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PREFACE 

T h i s  y e a r  ( f rom J u n e  1979 t o  J u n e  1980) s e v e r a l  p r o j e c t s  
a r e  b e i n g  s u p p o r t e d  a t  IIASA th rough  t h e  3.S. N a t i o n a l  Academy 
o f  S c i e n c e s  under  a  program f o r  I n t e r n a t i o n a l  C o ~ p e r a t i o n  i n  
Systems A n a l y s i s  Resea rch .  One o f  t h e s e  p r o j e c t s  i s  e n t i t l e d  
"Real - t ime Water Q u a l i t y  Management". It  is  a  c o l l a b o r a t i v e  
p r o j e c t  and f o m s  p a r t  o f  t h e  Research  Task "Models f o r  Envi ron-  
men ta l  Q u a l i t y  C o n t r o l  and Management" o f  I IASA's  Resources  
and Environment Area.  The f i n a l  o b j e c t i v e  o f  t h e  p r o j e c t  is to  
p r e p a r e  a  p o l i c y - o r i e n t e d  r e p o r t  t h a t  f a i r l y  sets o u t  t h e  p rac -  
t i c a l  p r o s p e c t s  f o r  r e a l - t i m e  f o r e c a s t i n g  and c o n t r o l  i n  w a t e r  
q u a l i t y  management. 

I n  a  p r e v i o u s  p a p e r  (IIASA Working P a p e r  NP-79-1) t h e  back- 
ground t o  t h e  need f o r  and o f  r e a l - t i m e  w a t e r  q u a l i t y  
management h a s  been  d e s c r i b e d .  The s c o p e  o f  t h e  p r e s e n t  p a p e r  
i s  somewhat b r o a d e r .  H e r e ,  t h e  problem o f  t i m e - v a r i a b l e  w a t e r  
q u a l i t y  management i s  c o n s i d e r e d  s i n c e  t h i s  p e r m i t s  a n  a n a l y s i s  
o f  t h e  i n t e r a c t i o n  between long- te rm s t r a t e g i c  p l a n n i n g  and 
s h o r t - t e r m  ( r e a l - t i m e )  o p e r a t i o n a l  management. The l e v e l  o f  
t h e  d i s c u s s i o n  is e s s e n t i a l l y  t h a t  o f  a p o l i c y  a n a l y s i s .  The 
p r imary  aim i s  t o  d e v e l o p  a  p i c t u r e  o f  t h e  chang ing  c h a r a c t e r  
o f  w a t e r  q u a l i t y  problems and t h e i r  management. I n  d o i n g  t h i s ,  
and b y  a n a l y z i n g  t h e  s u b j e c t  from d i f f e r e n t  p e r s p e c t i v e s ,  a n  
i m p o r t a n t  o b j e c t i v e  h a s  been  t o  d e f i n e  more c l e a r l y  t h e  r e l e v a n t  
c o n t e x t  and o v e r a l l  d i r e c t i o n  of t h e  p r o j e c t  "Real- t ime Water 
Q u a l i t y  Management". 

T h i s  is indeed  a  working  p a p e r .  The arguments  p r e s e n t e d  a r e  
p e r h a p s  more c o h e r e n t  t h a n  t h e  a rguments  p r e s e n t e d  p r e v i o u s l y ,  
b u t  t h e y  a r e  n o t  comple te  and it may b e  t h a t  t h e y  d o  n o t  a d d r e s s  
p e r t i n e n t  i s s u e s .  For  t h a t  r e a s o n  t h e  p a p e r  needs  t h e  c o r r e c t i v e  
a p p l i c a t i o n  o f  f eedback  comments. 



