






















































































2 
Q 
d --'tU*rnNIC.F; 
h > f O V 1 9 d @ t - 3  
a ~ U ? ~ d r r l S c 3  
~ r n m r u u  d a r - c e  
W > i C N Q . Y l d C J P d  
P 0 . .  O I . .  

Q X 6 2 6 8 C Q 6 Q 8  
Q 0 8 
U 

a t o -  = - W O  
0 P t * b  





I f  t n e  e s t i m a t e d  r e l a t i o n s h i p  i s ,  i n  f a c t ,  t h e  d e s i r e d  
aemand f u n c t i o n  f o r  w a t e r  i n t a k e ,  t h e  e s t i m a t e d  e l a s t i c i t y  
o f  i n t a k e  w a t e r  p e r  u n i t  o f  o u t p u t  w i t h  r e s p e c t  t o  t n e  
" p r i c e  of  w a t e r "  ( a v e r a g e  c o s t s  o f  u s i n g  w a t e r  w i t h a r a w a l s )  
i s  - . 5 4 .  A p r i o r i  t h i s  would be  c o n s i d e r e d  a  v e r y  
r e a s o n a b l e  r e s u l t .  I t  seems u n l i k e l y  t h a t  e c o n o m i e s  o f  
s c a l e  i n  t h e  c o s t s  o f  u s i n g  w a t e r  c o u l d  b e  l a r g e  e n o u g h  t o  
a c c o u n t  f o r  a n  i n v e r s e  r e l a t i o n s h i p  be tween  c o s t s  o f  u s i n g  
w a t e r  and t h e  q u a n t i t y  o f  w a t e r  which  i s  t n i s  s i g n i f i c a n t .  
N e v e r t h e i e s s ,  t h e  demand c u r v e  i s  n o t  i d e n t i f i e a ,  a n u  t h i s  
t y p e  o f  r e s u l t  s n o u l d  b e  u s e d  c a u t i o u s l y .  A d d i t i o n a l  d a t a  
a r e  r e q u i r e a  i n  o r d e r  t o  u n a e r s t a n a  t h e  p l a n t s '  c o s t s  o i  
w a t e r  u s e  and t o  i n t e r p r e t  t h e  p r i c e - q u a n t i t y  s n i f t s  i n  t n e  
d a t a .  Even i f  t h e  e s t i m a t e d  r e l a t i o n s h i p  i s  t n e  u e s i r e d  
demand f u n c t i o n ,  h o w e v e r ,  t n e  r e s u l t s  i n d i c a t e  t h a t  t h e r e  
a r e  s u b s t a n t i a l  v a r i a t i o n s  i n  I W / Q  ~ e t w e e n  p l a n t s  wnich  a r e  
n o t  e x p l a i n e u  by t n i s  s i m p l e  r e g r e s s i o n  m o a e l .  

3 . 3  E n g i n e e r i n g - E c o n o m i c  Models  o f  I n a u s t r i a l  w a t e r  Use - - - -- - -- 

j t a t i s t i c a l  m o d e l s  o f  i n d u s t r i a l  w a t e r  u s e  e s t i m a t e  t h e  
2 a r a m e t e r s  a s s o c i a t e d  w i t h  v a r i a b l e s  w h i c h  a r e  r e l a t e d  by 
r e l a t i v e l y  s i m p l e  f u n c t i o n a l  f o r m s .  ' Ine  s t a t i s t i c a l  m o d e l s  
a o  n o t  e x p l a i n  - how o r  wny t h e  w a t e r  is u s e d  i n  t h e  
i n d u s t r i a l  p l a n t .  The t e c h n o l o g i c a l  a s p e c t s  o f  w a t e r  u s e  
w i t h i n  t h e  p l a n t  a r e  i n  a s e n s e  a  P l a c k  box a b s t r a c t l y  
r e p r e s e n t e d  by t h e  functional f o r m  r e l a t i n g  t h e  v a r i a b l e s  
a n d  t n e  e s t i m a t e d  c o e f f i c i e n t s .  

A s e c o n a  a p p r o a c h  t o  m o d e l i n g  w a t e r  u s e  i s  t o  a c t u a l l y  
a n a l y z e  t h e  e n g i n e e r i n g  d e t a i l s  o f  u s i n g  w a t e r - - % h a t  
p u r p o s e s  i t  s e r v e s ,  w h e r e  i t  g o e s ,  how c a n  i t  b e  c h a n g e d  
t e c h n i c a l l y ,  and how much s u c h  c h a n g e s  c o s t .  W e  r e f e r  t o  
t h i s  s e c o n a  a p p r o a c h  t o  m o d e l i n g  w a t e r  u s e  a s  e n g i n e e r i n g -  
e c o n o m i c .  We d i s c u s s  two m e t h o d s  o f  u s i n g  s u c h  a n  
e n g i n e e r  i n g - e c o n o m i c  a p p r o a c h  : (1) p r o c e s s  e n g i n e e r i n g  a n a  
( 2 )  l i n e a r  p rogramming .  

3 . 3 . 1  P r o c e s s  - E n g i n e e r i n g  

'l 'he p r o c e s s  e n g i n e e r i n g  a p p r o a c h  t o  m o d e l i n g  i n o u s t r i a l  
w a t e r  u s e  is  t o  f i r s t  i u e n t i f y  t h e  t e c n n o l o g i c a l  o p t i o n s  
o p e n  f o r  c h a n g i n g  e x i s c l n y  water u s e  p a t t e r n s  i n  t n e  p l a n t  
a n o  t h e n  t o  e s t i m a t e  t n e  e n g i n e e r i n g  c o s t s  o f  making s u c n  
c n a n g e s .  t h e  n e x t  s t ep  i s  t o  d e t e r m i n e  w h e t n e r  t h e  s a v i n g s  
i n  w a t e r  u s e  a n a  w a s t e w a t e r  d i s c n a r g e  c o s t s  l u s t i f y  t h e  
i n c r e a s e u  c o s t s  a s s o c i a t e d  w i t n  maKing t n e  c h a n g e .  I f  t n e  
p r i c e  o f  w a t e r  w i t n a r a w a l s  i n c r e a s e s ,  t n e  q u e s t i o n  is 
w n e t n e r  i t  is c h e a p e r  t o  c o n t i n u e  u s i n g  t h e  same amount  o f  



wate r  and pay t h e  i n c r e a s e d  p r i c e  o r  t o  spend  t h e  f u n d s  t o  
r e d u c e  wa te r  u sage .  A l t e r n a t i v e l y ,  i f  p o l l u t i o n  c o n t r o l  
r e q u i r e m e n t s  a r e  imposeu, t h e  problem is  whetner  t o  pay a n  
e f f l u e n t  t a x ,  o r  t o  t r e a t  t h e  c u r r e n t  f l o w s  t o  meet  t h e  
s t a n d a r d s ,  o r  t o  r e d u c e  t h e  f l o w s  and w a s t e l o a d  and t r e a t  
t h e  remainoer  . The e n g i n e e r  must  d e t e r m i n e  how f l o w s  and 
w a s t e l o a d s  c a n  be r educed ,  what d i f f e r e n t  l e v e l s  o f  
r e a u c t i o n  of  e a c h  c o s t ,  and how t h e s e  cnanges  impac t  o t h e r  
a s p e c t s  of t h e  p r o d u c t i o n  p r o c e s s .  The p r o c e s s  e n g i n e e r i n g  
method i s  t n u s  e s s e n t i a l l y  a  s e a r c h  p r o c e a u r e  o v e r  a  
p r o a u c t i o n  s u r f a c e .  Tne d e c i s i o n  r u l e  i s  t o  change  wa te r  
u se  p a t t e r n s  whenever it l o w e r s  t h e  c o s t  o f  p r o d u c i n g  t h e  
o u t p u t .  P o i n c s  on t h e  demand f u n c t i o n  f o r  wa te r  w i t h d r a w a l s  
c a n  be e s t i m a t e a  i t  t n e  e n g i n e e r  a t t e m p t s  t o  f i n d  t h e  
q u a n t i t y  of water  a s s o c i a t e d  w i t h  t h e  l e a s t  c o s t  means o f  
p r o d u c t i o n  f o r  s e v e r a l  d i f f e r e n t  p r i c e s  o f  water  
w i t h d r a w a l s .  

The n e x t  s t a g e  of t h e  p r o c e s s  e n g i n e e r i n g  a n a l y s i s  is  
t o  b roaden  t h e  scope  t o  i n c l u d e  n o t  o n l y  t h e  t e c h n i c a l  
p p t i o n s  f o r  chang ing  e x i s t i n g  water  u s e  w i t h i n  t h e  p l a n t ,  
p u t  a l s o  t h e  impact  on t h e  l e a s t  c o s t  s o l u t i o n  of  changes  i n  
t h e  p r i c e s  and q u a l i t y  of  f a c t o r  i n p u t s ,  p r o c e s s  t e c h n o l o g y ,  
and p r o d u c t  s p e c i f i c a t i o n .  The number of  p o s s i b l e  s o l u t i o n s  
q u i c k l y  becomes immense a s  t h e  number o f  f a c t o r s  c o n s i d e r e d  
i n c r e a s e s  a n a l  i f  done  c o r r e c t l y ,  the p r o c e s s  e n g i n e e r i n g  
a n a l y s i s  of wa te r  u se  and was t ewa te r  d i s c h a r g e s  r e q u i r e s  t h e  
e s t i m a t i o n  of c o s t  r e l a t i o n s h i p s  which a r e  r a r e l y  deve loped  
i n  t h e  e n g i n e e r i n g  l i t e r a t u r e .  

