means f o r  determining the 

opt imal  v a l u e s  of t* from t h e  opt imal  dua l  v a r i a b l e s ,  6*. F u r t h e r ,  it 

r e l a t e s  t h e  Lagrange m u l t i p l i e r ,  t o  t h e  dua l  v a r i a b l e s  by 

The i n  t h e  case  of geometr ic  programming h a s  t h e  same economic i n t e r -  k 

p r e t a t i o n  a s  A* i n  t h e  above d i scuss ion  o f  t h e  Lagrangian f u n c t i o n .  

The wa te r  supply  problem, a s  d e a l t  w i th  i n  t h i s  d i s s e r t a t i o n ,  i s  formu- 

l a t e d  a s  both  a Lagrangian func t ion  and a s  a geometric p r o g r a m i n g  problem. 
' 

The c o s t  func t ions  desc r ib ing  product ion and t r a n s p o r t a t i o n  of wa te r  were 

found t o  be  convex w.ith continuous d e r i v a t i v e s  which permi t ted  t h e  

Lagrangian formula t ion  ( see  Chapter V I ) .  Geometric programming r e q u i r e s  

t h a t  t h e  problem be  formulated a s  a posynomial i n  t h e  pr imal  program. The 

pr imal  program may o r  may not  be  convex, bu t  t h i s  program can be  t ransformed 

t o  one t h a t  i s  convex (12).  The d u a l  of t h i s  transformed primal program is 

l i n e a r  i n  t h e  l o g s  of t h e  v a r i a b l e s  and, as such,  i t  can be e a s i l y  solved 

us ing  l i n e a r  programming techniques.  Geometric programming has  been app l i ed  

t o  a wide c l a s s  of engineer ing  problems ( e .g . ,  t r a n s p o r t a t i o n  planning,  

t ransformer  des ign ,  and chemical equ i l i b r ium) .  C e r t a i n l y ,  t h e  water  supply  

problem, a s  formulated,  i s  no t  unique i n  t h e  a p p l i c a t i o n  of g e c n e t r i c  
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programming, b u t  t h e  problem seems w e l l  s u i t e d  t o  t h i s  s o l u t i o n  t e c h n i q u e .  

A d d i t i o n a l  d i s c u s s i o n  on t h i s  t o p i c  is g iven  i n  Chapter  IV, where b o t h  

t e c h n i q u e s  a r e  a p p l i e d  t o  t h e  problem of minimizing t h e  c o s t  of w a t e r  

d i s t r i b u t i o n .  



I V .  TRANSPORTATION COSTS 

Short-run t r a n s p o r t a t i o n  c o s t s  r e s u l t  from t h e  consumption of  

energy t o  move wa te r  from t h e  t rea tment  p l a n t  t o  t h e  p o i n t  of demand. 

I n  a  wa te r  system where g r a v i t y  i s  t h e  s o l e  sou rce  of energy,  va r i -  

a b l e  t r a n s p o r t a t i o n  c o s t s  a r e  zero.  However, very few c i t i e s  a r e  

f o r t u n a t e  enough t o  b e  loca t ed  s o  t h a t  mechanical means of d i s t r i b u -  

t i o n  are n o t  necessary.  I n  t h e  case  of Chicago, d i s t r i b u t i o n  i s  

achieved e n t i r e l y  by hydrau l i c  machinery. Gravfty is  used t o  move 

wa te r  through d e l i v e r y  tunne l s ,  b u t  t h e  l o s s  i n  e l e v a t i o n  has  t o  b e  

overcome by pumping. 

Typica&ly,  pumps a r e  dr iven  by e l e c t r i c a l  motors,  gas  o r  s team 

t u r b i n e s ,  o r  d i e s e l  engines.  To simpi:ify the i n v e s t i g a t i o n  of t r ans -  

p o r t a t i o n  c o s t s ,  only e l e c t r i c a l  motor d r iven  pumps were considered 

and u n i t  energy c o s t s  were assumed t o  b e  constant .  Never the less ,  t h e  

gene ra l  form of t h e  a n a l y s i s  i s  t r a n s f e r a b l e  t o  o t h e r  pumping s y s t e m .  

Pump performance i s  cha rac t e r i zed  by t h r e e  r e l a t i o n s h i p s  (3) : 

1. -Head-Capacity 
2. Ef ficiency-Capacity 
3. Horsepower-Capacity 

The d i s t r i b u t i o n  network and d e l i v e r y  system ( i . e , ,  p ipes  o r  t unne l s  

connect ing t h e  pumps t o  t h e i r  supply source)  a r e  c h a r a c t e r i z e d  by t h e  

system-capacity r e l a t i o n s h i p .  Pump c h a r a c t e r i s t i c s  s p e c i f y  t h e  t o t a l  

dynamic head and power c o s t s  a t  which a  given q u a n t i t y  of wa te r  w i l l  

b e  de l ive red .  The s y s  tern-capaci t y  r e l a t i o n s h i p  s p e c i f i e s  t h e  energy 

necessary  t o  d e l i v e r  a  given q u a n t i t y  of water  a t  t h e  d e s i r e d  s e r v i c e  

pressure .  

The d i s t i n c t i o n  between t h e s e  two r e l a t i o n s h i p s  i s  f u r t h e r  
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e x p l a i n e d  l a t e r  i n  t h i s  c h a p t e r .  Also ,  a s i m p l i f i e d  t r a n s p o r t a t i o n  c o s t  

f u n c t i o n ,  based on mean d a i l y  o u t p u t ,  i s  proposed and s u b s t a n t i a t e d  as a 

means f o r  a n a l y z i n g  t h e  o p e r a t i o n  of pumping and d i s t r i b u t i o n  systems 

under  d a i l y  demand c o n d i t i o n s .  Geometric programming i s  used  t o  s o l v e  

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

t r a n s p o r t a t i o n  sys tem given peak demands. 

Pumping 

A  v a r i e t y  of pump t y p e s  (e .g . ,  r e c i p r o c a t i n g ,  c e n t r i f u g a l  and t u r -  

b i n e )  are used i n  t h e  w a t e r  supp ly  i n d u s t r y .  However, c e n t r i f u g a l  pumps 

a r e  most commonly used because  of t h e i r  s i m p l i c i t y ,  low c o s t ,  and ab i l -  

i t y  t o  o p e r a t e  under  a wide range  of c o n d i t i o n s  ( 2 9 ) .  811. of t h e  punlps 

t h a t  c u r r e n t l y  are b e i ~ g  used ia Chi.cago and E~ranstcn, for examplei  a r e  

c e n t r i f u g a l  t y p e .  Although t h e  f o l l o w i n g  a n a l y s i s  i s  based on t h e  char -  

a c t e r i s t i c s  of t h e  c e n t r i f u g a l  pump, a g a i n ,  any pumping system can  b e  

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

As i n d i c a t e d  above,  t h e  performance of a s i n g l e  pump o r  m u l t i p l e  

pumps is d e f i n e d  by t h e  a s s o c i a t e d  head-capaci. ty,  e f f i c i e n c y - - c a p a c i t y ,  

and horsepower-capaci ty  r e l a t i o n s h i p s .  A  g r a p h 2 c a l  r e p r e s e n t a t i o n  o f  

t h e s e  r e l a t i o n s h i p s  i s  g iven  i n  F i g u r e  I V - 1 .  The s h a p e  of t h e s e  c u r v e s  

i s  t y p i c a l  f o r  c e n t r i f u g a l  pumps; however, t h e  c u r v e s  are based  on ac- 

t u a l  measurements t aken  d u r i n g  a  t e s t  of t h e  No. 2 pump a t  Lake View 

Pumping S t a t i o n  i n  Chicago. S i m i l a r  r e s u l t s  were o b t a i n e d  f o r  t h e  o t h e r  

two pumps a t  Lake View and f o r  t h e  f o u r  pumps a t  t h e  Thomas J e f f e r s o n  

Pumping S t a t i o n  (See r e f e r e n c e  50, Appendix B ) .  

The head-capac i ty  curve  d e f i n e s  t h e  head (measured i n  f e e t  of 

w a t e r )  a t  which a  s p e c i f i e d  q u a n t i t y  of prater can b e  d e l i v e r e d .  When 

t h e  e l e v a t i o n  o f  w a t e r  on t h e  s u c t i o n  s i d e  of t h e  pump v a r i e s  and when 
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t h e  e l e v a t i o n  t o  which t h e  pump must d e l i v e r  water  v a r i e s ,  a b e t t e r  

term f o r  head is t o t a l  dynamic head. The components of t h e  dynamic 

head a r e  s u c t i o n  l i f t ,  v e l o c i t y  conversion head, v e l o c i t y  head,  and 

p re s su re  head. F igure  IV-2 schemat ica l ly  d i s t i n g u i s h e s  between t h e  

s u c t i o n  and p re s su re  s i d e s  of a  pump. Be rnou l l i ' s  equat ion  can be  

used t o  mathematically d e f i n e  t h e  components of t o t a l  dynamic head and 

t h e  r e l a t i o n s h i p  between energy and output  ( s e e  F igure  IV-2). 

Here E i s  t h e  t o t a l .  dynamic head ( o r  energy expressed i n  foot-pounds/ 
P  

pounds of mass), Z1 - Zo i s  t h e  d i f f e r e n c e  i n  e l e v a t i o n  of t h e  mcasur- 

i n g  p o i n t s ,  P  /y is t h e  s u c t i o n  p re s su re  head o r  s u c t i o n  l i f t  (P ex- 
0 

pressed  i n  pounds/f t2 and y  is t h e  s p e c i f i c  weight  of wa te r  which is  

3 2  2  V /2g is t h e  v e l o c i t y  6 2 . 4  l b s / f t  ) , pl/y i s  t h e  p re s su re  head, V1/Zg - 
conversion f a c t o r  (V i s  expressed i n  f t / s e c  and g  i s  t h e  g r a v i t y  con- 

2  
s t a n t ,  3 2 . 2  f t / s e c  ) , and % is t h e  headloss  due t o  f r i c t i o n  between 

0- 1 3  
p o i n t  0 and 1. A t  a known flow, q ( f t  I s e c ) ,  v e l o c i t y  is  computed us ing  

t h e  equat ion  of con t inu i ty ,  V = q/A where A i s  t h e  c ros s  s e c t i o n a l  a r e a  

2  2  
of t h e  p ipe .  I n  t h e  above example, V = q/.25nDo and V1 = q/.25nD1 

0 

where D and D a r e  t h e  diameters  of t h e  p ipes  a t  p o i n t  0 and 1. The 
0 1 

p r e s s u r e  heads a r e  measured a t  t h e i r  r e s p e c t i v e  gages. The headloss ,  
7 T72 
L v 

due t o  f r i c t i o n ,  takes  t h e  form % = f  - - 
D 2g 

where L i s  t h e  l eng th  
0- 1 

of p i p e  and f  i s  t h e  f r i c t i o n  f a c t o r .  S ince  L i s  very  s h o r t ,  headloss  

i s  q u i t e  sma l l  and usua l ly  t h i s  term i s  neglected.  

Measurements a r e  taken f o r  s e v e r a l  d i f f e r e n t  flow r a t e s .  The t o t a l  





dynamic head is computed us ing  B e r n o u l l i ' s  equa t ion  a s  given above. 

P l o t t i n g  t h e s e  va lues  a g a i n s t  t h e  a s s o c i a t e d  flow r a t e  y i e l d s  t h e  

head-capaci ty  curve. Water horsepower (whp) i s  computed by t h e  r e l a -  

t i o n s h i p  

whp = . I76 q h 

where q i s  expressed i n  m i l l i o n  ga l lons  pe r  day (MGD), h  i s  t h e  t o t a l  

dynamic head,  and .176 is  a  f a c t o r  t h a t  conve r t s  t h e  u n i t s  t.o 

horsepower. One o t h e r  measurement is made dur ing  a pump tes t  and t h a t  

is t h e  e l e c t r i c a l  horsepower (ehp) necessary  t o  o p e r a t e  t h e  pump a t  

t h e  v a r i o u s  f low r a t e s .  This  in format ion  a long  w i t h  t h e  water  horse-  

power is used t o  determine t h e  e f  f i c iency-capac i ty  curve .  For,  

where e is  e f f i c i e n c y .  Brake horsepower (bhp) and thereby  t h e  horsepower- 

capac i ty  curve,  i s  de f ined  by 

bhp = ,176 qh/e  . 

Not a l l  pumps have d i f f e r e n t  diameter  s u c t i o n  and p r e s s u r e  p ipes .  

For example, a l l  t h r e e  pumps a t  t h e  Lake View Pumping S t a t i o n  have 

t h i r t y  i n c h  i n t a k e  p ipes  and twenty-four inch  o u t l e t  p i p e s ,  w h i l e  a t  

t h e  Thomas J e f f e r s o n  Pumping S t a t i o n  a l l  f ou r  pumps have  t h e  same. 

diameter  i n t a k e  and o u t l e t  p ipes .  One reason f o r  t h e  i n t a k e s  be ing  

l a r g e r  is t o  avoid c a v i t a t i o n .  The v e l o c i t y  conversion f a c t o r  used t o  

compute t o t a l  dynamic head dur ing  t h e  August 1971 pump t e s t  ( s ee  

2 
Appendix B) a t  Lake View was .00221 q . The b a s i s  of t h i s  r e l a t i o n s h i p  i s  



v v2 0 

v e l o c i t y  conversion head = - - 
2g 2g ' 

b u t  

Therefore ,  

2 
v e l o c i t y  conversion head = q - 1 - 1 

2 2 
2g ( .25n~:) 2g ( . Z5nD0) 

where t h e  terms i n s i d e  t h e  b r a c k e t s  a r e  cons t an t ,  

I n  Chapter 11, t.he service-product  of t h e  water  i n d u s t r y  was de- 

f i n e d  a s  provid ing  po tab ie  water  on demand at a presc r ibed  pressure .  

Maintenance of adequate  p re s su re  is necessary f o r  f i r e  p r o t e c t i o n  and 

t h e  d e l i v e r y  of water  t o  e leva ted  po in t s  throughout t h e  s e r v i c e  area.-  

As demand i n c r e a s e s  ( i .  e., q i nc reases ) ,  t h e  head-capacity curve dic- 

t a t e s  t h a t  t h e  t o t a l  dynamic head must decrease  which, i n  t u r n ,  means 

t h a t  t h e  p re s su re  head, o r  system p res su re ,  must decrease .  I n  o rde r  t o  

maintain s e r v i c e  p re s su re  a t  o r  near  t he  d e s i r e d  l e v e l ,  a d d i t i o n a l  

pumps must b e  brought i n t o  use. General ly ,  pumps a r e  added i n  p a r a l l e l .  

(An except ion t o  t h i s  would be a s i t u a t i o n  where extremely h igh  pres- 

s u r e s  a r e  requi red .  Then, pumps would b e  added i n  s e r i e s . )  When pumps 

a r e  opera ted  i n  p a r a l l e l  a new set of pumping c h a r a c t e r i s t i c s  is  gen- 

e r a t e d  every t i m e  a pump is brought  i n t o  o r  taken o u t  of s e rv i ce .  The 

capac i ty  curves a r e  aggregated by adding t h e  ou tpu t  from each pump a t  

a given head, brake  horsepower, o r  e f f i c i ency .  Example aggrega te  head- 

capac i ty  r e l a t i o n s h i p s  a r e  given i n  F igure  IV-3. The s o l i d  l i n e  is t h e  

head-capacity curve f o r  t h e  No. 2 pump a t  Lake View. For  t h e  purposes 





of t h i s  s tudy ,  t h i s  curve was approximated, over t h e  normal range of 

ope ra t ion ,  by t h e  tangent ,  dashed l i n e .  S i m i l a r  approximations of t h e  

head-capacity curves f o r  pumps No. 1 and No. 3 were made and t h e  aggre- 

g a t e  r e l a t i o n s h i p s  developed. The l i n e a r  equat ions  r ep re sen t ing  t h e  

approximation f o r  each pump are :  

To f a c i l i t a t e  t h e  fol lowing p r e s e n t a t i o n ,  t h e  g e n e r a l  form of 

t h e s e  equat ions  w i l l  be  used, i . e . ,  h  = a  - b .q . ,  S ince  only q  is  
i 1 1  

added i n  developing t h e  aggrega te  head-capacity r e l a t i o n s h i p ,  t h e  f  o l -  

lowing t r a n s p o s i t i o n  is necessary:  

When pumps 1 and 2 a r e  ope ra t ing  i n  p a r a l l e l  ( a s  they a r e  designed t o  

do) ,  t h e  head-capacity r e l a t i o n s h i p  a t  t h e  Lake V i e w  Pumping S t a t i o n  i s  

S i m i l a r l y ,  



As pumps a r e  added i n  p a r a l l e l ,  t h e  dynamic head a t  ze ro  output  

( i . e . ,  t h e  i n t e r c e p t  o r  t h e  head a x i s )  tends t o  b e  a cons t an t ,  This  i s  

due t o  t h e  f a c t  t h a t  each pump has  nea r ly  the  same i n t e r c e p t  value.  

For example, t h e  values of a and a2 a r e  w i t h i n  s i x  percent  of each 
1 

other .  The aggrega te  i n t e r c e p t  is very nea r ly  t h e  average of a and a 
1 2 

and t h i s  average c lose ly  approximates a cons t an t  s i n c e  a and a2 a r e  
1 

approximately t h e  same. 

A t  a g iven  pumping s t a t i o n ,  t h e  head i n t e r c e p t  f o r  a l l  pumps a r e  de- 

s igned t o  b e  approximately t h e  same because, a s  a pump i s  brought  i n t o  

s e r v i c e ,  i t  must b e  ope ra t ing  a t  t h e  same head o r  p re s su re  a s  t h e  o t h e r  

pump o r  pumps i n  opera t ion ;  o therwise  flow through t h e  pump would b e  

a f f ec t ed .  S ince  t h e  a 's can be  assumed cons t an t ,  t h e  parameters which 
i 

c o n t r o l  ou tpu t  a r e  t h e  b i t s .  