I n t e r a c t i o n s  between t h e  long-terrn ( p l a n n i n g )  and s h o r t - t e r m  
( o p e r a t i o n a l )  f u n c t i o n s  o f  s t r e a m  w a t e r  q u a l i t y  management a r e  
c o n s i d e r e d  i n  t h i s  p a p e r .  I t  i s  a rgued  t h a t  t h e  problerns a n d ,  
t h e r e f o r e ,  t h e  s t r a t e g i e s  o f  w a t e r  q u a l i t y  management do  n o t  
remain  c o n s t a n t  w i t h  t i m e .  I n  p a r t i c u l a r ,  t h e  p a p e r  i d e n k i f i e s  
what  may b e  an  i m p o r t a n t  change  o f  emphas is  i n  w a t e r  q u a l i t y  
management from t h e  e s s e n t i a l l y  c u r a t i v e  s t r a t e g y  o f  t h e  p a s t  
20-30 y e a r s  t o  a p r e v e n t i v e  s t r a t e g y  f o r  t h e  coming y e a r s .  T h i s  
change o f  emphas is  s u g g e s t s  t h a t  more a t t e n t i o n  i n  r e s e a r c h  and 
development  s h o u l d  b e  g i v e n  t o  m a t t e r s  a s s o c i a t e d  w i t h  t h e  ope ra -  
t i , ~ n a l  a s p e c t s  o f  management. The a n a l y s i s  o f  t h e  p a p e r  is  under-  
t a k e n  from s e v e r a l  d i f f e r e n t  p e r s p e c t i v e s ,  f o r  example ,  f rom t h e  
p e r s p e c t i v e s  o f  economics ,  i n n o v a t i o n ,  l e g i s l a t i o n ,  and  i n s t i t u -  
t i o n a l  a r r angement s .  The a r e a s  i n  which i n t e r a c t i o n  between 
long- te rm and s h o r t - t e r m  management i s  l i k e l y  t o  b e  most pro- 
nounced a r e :  i n  chang ing  the way i n  which w a t e r  q u a l i t y  c a n  b e  
m o n i t o r e d ,  and t h u s  i n  chang ing  t h e  way i n  which water q u a l i t y  
o b j e c t i v e s  c a n  b e  s p e c i f i e d ;  and  i n  i n c r e a s i n g  t h e  r a n g e  o f  
o p t i o n s  a v a i l a b l e  t c  management. 
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TIME-VARIABLE WATER QUALITY 
NANAGEPENT - A POLICY STUDY 

M.B. Beck 

" T h i s  p r i n c i p l e  o f  dynamic water q u a l i t y  management 
i s  s i m p l y  t h a t  one  manages t h e  e n v i r o n m e n t  on a  
more o r  less c o n t i n u o u s  b a s i s  a n d  n o t  on a  s t a t i c ,  
o n c e  e v e r y  decade  b a s i s "  (Thomann, e t  a l . ,  1 9 6 8 ) .  

1. INTRODUCTION 

T h i s  p a p e r  a s s e s s e s  some a c c e p t e d  p r i n c i p l e s  and s u g g e s t s  
some new p r i n c i p l e s  o f  w a t e r  q u a l i t y  management. The p h r a s e  
" t i m e - v a r i a b l e "  i n  t h e  t i t l e  o f  t h e  p a p e r  i s  p a r t i c u l a r l y  s i g -  
n i f i c a n t :  it a l l o w s  c o n s i d e r a t i o n  o f  l ong- t e rm p l a n n i n g ,  where 
v a r i a t i o n s  w i t h  t i m e  a r e  u n d e r s t o o d  a s  v a r i a t i o n s  f rom y e a r  t o  
y e a r ;  and i t  a l l o w s  c o n s i d e r a t i o n  o f  s h o r t - t e r m  ( r e a l - t i m e )  
o p e r a t i o n s ,  where  v a r i a t i o n s  w i t h  t i m e  on  a n  hour-by-hour b a s i s  
a r e  i m p o r t a n t .  The framework f o r  t h e  a n a l y s i s  o f  t h e  p a p e r  is  
t h a t  o f  p r o c e s s  dynamics and  p r o c e s s  c o n t r o l .  Both t h e  long-  
t e r m  and  t h e  s h o r t - t e r m  management f u n c t i o n s  s h o u l d  a c c o u n t  f o r  
t h e  f a c t  t h a t  t h e  s y s t e m  t o  be  managed, i t s  i n p u t  d i s t u r b a n c e s ,  
i t s  o u t p u t  r e s p o n s e s ,  and  t h e  management p r o c e d u r e  i t s e l f ,  a l l  
change w i t h  t i m e .  