The p r o c e s s  e l ~ g i n e e r i n g  app roach  t o  t h e  s t u d y  o f  
i n d u s t r i a l  r e s i d u a l  management p rob lems  i s  commonly 
u t i l i z e d .  Most s t u d i e s  d o  n o t ,  however ,  c o n s i d e r  a  wide 
r a n g e  of p o s s i b l e  a l t e r n a t i v e s .  The Resources  f o r  t h e  
F u t u r e  i n d u s t r y  program conduc tea  t n r e e  s t u d i e s  whicn 
i l l u s t r a t e  t h i s  metnod: 

(1) Water Demana f o r  Steam E l e c t r i c  Generation--An --  
bconomic P r o - l e c t i o n  Model, by Pau l  Cootner  and ~ e o r g e  
o .  LO£; 

( 2 )  The Economics of Water U t i l i z a t i o n  i n  t h e  Beet - -  - - - 
Sugar  I n u u s t r y ,  by George 0 .  L6f and A.V .  Kneese;  

( 3 )  _Res idua ls  G e n e r a t i o n  - i n  - t h e  P u l p  and Paper  
I n d u s t r y ,  by  lair 2'. Bower, George 0. ~ o f y a n d  W.M. 
i i ea ron .  



3 . 3 . 2  L i n e a r  - r r o g r a m m i n p  

L i n e a r  programming t e c h n i q u e s  o f f e r  a  s y s t e i n a t i c  way o f  
o r g a n i z i n g  and a n a l y z i n g  t h e  e n g i n e e r i n g  d a t a  u s e d  i n  t h e  
p r o c e s s  e n g i n e e r i n g  a p p r o a c h  i n  o r d e r  t o  e s t i m a t e  i n d u s t r i a l  
demand f u n c t i o n s  f o r  w a t e r .  I t  i s  o u t s i d e  t h e  s c o p e  o f  t h i s  
p a p e r  t o  p r e s e n t  a  d e t a i l e d  r e v i e w  o f  t h e  a p p l i c a t i o n  o f  
l i n e a r  programming m e t h o a s  t o  t h e  t h e o r y  o f  t h e  f i r m  [ 2 5 ] .  
R a t h e r  w e  b r i e f l y  r e v i e w  now a  demand f u n c t i o n  f o r  a  f a c t o r  
i n p u t  c a n  b e  d e r i v e d  b y  p a r a m e t r i c  programming f r o m  t h e  d u a l  
o f  t h e  f i r m ' s  p r o f i t  m a x i m i z a t i o n  p r o b l e m .  We t h e n  d i s c u s s  
t h e  a p p l i c a t i o n  o f  l i n e a r  programming t o  t h e  s t u d y  o f  w a t e r  
u s e  by a n  i n d u s t r i a l  f a c i l i t y  a n d  n o t e  some o f  t h e  e x i s t i n g  
work i n  t h i s  f i e l d .  

Many t e x t o o o k s  [ 3 3 ]  i l l u s t r a t e  how a  demand f u n c t i o n  
t o r  a  f a c t o r  i n p u t  c a n  be a e r i v e d  f r o m  t n e  p r o f i t  
m a x i m i z a t i o n  c o n d i t i o n s  f o r  t n e  f i r m .  I f  t h e  p r o d u c t i o n  
p r o c e s s  t e c h n o l o g i e s  c a n  b e  a d e q u a t e l y  c n a r a c t e r i z e a  a s  
c o n s t a n t  r e t u r n s  t o  s c a l e  o v e r  t n e  r e l e v a n t  r a n g e  of  
p r o d u c t i o n ,  l i n e a r  programming t e c h n i q u e s  p r o v i d e  a way t o  
p r o c e e a  f rom t h i s  a b s t r a c t  t h e o r y  o f  t h e  f i r m  t o  t h e  
e m p i r i c a l  e s t i m a t i o n  o f  demand i u n c t i o n s  f o r  f a c t o r  i n p u t s  
s u c n  as  w a t e r .  The generalizes r o r m  o f  a  l i n e a r  programming 
p r o o l e m  i s  t o  maximize  a l i n e a r  f u n c t i o n  s u b j e c t e d  t o  a se t  
o f  l i n e a r  i n e q u a l i t i e s  and  n o n n e g a t i v i t y  r e q u i r e m e n t s .  
 inea ear programming h a s  b e e n  a p p l i e d  t o  a  w i d e  v a r i e t y  o f  
i n G c s t r i a l  proSlez,s [ 2 6 ] .  I n  Lhe c o n t e x t  o f  t h e  t h e o r y  o f  
t h e  f i r m ,  t h e  o b j e c t i v e  f u n c t i o n  may b e  t o  maximize  p r o f i t s  
s u b j e c t  t o  t h e  l i n e a r  p r o d u c t i o n  a c t i v i t i e s  a n d  i n p u t  
a v a i l a b i l i t y  c o n s t r a i n t s .  The f o l l o w i n g  s i m p l e  example  is 
d e v e l o p e d  i n  numerous  m i c r o e c o n o m i c s  and l i n e a r  programming 
t e x t s  [ 2 7 ] .  

C o n s i d e r  a n  i n d u s t r i a l  p l a n t  u s i n g  two  " a c t i v i t i e s "  o r  
p r o c e s s e s  and t h r e e  i n p u t s - - c a p i t a l  K ,  l a b o r  L, a n d  w a t e r  w ,  
t o  p r o d u c e  two o u t p u t s  x , a n d  x . Assume f o r  s i m p l i c i t y  
t h a t  o n e  a c t i v i t y  p r o d u c e s  o n l y  o z e  o f  t h e  two o u t p u t s .  L e t  
a .  e q u a l  t h e  u n i t s  o f  i n p u t  i r e q u i r e d  t o  p r o d u c e  o n e  u n i t  
o ? j  o u t p u t  1, w h e r e  i n t h i s  c a s e  i = 1 , 2 , 3  a n d  j = 1 , 2 .  The 
e x p r e s s i o n  f o r  t h e  p r i m a l  p r o b l e m  is. .  . . 

Maximize  Profits = T1x1 + T x 2 2  

S u b j e c t  t o  



where rl and r a r e  p r o f i t  per  u n i t  of  o u t p u t  xl and 

r e s o u r c e s  w a t e r ,  c a  ~ t a  
"a respectively, 'anu Zi! ~ i :  anu Z' .. . a r e  g i v e n  l e v e l s  of  t e 

and ?abor . The s o l u t i o n  is  i n  
t e r m s  of t n e  o p t i m a l  l e v e l s  of o u t p u t  of  t h e  two p r o d u c t s  xl 
and x  ; t h e  n o n n e g a t i v i t y  r e s t r i c t i o n s  e n s u r e  t h a t  t h o s e  
outpug l e v e l s  a r e  n o t  less  t h a n  z e r o .  I n  m a t r i x  n o t a t i o n  
each  c o e f f i c i e n t  column i n  t h e  s e t  of  c o n s t r a i n t s  r e p r e s e n t s  
an  " a c t i v i t y "  and e a c h  row r e p r e s e n t s  t h e  r e q u i r e m e n t s  of 
a l l  a c t i v i t i e s  f o r  one r e s o u r c e ,  such  a s  w a t e r .  

For t h e  g i v e n  r e s o u r c e  a v a i l a b i l i t y  c o n s t r a i n t ,  t h e  
v a l u e  t o  t h e  f i r m  of each  f a c t o r  i n p u t  i n  t e r m s  of t h e  
o b l e c t i v e  f u n c t i o n  is  i m p l i c i t  I n  t h i s  s t a t e m e n t  of t h e  
p r o f i t  max imiza t ion  proolem. The d u a l  of t h e  p r i m a l  
problem, however,  a l l o w s  t h e  a n a l y s t  t o  s o l v e  a i r e c t l y  f o r  
chose  v a l u e s  of t n e  f a c t o r  i n p u t s ,  o r  shadow p r i c e s .  The 
a u a l  proolem i s  t n u s ;  

Minimize C o s t  = 

where p L, p  and p  a r e  t h e  snadow p r i c e s  of l a b o r ,  c a p i t a l  
ana  w a t e r ,  f e spec t ! fve ly .  The economic i n t e r p r e t a t i o n  of t h e  
o ~ j e c t i v e  f u n c t i o n  of t h e  d u a l  problem is t o  minimize t h e  
o p p o r t u n i t y  c o s t  of t n e  u s e  o f  r e s o u r c e s .  The  c o n s t r a i n t s  
r e q u i r e  t n a c  t n e  v a l u e  of  r e s o u r c e s  used i n  t h e  p r o d u c t i o n  
o t  a  u n i t  o f  o u t p u t  be g r e a t e r  t h a n  o r  e q u a l  t o  t h e  n e t  
g r o f i t  pe r  u n i t  of o u t p u t .  O tne rwise ,  p r o f i t s  c a n  be  
i n c r e a s e d  by i n c r e a s i n g  o u t p u t .  

~ h e s e  shadow p r i c e s  of  t h e  f a c t o r  i n p u t s  i n d i c a t e  t h e  
r e a l  v a l u e  t o  t h e  i n d u s t r i a l  o p e r a t i o n  i f  one  more u n i t  of  
an  i n p u t  i s  a v a i l a b l e ,  o r  a l t e r n a t i v e l y  t h e  o p p o r t u n i t y  c o s t  
t o  t n e  i n d u s t r y  i f  one less  u n i t  o f  t h e  i n p u t  i s  a v a i l a b l e .  
I f  i n c r e a s i n g  t h e  q u a n t i t y  of  a  r e s o u r c e  d o e s  n o t  e f f e c t  t h e  
o b j e c t i v e  f u n c t i o n ,  t h e  r e s o u r c e  c o n s t r a i n t  is  n o t  b i n d i n g ,  
and i t s  shadow p r i c e  is  z e r o .  



For eacn amount of water ,  t h e r e  is  a  corresponding 
s o l u t i o n  of the  dua l  problem f o r  t n e  shadow p r i c e  of water .  
by s y s t e m a t i c a l l y ,  o r  "pa rame te r i ca l ly"  varying t h e  amount 
of  water a v a i l a ~ l e  and then so lv ing  t n e  dua l  problem f o r  the  
a s s o c i a t e d  shadow p r i c e  of wate r ,  we can t r a c e  ou t  a  aemana 
curve fo r  water ,  i . e . ,  a  r e l a t i o n s h i p  between the  q u a n t i t y  
of  water ana i t s  marginal b e n e f i t  t o  t h e  i n d u s t r i a l  
f a c i l i t y .  