L ike  the  head-capacity curve, t h e  e f f ic iency-capac i ty  curve is 

aggregated a s  a d d i t i o n a l  pumps a r e  brought  i n t o  s e r v i c e .  For a given 
n 

e f f i c i e n c y ,  ou tput  is  equal  t o  C q where n i s  the  number of pumps i n  
i= 1 i 

opera t ion .  



I n s p e c t i o n  of t h e  e f f ic iency-capac i ty  curve shown i n  F igure  I V - 1  re- 

v e a l s  a  f l a t  s l o p e  i n  t h e  normal range of opera t ion .  A s  t h e  e f f i c i e n c y  

r e l a t i o n s h i p  i s  modified t o  r e f l e c t  t h e  ope ra t ion  of an  inc reas ing  num- 

b e r  of pumps, t h e  s l o p e  approaches zero.  This  i s  f u r t h e r  demonstrated 

by t h e  fol lowing l i n e a r  approximations: 

then 

and 

S ince  d  < 1, i = 1,2 ,3 ,  t h e  s lope  parameter ( i . e . ,  t h e  c o e f f i c i e n t  of 
i 

t h e  q ' s )  becomes sma l l e r  a s  more pumps a r e  added. Th i s  imp l i e s  t h a t  
i 

t h e  e f f i c i e n c y  r e l a t i o n s h i p  approaches a  cons tan t .  I n  f a c t ,  e f f i c i e n c y  

i s  usua l ly  assumed t o  b e  a  cons tan t  (3) .  For purposes of t h i s  s tudy  and 

i n  t h e  examples, t h e  e f f i c i e n c y  is assumed t o  b e  a  cons t an t  (e.g., e f f i -  

c iency a t  Lake V i e w  i s  es t imated  t o  be  .78 and t h a t  a t  Thomas J e f f e r s o n  

t o  be  .76). 

Having cha rac t e r i zed  t h e  phys i ca l  processes  of pumping, t h e  nex t  

s t e p  is  t o  develop t h e  c o s t  func t ion  f o r  t h e  head-capacity r e l a t i o n s h i p .  

However, b e f o r e  doing t h i s ,  t h e  system-capacity func t ion  needs t o  b e  

descr ibed  s o  t h a t  a  comparison can be  made between pump and system 

c h a r a c t e r i s t i c s  i n  determining t h e  t r a n s p o r t a t i o n  c o s t  func t ion .  



D i s t r i b u t i o n  

The d i s t r i b u t i o n  network i s  cha rac t e r i zed  by t h e  l eng th ,  diameter ,  

and roughness of t h e  p ipe  elements;  by t h e  way t h e  p i p e  elements 

a r e  i n t e rconnec ted ;  by t h e  r a t e  and s p a t i a l  d i s t r i b u t i o n  of flow ( o r  

demand); and by t h e  s e r v i c e  p re s su re  maintained i n  t h e  network. Again, 

Be rnou l l i ' s  equat ion  descr ibes  t h e  c o n t r o l l i n g  energy r e l a t i o n s h i p s .  

where P /I/ is t h e  s e r v i c e  head and P i s  t h e  s e r v i c e  p re s su re  expressed 
2 2 

i n  pounds pe r  square  f e e t .  Energy suppl ied  through t h e  pumping s t a t i o n ,  

E i s  used t o  l i f t  t h e  water  from Z t o  Z2 and t o  supply t h e  d e s i r e d  
P ' 0 

p r e s s u r e  and q u a n t i t y  of water  a t  t h e  p o i n t  of demand. F igure  IV-4 i s  

a schematic  r e p r e s e n t a t i o n  of t h e  energy and h y d r a u l i c  grade  l i n e s .  

General ly ,  t h e  s e r v i c e  p re s su re  i n  a municipal water  supply  system is  

between 3600 psf  and 5040 ps f .  

For t h e  very  s imple system represented  i n  F igure  IV-4, t h e  headloss  

term f o r  a g iven  flow, q ,  can b e  d i r e c t l y  es t imated  by u s e  of t h e  Kazen- 

Williams formula (2T), J$, = K ~ ~ * ~ ~  where K is a cons tan t  f o r  a given 
1- 2 

p ipe  l eng th ,  diameter  and roughness. I n  a more complex p ipe  network, 

flow occurs  s o  a s  t o  balance t h e  headlosses  i n  each loop of t h e  network, 

b u t  i n  o r d e r  t o  determine t h e  headloss  across  each p i p e  element t h e  flow 

i n  each element must b e  known. The b e s t  known s o l u t i o n  technique t o  

t h i s  problem is t h e  Hardy Cross Method. It is  e s s e n t i a l l y  a method of 

t r i a l  and e r r o r  and i t  r equ i r e s  cons iderable  expense f o r  t h e  s o l u t i o n  

of complex systems. 
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However, t h e  de te rmina t ion  of headlosses  between t h e  pumping s t a -  

t i o n  and every p o i n t  i n  t h e  d i s t r i b u t i o n  system i s  no t  necessary f o r  

t h e  development of t h e  system-capacity func t ion .  There i s  l lsual ly  one 

c r i t i c a l  p o i n t  i n  t h e  system t h a t  d i c t a t e s  t h e  energy head a t  t h e  pump- 

i n g  s t a t i o n  i f  s e r v i c e  p re s su re  i s  t o  b e  maintained a t  t h a t  po in t .  I n  

t h e  case  of t h e  Lake View Pumping S t a t i o n ,  t h e  c r i t i c a l  p o i n t  is repre- 

s en ted  by Node 58 i n  F igu re  IV-5 whi le  Node 80 i s  c r i t i c a l  f o r  t h e  

Thomas J e f f e r s o n  Pumping S t a t i o n  (as  determined by Hardy Cross ana lyses  

of  t h e  system: see  r e f e rence  50).  These nodes o r  junc t ions  a r e  

c r i t i c a l  po in t s  because of their e l eva t ion  and d i s t a n c e  from t h e  pump- 

ing  s t a t i o n  and because of t h e  connecting p ipe  network and t h e  a s soc i a t ed  

water  demands. F i e l d  t e s t  and Hardy Cross a i a i y s i s  a r e  used t o  i d e n t i f y  

such po in t s .  Although only  one p o i n t  c o n t r o l s ,  t h e  headloss  t o  t h i s  

po in t  from t h e  pumping s t a t i o n  is a func t ion  of t h e  t o t a l  flow i n  t h e  

system and t h e  flow along each p i p e  element, i . e . ,  a Hardy Cross t ype  

a n a l y s i s  s t i l l  is requi red .  However, r e sa rch  done by McPherson ( 3 4 )  

showed t h a t ,  once t h e  headloss  between two p o i n t s  i n  a p i p e  network i s  

e s t a b l i s h e d ,  headloss  f o r  any flow condi t ions  could be  represented  by 

m % = Ki-jq where K i s  a cons tan t  between po in t  i and j ,  m v a r i e s  
i-j 

i-j  
between 1.86 and 2.00 (m is usua l ly  taken  t o  be  1.85) ,  and q i s  t h e  

t o t a l  flow i n  t h e  system. 

I n  t h e  case  where water  is supplied t o  t h e  network from more than  

n rn 
one source  (e.g. ,  two o r  more pumping s t a t i o n s ) ,  % = Kiej (qi/qd) qd 

i- j 
where K and m a r e  a s  before ,  n is a cons tan t  based on known head- 

i- j 

l o s s e s ,  qi i s  t h e  inpu t  from t h e  ith pumping s t a t i o n  and q i s  t h e  t o t a l  
d 

flow i n  t h e  network. The assumption t h a t  makes t h e s e  equat ions  reason- 

a b l e  approximations of headloss  between two po in t s  is t h a t  demand a t  





each junc t ion  i n  t h e  r e p r e s e n t a t i v e  network f l u c t u a t e s  i n  d i r e c t  propor- 

t i o n  t o  t h e  t o t a l  system demand; i . e . ,  qi qd. McPherson i n d i c a t e d  t h a t  

v i o l a t i o n  of t h i s  assumption was n o t  s e r i o u s  i n  systems l a r g e l y  se rv ing  

r e s i d e n t i a l  a r e a s ,  b u t  h e  caut ioned a g a i n s t  t h e  u n r e s t r i c t e d  u s e  of t h e  

gene ra l i zed  headloss  r e l a t i o n s h i p s  i n  h i g h l y  i n d u s t r i a l i z e d  systems. 

One important  f a c t o r  which KcPherson d i d  not  d e a l  w i t h  is t h e  r e l a -  

t i o n s h i p  between t h e  energy boundary, o r  no-flow l i n e ,  and headloss .  

There is a  boundary, def ined by equa l  energy, which s e p a r a t e s  t h e  ser- 

v i c e  a r e a s  of each pumping s t a t i o n  ( s e e  F igu re  IV-6). S ince  t h e r e  is 

no flow ac ros s  t h i s  boundary, t h e  va lue  of t h e  headloss  f u n c t i o n  f o r  a  

p o i n t  o u t s i d e  a  s e r v i c e  a r e a  has  no meaning. Headlosses can b e  computed 

only between p o i n t s  w i t h i n  t h e  same s e r v i c e  a rea .  

I n  Be rnou l l i ' s  equat ion  de f in ing  t h e  energy f o r  d i s t r i b u t i o n ,  t h e  

s u c t i o n  l i f t  was considered t o  b e  s t a t i c  ( i . e . ,  Z1 - Zo).  This  i s  n o t  

always t h e  case.  Pumping s t a t i o n s  i n  Chicago a r e  supp l i ed  by tunne l s  

and t h e  h y d r a u l i c  grade  l i n e  f l u c t u a t e s  a t  each s t a t i o n  which means t h a t  

t h e  s u c t i o n  l i f t  f l u c t u a t e s .  The e l e v a t i o n  of t h e  w a t e r  on t h e  s u c t i o n  

s i d e  of t h e  pump v a r i e s  according t o  t h e  e l e v a t i o n  of t h e  supply reser -  

v o i r  a t  t h e  Cen t r a l  Water F i l t r a t i o n  P l a n t  and t h e  head los s  through t h e  

tunnel .  Consequently t h e  s u c t i o n  head is 

where Z R i s  t h e  e l e v a t i o n  of t h e   reservoir,^ is t h e  e l e v a t i o n  of t h e  
l v  

pump a t  Lake View, and H i s  t h e  headloss  i n  t h e  connect ing tunnel .  
L ~ -  1 

Again, t h e  headloss  term is approximated by K ~ ~ .  The a c t u a l  headloss  

func t ion  used by t h e  C i ty  of Chicago f o r  computing headlosses  between t h e  





Cent ra l  Water F i l t r a t i o n  P l a n t  and t h e  Lake V i e w  Pumping S t a t i o n  i s  

. 0 0 0 3 2 9 2 ~ ~ ,  where q i s  expressed i n  MGD. 

Before formal iz ing  t h e  s y s  tem-capacity funct ion ,  one f u r t h e r  a spec t  

should b e  noted. The v e l o c i t y  head given i n  B e r n o u l l i ' s  equat ion  can b e  

neglected.  Its va lue  r e l a t i v e  t o  t h e  o t h e r  terms is q u i t e  small .  I n  

most supply systems, v e l o c i t y  i s  maintained a t  e i g h t  f e e t  pe r  second o r  

2 less which means t h a t  V /2g is approximately equal  t o  one f o o t .  The 

p res su re  head, a t  3600 p s f ,  is 57.7 f e e t ,  d i f f e rences  i n  e l e v a t i o n  may 

be  as much as  40 t o  50 f e e t ,  and headlosses  may be  60 t o  70 f e e t .  I n  

all, t h e  v e l o c i t y  head i s  only about one percent  of t h e  t o t a l  system 

head. Consequently, i t  w i l l  b e  neglected.  

The system-capacity funct ion  f o r  a s i n g i e  pumping s t a t i o n  Ps com- 

posed of t h e  fol lowing s i g n i f i c a n t  terms: 

s u c t i o n  head (sh)  = Z1 - (ZR - I-$ ) 
n R- 1 
L 

v e l o c i t y  conversion head (vh) = Cq 

de l ive ry  head (dh) = Z 
2 - z1 

s e r v i c e  p res su re  head (ph) = P2/y 

headloss  (I-$) = K q 
1.85 

where q i s  expressed i n  MGD. The energy ( i n  foot-pounds/pound mass) re- 

qu i r ed  t o  move a q u a n t i t y  of water  through t h e  de l ive ry  and d i s t r i b u t i o n  

system whi le  meeting s e r v i c e  condi t ions  a t  t h e  c r i t i c a l  po in t  i s  

The r e q u i s i t e  brake horsepower is  

bhp = .00182 q (Es) . 



Now, t h e  q u a n t i t y  of  wa te r  t h a t  can b e  d e l i v e r e d  f o r  a  given amount 

of energy i s  s p e c i f i e d  by t h e  head-capacity func t ion .  Conversely,  t h e  

amount of  energy necessary  t o  d e l i v e r  a  g iven  q u a n t i t y  of  wa te r  i s  spe- 

c i f i e d  by t h e  system-capacity func t ion .  I n  t h e  nex t  s e c t i o n  bo th  of  

t h e s e  r e l a t i o n s h i p s  w i l l  b e  converted i n t o  c o s t  func t ions .  

Va r i ab l e  Opera t ing  Costs 

The v a r i a b l e  ope ra t i ng  c o s t s  f o r  d i s t r i b u t i n g  wa te r  a r e  a f u n c t i o n  

of consumed energy and t h e  u n i t  c o s t s  of  energy. Energy consumed i n  

t h e  d i s t r i b u t i o n  process  i s  a func t ion  of  pump and system cha rac t e r i s -  

t i c s  and o p e r a t i n g  p o l i c f e s .  The v a r i a b l e  c o s t  of  t r a n s p o r t a t i o n  o r  

power c o s t  i s  

where PC is expressed  i n  d o l l a r s  p e r  day, q  i n  MGD, and h  i n  f e e t  of  head 

(or  foot-pounds p e r  pound mass). The cons t an t ,  ,0346 is t h e  product  o f  

- 7 
t h e  f a c t o r  f o r  conver t ing  foot-pounds t o  k i l o w a t t  hours  (3.766 x 10  ), 

+6 
t h e  u n i t  weight  of  wa te r  pe r  m i l l i o n  ga l lons  (8.346 x 10 ), and t h e  

u n i t  c o s t  of power (.011 d o l l a r s  pe r  k i l o w a t t  hour ) .  The a c t u a l ,  var- 

i a b l e  c o s t  f u n c t i o n  is based on h  from t h e  head-capacity func t ion .  A s  

long a s  a  f i x e d  number of pumps remain i n  ope ra t i on ,  t h e  v a r i a b l e  c o s t  

f u n c t i o n  has  t h e  form 

PC = .0346 q  ( a  - bq) . 

I f  pumps a r e  brought  i n t o  and taken  o u t  of  o p e r a t i o n  i n  an at tempt  t o  

m e e t  demands and main ta in  s e r v i c e  p re s su re ,  t h e  c o s t  f u n c t i o n  is based 

on h  from t h e  system-capacity func t ion .  The v a r i a b l e  c o s t  r e l a t i o n s h i p  
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is then 

I n  Figure IV-7, example head-capacity and system-capacity cos t  func- 

t i o n s  a r e  presented. The head-capacity cos t  functions A, B and C a r e  f o r  

t h e  Lake View Pumping S ta t ion  with one, two and th ree  pumps i n  opera t ion 

The exemplary system-capacity function r e f l e c t s  a f ixed suc t f  on l i f t ,  

s e r v i c e  pressure  of 30 p s i  o r  69.2 f e e t  of water ,  ve loc i ty  conversion 

head equal t o  0.774q, and a headloss funct ion of .012q 85 ( the  coef f i -  

c i e n t  K was based on the  r e s u l t s  of a network a z a l y s i s ) .  

Assuming a pumping s t a t i o n  e f f i c iency  of 0.78, the  v a r i a b l e  cos t  func- 

t ions  f o r  one, two, and th ree  pumps a r e  

I f  se rv ice  condit ions a r e  t o  be s a t i s f i e d ,  pumping operat ions must be 

conducted s o  t h a t  t h e  sys tem-capacity function,  explained above, is  not  

v io la ted .  Variable cos t s  r e s u l t i n g  from t h i s  function a r e  

For t h e  example system, when demand is  i n  the  neighborhood of 30 MGD 

and only one pump is i n  operat ion,  the  va r iab le  cos t  of t r anspor ta t ion  

w i l l  be  g rea te r  than t h a t  indica ted  by t h e  system-capacity cos t  funct ion 

(see Figure IV-7). When demand is  100 MGD with three  pumps i n  operat ion,  

se rv ice  condit ions a r e  v io la ted  and the  cos t  indica ted  by t h e  head- 
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capacity function is l e s s  than t ha t  indicated by the  system-capacity func- 

t ion.  I n  both cases, t he  cost  of t r anspor ta t ion  is d ic ta ted  by the  head- 

capacity re la t ionship .  Further, a t  any po in t  i n  time, the  head-capacity 

function determines the  cost .  However, over a period of time such a s  a 

day, pumps a r e  brought i n t o  operat ion and taken out  of operation i n  

order t o  meet va r ia t ions  i n  demand and pressure  conditions. Through con- 

t r o l  pol icy ,  pumping s t a t i ons  a r e  operated so  a s  t o  approximate the  

system-capacity function. As can be seen from Figure IV-7, the  approx- 

imation of the  system-capacity function r e s u l t s  i n  the  l e a s t  cos t s  while 

s a t i s f y i n g  the  demand and pressure  const ra ints .  