T y p i c a l l y ,  b e c a u s e  t h e  t i m e - s c a l e s  o f  " long- te rm" a n d  
" s h o r t - t e r m "  a r e  so d i f f e r e n t ,  t h e  long- t e rm and  s h o r t - t e r m  
management problems have  been  t r e a t e d  i n d e p e n d e n t l y .  T h i s  is 
n o t  u n r e a s o n a b l e .  V a r i a t i o n s  o f  w a t e r  q u a l i t y  i n  t h e  s h o r t - t e r m  
may b e  c o n s i d e r e d  a s  r a p i d  p e r t u r b a t i o n s  a b o u t  a  c o n s t a n t  l e v e l ,  
a l t h o u g h  i n  f a c t  t h a t  c o n s t a n t  l e v e l  i s  p a r t  o f  a r e l a t i v e l y  
s l o w l y  chanq ing  t r e n d  i n  t h e  long- te rm.  The l o n g - t e r m  manage- 
ment f u n c t i o n  may b e  u n d e r t a k e n  w i t h o u t  c o n s i d e r a t i o n  o f  s h o r t -  
t e r m  t r a n s i e n t  v a r i a t i o n s  p r o v i d e d  t h e  s y s t e m  pe r fo rmance  and 
i t s  accompanying o b j e c t i v e s  are,  or  are d e f i n e d  to  b e ,  i n s e n -  
s i t i v e  t o  t h e s e  t r a n s i e n t  p e r t u r b a t i o n s .  T r a n s i e n t  p e r t u r b a t i o n s  
might  a l s o  b e  i g n o r e d  i f  t h e  management o f  s u c h  v a r i a t i o n s  ( i n  
r e a l - t i m e )  i s  t h o u g h t  t o  b e  i m p r a c t i c a l .  C e r t a i n l y ,  i n  t h e  p a s t  
i t  h a s  been  t h e  t r a d i t i o n  t h a t  l ong- t e rm w a t e r  a u a l i t y  manacement 
was c o n s i d e r e d  t o  b e  t h e  v r i n c i ~ a l ,  if n o t  t h e  o n l y ,  n roblem t o  
b e  s o l v e d  i n  w a t e r  q u a l i t y  manaqement. 



~ e a l - t i m e  water q u a l i t y  management, however,  i s  becoming a 
p r a c t i c a l  p o s s i b i l i t y  a n d  t h u s  i t  h a s  t o  b e  r e c o q n i z e d  a s  s u c h  
w i t h i n  t h e  p r o c e d u r e  o f  l ong- t e rm,  s t r a t e g i c  p l a n n i n g .  T h i s  
p a p e r  a r g u e s ,  t h e n ,  t h a t  t h e r e  a r e  s i g n i f i c a n t  i n t e r a c t i o n s  
between long- te rm and  s h o r t - t e r m  ( p l a n n i n g  a n d  o p e r a t i o n a l )  
w a t e r  q u a l i t y  management. The two problems s h o u l d  n o t  b e  t r e a t e d  
i n d e p e n d e n t l y .  And n o t  o n l y  are t h e  i n t e r a c t i o n s  be tween them 
i m p o r t a n t  b e c a u s e  o f  t h e  i n c r e a s i n g l y  p r a c t i c a l  p o t e n t i a l  o f  
r e a l - t i m e  c o n t r o l ,  b u t  t h e y  are a lso i m p o r t a n t  b e c a u s e  it may 
n o t  be  s u f f i c i e n t  t o  e q u a t e  d e s i r a b l e  s y s t e m  pe r fo rmance  ( d e s i r a b l e  
water q u a l i t y  o b j e c t i v e s )  w i t h  a c c e p t a b l e  a v e r a g e ,  y e a r - t o - y e a r  
s t a n d a r d s .  I n  s h o r t ,  t h e  a v a i l a b i l i t y  o f  o p e r a t i o n a l  c o n t r o l  
a f f e c t s  t h e  long- t e rm p l a n n i n g  p r o c e s s  and  v i c e  v e r s a .  

2. A FRAMEWORK FOR ANALYSIS 

F i g u r e  1 p r o v i d e s  t h e  framework for  a n a l y s i s  of b o t h  t h e  
long- t e rm a n d  s h o r t - t e r m  components  o f  w a t e r  q u a l i t y  management. 
T h i s  framework i s ,  a s  i t w e r e ,  a c o n c e p t u a l  model f o r  t h e  a rgu -  
ments  o f  s u b s e q u e n t  s e c t i o n s .  Once t h e  r e a d e r  i s  f a m i l i a r  w i t h  
t h e  t e r m i n o l o g y  o f  p r o c e s s  dynamics  and  c o n t r o l  e n g i n e e r i n g ,  
which  w e  s h a l l  d e f i n e  i n  t h i s  s e c t i o n ,  it w i l l  m e r e l y  b e  neces -  
s a r y  t o  f o l l o w  a l t e r n a t i n g  changes  be tween t h e  l o n g - t e r m  and  t h e  
s h o r t - t e r m  v iews  o f  w a t e r  q u a l i t y  management as s e e n  t h r o u g h  
F i g u r e  1. 