The l i n e a r  programming framework can be e l abo ra t ed  t o  
encompass the  a s p e c t s  of i n d u s t r i a l  a c t i v i t i e s  which a r e  of 
p a r t i c u l a r  i n t e r e s t  i n  t h e  a n a l y s i s  of water use and 
environmental  problems. The b a s i c  idea  i s  t o  account f o r  
a l l  the  i npu t s  and ou tpu t s  of each column, or a c t i v i t y ,  i n  
t h e  s e t  of c o n s t r a i n t s ,  e x p l i c i t l y  including a l l  r e s i d u a l s  
of environmental i n t e r e s t ,  and a l s o  t o  include i n  t h i s  
o b l e c t i v e  func t ion  s o c i a l  c o s t s  a s soc i a t ed  with t h e  removal 
of resources  from the  environment anu u l t ima te  d i s p o s a l  i n t o  
t h e  environment of a l l  r e s i d u a l s  o i  t h e  product ion process .  
A s  g e n e r a l l y  formulated,  t h e  o b j e c t i v e  func t ion  of such a  
l i n e a r  program~ning model of an i n d u s t r i a l  f a c i l i t y  is  t o  
minimize the  c o s t s  of producing a  given l e v e l  of ou tpu t ;  
c o n s t r a i n t s  r e q u i r e  t h a t  f o r  eacn resource  or i npu t  used by 
t h e  i n d u s t r i a l  p l a n t  t h a t  t h e  t o t a l  input  t o  a l l  
" a c t i v i t i e s "  equal  t n e  amount purchased p l u s  t h e  amount 
produced wi tn in  t n e  p l a n t  p l u s  t h e  amount r e l ea sed  t o  t h e  
environment.  T h u s ,  rows of t h e  c o n s t r a i n t  matr ix  r ep re sen t  
mater l a l s  balaiice eqi;atioiis f o r  i npu t s  and ou tpu t s .  6ach 
column d e s c r i b e s  t h e  t e c h n i c a l  r e l a t i o n s h i p  between t h e  
i n p u t s  and ou tpu t s  of one a c t i v i t y .  The rnodel s e l e c t s  the  
combination of a c t i v i t i e s  which minimizes t he  t o t a l  c o s t s  
f o r  proaucing the  given ou tpu t  l e v e l .  

'the bas i c  concepts and s t r u c t u r e  of t h i s  moael, a s  we l l  
a s  t ne  f i r s t  a p p l i c a t i o n ,  were presen ted  by C l i f f o r d  Russe l l  
i n  Residuals  Manaqement i n  Industry--A Case Study of 
Petroleum Ref in inq .  Six t ypes  of a c t i v j t r e s  a r e  included in - - 
t h e  model: (1) proauc t ion  a l t e r n a t i b e s ;  ( 2 )  by-product 
p roduc t ion ;  ( 3 )  m a t e r i a l s  recovery;  ( 4 )  t r ea tment  and 
t r a n s p o r t  of r e s i d u a l s ;  ( 5 )  d i scha rge  of r e s i d u a l s ;  and ( 6 )  
s a l e  of p roduc ts .  The c o n s t r a i n t s  r e q u i r e  t h a t  i npu t s  be 
a v a i l a b l e ,  a l l  products  produced a r e  s o l d ,  ou tpu t  meets 
s p e c i f i e d  q u a l i t y  s t a n a a r d s ,  and t h a t  a l l  r e s i d u a l s  be 
accounted fo r  by m a t e r i a l  recovery,  by-product p roduc t ion ,  
t r ea tmen t ,  o r  d i s cha rge .  Table 8 p r e s e n t s  R u s s e l l ' s  
fo rmula t ion  in  more d e t a i l .  The moue1 s t r u c t u r e  can,  of 
cou r se ,  be a l t e r e d  in  a  v a r i e t y  of ways t o  meet t h e  s p e c i f i c  
o b j e c t i v e s  of d i f f e r e n t  a n a l y s t s .  

2he primary task  in  model development is  the  
c o n s t r u c t i o n  of t h e  a c t i v i t y  v e c t o r s  which r e q u i r e s  
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Knowleage of the  m a t e r i a l  f lows throughout the  product ion 
process  and thus  eng ineer ing  a a t a  on i n p u t s  and ou tpu ts  f o r  
s p e c i f i c  process  and r e s i d u a l s  t rea tment  o p t i o n s .  Calloway 
1281 provides  a  u s e f u l  s imple i l l u s t r a t i o n  of tne  
c o n s t r u c t i o n  of such a c t i v i t y  v e c t o r s  f o r  ainmonia 
p roduc t ion .  Russe l l  p r e s e n t s  a  d e t a i l e d  account fo r  
petroleum r e i i n i n g  i n  Res idua ls  Nanaqement i n  Indus t ry  [ 2 9 J .  

I n d u s t r i a l  p rocess  modeling is a  powerful t o o l  f o r  
e s t i m a t i n g  demand curves  f o r  f a c t o r  i n p u t s  and f o r  analyzing 
t h e  gene ra t i on  ana d i s p o s a l  of r e s i d u a l s .  I t  provides  a  
means t o  e s t ima te  s e p a r a t e  demand f u n c t i o n s  f o r  water 
wi thdrawals ,  water consumption, water d i s cha rge ,  and waste 
u i s p o s a l  r i g h t s .  Never tne less ,  i n  a d d i t i o n  t o  t he  usual  
1 i m i t a t i o n s  of l i n e a r  programming such a s  l i n e a r  
approximat ions  of non l inear  r e l a t i o n s h i p s ,  a  few words of 
c a u t i o n  a r e  necessary .  

The f i r s t  concerns  t he  t r ea tmen t  of  c a p i t a l .  One of 
t h e  p r i n c i p a l  resource  i n p u t s  t o  product ion processes  is 
obvious ly  the  c a p i t a l  necessary  t o  purchase t h e  equipment. 
Th is  c a p i t a l  equipment m u s t  be pa id  f o r  and dep rec i a t ed .  
The usual  p r a c t i c e  f o r  handl ing c a p i t a l  c o s t s  i n  t h e  model 
i s  t o  annua l ize  t h e  c a p i t a l  c o s t s  and c a l c u l a t e  a  c a p i t a l  
c o s t  per u n i t  of o u t p u t  based upon t h e  annual ou tpu t  of tne  
p l a n t .  The a n n u a l i z a t i o n  f a c t o r ,  however, t ends  t o  be 
simply a  r u l e  of thumb. The r e a l  c o s t  of c a p i t a l  t o  a  f i rm  
o r  p l a n t  and t h e  a p p r o p r i a t e  d e p r e c i a t i o n  r a t e  t o r  t he  
c a p i t a l  a r e  o f t e n  V E i Y  c l i f t i c u l t  t o  aeteriiiino. Sotn c.zn 
vary  s i g n i l i c a n t l y  between p l a n t s  and between countries due 
t o  such f a c t o r s  a s  imper fec t  c a p i t a l  markets ,  d i i f e r e n t  
e x p e c t a t i o n s  about i n £  l a t i o n ,  , a n d  d i f f e r e n t  tax  
arrangements.  Unior tuna te ly ,  t h e  r e s u l t s  of  such mouels a r e  
o r t e n  s e n s i t i v e  t o  v a r i a t i o n s  i n  c a p i t a l  c o s t s  wel l  wi th in  
t h e  margin of e r r o r  of t h e  annua l i za t i on  f a c t o r .  

'The t rea tment  of  c a p i t a l  i n  t n e  model is f u r t n e r  
complicated i n  market economies because even i f  t h e  c o s t  of  
c a p i t a l  t o  t h e  f i rm  can be approximated by t h e  r e a l  market 
r a t e  of i n t e r e s t  f o r  d i f f e r e n t  c l a s s e s  of c r e d i t  r i s k ,  t h e  
market r a t e  of i n t e r e s t  cannot  s e rve  a s  an approximation of 
t h e  s o c i a l  oppor tun i ty  c o s t  of c a p i t a l  or t h e  s o c i a l  r a t e  of 
d i s c o u n t .  I f  t he  purpose of  aeve lop ing  such models is t o  
e x p l a i n  t he  behavior of i n d u s t r i a l  p l a n t s ,  then an 
examination of c a p i t a l  markets  and tax  p o l i c i e s  a t  l e a s t  
l e a d s  t h e  a n a l y s t  toward t h e  a p p r o p r i a t e  annua l i za t i on  
f a c t o r .  I f  t he  purpose of t n e  a n a l y s i s ,  nowever, 1s t o  
p rov ide  a  b a s i s  f o r  making recommendations concerning water 
r e sou rces  or  environmental  management p o l i c y ,  t h e  wel fa re  
s i y n i f i c a n c e  of t h e  model r e s u l t s  is unclear  un l e s s  c a p i t a l  
i s  valued a t  i t s  s o c i a l  oppor tun i ty  c o s t .  Of cou r se ,  any 
o t n e r  f a c t o r  i n p u t s  purchased i n  markets  shoula  a l s o  be 



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

The -- second p o i n t  c o n c e r n s  t h e  a i f f i c u l t y  o f  a p p l y i n g  
t h e  model t o  e x i s t i n g  f a c i l i t i e s .  Tne m a j o r i t y  o f  model 
a p p l i c a t i o n s  t o  d a t e  a r e  f o r  new " g r a s s r o o t s "  f a c i l i t i e s .  
I n  t h i s  c a s e  t h e  model se lec ts  t h e  o p t i m a l  l e v e l s  o f  t h e  
a c t i v i t i e s  assuming a  new p l a n t  i s  t o  be d e s i g n e d  and a l l  
p o s s i b i l i t i e s  a r e  open .  I f  t h e  model ing  a p p r o a c h  i s  a d a p t e d  
t o  a n  e x i s t i n g  f a c i l i t y ,  t h e  o p t i o n s  a r e  more l i m i t e a .  The 
c o s t s  of c o n t i n u i n g  t o  o p e r a t e  e x i s t i n g  equipment  may be 
v e r y  d i f f e r e n t  t h a n  f o r  new f a c i l i t i e s .  The model can 
r e f l e c t  such  c o n s i a e r a t i o n s ,  b u t  d a t a  on t h e  economic  v a l u e  
o t  e x i s t i n g  c a p l t a l  can  be  v e r y  d i f f i c u l t  t o  o b t a i n  and a r e  
s u b l e c t  t o  s e r i o u s  measurement p r o ~ l e m s .  