Daily Cost Model 

For mean da i l y  output, t he  va r iab le  cos t  of t ranspor ta t ion is  de- 

f ined by the  sys tern-capacity function. A p rac t i c a l  demonstration of 

t h i s  i s  provided by da i ly  operating data  from the  Lake View Pumping 

Sta t ion.  Observed da i l y  power costs ,  i n  do l l a r s ,  were regressed with 

power cos t s  computed from observed da i l y  output using the sys tern-capacity 

function: 

where AZ = 9.0, P2/y = 69.2, and Qlv i s  mean da i l y  flow i n  MGD. The 
l v  

regress ion model was 

where PC and CPC a r e  observed and computed power costs ,  a and f3 a r e  the  

estimated regress ion coef f i c ien t s ,  and u i s  the  di f ference (a l so  termed 
i 



e r r o r  o r  r e s i d u a l )  between t h e  observed and computed c o s t s  f o r  t h e  i 
t h  

observa t ion .  I n  o r d e r  f o r  a and f3 t o  be  unbiased e s t ima to r s  of t h e i r  

t r u e  va lues ,  t h e  u . ' s  must be  normally d i s t r i b u t e d ,  they  must have a 
1 

mean of zero ,  they  must b e  independent of  CPC and ui and u. must b e  
l v  i+s 

independent.  S t a t e d  more formally (19) , 

E ( u ~ )  = 0 f o r  a l l  i 

0 f o r  i# j ,  i , j ,  = 1,2  ,..., n 
E(u.u.1 = 

1 J  o f o r  i= j ,  i , j  = 1 , 2  ,..., n .  
u 

Least-squares i f n e a r  r eg re s s ion  procedures r e s u l t  i n  E (u . j  = 0. A 
1 

sca t t e rg ram p l o t  of t h e  r e s i d u a l s  aga ins t  computed power c o s t s  (see 

Figure  IV-8) i n d i c a t e s  an independent random p a t t e r n .  The l i n e a r  cor- 

r e l a t i o n  c o e f f i c i e n t  i s  .00041. To i n s u r e  t h a t  t h e  o t h e r  cond i t i ons  

w e r e  met, c e r t a i n  s t a t i s t i c a l  t e s t s  were made on t h e  r e s i d u a l s .  The 

Durban-Watson s t a t i s t i c s  were used t o  t e s t  f o r  s e r i a l  c o r r e l a t i o n  

(ui and u no t  independent) ;  and, t h e  Kolmogorov-Smirnov s t a t i s t i c  was 
i+s 

used t o  t e s t  f o r  normali ty .  

The hypothes is  t o  be t e s t e d  by t h e  Kolmogorov-Smirnov s t a t i s t i c ,  D,  

i s  t h a t  t h e  u . ' s  a r e  normally d i s t r i b u t e d .  For t h e  known sampling dis-  
1 

t r i b u t i o n  of D, t h e  computed s t a t i s t i c  D,  f o r  t h e  r e s i d u a l s  from t h e  

above r e g r e s s i o n  model, was not  s i g n i f i c a n t  a t  t h e  f i v e  pe rcen t  l e v e l .  

Consequently, t h e  hypothes is  i s  no t  r e j e c t e d ,  i. e. , t h e  r e s i d u a l s  can be  

taken t o  be  normally d i s t r i b u t e d .  

However, t h e  Durban-Watson s t a t i s t i c ,  d,  was s i g n i f i c a n t  a t  t h e  

f i v e  percent  l e v e l  which ind ica t ed  s e r i a l  c o r r e l a t i o n .  The computed 

s t a t i s t i c  i s  equa l  t o  1.54 which i s  l e s s  than t h e  lower boundary, % = 1.65, 





f o r  one independent v a r i a b l e  and t h e  number of obse rva t ions ,  n  = 120, 

g r e a t e r  t han  one hundred. Since t h e  computed d  va lue  i s  l e s s  than d  
L  

t h e r e  i s  s i g n i f i c a n t  p o s i t i v e  s e r i a l  c o r r e l a t i o n  (13).  That  t h e  r e s i d u a l s  

a r e  au toco r re l a t ed  i s  no t  s u r p r i s i n g  s i n c e  t h e  observed v a r i a b l e s ,  
Q1vl ' 

a r e  t ime-ser ies  t ype  d a t a  and they  a r e  s e r i a l l y  c o r r e l a t e d .  One proce- 

dure  f o r  removing a u t o c o r r e l a t i o n  i s  a  f i r s t - o r d e r  au to reg res s ive  scheme 

ope ra t ing  on t h e  r e s i d u a l s  ( a  more complete d i scuss ion  of t h e  auto- 

r e g r e s s i v e  model is given i n  Chapter V). 

t hen  

The new v a r i a b l e s  become 

Leas t  squa res  r eg re s s ion  is appl ied  t o  t h e  transformed v a r i a b l e s  which 

r e s u l t s  i n  new es t ima te s  a '  and B ' .  Since a '  is an e s t i m a t e  of a ( l  - r ) ,  

a = a l / ( l  - r ) .  

I n  t h e  example us ing  Lake V i e w  ope ra t ing  d a t a ,  t h e  i n i t i a l  e s t ima te s  

of a  and B were 37.1 and .922. Af t e r  applying t h e  f i r s t - o r d e r  auto- 

r e g r e s s i v e  scheme ( r  = .229), a  = 39.9 and @ = .907. The F s t a t i s t i c ,  



t e s t i n g  t h e  j o i n t  hypothesis a = a and 6 = Bo, was not  s i g n i f i c a n t  a t  
0 

the  f i v e  percent  l e v e l  f o r  t h e  above example o r  f o r  any of t h e  o t h e r  

examples given. Consequently, t h e  hypothesis a = a and B = Bo i s  re- 
0 

j ec ted  i n  a l l  cases. 

I f  t h e  suggested c o s t  model, .044ZQlv(AZ,+ Plv/y + .077Qlv + 
1.85) 

.012Qlv , incorporated t h e  a c t u a l  sys temcapac i ty  funct ion which was 

being approximated by pumping operat ions during the  period of observa- 

t i o n ,  B should have been unity and a should have been zero, The devia- 

t i o n  from these  values appears not t o  be ser ious  and, i n  f a c t ,  i t  can be  

explained. The estimated e f f i c iency  f o r  Lake V i e w ,  e = .78, may have 
l v  

been i n  e r r o r  and t h e  t r u e  value may be  c lose r  t o  e = .78/.907 = ,860. l v  

A n  explanation f o r  a being g r e a t e r  than zero is t h a t  t h e  approximation 

of t h e  system-capacity curve i s  more d i f f i c u l t  i n  t h e  lower range of 

output s ince  t h e  minimum l e v e l  of operat ion i s  one pump (see  Figure IV-7). 

S t i l l ,  the  funct ional  form of the  system-capacity cost  r e la t ionsh ip  is 

supported by t h e  example cos t  d a t a  ( the  c o e f f i c i e n t  of co r re la t ion  is 

.94) . The a s s e r t i o n  t h a t  the sys tem-capacity function,  on a d a i l y  b a s i s ,  

defined va r iab le  cos t s  is thereby demonstrated. 

However development of t h i s  type of cos t  model requires  e x p l i c i t  

knowledge of the  d i s t r i b u t i o n  system. For t h e  above example, a Hardy 

Cross ana lys i s  of t h e  Lake View-Thomas Je f fe r son  d i s t r i b u t i o n  network was 

necessary f o r  t h e  est imation of network c h a r a c t e r i s t i c s .  Hardy Cross 

type analyses are  q u i t e  expensive and t o  implement such an ana lys i s  on a 

metropolitan b a s i s  would be impract ica l  ( the  d i s t r i b u t i o n  network f o r  

the  City of Chicago has y e t  t o  be  analyzed a s  a s i n g l e  system). A 

grea t ly  s impl i f ied  cos t  function and a reasonable approximation of t h e  



sys  tem-capacity c o s t  funct ion  is  

where A and B a r e  es t imated  by l i n e a r  r eg res s ion  from t h e  a v a i l a b l e  

opera t ing  da ta .  Again using Lake V i e w  a s  a n  example, 

PC, = 99.2 + . 0 5 5 l ~ ; ~  . 

A l l  of t h e  assumptions of l i n e a r  r eg res s ion  a r e  s a t i s f i e d  and the  e s t i -  

mates of a and 6 r e f l e c t  non-autocorrelated r e s i d u a l s .  I n  Figure IV-9, 

t h e  t h e o r e t i c a l  system-capaci ty c o s t  funct ion ,  t h e  r e g r e s s i o n  system- 

capaci ty  func t ion  and t h e  q u a d r a t i c  c o s t  func t ion  are g raph ica i iy  repre- 

sented.  Over t h e  range  of  observed d a t a ,  t h e r e  i s  very  l i t t l e  d i f f e r -  

ence between t h e  l a t t e r  two models. The advantages of t h e  q u a d r a t i c  

form a r e  t h a t  i t  can b e  developed q u i t e  e a s i l y  and i t  is  a convenient 

form f o r  marginal  c o s t  ana lys i s .  The s l o p e  of t h e  q u a d r a t i c  funct ion  

( the  marginal cos t )  a t  Q = 40 is 4.41 d o l l a r s  p e r  MGD and, a t  Qlv = 60, 
l v  

it is 6.61. Slope va lues  f o r  t h e  systenz-capacity r e g r e s s i o n  cos t  func- 

t i o n  a t  t h e  same outputs  a r e  4.64 and 6.18 r e spec t ive ly .  

However, c a r e  should b e  taken t o  apply t h e  q u a d r a t i c  model only t o  

t h e  upper ranges of opera t ion .  A s  output  approaches zero,  t h e  two mar- 

g i n a l  c o s t  func t ions  d iverge  ( s e e  Figure IV-10). I n  t h e  lower ranges of 

opera t ion ,  t h e  system-capaci ty c o s t  func t ion  more c lose ly  approximates 

t h e  v a r i a b l e  ope ra t ing  c o s t s  and marginal c o s t s  than  does t h e  quadra t i c  

funct ion  s i n c e  i t  r e f l e c t s  t h e  c o s t  of maintaining s e r v i c e  pressure .  

The c o e f f i c i e n t  of c o r r e l a t i o n  f o r  t h e  q u a d r a t i c  func t ion  was .939 

and t h a t  f o r  t h e  system-capaci ty model was ,941. The explained var iance  
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was .882 and .885 respectively.  The unexplained var iance  i n  both models 

undoubtedly was due t o  t h e  exclusion of t h e  following fac tors :  

1. The des i red  se rv ice  pressure  i n  t h e  d i s t r i b u t i o n  system was 

no t  m e t ,  on t h e  average, during t h e  given t i m e  period. 

2. Diurnal v a r i a t i o n s  i n  demand. 

3. Disproport ional  f luc tua t ions  i n  demand a t  take-off points  with 

respect  t o  changes i n  t o t a l  system demand. 

4. The inf luence  of inter-connected pumping s t a t i o n s .  

The f i r s t  t h r e e  f a c t o r s  cannot be d e a l t  with i n  t h a t  t h e r e  is i n s u f f i c i e n t  

d a t a  t o  quant i fy  t h e i r  e f f e c t .  The e f f e c t  of t h e  four th  f a c t o r  w i l l  b e  

discussed i n  t h e  next paragraph. However, t h e  aggregate e f f e c t  of these  

f a c t o r s  appears to be minor. Both functi.ons give a reasonabie e s t i -  

mate of t r anspor ta t ion  cos ts  when compared with t h e  t h e o r e t i c a l  function. 

When more than one pumping s t a t i o n  ( o r  input  source such as an ele- 

vated water tank) is i n  operat ion,  headloss, i n  theory, is  a function of 

a l l  input  sources. Such a headloss function is  

where Q is t h e  quant i ty  of water being pumped a t  Thomas Je f fe r son  Sta- 
t j 

t ion .  The s e n s i t i v i t y  of headloss to  per turbat ions  i n  Q i s  
t j 

Representing the  left-hand s i d e  of the  equation by e l  

t h e  right-hand s i d e  

% l v  - 
Qtj  

and reducing 
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the  s e n s i t i v i t y  of va r ies  from .880 t o  1.13 and t h e  s e n s i t i v i t y  of 
l v  

power cos t s  a t  Lake View v a r i e s  from . I13 t o  .252. While t h e  headloss 

a t  Lake V i e w  is  q u i t e  s e n s i t i v e  t o  f luc tua t ions  i n  Q the  power cos ts  
t j  ' 

are  n o t  very sens i t ive .  Further,  the  power cos t  da ta  i n  Table I V - 1  (as  

w e l l  a s  t h e  o ther  observed cos t  da ta)  do not  support t h e  t h e o r e t i c a l  

i n t e r r e l a t i o n s h i p .  The other  t h r e e  f a c t o r s  mentioned above apparently 

mask t h i s  aspect  of water d i s t r i b u t i o n .  Consequently, i f  t h e  al loca- 

t i o n  scheme, e.g., equal  marginal cos t s ,  does no t  g r e a t l y  alter the  

output  r a t i o s ,  the  hydraul ic  i n t e r r e l a t i o n s h i p  between Lake V i e w  and 

Thomas Je f fe r son  (and probably f o r  most o ther  pumping systems) can be 

neglected a s  f a r  a s  d a i l y  a l l o c a t i o n  is concerned. 

The preceding arguments have been d i rec ted  toward es tab l i sh ing  a 

t ranspor ta t ion  cos t  function t o  se rve  a s  a b a s i s  f o r  l e a s t  c o s t  al loca- 

t i o n  of output  from mul t ip le  pumping s t a t i o n s .  The quadrat ic  funct ion 

appears t o  b e  an adequate representa t ion of the  v a r i a b l e  cos t s  of trans- 

por ta t ion .  An example of how such functions might be used is one deal ing 

with the  Lake V i e w  and Thomas Je f fe r son  Pumping Sta t ions .  Their  cos t  

functions a r e  

The marginal cos t  functions a r e  

(See Chapters I11 and Y I I  f o r  proof and conditions of minimization.) 



Both marginal  c o s t  func t ions  a r e  g raph ica l ly  represented  i n  F igure  I V - 1 1 .  

The aggrega te  func t fon  f o r  marginal  c o s t  is  given i n  F igure  IY-1.2. When 

QT = 122, a t  equal  marginal  c o s t s  of 5.65 d o l l a r s  p e r  MGD ( s e e  F igure  

IV-12), Qlv = 53 and Q = 69 ( s e e  Figure IV-11). I n s p e c t i o n  of t h e  a c t u a l  
t j 

ope ra t ing  d a t a  i n  Table I V - 1  r e v e a l s  t h a t  Lake View i s  u n d e r u t i l i z e d .  I n  

f a c t ,  r e a l l o c a t i o n  based on t h i s  marginal  cos t  scheme, of  t h e  t o t a l  

d a i l y  demand f o r  t h e  120 days of observed d a t a ,  r e s u l t e d  i n  a t en  pe rcen t  

i n c r e a s e  i n  output  a t  Lake V i e w .  

The d a i l y  c o s t  model and marginal  c o s t  a l l .oca t ion  scheme can e f f i -  

c i e n t l y  d e a l  w i t h  a very  l a r g e  number of pumping s t a t i o n s  and, a s  such,  

it can b e  used f o r  r e g i o n a l  a l l o c a t i o n  and i t  can be used t o  s e t  gene ra l  

ope ra t ing  p o l i c i e s  f o r  mult iple-piant  systems. Where t h e  o p e r a t i o n  o f  

t h e  e x i s t i n g  r e g i o n a l  system is n o t  c e n t r a l l y  coord ina ted ,  b u t  p h y s i c a l  

i n t e r connec t ion  is p o s s i b l e  such as i n  t h e  Chicago Metropol i tan  A r e a ,  

t h e  b e n e f i t s  of c e n t r a l  c o n t r o l  can b e  r e a d i l y  determined from t h e  proposed 

scheme. S ince  marginal  c o s t  a n a l y s i s  produces t h e  most e f f i c i e n t  r a t i o  

of ou tputs  given t o t a l  demand, t h i s  knowledge can l e a d  t o  c o s t  savfngs  

and b e t t e r  u se  of t h e  a v a i l a b l e  capaci ty.  The q u a d r a t i c  c o s t  func t ion  

s e r v e s  a s  a b a s i s  f o r  genera l ized ,  r eg iona l  a l l o c a t i o n .  

While t h e  q u a d r a t i c  c o s t  model can e a s i l y  d e a l  w i t h  t h e  forced  con- 
n 

s t r a i n t  of demand ( i . e . ,  C Qi = t o t a l  demand), system c o n s t r a i n t s ,  o r  
i=l 

l i m i t a t i o n s ,  a r e  no t  s o  c l e a r l y  handled s i n c e  t h e  model is based on mean 

d a i l y  output  apd average energy requirements.  The p h y s i c a l  l i m i t a t i o n  

of t h e  sys  t e m ,  such a s  pumping capac i ty  o r  de l ive ry  tunne l  capac i ty ,  a r e  

b e t t e r  analyzed by cons ider ing  maximum hour ly  demand o r  some s i m i l a r ,  

c r i t i c a l  event .  Never the less ,  limits can be  placed on t h e  probable,  
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maximum d a i l y  output  t h a t  var ious  pumping s t a t i o n s  can d e l i v e r .  These 

limits then  become a d d i t i o n a l  forced  c o n s t r a i n t s .  Because of t h e  demand 

c o n s t r a i n t ,  pumping s t a t i o n s  which have no t  reached t h e i r  maximum l i m i t  

w i l l  o p e r a t e  a t  h ighe r  marginal  c o s t s  than  f o r  t hose  s t a t i o n s  which have 

reached t h e i r  p h y s i c a l  l i m i t .  Consider,  f o r  example, t h e  coordinated 

ope ra t ion  of  t h r e e  pumping s t a t i o n s .  The Lagrangean func t ion  i s  

where C .  i= 2,3,4 is  t h e  capac i ty  l i m i t  of t h e  i-I. pumping s t a t i o n ,  
1 

Si, i = 2,3  is  t h e  s l a c k  v a r i a b l e  a s soc i a t ed  wi th  t h e  capac i ty  con- 

s t r a i n t ,  and C i s  t h e  t o t a l  demand. The p a r t i a l  d e r i v a t i v e s  and min- 
1 

imizing cond i t i ons  a r e  



I f  t h e  t h i r d  pumping s t a t i o n  reaches i ts  l i m i t ,  given C1, then S = 0 3 

s i n c e  Q = C4. With Qg = C and Ai  = 0 (i = 2,3,4,) t h e  minimizing set. 3 4 

of equat ions  becomes 

Consequently, marginal c o s t  condi t ions  hold f o r  t h e  f i r s t  and second 

pumping s t a t i o n s  but  no t  f o r  t h e  t h i r d  s t a t i o n .  Nevertheless,  t h e  t h i r d  

pumping s t a t i o n  remains i n  opera t ion s i n c e  its marginal  c o s t s  a r e  less 

than f o r  t h e  o t h e r  two and i t  a s s i s t s  i n  t h e  o v e r a l l  minimizing process  

through i s  con t r ibu t ion  t o  t o t a l  demand. Th i s  point  is demonstrated by 

t h e  s o l u t i o n  of t h e  above set of equations f o r  h I '  A, = 2a a (C1 - C 4 ) /  1 2  

(al + a2).  Obviously, t h e  marginal c o s t ,  X I ,  would be g r e a t e r  i f  C o r  4 

Q 3 w a s  no t  included,  and t h e  g r e a t e r  A l  i s ,  t h e  g r e a t e r  t o t a l  c o s t ' r r i l l  be. 