The b l o c k  l a b e l l e d  " P r o c e s s  t o  be c o n t r o l l e d "  i n  F i g u r e  1 
means,  i n  v e r y  g e n e r a l  t e r m s ,  a l l  t h o s e  a c t i v i t i e s  which  a f f e c t ,  
a n d  a r e  a f f e c t e d  by ,  t h e  water q u a l i t y  i n  a r i v e r  sys tem.  A 
c o n v e n i e n t  way o f  g a t h e r i n g  t o g e t h e r  most o f  t h e  m a j o r  s u c h  
a c t i v i t i e s  i s  t o  t a k e  t h e  basic u n i t  o f  a n  u r b a n / i n d u s t r i a l  
community, as i n  F i g u r e  2 .  F i g u r e  2 shows t h a t  t h e  v a r i o u s  
a c t i v i t i e s  c a n  b e  g rouped  t o g e t h e r  t o  f o r m  f o u r  s u b s y s t e m s  (Beck, 
1 9 7 6 )  : (i) t h e  a b s t r a c t i o n ,  p u r i f i c a t i o n ,  and  s u p p l y  o f  p o t a b l e  
w a t e r ;  (ii) urban  r u n o f f  and  t h e  sewer ne twork;  (iii) w a s t e w a t e r  
t r e a t m e n t  f a c i l i t i e s ;  ( i v )  i n - s t r e a m  water q u a l i t y  i n  a  r e a c h  o f  
r i v e r .  One must  imag ine  t h a t  many u n i t s  o f  t h e  form d e s c r i b e d  
by F i g u r e  2 may b e  c o u p l e d  t o  e a c h  o t h e r  a c c o r d i n g  t o  t h e  p a t t e r n  
of any  g i v e n  r i v e r  b a s i n .  A d d i t i o n a l  a c t i v i t i e s  t h a t  a r e  n o t  
i n d i c a t e d  i n  F i g u r e  2 ,  b u t  which  n e v e r t h e l e s s  would be p a r t  of 
t h e  " P r o c e s s  to  b e  c o n t r o l l e d " ,  i n c l u d e  c o o l i n g  w a t e r  u s a g e ,  
w a t e r  f o r  a g r i c u l t u r e ,  a g r i c u l t u r a l  r u n o f f ,  u p l a n d  s u r f a c e  w a t e r  
s t o r a g e ,  g roundwate r  pumping, and  pumped l o w l a n d  s t o r a g e .  

I n  s p i t e  o f  t h e  g u i d i n g  p r i n c i p l e  t h a t  a l l  o f  t h e  above  
a c t i v i t i e s  have  t o  b e  c o n s i d e r e d  i n  a n  i n t e g r a t e d  a p p r o a c h  t o  
w a t e r  q u a l i t y  management, t h e r e  i s  a p redominan t  t e n d e n c y ,  b o t h  
i n  t h i s  p a p e r  and e l s e w h e r e ,  to  see w a t e r  q u a l i t y  management a s  
a  problem e s s e n t i a l l y  o f  w a s t e w a t e r  t r e a t m e n t .  

2 . 1  Long-term Management 

C l a s s i f i c a t i o n  of t h e  t y p e s  o f  v a r i a b l e s  shown i n  F i g u r e  1 
i s  h e l p f u l .  