.l'he t n i r d  p o i n t  i s  t h a t  t h e  m i n i m i z a t i o n  of t o t a l  c o s t s  
t o r  p roduc ing  a  g i v e n  o u t p u t  a e t e r m i n e s  o n l y  o n e  p o i n t  on 
t n e  f l r m ' s  t o t a l  c o s t  f u n c t i o n .   his a o e s  n o t ,  o f  c o u r s e ,  
y i e l a  t n e  o p t i m a l  s o l u t l o n  f o r  t h e  f i r m  u n l e s s  t n e  minimum 
c o s t  s o l u t i o n  f o r  t h e  g i v e n  o u t p u t  a l s o  maximizes  p r o f i t  t o  
t n e  f i r m .  Tne problem o f  t h e  f i r m  is  t o  d e t e r m i n e  t h e  
minimuln c o s t  of p roduc ing  e v e r y  l e v e l  o f  o u t p u t  and t h e n ,  
g i v e n  t n i s  t o t a l  c o s t  f u n c t i o n ,  d e t e r m i n e  t h e  o p t i m a l  l e v e l  
o f  o u t p u t .  Thus,  i t  t h i s  c o s t  m i n i m i z a t i o n  o b j e c t i v e  
f u n c t i o n  i s  u s e d ,  t n e  a n a l y s t  must  e i t h e r  e x p l o r e  t h e  
p r o f i t a b i l i t y  o f  a l t e r n a t i v e  l e v e l s  o f  o u t p u t  o r  v e r y  
c a r e f u l l y  se lec t  t h e  i n i t i a l  l e v e l  o f  o u t p u t .  The 
a s sumpt ion  g e n e r a l l y  made is t h a t  t h e  s i z e  o f  t h e  most  
r e c e n t l y  b u i l t  p l a n t s  i n  t h e  i n d u s t r y  is  o p t i m a l .  T h i s  is  
r e a s o n a b l e ,  b u t  t n e  o p t i m a l  s i z e  of p l a n t s  i n  an  i n d u s t r y  
d o e s  change  o v e r  t i m e ,  between l o c a t i o n s ,  and  from one 
p r o d u c t i o n  p r o c e s s  t o  a n o t h e r .  When t h e  model c o e f f i c i e n t s  
a r e  u n i t i z e d  t o  r e f l e c t  t h e  i n p u t s  r e q u i r e d  t o  p r o d u c e  one 
u n i t  of f i n a l  o u t p u t ,  t h e  a n a l y s t  must be  v e r y  c a r e f u l  t h a t  
t h e  a g g r e g a t i o n  of t n e  r e s u l t s  t o  t h e  l e v e l  o f  t h e  p l a n t  
d o e s  n o t  v i o l a t e  t h e  e n g i n e e r i n g  a s s u m p t i o n s  i m p l i c i t  i n  t h e  
o r i g i n a l  d e t e r m i n a t i o n  of  t h e  c o e f f i c i e n t s .  

& ' i n a l l y ,  t n e  model o p t i m i z a t i o n  a t t e m p t s  t o  e x p l a i n  
wnat s h o u l d  nappen g i v e n  t h e  a s sumpt ion  and d a t a  l i m i t a t i o n s  
if t h e  p l a n t  min imizes  c o s t  o r  maximizes p r o f i t s .  The model - 
c a n n o t  e x p l a i n  wnat w i l l  nappen i f  t h e  p l a n t  owners  o r  
managers  c a n n o t  c o m p e t e n t l y  a c h i e v e  t h e i r  o b j e c t i v e  o r  i f  
t h e y  p u r s u e  o t n e r  o b j e c t i v e s .  Thus,  moue1 v e r i f i c a t i o n  c a n  
be v e r y  d i f f i c u l t .  

It i s  f e l t ,  however ,  t h a t  l i n e a r  programming methods o f  
es t i i n a t i n g  i n d u s t r i a l  wa te r  demand f u n c t i o n s  have 
s i g n i f i c a n t  p o t e n t i a l  f o r  u se  i n  water  r e s o u r c e s  p l a n n i n g .  
I n a e e d ,  a  l imitea numuer of i n d u s t r i a l  a p p l i c a t i o n s  a l r e a d y  
e x i s t .  I n  t h e  Un i t ea  S t a t e s ,  work i n  t h i s  a r e a  o f  
i n a u s t r  i a l  p r o c e s s  model ing  f o r  t h e  a n a l y s i s  o f  



e n v i r o n s e n t a l  a n d  e n e r g y  i s s u e s  h a s  b e e n  c a r r i e d  o u t  o y  two 
g r o u p s :  R e s o u r c e s  f o r  t n e  F u t u r e  ( C .  R u s s e l l  a n d  J .  Vaugnn)  
a n a  t n e  U n i v e r s i t y  o f  H o u s t o n  ( d u s s e i l  G.  Tnompson e t  a l . )  . 
I n d u s t r i a l  p l a n t s  i n  t n e  L o l l o w i n g  i n d u s t r i e s  n a v e  n e e n  
m o d e l e u :  p e t r o l e u m  r e r l n l n g ;  i r o n  a n a  s t e e l ;  e l e c t r i c  p o d e r  
g e n e r a ~ i o n ;  ammonia ;  c n l o r - a l k a l i ;  a l k a l i ;  a n a  e t h y l e n e .  
k ' i g u r e  3 ,  F i g u r e  l w ,  F i g u r e  11, a n u  F i g u r e  1 2  p r e s e n t  some 
s a ~ n p l z s  of w a c e r  aemanir c u r v e s  c l e v e l o p e d  by  the U n i v e r s i t y  
o f  d o u s t o n  p r o j e c t .  
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FlGUR E S  11 & 12 Estimates of Water Demand 
Functions in Chlor-Alkali 
Production 

PRICE $ 
1000 GAL. 

Comparison of water withdrawals versus water price for large diaphragm cell plants in Houston, Texas, 
and Saginaw, Michigan. 

Source: Singleton et al. "Integrated Power 
Process ~ o d e l  of Water Use and Waste 
Water Treatment in Chlor-Alkali Produc- 
tion"; Water Resources Research; August, 
1975, p 521 



4 Use o f  Water  Demanu F u n c t i o n s  f o r  F o r e c a s t i n q  Water  Use - --- -- - 

L i n e a r  programming t e c h n i q u e s  c a n  t h u s  o e  u t i l i z e d  t o  
e s t i m a t e  demanu c u r v e s  f o r  w a t e r  f o r  i n d u s t r i a l  f a c i l i t i e s  
o r  r e p r e s e n t a t i v e  p l a n t s .  -1'ne u s e  o f  t h e s e  p l a n t  l e v e l  
ueinanu c u r v e s  f o r  f o r e c a s t i n g  w a t e r  u s e  i s  a  s t r a i g h t  
i o r w a r u  a p p l i c a t i o n  o f  m i c r o e c o n o m i c  t h e o r y ,  a s s u m i n g  f i r m s  
a r e  p r i c e  t a k e r s .  A s  n o t e d  i n  t h e  i n t r o d u c t i o n ,  we w a n t  t o  
p r o j e c t  t h e  s n i r t s  o v e r  t i i n e  i n  t h e  s u p p l y  a n d  demand 
i u n c t i o n s ,  anu  t h e n  s o l v e  f o r  t n e  s u p p l y  ' a n u  demand 
e q u i i i o r i u r n  i n  e a c n  p e r i o a .  The a n a l y s t  w i l l  h o p e f u l l y  h a v e  
i n f o r m a t i o n  on  p r o j e c t e a  c n a n g e s  i n  s e v e r a l  t y p e s  o f  
v a r i a b l e s  on whicn t o  b a s e  h i s  f o r e c a s t  o f  w a t e r  u s e .  T h e s e  
i n c l u d e  p r o j e c t i o n s  o f  economic  g r o w t h ,  c n a n g e s  i n  
g o v e r n m e n t  p o l i c y  s u c h  a s  t h e  i m p o s i t i o n  o f  i n c r e a s i n g l y  
s t r i n g e n t  w a t e r  p o l l u t i o n  a b a t e m e n t  r e q u i r e m e n t s ,  e s t i m a t e s  
o f  t n e  f u t u r e  c o s t s  of  p r o v i d i n g  a d u i t i o n a l  w a t e r  s u p p l i e s ,  
c n a n g e s  i n  f a c t o r  i n p u t  a v a i l a b i l i t y  a n d  p r i c e s ,  a n t i c i p a t e d  
c h a n g e s  i n  p r o a u c t  s p e c i f i c a t i o n  a n d  p r o d u c t  m i x ,  and 
c h a n g e s  i n  p r o c e s s  and w a s t e  t r e a t m e n t  t e c h n o l o g i e s  [ 3 8 ]  . 