Hourly Cost Model 

I n  determining t h e  c o s t  of supplying t h e  maximum hour ly  demand and 

i n  evaluat ing t h e  capab i l i ty  of t h e  t r a n s p o r t a t i o n  system t o  meet t h a t  



c r i t i c a l  demand, t h e  system-capacity f u n c t i o n  only  s e r v e s  a s  a r e f e r e n c e  

f o r  judging whether  s e r v i c e  requirements  can be m e t .  The head-capaci ty 

f u n c t i o n ,  t h e  headloss  i n  t h e  primary d z l i v e r y  system ( p i p e s  o r  t u n n e l s  

b r i n g i n g  wa te r  t o  t h e  punping s t a t i o n )  and, i n  t h e  case  of  two o r  n o r e  

purcping s t a t i o n s  ope ra t ing  i n  t h e  same d i s t r - i b u t i o n  network, t h e  energy 

boundary r e l a t i o n s h i p  between pumping s t a t i o n s  c o n t r o l  t h e  ou tpu t  l e v e l s ,  

t h e  s e r v i c e  p r e s s u r e ,  and t h e  v a r i a b l e  c o s t  of t r a n s p o r t a t i o n .  The gen.- 

e r a 1  mathematical  model, o r  s e t  of equat ions ,  d e s c r i b i n g  energy r e q u i r e -  

ments and c o s t s  is a s  fol lows:  

n 
power c o s t s  = .0346 P qihi/ei 

i= 1 
f o r  n pumpii~g s t a t i o n s  

n 
t o t a l  demand = P qi 

i=l 

head-capaci ty = fi(qi) , . 5 ~ 1 , .  ., ,n 

e f  f i c i ency -capac i ty  = gi(qi) , , 

dynamic head = f (phi ?shi ?vhi) ial,... ,n 

p r e s s u r e  head (phi) = fi(q1,q2, - *qnrphl* ~ p h i - l ~ p h i f  *phn) 

i=l,. . . , n  

where phi is  t h e  p r e s s u r e  head a t  t h e  ith s t a t i o n ,  shi is  t h e  s u c t i o n  

head and vh. is  t h e  v e l o c i t y  conversion head. 
1 

An example of a l i m i t i n g  p h y s i c a l  cond i t i on  can b e  found i n  t h e  

North Tunnel Zone of ch icago ' s  wa te r  supply system. Headlosses  i n  t h e  



del ivery  tunnel  due t o  peak summer demands a r e  becoming s u f f i c i e n t l y  

l a rge  t h a t  the  suc t ion  l i f t  a t  the  Mayfair Pumping S ta t ion  is approach- 

ing the  permissible l i m i t .  I n  f a c t ,  the projected maximum hourly demands 

(2) f o r  t h i s  tunnel  zone i nd i ca t e  t ha t  the  L i m i t  w i l l  be  exceeded by 1980, 

When water is subjected t o  a pressure l e s s  than i ts  vapor pressure,  

it b o i l s  and vapor pockets a r e  entrained i n  the  l iqu id  (43). Upon reach- 

ing a region of higher pressure ( the  pressure s i d e  of t h e  pump), these  

pockets of a i r  collapse. The process is cal led  cav i t a t i on  and i t  r e s u l t s  

i n  a reduction of pump e f f i c iency  and i t  can cause physical  damage t o  t h e  

pump. For cen t r i fuga l  pumps, t he  p r a c t i c a l  suct ion l i f t  i s  f i f t e e n  f e e t ,  

The c r i t i c a l  e leva t ion  a t  the  Mayfair Pumping S ta t ion  i n  reference t o  

the  Chicago datum is -13.5 f ee t .  This e levat ion cons t i tu tes  the  most 

c r i t i c a l  physical  cons t ra in t  t o  supplying water through t he  North Tunnel 

Zone, when considering the  1980 projected conditions. 

To analyze t h e  e f f e c t s  of t h i s  cons t ra in t  on t he  a l l oca t i on  of  pump- 

ing s t a t i o n  output ,  a cos t  model was developed based on t h e  general  

model given above. The cha rac t e r i s t i c s  of t he  tunnel  system a r e  given 

i n  Figure IV-13. The head-capacity functions used i n  t h i s  model a r e  the  

same as  those developed e a r l i e r  i n  t h i s  chapter. Other re levant  physical  

da ta  f o r  the  pumping s t a t i o n s  a r e  given i n  Table IV-2 and the  parameter- 

ized cos t  model i s  given i n  Table IV-3. Parameter values were supplied 

by the  City of Chicago except f o r  those used i n  the  energy boundary re la-  

t ionship  which a r e  based on an independent Hardy Cross ana lys i s  of the  

d i s t r i b u t i o n  network. 

To t e s t  t he  v a l i d i t y  of the  model, operat ing data  f o r  two peak 

hours (8:OO pm, Ju ly  11, 1972, and 2:00 pm, August 18, 1972) were com- 

pared t o  siinulated values (Table IV-4 gives a l i s t i n g  of both s e t s  of 



Node 
0 
1 
2 
3 
4 

Link 

0-1 

1-2 

2- 3 

2-4 

Thomas J e f f e r s o n  

0 3  

Mayf a i r  
1 

Centra l  Water 
F i l t r a t i o n  P lan t  

Cen t ra l  Water F i l t r a t i o n  P lan t  
Lake View Pumping S t a t i o n  
Junct ion  
Thomas J e f f e r s o n  Pumping S t a t i o n  
Mayfair Pumping S t a t i o n  

Length ( f t )  Diameter (f t )  k 11 

28,000 16 2.92 x 2.0 

9,000 12 1.32 x 1.76 

200 8 4.71 x 2.0 

13,000 12 1.50 x lov4 1.89 

FIGURE IV-13 

TUNNEL CHARACTERISTICS 



Table IV-2 

PUMPING STATION  DATA^ 

Lake V i e w  

No. of Pumps 

Unit  Capacity 

To ta l  Capacity 

Pump Elevat ion  1 

Curb Elevat ion  

Gage Elevat ion  
2 

Thomas J e f f e r s o n  

No. of Pumps 

Unit  Capacity 

To ta l  capaci ty  

Pump Elevat ion  

Curb Elevat ion  

Gage Elevat ion  

May F a i r  

C r i t i c a l  Suct ion Elevat ion -13.5 

1. A l l  e l eva t ions  a r e  r e l a t i v e  t o  Chicago 
datum. 

2. Gages a r e  set t o  read curb pressure  i n  
pounds per square  inch. 



Table IV-3 

SYSTEM MODEL: LAKE VIEW--THOMAS JEFFERSON 
MAXIMUM HOUR 1980 = 550 MGD 

T o t a l  Power Costs 

PC = 3.14 qlvhlv/elv + 3.1f+qtjht j le t j  

T o t a l  Output 

Head-Capacity ( t h r e e  pumps on) 

h l v  
= 203 - .665qlv 

h = 257 - .645q 
t j t j 

T o t a l  Dynamic Head 

- 2 
h l v  - ~ ~ l v  + Shiv + .000246qlv 

Energy Boundary 

Suct ion  Head 

Tunnel Cons t r a in t  



Table IV-4 

OBSERVED AND SIMULATED SYSTEM PERFOWCE 

Peak Hour: J u l y  11, 1972--8:OO pm Peak Hour: August 18,  1972--2:OO pm 
Observed Simulated Observed Simulated 

t h r e e  pumps on t h r e e  pumps on 

ELo = 5.00 f t  Given ELo = +5.6 Given 

ELl = 1.50 f t  -.93 f t  EL1 = -2.0 +.50 

Q1 = 108 mgd Given Q = 114 
1 

Given 

Sta .  P res s .  = 51 p s i  51  p s i  S t a .  Press .  = 49 p s i  50 p s i  

2.87 f t  VH1 = 3.19 3.19 

131  f t  TDHl = 127 127 

not  a v a i l .  PClv = $610 

two pump3 on two pumps on 

Q2 = 98 mgd Given EL2 = -3.5 -3.1 

Sta.  P res s .  = 47 p s i  46 p s i  Q2 = 99 Given 

SH2 = 6.00 6.22 Sta .  Press .  = 46 47 p s i  

pH2 = 124 123 SH = 4.5 
2 4.1 

TDH2 = 130 129 pH2 = 122 124 

PC = $582 no t  a v a i l .  TDH2= 126 128 
t j 

EL3 -8.5 -8.93 PC = $569 
t j 

Q = 245 mgd 
3 

Given EL3 = -4.0 -5.6 

q, = 205 Given 

SystenrHead Relat ionship:  pH1 - pH2 = K Q Q - K2QTQ2 - Z1 + Z 1 T 1  2 

Date - 
7/11/72 

8/18/72 

Time. Observed Simulated 

12.8 f t  

13.5 f t  



va lues )  and t h e  comparison i s  c lose .  The e r r o r  i n  determining t h e  water  

e l e v a t i o n  i n  t he  s u c t i o n  w e l l  may b e  caused by t h e  d i f f i c u l t y  of accu- 

r a t e l y  measuring t h e  water l e v e l  due t o  surges  i n  t h e  tunne l  system as  

w e l l  a s  t o  t he  f a c t  t h a t  one measurement i s  used t o  d e f i n e  t h e  average 

hour ly  water l e v e l .  IIowever, t h e  e r r o r  i s  minor i n  t h a t  i t  i s  only 

1.6 percent  of t h e  t o t a l  dynamic head. 

The maximum hour ly  demand a n t i c i p a t e d  by t h e  y e a r  1980 f o r  t h e  

North Tunnel Zone is 550 MGD ( see  Table IV-8). Of t h i s  t o t a l  demand, 

t h e  f o r e c a s t  c a l l s  f o r  Lake V i e w  t o  supply 78 MGD, Thomas J e f f e r s o n  t o  

supply 109 MGD and Mayfair t o  supply 368 MGD. I f  t h e  d i s t r i b u t i o n  system 

is opera ted  i n  accordance w i t h  t h i s  a l l o c a t i o n ,  t h e  s u c t i o n  l i f t  con- 

s t r a i n t  a t  Mayfair w i l l  b e  v io l a t ed .  I n  o r d e r  t o  determine whether t h e  

p ro j ec t ed  t o t a l  demand can b e  supp l i ed  wi thout  v i o l a t i n g  t h e  s u c t i o n  

c o n s t r a i n t  and s t i l l  meet t h e  s e r v i c e  p re s su re  c o n s t r a i n t ,  t h e  above 

model o r  s e t  of equat ions  was used t o  s imu la t e  t h e  t r a n s p o r t a t i o n  system 

and t o  gene ra t e  t h e  r e q u i s i t e  ou tput  f o r  each pumping s t a t i o n .  The 

above equat ion  s e t ,  excluding t h e  power c o s t  func t ion ,  w e r e  so lved  

s imultaneously f o r  a  f e a s i b l e  a l l o c a t i o n .  Since t h e  equat ions  a r e  non- 

l i n e a r ,  t h e i r  simultaneous s o l u t i o n  is  complicated. Geometric programming 

was used as t h e  s o l u t i o n  technique ( see  Chapter 111) .  

The a p p l i c a t i o n  of geometric programming r e q u i r e s  t h a t  i n e q u a l i t y  

c o n s t r a i n t s  r e p l a c e  e q u a l i t y  c o n s t r a i n t s .  The transformed set of equa- 

t i o n s ,  t h e  pr imal  geometric program, is given i n  Table  IV-5. The dua l  

program i s  given i n  Table IV-6. 

There a r e  two d i s t i n c t  advantages i n  us ing  geometr ic  programming. 

It d e a l s  d i r e c t l y  w i t h  t h e  non-l inear  func t ions  wi thout  l i n e a r  approxi- 



Table  IV-5 

PRIMAL PROGW 

System Model 

Lake View--Thomas J e f f e r s o n  

(Program A) 

Minimize Power (Var iable  Cost) 

Subjec t  t o  

T o t a l  Output 

.00182 Qlv + .00182 Q + .00182 Qrt  > 1 
t j - 

Head-Capacity 

.00328 Qlv + .00439 Hlv - > 1 

.00251 Q + .00389 H t j  2 1 
t j 

T o t a l  Dynamic Head 

H ~ ~ x ; ~  + 19.21 Xi1 - < 1 

P H , ~ X ~ '  + 8.83 xyl + .00246 Q:~X;' 2 1 

Q .x-l 
t J  2 

H .x-' + 7.00~;l> 1 
t J  3 - 

1.76 -1 PH . x - ~  + 8 . 8 3 ~ ; ~  + .00132X2 X3 + .0000471Q2 .x-l < 1 
t J  3 tJ 3 - 

.Tunnel Cons t r a in t  

1 . 8 9 ,  + .0000118Qmf .0000104X2 - 





mations and i t  provides  s e n s i t i v i t y - a n a l y s i s  a s  a  d i r e c t  r e s u l t  o f  i t s  l o g  

t ransformat ion  of t h e  dua l  problem ( see  Chapter 111). A unique advantage 

of GEPROG, t h e  geometric programming a lgor i thm on Nortllwestern U n i v e r s i t y ' s  

computer f a c i l i t y ,  is  i t s  a b i l i t y  t o  handle  reversed  c o n s t r a i n t s  (e.g,, 

qT qlv + q t j  + qmf),  s l a c k  c o n s t r a i n t s  and degeneracy (25) (11) .  In 

f a c t ,  t h e  North Tunnel Zone problem i s  the  f i r s t  p r a c t i c a l  reversed  con- 

s t r a i n t  problem so lved  using GEPROG. 

The s o l u t i o n  of t h e  dua l  and primal  problem and t h e  va lues  of t h e  

pr imal  and d u a l  v a r i a b l e s  a r e  given i n  Table IV-7. I f  t h e  ou tpu t  a t  

Lake View is equal  t o  98 MGD and t h e  output  a t  Thomas J e f f e r s o n  i s  equal. 

t o  169 MGD, t h e  c r i t i c a l  s u c t i o n  l i f t  a t  Mayfair w i l l  n o t  b e  exceeded. 

A comparison of t he  p ro j ec t ed  output  l e v e l s  w i t h  t h e  output  l e v e l s  gen- 

e r a t e d  by t h e  mathematical model ( s e e  Table IV-8) i n d i c a t e s  a  need t o  

i n c r e a s e  ou tpu t  a t  Lake View and Thomas J e f f e r s o n  and f o r  a  correspond- 

i n g  decrease  i n  output  a t  Mayfair i f  t h e  p ro j ec t ed  maximum hour ly  demand 

is t o  be met wi thout  f u r t h e r  c a p i t a l  cos t s .  The tunne l  h y d r a u l i c  grade 

l i n e s  f o r  bo th  p ro j ec t ed  and s imulated condi t ions  a r e  g iven  i n  F igure  

IV-14. 

I f  t h e  Lake View Pumping S t a t i o n  s e r v i c e s  t he  c r i t i c a l  supply node 

(Node No. 80) under t h e  s imulated a l l o c a t i o n ,  t he  headloss  between Lake 

V i e w  and t h a t  node would b e  

Se rv i ce  p re s su re  a t  t h e  node would b e  23.4 p s i  which i s  below t h e  de- 

s i r e d  30 p s i .  A more s e r i o u s  problem a r i s e s  from t h e  f a c t  t h a t  a l l  of 

t h e  a v a i l a b l e  pumping capac i ty  a t  Lake V i e w  and Thomas J e f f e r s o n  is  



8 8 

T a b l e  IV-7 

SYSTEM MODEL 

LAKE VIEW--THOMAS JEFFERSON 

OPTIMAL SOLUTION 

P r i m a l  Program A 

Q l v  = 9 8  mgd 
Q t j  = 169 mgd 
Qmf = 283 mgd 
Hlv = 1 3 8  f t  
H t j  = 148  f t  

PHev = 144 f t  
PHt j  = 1 3 8  f t  

Dual Program B 

Power Cost  = $1740.00 

S e n s i t i v i t y  o f  C o n s t r a i n t s  



Table IV-8 

NORTH TUNNEL ZONE'--DEMAND PROJECTIONS 
MAXIMUM ~ o m - - i 9 8 0 ,  1990, 2000 

(Chicago, Present  and Future Suburbs) 

To ta l  

Lake View 7 2 7 3 7 4 

Thomas J e f f e r s o n  108 109 110 

Mayf a i r  320 368 412 

MODEL SOLUTION 

1990 

To ta l  550 

Lake View 98 

Thomas J e f f e r s o n  169 

May f a i r  283 

1. Taken from Report Upon Adequate Water Supply f o r  Chicago 
Metropoli tan Area 1969 t o  2000. 





91 

r equ i r ed  t o  meet t h e  p ro j ec t ed  demand and s a t i s f y  t h e  tunne l  c o n s t r a i n t .  