The i n p u t  d i s t u r b a n c e s  a c c o u n t  f o r  changes  ( w i t h  t i m e )  i n  
t h e  i n d u s t r i a l / a g r i c u l t u r a l  a c t i v i t i e s  and p o p u l a t i o n  o f  t h e  
r i v e r  b a s i n .  I t  migh t  a l s o  be  a p p r o p r i a t e  f o r  t h e  a n a l y s i s  t o  
c o n s i d e r  changes  i n  w a t e r  p o l l u t i o n  c o n t r o l  l e g i s l a t i o n  a s  i n p u t  
d i s t u r b a n c e s ,  i f  t h e  l e g i s l a t i v e  p r o c e d u r e  i s  n o t  p e r c e i v e d  a s  
c o i n c i d e n t  w i t h  t h e  " C o n t r o l l e r  o r  c o n t r o l  f u n c t i o n " .  T h i s  i s  
i n  f a c t  t h e  a p p r o a c h  a d o p t e d  l a t e r  i n  s e c t i o n  6 . 1 .  T h e r e  may, 
however,  be  good r e a s o n s  f o r  any c u r r e n t  p l a n n i n g  p r o c e d u r e  t o  
i n c l u d e  a n t i c i p a t e d  f u t u r e  changes  o f  l e g i s l a t i o n  as i n p u t  d i s -  
t u r b a n c e s .  The d e f i n i n g  c h a r a c t e r  o f  t h e  i n p u t  d i s t u r b a n c e s  i s  
t h a t  t h e y  a r e  n o t  m a n i p u l a t e d  a s  p a r t  o f  t h e  c o n t r o l  f u n c t i o n ;  
and a l t h o u g h  t h e y  can  a f f e c t  t h e  s y s t e m ' s  o u t p u t  r e s p o n s e  i n  
b o t h  a  p o s i t i v e  and n e g a t i v e  manner,  t h e  p rob lem o f  management 
w i l l  be more c o n c e r n e d  w i t h  t h e i r  d e l e t e r i o u s  e f f e c t s  on  s y s t e m  
pe r fo rmance .  

The o u t p u t  r e s p o n s e s  o f  t h e  p r o c e s s  ( s y s t e m )  a r e  t h o s e  
f e a t u r e s  o f  r i v e r  w a t e r  q u a l i t y  t h a t  may be e a s i l y  measured and 
t h a t  g i v e  a  m e a n i n g f u l  i n d i c a t i o n  of  t h e  " s t a t e "  o f  t h e  r i v e r  s v s -  
t e m .  Such f e a t u r e s  would be  s e n s i t i v e  t o  t h e  wav i n  which t h e  
r i v e r  s y s t e m  r e s p o n d s  t o  t h e  i n n u t  d i s t u r b a n c e s  and  t o  t h e  c o n t r o l  
a c t i o n s ,  where c o n t r o l  a c t i o n s  c o u l d  i n c l u d e  t h e  c o n s t r u c t i o n  o f  a  
new t r e a t m e n t  f a c i l i t y  o r  a  new r e s e r v o i r .  The o u t p u t  r e s p o n s e s  
a r e  r e a u i r e d  t o  be  e a s i l y  m e a s u r a b l e  s i m n l y  b e c a u s e  t h e  d e s i r e d  
pe r fo rmance  o f  t h e  s y s t e m  must  be  s n e c i f i e d  i n  s i m i l a r  terms. I t  
would b e  i n a n p r o ~ r i a t e ,  f o r  i n s t a n c e ,  t o  s p e c i f v  t h e  d e s i r e d  s y s -  
t e m  per formance  i n  terms of  a  m i n u t e  c o n c e n t r a t i o n  o f  a  n a r t i c u l a r  
m i c r o p o l l u t a n t ,  when t h a t  g i v e n  c o n c e n t r a t i o n  w a s  a t  t h e  l i m i t s  
o f  d e t e c t a b i l i t y  w i t h  c u r r e n t  l a b o r a t o r y  methods .  The p r o p e r  
e x e c u t i o n  o f  management c a n n o t  be  c a r r i e d  o u t  when t h e  p e r c e i v e d  
mismatch between d e s i r e d  and a c t u a l  pe r fo rmance  i s  s e n s i t i v e  t o  
e r r o r s  o f  o b s e r v a t i o n .  Thus t y p i c a l l y ,  t h e  r e s p o n s e  o f  t h e  
s y s t e m  i s  q u a n t i f i e d  i n  t e r m s  o f ,  s a y ,  y e a r l y  a v e r a g e  b i o c h e m i c a l  
oxygen demand (BOD)  and  d i s s o l v e d  oxygen ( D O )  c o n d i t i o n s  a t  v a r i o u s  
l o c a t i o n s  i n  t h e  r i v e r  b a s i n .  

The " C o n t r o l l e r  o r  c o n t r o l  f u n c t i o n "  i s  a n  agency ,  a u t h o r i t y ,  
o r  i n s t i t u t i o n  r e s p o n s i b l e  f o r  t h e  management o f  w a t e r  q u a l i t y  i n  
t h e  r i v e r  b a s i n .  T h i s  a u t h o r i t y  c o l l e c t s  and  p r o c e s s e s  t h e  i n f o r -  
ma t ion  ( d a t a )  a b o u t  i n p u t  d i s t u r b a n c e s  and  o u t p u t  r e s p o n s e s ,  
from which it t h e n  d e t e r m i n e s  a  c o n t r o l  a c t i o n  ( a  management 
p o l i c y )  t o  be  a p p l i e d  t o  t h e  p r o c e s s .  