Assume the  a n a l y s t  knows t h e  c o s t s  o f  p r o v i d i n g  
a d d i t i o n a l  w a t e r ,  and  t h u s  knows t n e  s u p p l y  c u r v e  f o r  t h e  
r e g i o n .  Assume f o r  s i m p l i c i t y  t h a t  t h e  c o s t  o f  p r o v i d i n g  
water i s  t h e  same f o r  a l l  u s e r s  i n  t h e  r e g i o n .  T h i s  i s  
r e l a t i v e l y  r e a l i s t i c  i f  w e  a r e  c o n s i d e r i n g  a d d i n g  a d d i t i o n a l  
r e s e r v o i r  c a p a c i t y  u p s t r e a m  f r o m  a  number o f  u s e r s  
c o n c e n t r a t e d  i n  o n e  a r e a  a n d  t h e  d e l i v e r y  c o s t s  o f  t h e  water 
s u p p l i e s  a r e  t n e  same f o r  a l l  u s e r s .  We a l s o  a s s u m e  t h a t  
t h e  r e a l  c o s t s  o f  s u p p l y i n g  w a t e r  t o  t h e  i n t a k e  o f  t h e  u s e r s  
r e m a i n  c o n s t a n t  o v e r  t h e  p e r i o d  o f  p r o j e c t i o n ,  i . e . ,  t h a t  
t h e  s u p p l y  c u r v e  d o e s  n o t  s n i f t  downward t o  t h e  r i g h t  a u e  t o  
i m p r o v e m e n t s  I n  t h e  t e c h n o l o g y  o f  s u p ~ l y i n g  w a t e r .  We t h u s  
h a v e  a  s u p p l y  c u r v e  f o r  a r i v e r  b a s i n  o r  r e g i o n  w h i c h  w i l l  
l i k e l y  i n c r e a s e  s h a r p l y  a f t e r  e a s i l y  a v a i l a b l e  r e s o u r c e s  a r e  
e x h a u s t e d  anir a u u i t i o r l a l  s u p p i i e s  Decome i n c r e a s i n g l y  c o s t l y  
t o  o b t a i n  (see P i g u r e  1 3 )  

The a n a l y s t ' s  t a s k  is  t o  p r o j e c t  t h e  i n d i v i d u a l  demand 
c u r v e s  (D , D2,. . .DL i n  the  F i g u r e  1 3 ,  o r d e r e d  f r o m  s m a l l e s t  
t o  l a r g e s t ) ,  t o  aud t o g e t h e r  t h e  demands  o f  a l l  t n e  u s e r s ,  
a n a  t n e n  t o  compare  t n e  t o t a l  r e g i o n a l  demands  w i t n  t n e  
r e g i o n a l  s u p p l i e s  [ 2 7 ]  . l ine demand c u r v e s  o f  d i f f e r e n t  
i n u u s t r i a l  i a c i l i t i e s  a r e  added h o r i z o n t a l l y  t o  o b t a i n  t h e  
t o t a l  i n a u s t r i a l  demand f o r  t h e  r e g i o n .  For  e x a m p l e ,  
c o n s i d e r  t h e  s i t u a t i o n  i n  which  a t  p r i c e  p l f  i n d u s t r i a l  
p l a n t  A demands  Q p l a n t  B demands Q and p l a n t  C demands  
Q -  (see F i g u r e  q 4 ) .  ?f t h e s e  were t h e  o n l y  
t d r e e  u s e r s ,  t h e  r e g i o n a l  i n d u s t r i a l  demand a t  p r i c e  p l  
~ o u l d  b e  Q1 + d 2  + Q . By v a r y i n g  t n e  p r i c e ,  w e  c a n  t r a c e  
o u t  t h e  r e g i o n a l  i n d u z t r i a l  demand c u r v e .  

S u p p o s e  t h e  a n a l y s t  w a n t s  t o  p r o j e c t  w a t e r  u s e  1 0  y e a r s  
a h e a d .  H e  c a n  e a s i l y  i n c o r p o r a t e  h i s  p r o j e c t i o n s  o f  water 



Marginal cost 
of supplying 
water  

r 

Q u a n t i t y  of wate r  

po l iuc ion  a ~ a t e m e n t  requirements by so lv ing  t h e  l i n e a r  
proyr amrning moue1 fo r  each r e p r e s e n t a t i v e  p l a n t  s u b j e c t  to  
the  c o n s t r a i n t  t n a t  wastewater d i s cha rges  meet c e r t a i n  
s t a n d a r d s ,  and thus  t r a c e  o u t  a  new demand curve f o r  water .  
. T h i s  is the  demanu curve fo r  water which would e x i s t  given 
c u r r e n t  technology i f  t h e  p ro j ec t ed  p o l l u t i o n  abatement 
requirements  were now enforced .  

'I'he next  s t e p  i n  t he  a n a l y s i s  is  t o  i nco rpo ra t e  the  
2 r o j e c t i o n  of economic growtn. ,the p r o j e c t i o n  of economic 
growtn m u s t  be d i saggrega ted  t o  tne  l e v e l  of t h e  model or 
r e p r e s e n t a t i v e  p l a n t s  fo r  each indus t ry .  $or example, 
suppose s t e e l  product ion is f o r e c a s t  t o  double i n  1 b  yea r s .  
I f  t h e  a n a l y s t  only  has a  LP model of one type of i ron  and 
s t e e l  f a c i l i t y ,  he w i l l  probably be forced t o  e s t ima te  tne  
demand curve for  t he  s t e e l  i n d u s t r y  i n  t h e  region a t  t + 1 D  
by siinply s c a l i n g  up the  water demana curve o t  t h e  ~nouel 
2 l a n t .  I n  o the r  worGs, t h e  a n a l y s t  c a l c u l a t e s  a  f i g u r e  Lor 
weter use a t  t he  noaei  p l a n t  fo r  each g r l c e  of water .  Since 
he knows t h e  ou tpu t  of t he  nouel  p l a n t ,  ne can c a l c u l a t e  the  
water use per ton of s t e e l  production r o r  each p r i c e  of 
water .  To e s t i m a t e  the  demand curve f o r  t n e  t o t a l  
industrial proauc t lon  in  tne  region a t  t + l d ,  t ne  a n a l y s t  
m u l t i p l i e s  cne water use per ton of p rouuc t ion  c o e i t i c i e n t  
by t h e  p r o j e c t e a  outpuc f o r  each p r i c e  of water .  



Quantity of water 

F I G U R E  14 

I f  more t h a n  one r e p r e s e n t a t i v e  p l a n t  model e x i s t s  and 
p r o j e c t i o n  of o u t p u t  a t  t + 1 8  c a n  be d i v i d e d  between t h e s e  
two t y p e s  of f a c i l i t i e s ,  t h e n  t h e  r e g i o n a l  aemand c u r v e  f o r  
e a c h  t y p e  c a n  be e s t i m a t e d  f o r  t + 1 U .  The more model 
p l a n t s  a v a i l a b l e  ana t n e  more a c c u r a t e l y  t h e  r e p r e s e n t a t i v e  
p l a n t s  c h a r a c t e r i z e  t h e  o t h e r  p l a n t s  i n  t h e  i n d u s t r y  i n  t h e  
r e g i o n ,  t h e  b e t t e r  w i l l  be t h e  p r o j e c t i o n  of t h e  aemand 
c u r v e  f o r  wa te r  f o r  t n e  e n t i r e  i n d u s t r y  a t  t + l w .  T h i s  
a g g r e g a t i o n  o f  p l a n t - l e v e l  wate r  demand c u r v e s  t o  a n  
i n d u s t r y  w a t e r  demand c u r v e  c a n  i n t r o d u c e  l a r g e  e r r o r s  i n t o  
t n e  a n a l y s i s .  The a n a l y s t  s h o u l d  c a r e f u l l y  examine  t h e  
r e p r e s e n t a t i v e n e s s  o f  t h e  moael p l a n t s  and t h e  l i k e l y  
c n a r a c t e r i s t i c s  of f u t u r e  i n a u s t r i a l  c a p a c i t y  t o  a s s e s s  t h e  
l i k e l y  ~ i a s  i n t r o d u c e d  a s  a  r e s u l t  o f  t h i s  e x t r a p o l a t i o n  
[ 3 1 1  

F o r e c a s t i n g  i n a u s t r  i a l  wa te r  u se  a l s o  r e q u i r e s  demand 
t u n c t i o n s  f o r  b o t n  a g r i c u l t u r a l  and m u n i c i p a l  u s e r s  b e c a u s e  
t n e  m a r g i n a l  c o s t  of wa te r  s u p p l y  is d e p e n d e n t  upon t h e  
t o t a l  w a t e r  u s e  i n  t n e  r e g i o n .  I n  o r d e r  t o  f o r e c a s t  
i n d u s t r i a l  wa te r  use  i n d e p e n d e n t l y  o f  o t h e r  wa te r  u s e r s ,  w e  
must  c h o o s e  t h e  " p r i c e  o f  w a t e r "  p r e v a i l i n g  a t  time t + l a ,  
o r  assume t h a t  t h e  s u p p l y  c u r v e  a t  t + 1 0  is p e r f e c t l y  
e l a s t i c  a t  t h e  g i v e n  " p r i c e  of  w a t e r " .  For example ,  w e  
c o u l d  assume t h a t  t h e  c u r r e n t  r e l a t i v e  p r i c e  of  w a t e r  w i l l  
c o n t i n u e  u n t i l  p e r i o d  t + l w .  I n  t h i s  c a s e  t h e  f o r e c a s t  o f  



i n a u s t r i a l  w a t e r  u s e  ( a s suming  a n t i c i p a t e d  w a t e r  p o l i u t i o n  
c o n t r o l  r e q u i r e m e n t s  a r e  n o t  i n c o r p o r a t e d )  w i l l  y i e l t i  v e r y  
s i m i l a r  r e s u l t s  t o  a t o r e c a s t  ~ a s e d  upon a  r e g r e s s i o n  o f  
q u a n t i t y  o f  w a t e r  u seu  on  some e c o n o l ~ ~ i c  v a r i a b l e  b e c a u s e  
t n e r e  w i l l  o f t e n  be  l i t t i e  v a r i a t i o n  i n  t h e  r e l a t i v e  p r i c e  
o t  w a t e r  i n  t n e  h i s t o r i c a l  d a t a .  