Consequently, t h e r e  is  no r e se rve  capac i ty  a t  t h e s e  two s t a t i o n s  wi th  

which t o  meet such emergencies a s  f i r e s  o r  pump f a i l u r e s .  However, 

emergency s u p p l i e s  could b e  obta ined  from adjacent  pumping s t a t i o n s  both  

i n  Chicago and t h e  suburbs.  The f e a s i b i l i t y  and cos t  of ob ta in ing  addi- 

t i o n a l  s u p p l i e s  i n  t h i s  manner can be e s t a b l i s h e d  j u s t  a s  t h e  above sys-  

tem ope ra t ions  was analyzed. 

The s e n s i t i v i t y  of power c o s t s  t o  a  p e r t u r b a t i o n  of t h e  c o e f f i c i e n t  

on t h e  ith v a r i a b l e  term i s  equal  t o  t h e  va lue  of t h e  d u a l  v a r i a b l e ,  6 i ,  

a t  t h e  optimum p o i n t  ( s ee  Table IV-7)  and t h e  s e n s i t i v i t y  of power c o s t s  

t o  sma l l  changes i n  t h e  right-hand s i d e  of t h e  ith c o n s t r a i n t  i s  ex- 

pressed  by A For example, i f  t o t a l  demand (qT - 550) i s  reduced by 
i' 

t e n  percent  i n  t h e  above problem, power c o s t s  w i l l  b e  reduced by 10.3 

pe rcen t ,  a s  noted above, s i n c e  A1 i s  equal  t o  1.03. S i m i l a r l y ,  a  t e n  

percent  change i n  t h e  va lue  of K ( t h e  c o e f f i c i e n t  of t h e  headloss  term 
2-4 

f o r  t h e  tunne l  s e c t i o n  between t h e  Thomas J e f f e r s o n  Pumping S t a t i o n  and 

Mayfair Pumping S t a t i o n )  would r e s u l t  i n  1.82 percent  change i n  power 

c o s t s  (6 = .182). Therefore,  power c o s t s  a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  
30 

p e r t u r b a t i o n s  of t h i s  parameter.  I f  t h e  va lue  of t h e  parameter,  K2-4, 

were i n c o r r e c t ,  t h e  e r r o r  in t roduced  would be  q u i t e  small i n  terms of t h e  

power c o s t s .  Another i n t e r p r e t a t i o n  would be  i f  K could be  reduced,; 
2-4 

e.g. ,  by en la rg ing  t h e  tunnel  diameter ,  power c o s t s  would b e  reduced by a  

mere 1.82 percent .  Consequently, s e n s i t i v i t y  a n a l y s i s  can be  used t o  in-  

t e r p r e t  t h e  e f f e c t  of measurement e r r o r  a s  we l l  a s  t h e  e f f e c t  of  phys i ca l  

changes i n  t h e  system through t h e  corresponding change i n  model parameters .  

Although only one Hardy Cross a n a l y s i s  was made of t h e  Lake View/ 

Thomas J e f f e r s o n  s e r v i c e  a r e a ,  t h e  s i g n i f i c a n c e  of energy boundary be- 



meen pumping s t a t i o n s  i n  determining t r anspor ta t ion  cos t s  appears t o  be 

minor. The s e n s i t i v i t y  of power c o s t s  t o  t h e  re laxa t ion  of t h e  boundary 

cons t ra in t s  ( cons t ra in t s  8, 9 ,  and 10) i n  a l l  cases i s  l e s s  than . O 1  

( i . e . ,  h a  = .0062, h = -.00648 and hI0 = +.00648). The same conclusion 
9 

i s  noted in t h e  sec t ion  dealing wi th  d a i l y  cos ts .  

The s i g n i f i c a n t  cons t ra in t s  a r e  1, 2, 3 ,  6 and 11. The f i r s t  con- 

s t r a i n t  is  t h e  demand cons t ra in t .  The s i x t h  c o n s t r a i n t  i s  a d m - y  con- 

s t r a i n t .  The eleventh cons t ra in t  models t h e  suct ion l i f t  a t  Mayfair. 

The f a c t  t h a t  power cos ts  a r e  l e s s  s e n s i t i v e  t o  t h i s  cons t ra in t  than t o  

the  head-capacity cons t ra in t  (2 and 3) a t  Lake View and Thamas Je f fe r son  

i s  noteworthy. The o r i g i n a l  formulation of head-capacity cons t ra in t  was 

.This w a s  transformed i n t o  an  inequa l i ty  c o n s t r a i n t  

I i - h. + a q1 1- 1 (see  Tables IV-3 and 5) 
a 1. 
i i 

I n  order  t o  r e l a x  the  right-hand s i d e  of the b e q u a l i t y ,  a. would need t o  
1 

change. However, a is t h e  s t a t i c  head a t  zero output and, a s  previously 
i 

demonstrated, i t  is a constant  f o r  a given pumping s t a t i o n .  Consequently, 

b.  is t h e  only parameter i n  the  head-capacity re la t ionsh ip  which can be 
1 

manipulated. The s e n s i t i v i t y  of power t o  per turbat ions  of b ,  t h e  s lope  

of t h e  head-capacity curve, a t  Lake V i e w  and Thomas J e f f e r s o n  is  given 

by t h e  values  of the  dual  va r iab les  66 and 68 respect ively .  If t h e  s lope  

of t h e  head-capacity curve a t  Lake View were decreased a small  amount t h e  

inc rease  of the  ob jec t ive  function would be .16r the  percentage decrease. 

L i k e w i s e ,  i f  t h e  s lope  of Thomas Je f fe r son ' s  head-capacity curve were 



decreased ,  t h e  i n c r e a s e  in power would be  .46x t h e  percentage decrease.  

However, these s e n s i t i v i t i e s  a r e  computed assuming t h a t  t h e  ou tpu t  a t  

each pumping s t a t i o n  remains cons t an t .  T h i s  would no t  be t h e  case  i f  

b w e r e  a l t e r e d  s i n c e  a is cons tan t .  To determine t h e  aggrega te  e f f e c t  

on power, t h e  cha in  r u l e  of d i f f e r e n t i a t i o n  must be employed, i . e . ,  

and t h e  p a r t i a l  d e r i v a t i v e s  eva lua ted  a t  t h e  o p t b u m  po in t .  The sens i -  

t i v i t y  form of t h e  above equat ion  i s  

Evalua t ing  t h i s  equat ion  f o r  Lake View and Thomas J e f f e r s o n  r e s u l t s  i n  

el(p/blv) = -.34 and e l ( p / b  .) = -.66. Although d i f f e r e n t  i n  magnitude. 
t J  

t h e  r e l a t i v e  s e n s i t i v i t y  i s  t h e  same as before .  Therefore ,  power c o s t  

would b e  inc reased  l e s s  by an  i n c r e a s i n g  output  at Lake View; b u t ,  since 

a l l  of t h e  a v a i l a b l e  pumping capac i ty  is being  used i n  t h e  example prob- 

lem, changing t h e  head-capacity curve a t  Lake View would r e q u i r e  c a p i t a l  ex- 

pendi ture .  This involves  long-run economic a n a l y s i s ;  n e v e r t h e l e s s ,  t h e  

short-run a n a l y s i s  provides  some i n s i g h t  as t o  where a d d i t i o n a l  pumping 

capac i ty  might b e  most b e n e f i c i a l .  and t h a t  wou1.d be  a t  Lake View. 

Conclusion 

Both of t h e  methodologies descr ibed  above could p l ay  an important  r o l e  

i n  r e g i o n a l  wa te r  supply management. The d a i l y  c o s t  model provides  i n f o r -  

mation on gene ra l ,  r e g i o n a l  a l l o c a t i o n  of t r a n s p o r t a t i o n  capac i ty  and t h e  

c o s t  of t h i s  type  of a n a l y s i s  i s  q u i t e  low. This  model does n o t  provide 

in fom,a t ion  on how t o  ope ra t e  pumping s t a t i o n s  o t h e r  than  t o  i n d i c a t e  
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r e l a t i v e  l e v e l s  of ou tput .  However, t h e  peak demand, o r  hou r ly ,  model, 

which i s  r e l a t i v e l y  expensive t o  ope ra t e ,  can provide  e x p l i c i t  informa- 

t i o n  on o p e r a t i o n a l  s t r a t e g i e s  t o  minimize pumping c o s t s .  A s  i n  t h e  ex- 

ample given above, t h e  r e l a t i v e  s e n s i t i v i t y  of power c o s t s  t o  t h e  head- 

capac i ty  p a r a n e t e r s  can b e  used t o  judge which s t a t i o n  should  be manipu- 

l a t e d  t o  m e e t  changes i n  demand. 

Ne i the r  model seemed t o  b e  p a r t i c u l a r l y  s e n s i t i v e  t o  boundary con- 

d i t i o n s .  The c o n s t r a i n t s  de sc r ib ing  t h e  energy boundary, i n  t h e  peak 

demand model, d i d  n o t  e x h i b i t  a  major i n f luence  on power c o s t s  no r  d i d  

t h e  energy r e l a t i o n s h i p  considered wi th  t h e  d a i l y  model. Never the less ,  

t h e  market a r e a  of each pumping s t a t i o n  i s  def ined  by t h e  energy bound- 

a ry .  This  d e f i n i t i o n  was e x p l i c i t :  i n  t h e  peak demand model, b u t ,  w i th  

both models, t h e  l e v e l  of ou tput  i s  t h e  e x p l i c i t  i n d i c a t o r  of market 

a r e a .  

The e q u a l i t y  of marginal  c o s t s  i s  e s t a b l i s h e d  between market a r e a s  

(or  pumping s t a t i o n s  and t h e i r  a s s o c i a t e d  d i s t r i b u t i o n  systems) and n o t  

n e c e s s a r i l y  a t  t h e  boundary between a r ea s .  Energy i s  consumed a t  a  

given pumping s t a t i o n  accord ing  t o  t h e  pump, d i s t r i b u t i o n  network, and 

demand c h a r a c t e r i s t i c s ,  and t h e  ope ra t i on  of a d j a c e n t  s t a t i o n s .  Conse- 

quen t ly ,  marginal  c o s t s  a r e  a  func t ion  of t h e s e  f a c t o r s .  I n  a  f i x e d  

d i s t r i b u t i o n  network, marginal  c o s t s  do n o t  appear  t o  b e  a  func t ion  of 

d i s t a n c e  from t h e  supply source ,  t h e  pumping s t a t i o n .  

F i n a l l y ,  most of t h e  examples given i n  t h i s  Chapter d e a l  w i t h  c r i t -  

i c a l  demand cond i t i ons .  It should n o t  b e  assumed t h a t  t h e s e  a r e  t y p i c a l  

cond i t i ons .  I n  f a c t ,  t h e s e  cond i t i ons  happen r a r e l y ,  and then  they  only  

l a s t  f o r  a  few hours .  The examples were s e l e c t e d  t o  demonstrate  con- 

s t r a i n e d  ope ra t i ng  condi t ions .  Most of t h e  t i m e ,  excess  c a p a c i t y  e x i s t s  
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at Lake View, Thomas Jefferson, and the other pumping stations. The op- 

timal operation of these pumping stations, under non-critical demand 

conditions, still is predicted on the principles given above. 



V. PRODUCTION FUNCTION 

The var iable  costs  of production r e s u l t  from energy expended t o  col- 

l e c t  and t ransport  raw water t o  the  treatment plant  ( the energy used fo r  

mixing, e t c . ,  i s  not s ign i f ican t  and the process of desal inizat ion i s  not 

considered) and from the chemicals used t o  transform the raw water input t o  

a qual i ty  su i t ab l e  f o r  consumption. The extent t o  which each of these 

two cost  factors  a f f ec t s  the production cos t  function depends on the 

treatment plant  design, nature of the treatment process, raw water supply 

source, and c l imat ic  conditions (28). For example, power cost  a t  t he  

Central  Water F i l t r a t i o n  Plant (rapid sand f i l t r a t i . on  process with Lake 

Michigan the supply source) is about seventeen percent of the  t o t a l  of 

var iable  costs  (see Table V-2) while chemical costs represent approxi- 

mately eighty-three percent. Power costs  a t  the Evanston Treatment Plant  

(a lso ,  rapid sand f i l t r a t i o n  process and Lake Michigan the supply source) 

a r e  twenty-one percent of the variable costs and chemical cos t s  a r e  

seventy-nine percent. However, power cost cons t i tu tes  sixty-one percent 

and chemical costs  thirty-nine percent of the  t o t a l  var iab le  costs  a t  the  

Des Plaines  Treatment Plant.  The subs tan t ia l  change i n  the  r e l a t i on  

b e b e e n  power and chemical costs is due t o  the fac t  t ha t  Des Plaines is 

a softening p lan t  and obtains i t s  raw water input from wells.  Because 

the  var ia t ion  i n  treatment proces-ses and th.e r e l a t i v e  s ignif icance of each 

f ac to r  i n  the  process, the production cost  function w i l l  vary i n  form. 

Further discussion on this point is given l a t e r  i n  this chapter. 

There have been numerous s tudies  (17)(22) i n  which production func- 

t ions  have been developed; however, these functions were directed toward 

es tabl ishing long-run cost  relat ionships.  They include fixed cos t s  and 
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TABLE V-1 

FACTOR I?RICES 

* -- s i g n i f i e s  f a c t o r  not  used in product ion p rocess  of the in- 
d i c a t e d  p l a n t  (carbon is  used a t  t h e  South and Cen t ra l  
p l a n t s ,  a l though n o t  cont inuously,  and the per iod  of rec-  
ord analyzed d i d  n o t  i nc lude  i t s  use)  

L 

PRODUCTION 
FACTOR 

1. Power $/KWH 
2. Alum S/ lbs .  
3. Ammonia $ / lb s .  
4. Carbon $ / lbs .  
5. Caus t i c  $ / lb s .  
6. Chlorine $ / lb s .  
7. Drew f l o c  $ / lb s .  
8.  Ferrous S u l f a t e  $ / lb s .  
9.  F luo r ine  $ / l b s .  

10. Lime $ / lbs .  3 
11. Natu ra l  gas  $ / f t  
I 

TABLE v-2 

MEAN DAILY PRODUCTION AND COSTS 

L 

UNIT-PRICE/PLANT 

Cen t ra l  
960MGD 

,0118 
.0232 
.0228 * 
.0320 
.0508 

d( 

.0132 

. I34  

.0181 * 

Product ion 
Fac to r  (s)  

1. Power $/Day 
2. Chemicals $ / ~ a y  
3. Raw Water MGD 
4. Var i ab le  Operat ion 

Cost $/Day 
5. Mean Output MGD 
6. Power/Total 

Var iab le  Cos ts  
7. Chemicals/Total 

Var i ab le  Costs  
8.  Var iab le  Operating 

Cost /MeanOutput$ /~G~ 

Cen t ra l  

648.00 
3150.00 

732.00 

3790.00 
686.00 

. I 7 1  

.829 

5.52 

Evanston 

44.00 
166.00 

28.40 

211.00 
27.80 

.211 

.789 

7.60 

Evanston 
72MGD 

,0111 
.0250 
.0750 
. l o0  * 
,0675 * 

.* 

.0376 * 
3e 

D e s  P l a i n e s  

85.60 
54.80 

2.11 

140.00 
2.03 

.611 

.389 

69.00 

D e s  P l a i m s  
6 MGD 

.0109 * 
A 

3e 

* 
,125 
. I65  

JC 

A 

.0107 

.0771 
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f i x e d  opera t ing  c o s t s  a s  w e l l  a s  v a r i a b l e  ope ra t ing  c o s t s .  Such func- 

t i o n s  a r e  u s e f u l  f o r  design and p l a n t  expansion, bu t  they  cannot be used 

t o  eva lua t e  t h e  economic ope ra t ion  of e x i s t i n g  f a c i l i t i e s .  Short-run 

product ion c o s t  func t ions  a r e  necessary f o r  t h e  r e g i o n a l  ope ra t ing  model 

a s  demonstrated i n  Chapter V I .  Consequently, an a t tempt  is made i n  t h e  

fol lowing s e c t i o n s  t o  s u b s t a n t i a t e  a  genera l  f  o m  f o r  t h e  producti.on 

func t ion  and cons t ruc t  exemplary func t ions  f o r  t h e  Cen t r a l  Water F i l t r a -  

t i o n  P l a n t  and Evanston's t reatment  p l a n t .  

Operat ing Costs 

Power: I n  Chapter I V ,  t h e  c o s t  r equ i r ed  t o  t r a n s p o r t  wa te r  was shown t o  

be approximated by a  quadra t i c  func t ion  i n  output .  The underlying phys- 

i c a l  r e l a t i o n s h i p  was 

PC = ,0346 qh 

where q i s  output  expressed i n  MGD and h. is t h e  t o t a l  dynamic head i n  

f e e t  of water .  I n  a  d i s t r i b u t i o n  system, h i s  dynamic due t o  v a r i a t i o n  

i n  demand and l a r g e  v a r i a t i o n  i n  headloss .  However, a t  some t rea tment  

p l a n t s ,  raw water  i s  de l ive red  with only minor headloss  t o  a  cons t an t  

head tank  o r  t o  a  sma l l  r e s e r v o i r  whose s u r f a c e  e l e v a t i o n  exper iences  

minor v a r i a t i o n s .  Therefore ,  head, h ,  i s  n e a r l y  cons tan t  and power c o s t  

becomes d i r e c t l y  p ropor t iona l  t o  flow, i . e . ,  

PC = aq 

Both t h e  Evanston p l a n t  and t h e  Chicago Cen t r a l  Water F i l t r a t i o n  P l a n t  

a r e  examples of t h i s  type. When t h e  raw water  source  is  a cons ide rab le  

d i s t a n c e  from t h e  t rea tment  p l a n t ,  headlosses  may be q u i t e  l a r g e .  They 

may c o n t r i b u t e  s i g n i f i c a n t l y  t o  product ion c o s t s .  The Des P l a i n e s  

t rea tment  p l a n t  i s  a  good example of t h i s .  The n a t u r e  of t h e  product ion 

c o s t  func t ion ,  undoubtedly, w i l l  vary from p l a n t  t o  p l a n t  depending on 
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t h e  supply  system. For t h e  Evanston and C e n t r a l  p l a n t s ,  t h e  t h e o r e t i c a l  

and empi r i ca l  cons ide ra t i ons  i n d i c a t e  a  l i n e a r  c o s t  func t ion .  