Yne q u e s t i o n  o f  how b e s t  t o  i n c o r p o r a t e  t e c h n o l o g i c a l  
c n a n g e  i n t o  w a t e r  u s e  f o r e c a s t i n g  i s  a d i f f i c u l t  o n e .  T h e r e  
a r e  a c t u a l l y  two a s p e c t s  t o  c o n s i d e r .  F i r s t ,  c h a n g e s  i n  t h e  
r e l a c i v e  p r i c e s  o f  f a c t o r s  o f  p r o a u c t i o n  w i l l  a f f e c t  t h e  
c n o i c e  of  t e c h n i q u e s ,  i . e . ,  which- t e c h n o l o g y  i s  s e l e c t e d  as  
t h e  l e a s t  c o s t  means t o  p r o d u c e  a  g i v e n  c o m n o a i t y .  To t h e  
e x t e n t  t n a t  some f u t u r e  t r e n d s  i n  r e l a t i v e  p r i c e s  a r e  
a i s c e r n a b l e ,  t h e  a n a l y s t  may p r e d i c t  which  o f  t h e  e x i s t i n g  
t e c h n i q u e s  w i l l  be u s e d  i n  t h e  f u t u r e  and  t h u s  t h e  e n s u i n g  
p a t t e r n  o f  w a t e r  u s e .  -- Second ,  new t e c h n i q u e s  may b e  
d e v e l o p e d .  F o r e c a s t i n g  s u c h  t e c h n o l o g i c a l  b r e a k t n r o u g h s  is 
muca more d i f f i c u l t  t o  i n c o r p o r a t e  i n t o  a  model o f  w a t e r  
u s e .  I t  t n e  a n a l y s t  knows t h e  c u r r e n t  r e s e a r c h  and 
d e v e l o p m e n t  e x p e n a i t u r e s ,  n e  may b e  a ~ l e  t o  d e t e r m i n e  t h e  
l i k e l y  w a t e r  u s e  c h a r a c t e r i s t i c s  o f  new t e c h n i q u e s  ana  t h u s  
i n t r o d u c e  t h i s  knowleage  i n t o  t h e  t o r e c a s t .  

Chanqes  - i n  t e c n n o l o g y  c a n  a f f e c t  w a t e r  demand f u n c t i o n s  
i n  numerous  ways.  We c a n  a i s t i n g u i s n  be tween  c h a n g e s  i n  t h e  
c e c n n o l o g y  o f  u s i n g  and  t r e a t i n g  w a t e r  i t s e l f  and c h a n g e s  i n  
g r o a u c t i o n  t e c h n o l o g i e s  which  a l s o  im2act t n e  ways w a t e r  is 
u s e a .  Advances  i n  w a t e r  u s e  a n a  w a s t e w a t e r  t r e a t m e n t  
technologies c h a n g e  t n e  c o s t  o f  u s i n g  w a t e r  and  a r e  t h u s  
c a p t u r e d  i n  the p r i c e  o f  w a t e r  v a r i a b l e .  Changes  i n  
production t e c h n o l o g i e s ,  however ,  s h i t t  the demand f u n c t i o n  
t o r  f a c t o r  i n p u t s  s u c h  a s  w a t e r .  D i f f e r e n t  i n d u s t r i a l  
p r o c e s s e s  p r o d u c i n g  t h e  same o r  s i m i l a r  p r o d u c t s  u s e  w a t e r  
i n  d i f f e r e n t  ways and  t h u s  h a v e  d i f f e r e n t  demand f u n c t i o n s  
f o r  w a t e r .  The l i t e r a t u r e  i s  f u l l  o f  e x a m p l e s .  W a s t e w a t e r s  
f r o m  K r a f t  p u l p  m i l l s  h ave  d i f f e r e n t  c h a r a c t e r i s t i c s  t h a n  
s u l f i t e  o r  groundwoou m i l l s .  B a s i c  oxygen  f u r n a c e s  g e n e r a t e  
c i i f  f e r e n t  r e s i d u a l s  and  have  d i f f e r e n t  c o o l i n g  r e q u i r e m e n t s  
t h a n  e l e c t r i c  a r c  o r  open  h e a r t h  f u r n a c e s .  Modern p e t r o l e u m  
r e f i n e r i e s  have  d i i f e r e n t  w a t e r  u s e  p a t t e r n s  t h a n  o l d e r ,  
s i m p l e r  r e f i n e r i e s .  The p o i n t  is  simply t h a t  wa t e r  demand 
i u n c t i o n s  f o r  a n  i n d u s t r y  c a n n o t  be  assumed t o  r ema in  f i x e d  - -7 

a s  p r o d u c t i o n  t e c h n o l o q i e s  c h a n g e .  h a t e r  demand f u n c t i o n s  - 
f o r  a  s i n g l e  i n a u s t r i a l  f a c i l i t y  c a n n o t  be assumed t o  r e m a i n  - - 
t i x e d  a s  i n d i v i d u a l  p r o c e s s  u n i t s  a r e  r e p l a c e d  w i t h  more 
moctern e q u i p m e n t .  T e c h n o l o g i c a l  c h a n g e  c a n  e i t h e r  i n c r e a s e  
o r  d e c r e a s e  t h e  i n d u s t r y ' s  demand f o r  w a t e r  ~ i t l l d r a ~ a l ~ ;  t h e  
m a t t e r  is  a g a i n  o n e  f o r  i n v e s t i g a t i o n .  

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



t n e  q u a l i t y  of f a c t o r  i n p u t s ,  p r o d u c t  s p e c i f i c a t i o n s ,  and - - -- - 
p r o d u c t  --- mix of an i n a u s t r y  o r  i n d u s t r i a l  f a c i l i t y  due? e i t h e r  
t o  changes  i n  t h e  r e l a t i v e  p r i c e s  o f  p r o d u c t s  o r  c h a n g e s  i n  
t a s t e s  .- Changes i n  r e l a t i v e  p r i c e s -  n o t  o n l y  i n f l u e n c e  t h e  
c n o i c e  of t e c h n i q u e s ,  b u t  a l s o  t h e  v e c t o r  of  f i n a l  demands. 
I f  t h e  p r i c e  of p l a s t i c s  f a l l s  r e l a t i v e  t o  p a p e r ,  t h e  s w i t c h  
t o  p l a s t i c  packaging  w i l l  have  i m p l i c a t i o n s  f o r  i n d u s t r i a l  
w a t e r  use  and was t ewa te r  a i s c h a r g e s .  A t  t h e  p l a n t  l e v e l  t h e  
i ~ i i p o s i t i o n  of p o l l u t i o n  c o n t r o l s  w i l l  i n c r e a s e  t h e  r e l a t i v e  
a i i f e r e n c e s  i n  c o s t s  o f  p r o d u c i n g  b l e a c h e a  p a p e r  v s .  
unPleached  p a p e r .  I n c r e a s e d  Gemanas f o r  s p e c i a l t y ,  n igh -  
q u a l i t y  s t e e l  w i l l  a l t e r  t h e  amount o f  g r o s s  w a t e r  a p p l i e d  
p e r  t o n  and t n e  c h a r a c t e r  of tf ie was t ewa te r  s t r e a m .  Changes 
i n  t a s t e s  may i n c r e a s e  t h e  aemand f o r  throwaway b o t t l e s  and 
c a n s .  S o u r c e s  of c r u d e  o i l  may c o n t a i n  more s u l p h u r  and 
t h u s  e n t a i l  n i g h e r  p o l l u t i o n  c o n t r o l  c o s t s .  The 
c h a r a c t e r i s t i c s  of a g r i c u l t u r a l  p r o d u c t s  r e c e i v e u  by food  
processing p l a n t s  may c n a n j e  due t o  t n e  i n t r o u u c t i o n  of  
au toma ted  h a r v e s t i n g  t e c h n i q u e s  o r  new v a r i e t i e s  of  c r o p s .  
'i'ne o r e s  r e c e i v e d  a t  b e n e f i c a t i o n  f a c i l i t i e s  may become 
p r o g r e s s i v e l y  p o o r e r  a s  t n e  r i c h e r  s o u r c e s  a r e  e x h a u s t e d  and 
r e q u i r e  a d d i t i o n a l  p r o c e s s i n g  and water  u se .  Such t r e n d s  
and c h a n g e s  i n  p r o a u c t  mix,  i n p u t  f a c t o r  q u a l i t y  and p r o d u c t  
s p e c i f i c a t i o n s  a r e  o f t e n  d i f f i c u l t  t o  q u a n t i f y  and 
i n c o r p o r a t e  i n  p r o j e c t i o n s  of  wa te r  u s e s ,  b u t  a t  a  minimum 
t h e  a n a l y s t  s h o u l d  be aware  o f  t h e  a s s u m p t i o n s  b e i n g  made, 

5 A d d i t i o n a l  Remarks and C o n c l u s i o n s  - - 

We have  s e v e r a l  a d a i t i o n a l  o b s e r v a t i o n s  on t h e  
f o r e c a s t i n g  of  i n a u s t r i a l  w a t e r  u s e .  The f i r s t  is p e r h a p s  
a n  o o v i o u s  m e t n o a o l o g i c a l  s o i n t .  Any f o r e c a s t  is  s u b j e c t  t o  
e r r o r  from u n f o r e s e e n  e v e n t s  and random s h o c k s  t o  t h e  
s y s t e m .  A model of i n d u s t r i a l  wa te r  u s e  a t t e m p t s  t o  e x p l a i n  
t n e  f u t u r e  p a t t e r n  of  water  u s e  i n  t e r m s  of  p r o j e c t e d  
c n a n g e s  i n  a  l i rn icea  numoer of v a r i a b l e s .  The model is 
a l w a y s  i n c o m p l e t e .  We s n o u l a  e x p e c t  s u r p r i s e s .  F o r e c a s t i n g  
inoaels  o t  i n a u s t r i a l  wa te r  u se  a r e  o n l y  a  u s e f u l  p l a n n i n g  
t o o l  i f  t h e  a n a l y s t  u n o e r s t a n a s  t n e i r  l i m i t a t i o n s  and is  
p r e p a r e a  t o  a u j u s t  t o  u n a n t i c i p a t e d  c i r c u m s t a n c e s .  