Chemicals: From a  t h e o r e t i c a l  viewpoint ,  t h e  amounts of chemicals 

needed t o  t r e a t  a  q u a n t i t y  of water  a r e  determined by: t h e  q u a l i t y  char -  

a c t e r i s t i c s  of  t h e  raw wa te r ,  t h e  d e s i r e d  q u a l i t y  c h a r a c t e r i s t i c s  of  t h e  

t r e a t e d  wa te r ,  t h e  des ign  and o p e r a t i o n a l  c h a r a c t e r i s t i c s  of t h e  t r e a t -  

ment f a c i l i t y ,  and t h e  k i n e t i c s  of t h e  r e a c t i o n s  and p roces se s  involved 

i n  t h e  t r ea tmen t .  Of t he se ,  only t h e  l a s t  two may be  cons idered  t o  pro-- 

duce v a r i a t i o n s  i n  chemical usage, and t h e r e f o r e  chemical c o s t s ,  i n  re- 

sponse t o  v a r i a t i o n s  i n  t h e  r a t e  a t  which wa te r  is processed.  Most 

t rea tment  p l a n t s  u t i l i z e  a l l  of t h e i r  f a c i l i t i e s  cont inuous ly  and a d j u s t  

t h e  r a t e  of p rocess ing  t o  provide  t h e  amount demanded, r a t h e r  than  main- 

t a i n i n g  a  cons t an t  p rocess  r a t e  and b r ing ing  p a r t s  of  t h e  f a c i l i t y  on- 

and o f f - l i n e  a s  needed t o  meet demand. I f  adequate  s t o r a g e  is provided  

f o r  t r e a t e d  wa te r ,  t h e  d a i l y  v a r i a t i o n  i n  process ing  r a t e  can b e  sub- 

s t a n t i a l l y  reduced o r  even e l imina t ed ,  a l though v a r i a t i o n s  i n  r a t e  of  

p roces s ing  would s t i l l  e x i s t  from day t o  day o r  season t o  season.  

It is  i n t e r e s t i n g  t o  no t e ,  a s  an a s i d e ,  t h a t  t h e  v a r i a t i o n  i n  r a t e  

of  t rea tment  common t o  most water  supply f a c i l i t i e s  t ends  t o  produce a  

I I consumer su rp lus"  i n  terms of wa te r  q u a l i t y ,  s i n c e  t h e  minimum s tand-  

a r d s  f o r  wa te r  q u a l i t y  a r e  u s u a l l y  m e t  dur ing  t i m e s  when t h e  p roces s ing  

r a t e s  a r e  h igh ,  and exceeded ( i . e . ,  b e t t e r  q u a l i t y )  a t  o t h e r  t i m e s .  It 

i s  d o u b t f u l  t h a t  t h e  t y p i c a l  consumer va lues  t h i s  s u r p l u s  t o  any apprec- 

i a b l e  e x t e n t .  I f  n o t ,  i t  i s  p o s s i b l e  t h a t  c o s t  r e d u c t i o n s  might b e  r e a l -  

i z e d  by r e v i s i n g  t h e  t rea tment  p l a n t  des igns  and ope ra t i ons  t o  avoid  

product ion  of  t h e  su rp lus .  

The k i n e t i c s  of chemical r e a c t i o n s  and physicochemical p roces se s  



a r e  inf luenced  by a  v a r i e t y  of f a c t o r s ,  most no tab ly  through temperature 

and t h e  raw water  q u a l i t y  c h a r a c t e r i s t i c s .  Although much r e sea rch  h a s  

focused on t h e  s p e c i f i c  i n f luence  of one o r  a  few of t h e  r e l e v a n t  fac-  

t o r s  each of t h e  s e v e r a l  p rocesses  involved,  t h e  combined e f f e c t  of many 

f a c t o r s  on a l l  t reatment  processes  i n  concer t  has  r ece ived  l i t t l e  

a t t e n t i o n .  

For pure ly  i l l u s t r a t i v e  purposes,  t h e  b a s i c  wa te r  t rea tment  process  

can be  loose ly  descr ibed  by t h e  d i f f e r e n t i a l  equat ion  (15) 

where y i s  t h e  concen t r a t ion  of t h e  subs tance  added o r  removed, t i s  

t i x e  and K is t h e  r e a c t i o n  r a t e .  I f ,  for -example ,  @(y)  = y and y = yo 

a t  t = 0, t h e  concent ra t ion  of a  s u b j e c t  m a t e r i a l  is: 

However, t can be rep laced  by Cp/Q where Cp is t rea tment  capac i ty  ( f i xed  

i n  t h e  short-run)  and Q i s  t h e  r a t e  of flow through t h e  t reatment  p l a n t .  

Then, 

I n  processes  where y r ep re sen t s  t h e  concent ra t ion  of chemicals added, 

chemical c o s t s  may be considered t o  be  p ropor t iona l  t o  t h e  above r e l a -  

t i o n s h i p ;  f o r  example, 

y  = pounds of chemicals p e r  day/mi l l ion  g a l l o n s  p e r  day 

= pounds/mil l ion ga l lons  o r  d o l l a r s / m i l l i o n  ga l lons .  

However, a s  Q i n c r e a s e s ,  K must i n c r e a s e  i f  y  i s  t o  be maintained a t  a 

s tandard ized  l e v e l .  The v a r i a b l e  r e l a t i o n s h i p  between K ,  Q, and y ap- 

pea r s  no t  t o  have a  u sab le  t h e o r e t i c a l  b a s i s  a t  p re sen t .  That is t o  

s ay ,  a  g r e a t  d e a l  of research  has  been done i n  t h e  f i e l d  of t rea tment  

k i n e t i c s  (15) ,  but  most of t h e  u s e f u l  mathematical formula t ions  desc r ib -  

i n g  t rea tment  processes  a r e  empir ica l .  
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An example empi r i ca l  r e l a t i o n s h i p  i s  one d e a l i n g  w i t h  d i s i n f e c t i o n .  

Th i s  process  can be approximated by 

where y  is  t h e  concen t r a t i on  of t h e  d i s i n f e c t a n t  ( e .g . ,  c h l o r i n e ) ,  n  i s  

a  measure of t h e  o r d e r  of t h e  r e a c t i o n ,  t i s  t h e  t ime r equ i r ed  t o  e f f e c t  
P  

a  cons t an t  percentage  k i l l  of organisms, and A i-s a  cons t an t  depending 

on t h e  t ype  of organism t o  be  k i l l e d .  Again, t h e  t ime f a c t o r  can be  ex- 

p re s sed  i n  terms of p l a n t  c a p a c i t y  and flow rate; t h e r e f o r e  

S ince  y i s  t h e  concen t r a t i on  of c h l o r i n e ,  i t  can be  expressed as l b s  p e r  

day p e r  MGD o r  d o l l a r s  pe r  day pe r  MGD; t h e r e f o r e ,  t h e  c o s t  of ch lo r ina -  

t i o n ,  C i s  
C 

C = A'Q 2.16 
C 

when n  = .86. While t h i s  equa t ion  i n d i c a t e s  a  non- l inear  r e l a t i o n s h i p  

between chemical c o s t s  and ou tpu t ,  i t  o v e r s i m p l i f i e s  t h e  process  of 

c h l o r i n a t i o n  and i-t i s  by no means r e p r e s e n t a t i v e  of t h e  o t h e r  chemical 

p rocesses .  For example, t h e  above r e l a t i o n s h i p  does n o t  i n c l u d e  t h e  e f -  

f e c t s  of temperature  o r  pH on t h e  d i s i -n fec t ion  p roces s ,  y e t  they both 

i n f l u e n c e  t h e  concen t r a t i on  and q u a n t i t y  of c h l o r i n e  r e q u i r e d  t o  meet 

t h e  s a f e t y  s t anda rds  f o r  d r ink ing  water .  I n  a d d i t i o n ,  pH i s  inf luenced  

by t h e  a p p l i c a t i o n  of o t h e r  chemicals used i n  t h e  t rea tment  process .  

Fu r the r ,  given a  s e t  of ou tput  s t anda rds ,  t h e  a p p l i c a t i o n  of chemi- 

c a l s  i n  t h e  t rea tment  process  depends on t h e  q u a l i t y  of t h e  raw water  

i npu t .  From a n  o v e r a l l  o p e r a t i o n a l  s t andpo in t ,  t h e  r a t e  of chemical 

a p p l i c a t i o n  i s  no t  l i k e l y  t o  be  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  q u a l i t y  of 

t h e  raw water  i n p u t .  Once t h e  e f f e c t  of t h e  i npu t  wa te r  q u a l i t y  has  
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been assessed ,  t h e r e  i s  some trade-off between time and chemicals a s  in -  

d i c a t e d  by t h e  c h l o r i n a t i o n  r e l a t i o n s h i p ,  but  t h i s  t rade-of f  appears  t o  

be  achieved only i n  t h e  lower ranges of ou tput .  Thus, t h e r e  is l i t t l e  

t h e o r e t i c a l  o r  p r a c t i c a l  evidence which would i n d i c a t e  what t h e  form of  

t h e  product ion c o s t  func t ion  should be. 

Data Co l l ec t ion  and Analysis  

The f a c t o r s  of p r o d u c t i o ~ i  a t  t h e  Central.  Water F i l t r a t i o n  P l a n t  a r e  

c h l o r i n e ,  aluminum s u l f a t e ,  f e r r o u s  s u l f a t e ,  l ime, c a u s t i c ,  f l u o r i d e ,  

ammonia, and energy f o r  low l i f t  pumping. Dai ly chemical c o s t s  p e r  MG 

produced a r e  ca lcu la ted  and recorded a t  t h e  p l a n t  a s  i s  power consump- 

t i o n .  Mul t ip ly ing  d a i l y  product ion l e v e l s  by u n i t  chemical. c o s t  and 

adding t h e  product  of consumed times tlntf: energy c o s t  r e s u l t s  

i n  t h e  d a i l y  v a r i a b l e  ope ra t ing  c o s t s .  Carbon i s  used i n  t h e  t r ea tmen t  

process ;  however, i t  i s  used only a s  cond i t i ons  warrant .  S lnce  carbon 

is used only about h a l f  of t h e  t ime,  and i t  usua l ly  i s  n o t  r equ i r ed  dur- 

i ng  t h e  summer peak demand pe r iods ,  t h i s  f a c t o r  was excluded,  and t h e  

days when carbon was used were n o t  included i n  t h e  r eg re s s ion  a n a l y s i s .  

Fac to r  p r i c e s  a r e  l i s t e d  i n  Table V-1. One hundred for ty-seven d a i l y  

observa t ions  were used i n  t h e  r eg re s s ion  ana lys i s .  Mean product ion was 

686 MGD. The s tandard  dev ia t ion  was 110 MGD. The minimum product ion 

l e v e l  was 293 MGD, and t h e  maximum l e v e l  was 1,120 MGD, r e s u l t i n g  i n  a 

product ion range of 822 MGD. Mean v a r i a b l e  ope ra t ing  c o s t s  p e r  day were 

$3,790, and t h e  mean chemical and power c o s t s  were $3,150 and $638, 

r e s p e c t i v e l y .  

Dai ly chemical c o s t s  f o r  t h e  Evanston p l a n t  were determined much 

a s  those  f o r  t h e  Cen t r a l  Water F i l t r a t i o n  P lan t .  Chemicals used i n  t h e  

t rea tment  process  a r e  ammonia, c h l o r i n e ,  f l u o r i d e ,  aluminum s u l f a t e ,  and 
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ca rbon .  The recorded  d a i l y  dosages  were m u l t i p l i e d  by t h e i r  u n i t  c o s t  

and t hen  summed t o  o b t a i n  t h e  d a i l y  t o t a l  chemical  c o s t .  However, 

power consumption f o r  low l i f t  pumping p r e sen t ed  a somewhat d i f f e r e n t  

problem. The o n l y  d a t a  t h a t  were a v a i l a b l e  were t h e  hou r s  a  p a r t i c u l a r  

pump o p e r a t e d  du r ing  t h e  day, monthly power consumption, and power c o s t s .  

To a r r i v e  a t  t h e  d a i l y  power consumption, t h e  monthly power consumed was 

p r o r a t e d  among t h e  pumps accord ing  t o  t h e i r  r a t e d  c a p a c i t y  and t o  t h e  

number o f  hou r s  t hey  were i n  s e r v i c e  du r ing  t h e  month. The head a g a i n s t  

which each  pump ope ra t ed  w a s  about  t h e  same and remained c o n s t a n t  f o r  

t h e  p e r i o d  of  i n v e s t i g a t i o n .  The a l l o c a t i v e  scheme appeared t o  work 

q u i t e  w e l l ,  and t h e  u n i t  c o s t  p e r  hour  of o p e r a t i o n  f o r  each  pump w a s  

t h e r e b y  e s t a b l i s h e d .  Mu l t i p ly ing  t h e s e  v a l u e s  by t h e  a p p r o p r i a t e  hou r s  

each  pump w a s  i n  o p e r a t i o n  r e s u l t e d  i n  d a i l y  power c o s t .  By adding t h e  

chemical  c o s t  and t h e  power c o s t ,  d a i l y  v a r i a b l e  o p e r a t i n g  c o s t s  were 

determined.  One hundred twenty-f ive  o b s e r v a t i o n s  were  used.  Mean out-  

p u t  w a s  27.8 MGD w i t h  a s t anda rd  d e v i a t i o n  of 5.60 MGD. The minimum 

o u t p u t  was 18.6 MGD, and t h e  maximum w a s  49.2 MGD. T h i s  r e s u l t e d  i n  a 

range  of 30.6 MGD. Mean v a r i a b l e  o p e r a t i n g  c o s t  w a s  $211, and i t s  

s t a n d a r d  d e v i a t i o n  w a s  $54.23. Mean chemical  c o s t  was $166 and mean 

power c o s t  w a s  $44.50. 

Cost Func t i ons  

S e v e r a l  d i f f e r e n t  f u n c t i o n s  were t e s t e d  u s ing  l e a s t - s q u a r e s  l i n e a r  

r e g r e s s i o n  on c o s t  d a t a  from C e n t r a l  and Evanston. 

Based on t h e  F s t a t i s t i c  a l l  b u t  t h r e e  forms were r e j e c t e d .  The 

s u r v i v i n g  forms were: 
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The c o r r e l a t i o n  c o e f f i c i e n t  f o r  t h e  f i r s t  and t h i r d  forms were always 

g r e a t e r  than  f o r  t h e  second form, t h e  log  t r a n s f o r m a t i o n .  Consequently, 

t h e  second form was dropped from cons ide ra t ion ;  however, i t  i s  i n t e r e s t -  

i ng  t o  n o t e  t h a t  t h e  exponent, B ,  i n  each case ,  was only  s l i g h t l y  

g r e a t e r  than one ( i . e . ,  Bcf = 1.10, Ecv = 1.14).  F i n a l l y ,  t h e  va lue  of 

t h e  A term i n  t h e  quadra t i c  express ion  i s  q u i t e  l a r g e  i n  comparison t o  

t h a t  of t h e  l i n e a r  model. For Evanston, Aev = 11.6 f o r  t he  l i n e a r  form, 

wh i l e  A = 121.0 f o r  t he  quadra t i c .  The same magnitude of d i f f e r e n c e  
ev 

was observed between t h e  two models f o r  t h e  Central- Water F i l t r a t i o n  

P lan t .  This  a long wi th  t h e  l ack  of o t h e r  support  was t h e  b a s i s  f o r  re- 

j e c t i n g  t h e  q u a d r a t i c  forni. 

For each of t he  above r eg res s ion  ana lyses ,  t h e  P s t a t i s t i c  was no t  

s i g n i f i c a n t ,  t h e  Kolmogorov-Smirnov s t a t i s t i c  was n o t  s i g n i f i c a n t  (i.e., 

t h e  r e s i d u a l s  can be  assumed t o  be normally d i s t r i b u t e d ) ,  t h e r e  was no 

c o r r e l a t i o n  between the  r e s i d u a l s  and t h e  independent v a r i a b l e ,  b u t  t h e  

Durban-Watson s t a t i s t i c s  were s i g n i f i c a n t  a s  expected ( s e e  Chapter IV). 

A f t e r  s e r i a l  c o r r e l a t i o n  was removed, t he  t rea tment  c o s t  func t ions  f o r  

Evanston and Cen t r a l  were: 

TCev = 1.1.6 + 7.18 Q 

TCcf = 19.6 + 5.37 Q 

The c o r r e l a t i o n  c o e f f i c i e n t  f o r  TC was -82 and t h a t  f o r  TCcf was .81. ev 

The confidence i n t e r v a l  f o r  TCi was 

For example, i f  Evanston were ope ra t ing  a t  50 EfGD t h e  95 percent  confi-  

dence i n t e r v a l  would be  



where t h e  s tandard  dev ia t ion ,  a i s  computed from t h e  r e s i d u a l s  of t h e  u ' 
lagged model, 

A f t e r  cons iderable  a l g e b r a i c  manipulat ions and t h e  summation of a  geo- 

m e t r i c  s e r i e s ,  a = a &/ ( I  - r Z ) ,  where r i s  the  c o e f f i c i e n t  of t h e  
P E 

f i r s t - o r d e r  au to reg res s ive  scheme ( see  Chapter IV). In  t h e  example, 

r = .701 and a = 17.8; t h e r e f o r e ,  a - 1.40 aE = 25.0 ( t h i s  is  l e s s  
P P 

than  t h e  s t anda rd  dev ia t ion  of t h e  r e s i d u a l s  f o r  t h e  un-lagged model). 