Secona ,  knowledge of  f o r e c a s t i n g  t e c h n i q u e s  is  no 
s u b s t i t u t e  f o r  an u n u e r s t a n d i n g  of  t h e  a c t u a l  s i t u a t i o n s  i n  
i n c l u s t r i e s  and wa te r  s u p p l y  s y s t e m s .  Tne d e f i c i e n c i e s  i n  t h e  
d a t a  i n  t h i s  f i e l a  a r e  o f t e n  s o  s e v e r e  t h a t  o n l y  a n  a n a l y s t  
w i t n  such  an  u n d e r s t a n d i n g  can  judge  how t h e  d a t a  c a n  be  
u s e d .  For example,  i n  h i s  p a p e r  "Ivlodelling of  Water Demands 



a n a  v i a s t e w a t e r  D i s c h a r g e s  i n  Englancl a n a  w a l e s " ,  K o ~ e r t  J. 
S m i t n  n o t e s  t n a t  t h e  t r e n d  i n  pe; c a p i t a  c o n s u ~ n p t i o n  o f  
u n m e t e r e u  w a t e r  s i n c e  1 9 6 1  i s  s i g n i f i c a n t l y  i n f l u e n c e d  ~y 
v e r y  h i g h  u a t a  f o r  1 a n a  1 9 6 4 .  T h e s e  u a t a  a r e  
a t t r i b u t a b i s  t o  s e v e r e  w i n t e r  w e a t n e r  i n  e a r l y  1 9 6 3 ,  w h i c h  
c a u s e d  a  l a r g e  numoer of  p i p e s  t o  b u r s t  and  c o n s e q u e n t l y  a  
n i g h  l e v e l  of l e a k a g e .  Only  someone f a m i l i a r  w i t h  s u c h  d a t a  
would  know how t o  i n t e r p r e t  them.  

'The t h i r d  c o n c e r n s  t h e  f o r e c a s t i n g  o f  p e a k  l o a d s .  
T n r o u g h o u t  t n i s  p a p e r  w e  h a v e  i m p i i c i  t l y  t a l k e d  o f  
i n d u s t r i a l  w a t e r  u s e  i n  t e r r n s  o f  a v e r a g e  d a i l y  o r  m o n t h l y  
f l o w s .  The p r o b l e m  o f  p e a k  l o a d  demands  i s  g e n e r a l l y  a  inore 
c r i t i c a l  i s s u e  f o r  m u n i c i p a l i t i e s  t h a n  f o r  i n d u s t r i e s .  Many 
l a r g e  w a t e r - u s i n g  i n d u s t r i a l  f a c i l i t i e s  o p e r a t e  2 4  h o u r s  a  
o a y ,  7 d a y s  a  week a n d  a r e  n o t  s u b l e c t  t o  t h e  same t y p e  o f  
a a i l y  c y c l e s  o f  w a t e r  u s e  a s  m u n i c i p a l i t i e s .  M o r e o v e r ,  solile 
i n d u s t r i a l  f a c i l i t i e s  w i t h  p e a k  l o a d  demands  s t o r e  e n o u g h  
w a t e r  t h e m s e l v e s  t o  a v e r a g e  o u t  some s t o c h a s t i c  v a r i a t i o n s  
i n  w a t e r  u s e .  However ,  Hanke and Bower a r g u e  t h a t  t h e r e  is 
v e r y  s u b s t a n t i a l  s t o c h a s t i c  v a r i a t i o n  i n  t n e  demand f o r  
i n t a k e  w a t e r  and  w a s t e w a t e r  d i s c h a r g e s .  

'"i'ne v a r i a b i l i t y  o c c u r i n g  i n  ' n o r m a l '  o p e r a t i o n s  h a s  
b e e n  u n d e r e s t i m a t e d  a n d  o v e r l o o k e d .  T h e s e  v a r i a t i o n s  
r e f l e c t  c h a n g i n g  q u a l i t i e s  o f  raw m a t e r i a l  - n o t  o n l y  
t r o m  d a y  t o  d a y  b u t  w i t h i n  t h e  d a y  -, w e e k l y  and  
s e a s o n a l  c n a n g e s  i n  p r o d u c t  m i x ,  a m b i e n t  t e m p e r a t u r e s  
a n d  v a r y i n g  c o n a i t i o n s  o f  o p e r a t i n g  e q u i p m e n t .  I n  
a d d i t i o n  t o  these v a r i a t i o n s  u n d e r  n o r m a l  o p e r a t i n g  
c o n d i t i o n s ,  t h e r e  a r e  s u b s t a n t i a l  v a r i a t i o n s  a s s o c i a t e d  
w i t h  ' s t a r t - u p '  a n d  ' s h u t - d o w n '  p e r i o d s  a n a  a c c i u e n t i a l  
s p i l l s  a n u  b r e a k d o w n s  [ 3 2 ]  ." 
'The r e a s o n s  f o r  t h e  p e a k  t o  a v e r a g e  r a t i o  a r e  l i k e l y  t o  

v a r y  w i d e l y  b e t w e e n  p l a n t s  i n  o n e  i n d u s t r y  a n d  b e t w e e n  
u i r t e r e n t  i n u u s t r  ies .  The s i g n i f i c a n c e  o f  s u c n  p e a k  l o a d  
v a r i a t i o n s  i n  i n u u s t r i a l  w a t e r  u s e  d e p e n d s ,  o f  c o u r s e ,  upon 
t h e  p a r t i c u l a r  p o l i c y  i s s u e  t h e  w a t e r  r e s o u r c e s  a n a l y s t  
w i s h e s  t o  a d a r e s s .  The  s t a n d a r d  e n g i n e e r i n g  p r o c e d u r e  f o r  
e s t i m a t i n g  m u n i c i p a l  p e a k  l o a d  demands  is t o  s i m p l y  m u l t i p l y  
a v e r a g e  f l o w s  f o r  some t i m e  p e r i o o  by some f a c t o r  w h i c h  
a e p e n a s  upon the  s i z e  o f  p o p u l a t i o n  a n d  p o s s i b l y  a  few O t h e r  
v a r i a ~ l e s .  U s e  o f  s u c h  a r u l e  o f  thumb may w e l l  p r o v e  v e r y  
i n a c c u r a t e  f o r  f o r e c a s t i n g  i n d u s t r i a l  p e a k  l o a d  demand.  We 
d o  n o t  know o f  a n y  mode l  which  e x p l a i n s  p e a k  l o a d  i n d u s t r i a l  
w a t e r  u s e  e x c e p t  a s  a  simple m u l t i p l e  o f  a v e r a g e  f l o w s .  The 
s t u d y  o f  t h e  s t o c h a s t i c  v a r i a t i o n s  i n  i n d u s t r i a l  w a t e r  
w i t h a r a w a l s  a n a  wastewater d i s c h a r g e s  is c e r t a i n l y  a n  a r e a  
w h i c h  d e s e r v e s  f u r t h e r  r e s e a r c h .  D e t a i l e d  f o r e c a s t i n g  oi 
s u c h  v a r i a t i o n s  seems i m p r a c t i c a b l e  t o  i n c o r p o r a t e  i n  t h e  
p l a n n i n g  p r o c e s s  i n  t h e  n e a r  f u t u r e .  



To summar ize ,  i n d u s t r i a l  water  u s e  f o r e c a s t s  a r e  
p r e p a r e d  t h r o u g h o u t  t h e  world w i t h  s i m p l e  s t a t i s t i c a l  
methods .  More s o p h i s t i c a t e d  f o r e c a s t i n g  t e c h n i q u e s  
u t i l i z i n g  r e g r e s s i o n  and i n p u t - o u t p u t  a n a l y s i s  a r e  becoming 
more w i d e l y  u s e d ,  b u t  t h e y  do  n o t  o f f e r  e x p l a n a t o r y  models  
o f  i n d u s t r i a l  wa te r  u se .  Water demand f u n c t i o n s  d e r i v e d  
from s t a t i s t i c a l  models  o f  i n d u s t r i a l  wa te r  u s e  would 
t n e o r e t i c a l l y  be u s e t u l  i n  f o r e c a s t i n g  i n d u s t r i a l  wa te r  u s e ,  
Dut t h e  l i m i t a t i o n s  o f  t h e  a v a i l a o l e  d a t a  r e n d e r  tnem o f  
l i m i t e d  u t i l i t y .  Al though s u b j e c t  t o  numerous l i m i t a t i o n s ,  
l i n e a r  programming models  o f  i n d u s t r i a l  p l a n t s  o f f e r  t h e  
o n l y  s y s t e m a t i c  means o f  a n a l y z i n g  b o t h  e n g i n e e r i n g  and  
economic d a t a  t o  u e r i v e  i n d u s t r i a l  wa te r  demand i u n c t i o n s  
f o r  f o r e c a s t i n g  p u r p o s e s .  Tne deve lopment  o f  i n d u s t r i a l  
p r o c e s s  models  is c o n s t r a i n e d  by b o t h  l i m i t e a  manpower and 
t i n a n c i a l  r e s o u r c e s .  The  b e n e f i t s  o f  such  models  a r e  n o t ,  
however ,  l i m i e e d  t o  wa te r  r e s o u r c e s  p l a n n i n g ,  and a s  t h e y  
oecome more w i a e l y  used i n  economic p l a n n i n g  and  p o l i c y  
a n a l y s i s ,  i n d u s t r i a l  p r o c e s s  models  p romise  t o  b e  a  u s e f u l  
i o r e c a s t i n g  t o o l  i n  t n e  water  r e s o u r c e s  f  i e l a .  
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A P P E N D I X  

MATHEMATICAL DERIVATION 
OF - iATERDEMAND - -- FUNCTIONS [ 3 3 ]  - - 

The ob jec t ive  of the  f i rm i s  commonly charac ter ized  a s  
p r o f i t  maximization sub jec t  t o  the  c o n s t r a i n t s  t h a t  p r o f i t s  
be nonnegative and t h a t  output  be f e a s i b l e  i n  terms of the  
production funct ion.  Consider a  f i rm with t h r e e  
inputs - -capi ta l  ( K )  , labor (L)  , and water ( W )  --producing a  
product X w i t h  a  production funct ion X = f  ( K , L , W ) .  The 
problem of the  firm i s  t h u s  

Naximize P r o f i t s  = Total Revenue - Total  Costs 

subjec t  t o  x = f  ( K , L , w )  and n - > 0 where EX.Pk,Pi~and- $: 

a r e  the p r i c e s  of the product and t h e  inpu t s  c a p i t a l ,  l abor ,  
and water,  respect ive ly .  

We can s u b s t i t u t e  the  production funct ion f o r  X :  

MAX n = Px [ f ( ~ , L , w ) ]  - [P, K + P1 L + Pw W] 

The f i r s t  order  opt imal i ty  condi t ions are :  



S i n c e  P  i s  some f u n c t i o n  g  ( P k , ~ l , ~ w ) ,  t h e  f i r s t  o r d e r  
c o n d i t i g n s  a r e  t h e  i m p l i c i t  demand f u n c t i o n s  f o r  t h e  f a c t o r  
i n p u t s .  I f  w e  knew t h e  p r o d u c t i o n  f u n c t i o n ,  w e  c o u l d  
s t r a i g h t a w a y  s o l v e  t h e s e  e q u a t i o n s  f o r  t h e  e x p l i c i t  d e n a n d  
f u n c t i o n s  f o r  t h e  i n p u t s :  

The q u a n t i t y  o f  w a t e r  demanded i s  t h u s  some f u n c t i o n  o f  t h e  
p r i c e  o f  w a t e r ,  t h e  p r i c e s  o f  t h e  o t h e r  i n p u t  f a c t o r s ,  a n d  
t h e  l e v e l  o f  o u t p u t .  

T h e  demand f u n c t i o n s  f o r  t h e  i n p u t  f a c t o r s  c a n  be  s i m i l a r l y  
d e r i v e d  f r o m  t h e  f i r s t  o r d e r  c o n d i t i o n s  o f  t h e  d u a l  p r o b l e m :  

M i n i m i z e  C o s t s  = Pk K + P l e L + P w - W  

s u b j e c t  t o  t h e  p r o d u c t i o n  f u n c t i o n ,  h o l d i n g  o u t p u t  c o n s t a n t .  
I n  t h i s  c a s e  w e  o n l y  o b s e r v e  t h e  s u b s t i t u t i o n  e f f e c t  o f  a  
c h a n g e  i n  t h e  p r i c e  o f  w a t e r ,  a n d  t h u s  c a n n o t  d e v e l o p  t h e  
c o m p l e t e  m e a s u r e  o f  t h e  own p r i c e  e l a s t i c i t y  o f  demand f o r  
w a t e r .  

To d e r i v e  t h e  own and  c r o s s  p r i c e  e l a s t i c i t i e s  o f  t h e  demand 

f u n c t i o n  f o r  w a t e r  (2 , P i  w h e r e  i = w , l , k )  . a pi 

We f i r s t  t a k e  t h e  t o t a l  d e r i v a t i v e s  t o  o b t a i n :  



We t h e n  s o l v e  f o r  dW by C r a m e r ' s  r u l e :  

To o b t a i n  t h e  own and  c r o s s  p r i c e  e l a s t i c i t i e s  of  demand f o r  
w a t e r  w e  s i m p l y  d i v i d e  t h e  v a l u e  f o r  dW by dPw, dP o r  dP 
and  t h e n  m u l t i p l y  by Pw, P  , o r  P  , r e s p e c t i v e l y .  bAe p o i n &  
o f  t h i s  e x e r c i s e  is t o  ! l l u s t r a t e  t h a t  t h e  c o m p u t a t i o n  of 
t h e  own and  c r o s s  p r i c e  e l a s t i c i t i e s  o f  t h e  demand f u n c t i o n  
f o r  w a t e r  i n v o l v e s  a d e t a i l e d  u n d e r s t a n d i n g  o f  t h e  f i r m ' s  
p r o d u c t i o n  f u n c t i o n  and t h e  m a r k e t  f o r  i ts p r o d u c t .  The  
s i g n s  o f  t h e  c r o s s - p r  ice e l a s t i c i t i e s  a r e  ambiguous;  o n l y  
t h e  s i g n  o f  t h e  own p r i c e  e l a s t i c i t y  is  known ( i - e . ,  
n e g a t i v e ) .  T h e s e  r e s u l t s  g e n e r a l i z e  t o  t h e  n - f a c t o r  case. 
I t  i s  d i f f i c u l t  t o  d i s t i n g u i s h  be tween  o u t p u t  a n d  
s u b s t i t u t i o n  e f f e c t s  f rom a change  i n  t h e  p r i c e  of w a t e r  
w i t h o u t  a s suming  a p a r t i c u l a r  fo rm o f  p r o d u c t i o n  f u n c t i o n  
s u c h  as  c o n s t a n t  r e t u r n s  t o  scale.  Al though  t h e  e x a m i n a t i o n  
o f  t h e  t w o - f a c t o r  case d o e s  g i v e  some f e e l  f o r  t h e  p r o b l e m s  
i n v o l v e d  i n  d e t e r m i n i n g  t h e  e l a k t i c i t y  o f  demand f o r  a 
f a c t o r  i n p u t ,  t h e  r e s u l t s  f o r  t h e  t w o - f a c t o r  case d o  n o t  a l l  
g e n e r a l i z e  t o  t h e  n - f a c t o r  case b e c a u s e  i n p u t s  may b e  e i t h e r  
s u b s t i t u t e s  o r  complements .  

B la i r  Bower h a s  s u g g e s t e d  t h e  f o l l o w i n g  c o n c e p t u a l  
r e l a t i o n s h i p  o f  t h e  q u a n t i t y  o f  water w i thd rawn ,  consumed, 
and  d i s c h a r g e d  t o  f a c t o r s  o f  p r o d u c t i o n  f u n c t i o n  and  t h e  



e c o n o m i c  e n v i r o n m e n t  o f  f i r m  [35]  : 

w h e r e  

Q I T  = t h e  q u a n t i t y  a n d  time p a t t e r n  
o f  w a t e r  i n t a k e ;  

C t = t h e  q u a n t i t y  a n d  time p a t t e r n  
o f  c o n s u m p t i v e  u s e ;  

Q D t  a n d  W D t  = t h e  q u a n t i t y  a n d  t i m e  p a t t e r n  
o f  w a s t e w a t e r  d i s c h a r g e  a n d  
r e s i d u a l s  i n  t h e  w a s t e w a t e r ,  
r e s p e c t i v e l y ;  

Got an6 w5t = r h e  q u a E r i c y  a n a  c i m e  p a t t e r n  
o f  f i n a l  e f f l u e n t  w a t e r ,  a n d  
r e s i d u a l s  i n  t h e  e f f l u e n t  w a t e r ,  
r e s p e c t i v e l y ;  

Q t  a n d  q t  = t h e  , ~ u a n t  i t y  a n d  q u a l i t y  a n d  
their c o r r e s p o n d i n g  time p a t t e r n s  
o f  water a v a i l a b l e  a t  t h e  i n t a k e ;  

= t h e  water and  waste t r e a t m e n t  
p r o c e s s e s  w i t h i n  t h e  p r o d u c t i o n  
u n i t ;  

PP = t h e  t e c h n o l o g y  o f  t h e  
p r o d u c t  i o n  p r o c e s s ;  

L = t h e  p h y s i c a l  l a y o u t  o f  t h e  p l a n t ;  

OR = t h e  o p e r a t i n g  r a t e ;  



Porg  = t h e  p r o d u c t  o u t p u t  q u a l i t y  
r e q u i r e m e n t s ;  

R = t h e  d e g r e e  of  r e c i r c u l a t i o n ;  

= t h e  s o l i d  w a s t e s  f rom t h e  
p r o d u c t i o n  p r o c e s s ;  

= t h e  l i m i t a t i o n s  on t h e  f i n a l  
l i q u i d  e f f l u e n t ;  

Ac = t h e  l i m i t a t i o n s  o f  t h e  f i n a l  
g a s e o u s  e f f l u e n t ;  

Qdt and  qdt = t h e  q u a n t i t y  and  q u a l i t y  and  
t h e i r  c o r r e s p o n d i n g  t i m e  p a t t e r n s  
o f  w a t e r  a v a i l a b l e  f o r  d i l u t i o n  a t  
t h e  e f f l u e n t  p o i n t ;  

= a v a i l a b i l i t y  p l a c e s  f o r  f i n a l  
d i s p o s a l  o f  w a s t e s ;  and 

Cw ICt = t h e  r a t i o  o f  t o t a l  w a t e r  
u t i l i z a t i o n  c o s t s  t o  t o t a l  
p r o d u c t i o n  c o s t s .  

A l though  o b v i o u s l y  n o t  an  e x p l i c i t  f u n c t i o n a l  r e l a t i o n s h i p ,  
t h e  f o r m u l a t i o n  d o e s  i l l u s t r a t e  t h e  k i n d s  o f  f a c t o r s  which 
would have  t o  be  i n c l u d e d  i n  o u r  g e n e r a l i z e d  p r o d u c t i o n  
f u n c t i o n  x  = f (K,L,W) i n  t h e  p r e v i o u s  example.  