This  r e s u l t s  i n  t h e  confidence i n t e r v a l  of + 5.83 which is  f 2% of t h e  

p r e d i c t e d  t reatment  c o s t ,  
TCev50 = $371.00. 

I f  t h e  c o s t  model could inc lude  t h e  a d d i t i o n a l  in format ion  of TCi - 
and Qi-l t h e  confidence i n t e r v a l  would be reduced. The i n c l u s i o n  of 

t h i s  information would b e  u s e f u l  f o r  p r e d i c t i n g  c o s t ,  bu t  cannot be used 

t o  d e s c r i b e  t h e  product ion c o s t  func t ion .  

I n  t he  next  chapter ,  t h e  t r a n s p o r t a t i o n  and product ion  func t ions  

a r e  combined t o  form an example o b j e c t i v e  func t ion  of a  r e g i o n a l  c o s t  

model. The o b j e c t i v e  func t ion  i s  minimized by means of a  Lagrangian 

Funct ion and t h e  importance of t h e  product ion func t ion  i n  t h e  r e g i o n a l  

c o s t  model is  analyzed. 



V I .  REGION& MODEL 

Cost Model of a  Regional Water Supply System 

Var i ab l e  ope ra t i ng  c o s t s  f o r  a  water  supply  system composed of one 

t rea tment  p l a n t  and one pumping s t a t i o n  (e .g . ,  Evanston 's  system) call b e  

r ep re sen t ed  by t h e  gene ra l  equat ion:  

where Q is  product ion  output  and q i s  pumpi.ng output:, Equa1.i.t~ between i j 

product ion  and d i s t r i b u t i o n  does no t  imply a  system wi thou t  s t o r a g e .  

Rather ,  i t  I n d i c a t e s  t h a t  ou tput  is  e i t h e r  d i r ec t i . y  d i s t r i , b u t e d  o r  t r a n s -  

po r t ed  through t h e  d i s t r i b u t i o n  system t o  s t o r a g e  wdthin t h e  system. For a 

one p l a n t .  multiple-pumping s t a t i o n  system (e .  g. , Central .  F i l t r a t i . o n  P l a n t  

and t h e  seven a s s o c i a t e d  pumping s t a t i o n s ) ,  

n  2 voci = a + b . ~ .  ~+ z ( a .  + b.q .1  
i 1 1  

j =1 J J J 

n 
where Qi = I: q j  and n = t he  number of  pumping s t a t i o n s .  

j=l 
The r e g i o n a l  model f o r  m-treatment p l a n t s  and n-pumping s t a t i o n s  is: 

RC = I: ( a .  + b i ~ i )  + z ( a  + b.4:) 
1 

i=l j=l  j J J  

The prev ious  a n a l y s i s  i n d i c a t e d  t h a t  t h e  q u a d r a t i c  func t ions  adequate ly  

r ep re sen t ed  t h e  v a r i a b l e  t r a n s p o r t a t i o n  c o s t s  ( s ee  Chapter IV) and t h a t  a  

l i n e a r  model adequately represen ted  product ion  costs-power and chemicals  

( s e e  Chapter V). However, s i n c e  t h e  most s i g n i f i c a n t  economic c h a r a c t e r i s t i c  

of t h e  water  supply i n d u s t r y  i s  d e c l i n i n g  average c o s t s ,  a  f u r t h e r  test a s  t o  

whether t h e  



s e l e c t e d  func t ions  model t h e  economic behavior  of t h e  i n d u s t r y  is t o  de te r -  

mine t h e  s l o p e  of t h e  average v a r i a b l e  c o s t  curve f o r  each p l a n t  and pump- 

i n g  s t a t i o n .  I f  a l l  curves a r e  nega t ive ly  s loped  throughout t h e  range of 

ope ra t ion ,  any combination of t h e s e  func t ions  would r e s u l t  i n  d e c l i n i n g  

average c o s t s  wi thout  even cons ider ing  f i x e d  and f i x e d  v a r i a b l e  cos t s .  

The a d d i t i o n  of f i x e d  c o s t s  is considered l a t e r .  

The average v a r i a b l e  t rea tment  c o s t s ,  f o r  t h e  gene ra l  case,  5 s  

The s l o p e  of  t h i s  f u n c t i o n  i s  

The s l o p e  w i l l  always b e  negat ive  ( f o r  t h e  l i n e a r  model) i f  a > 0 s i n c e  
i 

Qi is squared and, i n  any even t ,  i s  always g r e a t e r  than  o r  equa l  t o  zero. 

Fu r the r ,  t h e r e  is  no reason t o  b e l i e v e  t h a t  a .  should e v e r  b e  l e s s  than  ze ro ;  
1 

a t  z e r o  ou tpu t ,  v a r i a b l e  c o s t s  should be equa l  t o  o r  g r e a t e r  than zero.  

The average v a r i a b l e  power c o s t s  can be  represented  by 

and t h e  s l o p e  of t h i s  func t ion  is 

The same arguments as were given f o r  t h e  product ion  f u n c t i o n  apply t o  t h e  

2 
term a /Q . Consequently, t h i s  term w i l l  always b e  negat ive .  However, b  

j j j 

w i l l  b e  p o s i t i v e  i f  t h e  r e s u l t s ,  bo th  t h e o r e t i c a l  and empi r i ca l ,  from t h e  

a n a l y s i s  of Evanston, Lake View, and Thomas J e f f e r s o n  can b e  extended t o  



t h e  gene ra l  case.  The s i g n  of t h e  s l o p e  f o r  pumping c o s t s  v a r i e s  w i th  

t h e  l e v e l  of ope ra t ion  ( see  Table VI-1). 

TABLE V I - 1  

SLOPES OF THE AVERAGE COST CUKVES 

Combining t h e  average v a r i a b l e  t reatment  and power c o s t  f o r  Evanston 

r e s u l t s  i n  

and t h e  s l o p e  of t h i s  func t ion  i s  

'1 

Qmax 

-.0000137 -. 00479 

The average v a r i a b l e  c o s t s  decrease from Q min Qev 
= 29.4. Beyond 

e v  
29.4 MGD, t h e  ,average c o s t s  i nc rease .  However, f i x e d  ope ra t ing  c o s t s  ( i . e . ,  

F a c i l i t y  
Treatment 
P l an t :  

Cent ra l  
Evans ton  

Pumping 
S t a t i o n :  

l a b o r ,  l i g h t i n g ,  hea t ing ,  e t c . )  a r e  no t  included i n  t h e  example func t ions  

o r  t h e  va lues  l i s t e d  i n  Table V I - 1 .  Such c o s t s ,  when added t o  ai, would 

i n c r e a s e  a from e i g h t  t o  n ine  hundred percent .  Th i s  i n c r e a s e  would be  
i 

-a - 
2 

Qm 

-.000047 -. 0150 

Evanston 
Lake V i e w  
Thomas 

J e f  f e r -  
son  

b -a - 
2 

Qmin 

-.000227 -. 0335 

.I02 

.0551 

-0408 

Slope a t  

Qm 

-.000047 -. 0150 

-a  
2 

Qmax 

-.0000137 -. 00479 

Qrnin 

-.000227 -. 0335 

-.237 
-. lo3 

-.0884 -.0330 -.0153 -.0476 +.00776 +.0255 
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more than  s u f f i c i e n t  t o  cause t h e  s lope  of t h e  average ope ra t ing  c o s t  

func t ion  t o  be  negat ive  throughout t h e  range of opera t ion .  

Marginal Costs  

The marginal  c o s t  of an a d d i t i o n a l  amount of output  (product ion  o r  

t r a n s p o r t a t i o n )  is t h e  f i r s t  d e r i v a t i v e  of t h e  p a r t i c u l a r  c o s t  func t ion .  

The g e n e r a l  form of t h e  marginal  c o s t  func t ion  f o r  t h e  exemplary s e t  of 

f a c i l i t i e s  is MC = 2b . f o r  t r a n s p o r t a t i o n  c o s t s  and MCi = b.  f o r  t r e a t -  
j 43 J. 

ment cos t s .  The second d e r i v a t i v e ,  t h e  s l o p e  of t h e  margina l  c o s t  func- 

t i o n ,  i s  2b. o r  zero. 
J 

I n  a l l  ca ses ,  t h e  s l o p e  of t h e  marginal  c o s t  func t ion  Is p o s i t i v e  

1 and cons t an t  f o r  t r a n s p o r t a t i o n  and zero  f o r  product ion.  The marginal  

) c o s t  of t r a n s p o r t a t i o n  inc reases  a t  a cons t an t  r a t e  w i t h  i n c r e a s e s  i n  
I 
\ ou tpu t  w h i l e  t h e  marginal  c o s t  of product ion  remains cons t an t  w i th  in-  

c r eases  i n  output .  However, t r a n s p o r t a t i o n  and product ion  c o s t  func t ions  

combine t o  form t h e  c o s t  func t ion  f o r  a  system; and t h e r e f o r e ,  t h e  com- 

bined margina l  c o s t  func t ion  i n d i c a t e s  i n c r e a s i n g  margina l  c o s t  w i t h  

i n c r e a s i n g  output .  

Condit ions a  and b  (page 111-5), which p a r t i a l l y  de f ine  t h e  minimum 

c o s t  s o l u t i o n  f o r  t h e  mul t ip le -p lan t  f i rm,  s t a t e :  a) i f  two o r  more 

p l a n t s  (systems) are opera ted  s imultaneously,  t h e  r a t e s  of  ou tpu t  i n  a l l  

p l a n t s  (systems) must b e  such as t o  equate  t h e i r  marginal  c o s t s  and b )  no 

p l a n t  (system) should be kep t  i d l e  i f  i ts margina l  c o s t s  a t  zero  output  

a r e  lower than  t h e  marginal  c o s t s  of any o t h e r  p l a n t  (system) a t  i ts 

i a c t u a l  r a t e  of product ion.  S ince  t h e  marginal  c o s t s  f o r  each t e s t  element 
1 

a n d  example c o s t  func t ion  can b e  made a r b i t r a r i l y  low by s e l e c t i n g  a  cor- 

I 
L 1 respondingly s m a l l  ou tput  condi t ion  b  i s  no t  re levant .  Obviously, i f  t h e  



output  of a  p a r t i c u l a r  element is i n s i g n i f i c a n t ,  i t  can b e  e l imina ted  on 

t h a t  b a s i s .  The remaining t h r e e  condi t ions  (page 111-5) can b e  ignored 

because no system w i l l  b e  opera ted  a t  i ts  minimum p o i n t  of marginal  c o s t s  

and no t e s t  element has  a  nega t ive  marginal  c o s t s  f u n c t i o n ,  i n  t h e  f e a s i b l e  

range  of ope ra t ions .  ThereEore, t h e  e q u a l i t y  of margina l  c o s t s  i s  t h e  

only r e l e v a n t  cond i t i on  f o r  minimization. 

Cons t r a i n e d  Minimization 

Again, t h e  r e g i o n a l  cos t  model i s  

where Q is 
i 

product ion  output  
t h  

of t he  i p l a n t  and q i s  ou tpu t  from 
j 

t h e  

j th pumping s t a t i o n .  To t h i s ,  two types  of c o n s t r a i n t s  need t o  b e  added. 

The f i r s t  type  of c o n s t r a i n t  is  one t o  i n s u r e  t h a t  t h e  demand f o r  w a t e r  
m n 

throughout t h e  r eg ion  is s a t i s f i e d .  Simply, i t  is  TD = I Q .  o r  TU = C q j  , 
1 i=l j=l 

where TD is t o t a l  r e g i o n a l  demand. The second type  of c o n s t r a i n t  t h a t  

needs t o  b e  incorpora ted  i n t o  t h e  model is one t h a t  i n s u r e s  t h a t  t h e  phys- 

i c a l  capac i ty  of each element i n  t h e  r eg iona l  system is n o t  exceeded, i . e . ,  

Qi 5 maximum capac i ty ,  o r  q j  2 maximum capaci ty.  The capac i ty  cons t r a i - n t s  

r e q u i r e  t h e  i n t r o d u c t i o n  of an a d d i t i o n a l  variable--a s l a c k  var iah  l e .  

The s l a c k  v a r i a b l e  permi ts  t h e  capac i ty  c o n s t r a i n t  t o  b e  w r i t t e n  a s  a  

s t r i c t  e q u a l i t y  c o n s t r a i n t  (e.g., Qi - Si = maximum capac i ty ,  where Si 

is t h e  s l a c k  v a r i a b l e  o r  t h e  amount of unused capac i ty) .  

Minimization of t h e  cons t ra ined  r eg iona l  model can be  achieved by 

means of a  Lagrangian func t ion  (5) (31) (48) .  The r e l e v a n t  Lagrangian 

func t ion  is :  
m n 2 P 

L ( Q , ~ , ~ , A )  = I (ai + biqi) + I ( a .  + b.q .1  + g P ( ~ , q , s ) ,  
i=l j =1 J J J  k = l P  



t h P 
where X i s  t h e  Lagrange ~ n u l t i p l i e r  of t h e  p c o n s t r a i n t  and g (Q,q ,S) 

P 
t h  

r e p r e s e n t s  t h e  p c o n s t r a i n t .  The minirnu~n s o l u t i o n  t o  L(Q,q ,S , A )  i s  
1 

unique i f  i ts  Hessian ( t h e  ma t r ix  o i  t h e  second order  p a r t i a l  d e r i v a t i v e s )  

j is  p o s i t i v e  d e f i n i t e  (31).  I f  L(Q,l,S,X) i s  s t r i c t l y  convex, i t s  Hessian 
I 

is  p o s i t i v e  d e f i n i t e  (31).  Therefore,  t o  i n s u r e  minimizat ion,  L(O,q,S,X) 
! 

must be  s t r i c t l y  convex. 

S t r i c t  convexity i s  deEined as: f(Q 3- 1) - f(Q) > f(Q) - f (Q - I). 

And again ,  q can b e  d i r e c t l y  s u b s t i t u t e d  f o r  q .  Analyzing the general. 

funct ion:  

1 bi > o 

i The cond i t ion  t h a t  b .  b e  s t r i c t l y  g r e a t e r  than  zero i s  s a t i s f i e d  by each 1 1 

element i n  t h e  test system. A s i m i l a r  proof can be  given t o  show t h a t  

I 
i each of t h e  c o n s t r a i n t s  is  convex. F ina l ly ,  t h e  s u m  of s t r i c t l y  convex 

l and convex func t ions  is s t r i c t l y  convex (31). S ince  L ( Q , ~  ,s,x) is s t r i c t l y  

i convex, a  unique minimum is insured .  

To demonstrate t h a t  t h e  d e r i v a t i v e s  a r e  continuous, c o n s i d e r  t h e  example 

f i r s t  o rde r  de r iva t ive :  6c/6Q = 2bQ. A funct ion  def ined  i n  {Q0-h<x<Qoth] i s  

i continuous a t  Q i f  f o r  each E > O  t h e r e  i s  a 6 ,o<6<h f o r  which (.f(Q)-f(c(,) ICE 
0 - 

i f  1,Q-Qo 1 <6. Assuming h = l s  I Q-Q0l <l. Fur ther ,  1 f  (q)-f ( Q ~ )  /=I 2bQ-2bQol-[2b\ 
I , . 
1 
I I Q - Q ~ )  . I f ,  I Q - Q , ~  i s  s e l e c t e d  t o  be IQ-Q o I < E / (  2b 1 ,  then  (2b9-2bQ o I < E .  Aorr, 

1 6 = r n i n [ l , ~ i l 2 b l ]  and t h e  d e f i n i t i o n  i s  s a t i s f i e d .  Since 6 i s  independent of 
, i 

Qos  t h e  d e r i v a t i v e  i s  uniformly continuous (31). S imi la r  t e s t s  can b e  app l i ed  
4 

i 
I t o  o t h e r  func t ions .  
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Example S o l u t i o n  

To demonstrate  t h e  u se  of t h e  model, a  s u b s e t  of t h e  m e t r o p o l i t a n  w a t e r  

supply  system was analyzed.  The C e n t r a l  F i l t r a t i o n  P l a n t  and Evanston 's  

t r ea tmen t  p l e n t  were s e l e c t e d  a s  t h e  r e p r e s e n t a t i v e  supply  s o u r c e s .  Lake 
It 

View and Thomas J e f f e r s o n  Pumping S t a t i o n s  and Evanst.onts pumping s t a t i o n  1 
were used t o  r e p r e s e n t  t r a n s p o r t a t i o n  f a c i l i t i e s .  I n  t h i s  example t h e  de- 

mand f o r  wa te r  i n  t h e s e  s e r v i c e  a r e a s  was assumed t o  be 195 MGD. Bes ides  

Lake View and Thomas J e f f e r s o n ,  C e n t r a l  s u p p l i e s  five o t h e r  pumping s t a t i o n s  i 
i n  t h e  North Tunnel Zone which were assumed t o  draw 955 MGD, S i n c e  t h e  ser- I 

v i c e  a r e a s  of t h e s e  f i v e  s t a t i o n s  were n o t  i nc luded  i n  t h e  a n a l y s i s ,  955 PIGD 1 
remained a c o n s t a n t  demand on C e n t r a l ' s  ou tpu t .  

The Lagrangian f u n c t i o n  f o r  t h e  two-plant and three-pumping-stat ion 

model is :  

2 L(Q,q,S,h) = 19.6 + 5.37 Qcf + 11.6 + 7.18 Qet + 99.2 -+ .00551 qly 

where S i i  = 1, 2, 3, 4, 5,  a r e  s l a c k  v a r i a b l e s .  The c o n d i t i o n  f o r  mini- 

miza t ion  i s  t h a t  t h e  p a r t i a l  d e r i v a t i v e s  of L(Q,q,S,X) w i t h  r e s p e c t  t o  

each v a r i a b l e  e q u a l  zero .  S ince :  

i = 1, 2, 3,  4,  5, and 

j = 4, 5 ,  6 ,  7, 8 

and s i n c e  t h e  d e r i v a t i v e s  must equa l  zero ,  



This  reduced t h e  problem t o  t h i r t e e n  unknowns and t h i r t e e n  l i n e a r  equa- 

t i o n s .  The c o e f f i c i e n t  ma t r ix  i s  given i n  Table VI-2. 

Table VI-2 

COEFFICIENT MATRIX FOR TOTAL VARIABLE COSTS 

Qc , Qet ev  q t j  q e ~  1 2 3  
B 

The simultaneous s o l u t i o n  of t h e s e  equat ions  y i e l d s  t h e  fo l lowing  

r e s u l t s  : 

Marginal c o s t  = $13.10 

The c o n s t r a i n t s  a r e  a l l  s a t i s f i e d :  t o t a l  demand = 71 + 95 + 29 = 

195, demand by o t h e r  pumping s t a t i o n s  i n  t h e  North Tunnel Zone = 1121- 

71-95 - 955. 

To demonstrate t h e  importance of t h e  product ion func t ion  i n  t h e  

r e g i o n a l  c o s t  model, t h e  above t o t a l  demand was a l l o c a t e d  us ing  only  

t h e  t r a n s p o r t a t i o n  c o s t  func t ions  f o r  Evanston, Lake View, and Thomas 

J e f f e r s o n .  The c o e f f i c i e n t  mat r ix  i s  given i n  Table VI-3. 



Table VI-3 

COEFFICIENT MATRIX FOR TRANSPORTATION COSTS 

The r e s u l t i n g  a l l o c a t i o n  is  a s  fol lows:  

' ev  
- 67 

Marginal Cost of Transpor ta t ion  = $7.40. 

The i n c l u s i o n  of t h e  product ion func t ion  causes a  20 percent  s h i f t  i n  

product ion  at Evanston and inc reases  t h e  output  at: Lake View by s i x  

percent .  The economic disadvantage of Evanston's t rea tment  p l a n t  

r e l a t i v e  t o  t h e  Cen t r a l  Water F i l t r a t i o n  P lan t  ( i . e . ,  marginal  c o s t  

c o e f f i c i e n t  f o r  Evanston i s  g r e a t e r  t han  t h a t  f o r  Cen t r a l )  h a s  t o  be 

balanced by t h e  marginal  c o s t s  of t r a n s p o r t a t i o n .  Consequently, both 

product ion and t r a n s p o r t a t i o n  c o s t  func t ions  a r e  important  i n  r e g i o n a l  

a l l o c a t i o n  and c o s t  minimization. 
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V I I .  SUMMARY AND CONCLUSIONS 

The w a t e r  s u p p l y  f a c i l i t i e s  o f  m e t r o p o l i t a n  a r e a s  a r e  u s u a l l y  grouped 

i n t o  s e p a r a t e  b u t  a d j a c e n t  sys tems t h a t  are owned and o p e r a t e d  by munic ipa l  

governments.  A l l o c a t i o n  of  p r o d u c t i o n  and t r a n s p o r t a t i o n  ( d i s t r i b u t i o n )  is  

determined by t h e  demand c o n t a i n e d  w i t h i n  m u n i c i p a l  boundar ies  and i s  t h e r e b y  

g e o p o l i t i c a l l y  d i c t a t e d .  When an i n d i v i d u a l  s u p p l y  sys tem h a s  more t h a n  one 

t r e a t m e n t  p l a n t  o r  pumping s t a t i o n ,  p r o d u c t i o n  and t r a n s p o r t a t i o n  a r e  a l l o -  

c a t e d  a c c o r d i n g  t o  t h e  d e s i g n  c a p a c i t i e s  of  p l a n t s  and pumps and t h e  hy- 

d r a u l i c  c h a r a c t e r i s t i c s  of  t h e  d i s t r i b u t i o n  network. I f  a  r e g i o n a l  

a l l o c a t i v e  scheme based on m u n i c i p a l  boundar ies  i s  economica l ly  e f f i c i e n t ,  

t h i s  e f f i c i e n c y  h a s  been ach ieved  l a r g e l y  by chance.  

At  any g i v e n  t ime,  some sys tems w i l l  have m r e  c a p a c i t y  t h a n  r e -  

q u i r e d  t o  meet t h e i r  needs  w h i l e  o t h e r  sys tems w i l l  have i n s u f f i c i e n t  

c a p a c i t y .  The e x c e s s  c a p a c i t y  o f  one sys tem cou ld  be used t o  augment 

t h e  sys tem t h a t  l a c k s  c a p a c i t y  and t h e r e b y  improve t h e  u t i l i z a t i o n  o f  

t r e a t m e n t ,  t r a n s p o r t a t i o n ,  and s t o r a g e  f a c i l i t i e s  o f  bo th  sys tems .  Ny- 

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

t r e a t m e n t  p l a n t s ,  pumps, r e s e r v o i r s ,  and d i s t r i b u t i o n  networks;  however, 

i n  any complex s u p p l y  sys tem,  t h e r e  e x i s t  a g r e a t  number o f  ways t o  com- 

b i n e  t h e s e  f a c i l i t i e s  i n  o r d e r  t o  meet t h e  demands f o r  w a t e r .  The 

problem i s  t o  minimize t h e  t o t a l  c o s t  o f  p r o v i d i n g  p o t a b l e  w a t e r ,  g iven  

a  m u l t i p l e - p l a n t ,  r e g i o n a l  water  s u p p l y  sys tem.  I n  t h i s  r e p o r t ,  c o s t  

min imiza t ion  is  d e a l t  w i t h  o n l y  i n  terms of s h o r t - r u n  economic c o n s i d e r a t i o n s .  

Opt imal  o p e r a t i o n  o r  u t i l i z a t i o n  o f  t h e  r e g i o n a l  s u p p l y  sys tem i s  t h e  c e n t r a l  

i s s u e  and n o t  t h e  development o r  expans ion  o f  t h e  sys tem;  b u t  such  s h o r t -  

r u n  economic c o n s i d e r a t i o n s  a r e  a l s o  a n  e s s e n t i a l  i n g r e d i e n t  i n  long-range 

p lann ing .  
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The q u a n t i t a t i v e  r e l a t i o n s h i p s  between c o s t s  of both t r a n s p o r t a t i o n  

and product ion and t h e  q u a n t i t y  of water a r e  def ined ,  and a  methodology 

is  presented f o r  combining these  r e l a t i o n s h i p s  t o  c r e a t e  an o b j e c t i v e  

f u n c t i o n  t h a t  de sc r ibes  t h e  v a r i a b l e  c o s t  of r e g i o n a l  water  supply.  This  

func t ion  inco rpo ra t e s  product ion and t r a n s p o r t a t i o n  c o s t s  a s  we l l  a s  t h e  

c o n s t r a i n t s  of meeting water  demands and capac i ty  l i m i t a t i o n s .  Using 

e s t a b l i s h e d  techniques,  t h e  o b j e c t i v e  func t ion  i s  minimized, and marginal  

c o s t s  among s e r v i c e  a r ea s  a r e  equated.  

The na tu re  of t h e  t r a n s p o r t a t i o n  c o s t  f u n c t i o n  i s  shown t o  vary  with 

t h e  per iod  of ope ra t i on .  A t  a  given po in t  i n  t ime,  when t h e  number of 

pumps i n  s e r v i c e  is  f i xed ,  t h e  c o s t  func t ion  i s  def ined  by the  head- 

capac i ty  r e l a t i o n s h i p  (pump c h a r a c t e r i s t i c s ) .  When t h e  number of pumps 

i n  s e r v i c e  i s  permit ted t o  vary  a s  over  t h e  per iod of a  day, t h e  c o s t  

func t ion  i s  def ined  by t h e  system-capaci ty  r e l a t i o n s h i p  (network and 

s e r v i c e  c h a r a c t e r i s t i c s ) .  The d a i l y  c o s t  func t ion  can be c l o s e l y  approx- 

imated by a  q u a d r a t i c  func t ion  of t h e  form PC = a  + bQ2 where a  and b  

a r e  parameters t h a t  a r e  es t imated by l ea s t - squa re s  l i n e a r  r eg re s s ion  

from e x i s t i n g  ope ra t i ng  da t a .  Thus, t h e  marginal  c o s t  func t ion  i s  l i n e a r  

and passes  through t h e  o r i g i n ,  implying t h a t  a l l  pumping f a c i l i t i e s  whose 

c o s t s  can be represen ted  by t h i s  quad ra t i c  func t ion  should remain i n  

ope ra t i on  over  t h e  e n t i r e  demand range i f  c o s t s  a r e  t o  be minimized. 

However, examination of  t h e  head-capaci ty  r e l a t i o n s h i p  (see F igu re  IV-10) 

r e v e a l s  t h a t ,  a s  ou tpu t  i s  reduced, an i nc reas ing  amount of energy goes t o  

main ta in  system p re s su re .  Consequently, a t  o r  near  zero ou tpu t ,  o p e r a t i n g  

c o s t s  a r e  not  ze ro ;  so  t h e  use of  t he  q u a d r a t i c  form of t h e  t r a n s p o r t a t i o n  

func t ion  must be r e s t r i c t e d  t o  t h e  upper ope ra t i ng  range.  The head-capaci ty  

r e l a t i o n s h i p  s e rves  a s  the  b a s i s  f o r  e s t ima t ing  power c o s t s  f o r  t h e  
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t r a n s p o r t a t i o n  o f  h o u r l y  o r  i n s t a n t a n e o u s  demand. The sys tem-capac i ty  

f u n c t i o n  s e r v e s  o n l y  a s  a  b a s i s  f o r  judging whether  s e r v i c e  c o n d i t i o n s  

can be met. The i n t e r r e l a t i o n s h i p  between pumping s t a t i o n s  ( i . e . ,  

H ~ = K ( Q ~ ~ Q  j ) n ~ i m - n )  i s  n o t  s i g n i f i c a n t  i n  e s t i m a t i n g  d a i l y  power c o s t s .  

Geometric programming i s  used t o  s o l v e  t h e  n o n - l i n e a r  e q u a t i o n s  

d e s c r i b i n g  t h e  energy  requ i rements  f o r  t r a n s p o r t i n g  wate r  through d e l i v e r y  

t u n n e l s  and t h e  d i s t r i b u t i o n  network.  I n  t h i s  model c a p a c i t y  c o n s t r a i n t s  

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

e q u a t i o n s .  A d i r e c t  o u t p u t  of t h e  geomet r ic  programming procedure  used i s  

a n  a n a l y s i s  o f  t h e  s e n s i t i v i t y  of t h e  o b j e c t i v e  f u n c t i o n  t o  s m a l l  changes 

i n  each  o f  t h e  parameters  a s s o c i a t e d  w i t h  it. 

The r e s u l t s  o f  t h e  example a n a l y s i s  i n d i c a t e  t h a t  t h e  energy  boundary 

c o n s t r a i n t s  and t h e  t o t a l  dynamic head c o n s t r a i n t s  were n o t  s i g n i f i c a n t  i n  

de te rmin ing  power c o s t s .  The head-capac i ty  c o n s t r a i n t  and t h e  e q u a l i t y - o f -  

demand c o n s t r a i n t  were t h e  most s i g n i f i c a n t .  One p r a c t i c a l  c o n c l u s i o n  

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

be i n t r o d u c e d  a t  e i t h e r  Lake View o r  Thomas J e f f e r s o n  Pumping S t a t i o n s ,  

t h e  l e a s t  i n c r e a s e  i n  power c o s t  p e r  u n i t  o f  o u t p u t  would be r e a l i z e d  by 

t h e  placement o f  a d d i t i o n a l  pumping c a p a c i t y  a t  Lake View. 

The d i f f e r e n c e  between t h e  d a i l y  c o s t  model and t h e  i n s t a n t a n e o u s  o r  

peak h o u r l y  c o s t  model i s  a  m a t t e r  o f  p e r s p e c t i v e .  The d a i l y  c o s t  model 

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

t h e  i n s t a n t a n e o u s  model i n d i c a t e s  t h e  c o s t  o f  d e l i v e r i n g  a  g iven  q u a n t i t y  

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

The power c o s t s  t o  c o l l e c t  and t r a n s p o r t  raw wate r  t o  t h e  t r e a t m e n t  

p l a n t  ( p a r t  o f  t h e  p roduc t ion  c o s t s )  a r e  l i n e a r  w i t h  r e s p e c t  t o  f low r a t e  

i f  t h e  head loss  i n  t h e  c o l l e c t o r  sys tem i s  small. F o r  sys tems t h a t  a r e  
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dependen t  o n  ground water, t h e  power c o s t  f u n c t i o n  f o r  c o l l e c t i o n  would 

have  t h e  same f o r m  as t h a t  f o r  d i s t r i b u t i o n .  A l though  t h e r e  i s  some i n -  

d i c a t i o n  t h a t  c h e m i c a l  c o s t s  are n o n - l i n e a r  w i t h  r e s p e c t  t o  o u t p u t ,  t h e  

p r a c t i c a l  o p e r a t i o n  o f  water t r e a t m e n t  p l a n t s  i n d i c a t e s  t h a t  c h e m i c a l s  are 

commonly a p p l i e d  i n  d i r e c t  p r o p o r t i o n  t o  t h e  f l o w  ra te .  Thus,  where t h e  

power c o s t s  f u n c t i o n  is  l i n e a r ,  t h e  b e s t  e s t i m a t i o n  o f  p r o d u c t i o n  c o s t s  

f o r  p u r p o s e s  o f  a l l o c a t i o n  is  t h e  f u n c t i o n  TC = a+bQ where a and b  are 

e s t i m a t e d  by l e a s t - s q u a r e s  l i n e a r  r e g r e s s i o n  f rom o p e r a t i n g  d a t a .  F o r  

o p e r a t i n g  p u r p o s e s ,  however, t h e  b e s t  p r e d i c t o r  o f  p r o d u c t i o n  c o s t s  is 

t h e  a u t o - r e g r e s s i v e  model  TC = a '  + b '  ( Q  - . The c o n f i d e n c e  
i 

i n t e r v a l  f o r  t h i s  f u n c t i o n  is s m a l l e r  t h a n  t h a t  f o r  t h e  model  TC = a + bQ. 

The r e g i o n a l  d a i l y  c o s t  model  c a n  d e a l  e f f i c i e n t l y  w i t h  l a r g e  sets 

o f  pumping f a c i l i t i e s  and t r e a t m e n t  p l a n t s .  Both p r o d u c t i o n  and t r a n s -  

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

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

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

must  be  compensated by t h e  l e v e l  o f  m a r g i n a l  c o s t s  a t  which t h e  a s s o c i a t e d -  

pumping f a c i l i t i e s  are o p e r a t e d .  

Whi l e  m a r g i n a l  c o s t  a l l o c a t i o n  i n d i c a t e s  p o s s i b l e  changes  i n  t h e  

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

s a v i n g s  o c c u r r i n g  f r o m  s u c h  changes  w i l l  b e  small i n  compar ison  t o  t h e  

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

a n a l y s i s  p r o d u c e s  t h e  most  e f f i c i e n t  r a t i o  o f  o u t p u t s  g i v e n  t o t a l  demand, 

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

c o u l d  r e s u l t  i n  t h e  d e l a y  o r  a v o i d a n c e  o f  a d d i t i o n a l  c a p i t a l i z a t i o n .  It 

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

o p e r a t i n g  e f f i c i e n c y  f o r  proposed  c a p i t a l  a d d i t i o n s  o r  e x p a n s i o n s  o f  water 

s y s t e m s .  
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LIST OF SYMBOLS 

a computed regression coef f i c ien t  ( in te rcep t )  

a general  regression coef f i c ien t  ( in tercept)  

AC estimated average var iab le  operating cos t  i n  d o l l a r s  per MGD 

APC estimated average var iab le  pumping cos t s  i n  do l l a r s  per MGD 

ATC estimated average var iab le  treatment cos t s  i n  do l l a r s  per  MGD 

b computed regression coef f i c ien t  (slope) 

B general  regression coef f i c ien t  (slope) 

cf Chicago's Central  Water F i l t r a t i o n  P lan t  

D Kolmogorov-Smirnov s t a t i s t i c  

d ~ *  dU 
Durbin-Watson s t a t i s t i c s  

d~ Des P la ines t  Water Treatment P lan t  

E e f f i c iency  coef f i c ien t  

e t  Evanstonts water treatment p lan t  

eP Evanston's pumping s t a t i o n  

F 2 
F s t a t i s t i c ,  [(f i ls)  ] 

H water delivery pressure i n  f e e t  of water 

kwh ki lowat t  hours 

h Lagrange mul t ip l i e r  

h(6) C 6i 

l v  chicago's Lake 'View Pumping S ta t ion  

m mean of sample var iable  

max maximum observation of sample var iable  

MC estimated var iable  operating marginal cos t  i n  do l l a r s  per  MG 

MG mil l ion gallons 

MGD mi l l ion  gallons per  day 



min minimum observa t ion  of sample v a r i a b l e  

PC es t imated  v a r i a b l e  pumping o r  power c o s t s  i n  d o l l a r s  

Q product ion  i n  mil.lion ga l lons  per day 

9 t r a n s p o r t a t i o n  i n  m i l l i o n  ga l lons  p e r  day 

r sample c o r r e l a t i o n  c o e f f i c i e n t  o r  c o e f f i c i e n t  f o r  t h e  firs-C- 
o r d e r  au to- regress ive  scheme 

S s t anda rd  e r r o r  of the estimate 

t t s t a t i s t i c ,  [ ( $  - B ) / S ]  

TC es t imated  v a r i a b l e  t rea tment  c o s t s  i n  d o l l a r s  

TD t o t a l  r e g i o n a l  demand f o r  water  

t j Chicago's Thomas J e f f e r s o n  Pumping Station 
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