The r e g u l a t i n g  v a r i a b l e s  a r e  p a r t  o f  t h e  l o n g - t e r m  p l a n .  
They e s s e n t i a l l y  c o m p r i s e  d e c i s i o n s  r e g a r d i n g  c a p i t a l  i n v e s t m e n t ,  
d e s i g n s  f o r  w a s t e w a t e r  t r e a t m e n t  and w a t e r  p u r i f i c a t i o n  p l a n t s ,  
t h e  l o c a t i o n  o f  i n d u s t r i a l  u n i t s ,  and  s o  f o r t h .  The r e g u l a t i n g  
v a r i a b l e s  a r e  used  by t h e  c o n t r o l l e r  t o  compensa te  f o r  t h o s e  
e f f e c t s  o f  t h e  i n p u t  d i s t u r b a n c e s  t h a t  e i t h e r  d e g r a d e  t h e  p e r -  
formance o f  t h e  s y s t e m  or  c a u s e  i n c o n s i s t e n c i e s  be tween a c t u a l  
and d e s i r e d  ( l e g a l )  pe r fo rmance .  Two s i m p l e  i l l u s t r a t i o n s  o f  
t h e  ways i n  which t h e  r e g u l a t i n g  v a r i a b l e s  may b e  a p p l i e d  a r e  
g i v e n  i n  F i g u r e  3 .  Suppose t h a t  f o r  t h e  f o r e s e e a b l e  p l a n n i n g  
f u t u r e  w a t e r  q u a l i t y  s t a n d a r d s  remain  c o n s t a n t ,  b u t  t h e  i n p u t  
d i s t u r b a n c e s  t o  t h e  s y s t e m ,  i . e .  t h e  " l o a d "  on  t h e  sys t em,  



changes w i t h  t i m e .  For  example, i n  F i g u r e  3 ( a )  l e t  u s  assume 
t h a t  an  i n c r e a s i n g  p o p u l a t i o n  l e a d s  t o  a  s t e a d i l y  d e t e r i o r a t i n g  
sewage d i s c h a r g e  q u a l i t y  u n t i l  e v e n t u a l l y  a  new p i e c e  o f  p l a n t  
i s  commissioned. T h i s  i s  t h e  r e g u l a t o r  problem; it i s  concerned 
w i t h  t a k i n g  c o n t r o l  a c t i o n  ( b u i l d i n g  t h e  new t r e a t m e n t  f a c i l i t y )  
t o  compensate f o r  t h e  e f fec ts  o f  l o a d  changes  on t h e  sys tem.  The 
s e r v % ~ e c h a n i s m  problem, shown i n  F i g u r e  3 ( b )  , r e q u i r e s  c o n t r o l  
a c t i o n  t o  be t a k e n  i n  o r d e r  t o  f o l l o w  changes  i n  t h e  d e s i r e d  
sys tem performance ,  e . g .  changes  i n  w a t e r  q u a l i t y  s t a n d a r d s - -  
improved w a t e r  q u a l i t y  s t a n d a r d s  r e q u i r e  improved was tewate r  
t r e a t m e n t  performance .  

L a s t l y ,  a l t h o u g h  n o t  i n d i c a t e d  e x p l i c i t l y  i n  F i g u r e  1 ,  t h e  
n o t i o n  o f  t h e  s y s t e m ' s  environment  may be i n t r o d u c e d .  Here en- 
v i ronment  i s  unders tood  a s  any p h y s i c a l ,  i n s t i t u t i o n a l ,  economic, 
o r  p o l i t i c a l  p r o c e s s  t h a t  a f f e c t s ,  o r  is  a f f e c t e d  by,  t h e  i n p u t s  
and o u t p u t s  o f  e i t h e r  t h e  p r o c e s s  t o  be c o n t r o l l e d  o r  t h e  con- 
t r o l l e r .  

2 . 2  S h o r t -  t e r m  Management 

For  s h o r t - t e r m  management problems t h e  v a r i a t i o n s  i n  r i v e r  
w a t e r  q u a l i t y  can be  c o n s i d e r e d  a s  i n p u t  d i s t u r b a n c e s  when w a t e r  
is t o  be  a b s t r a c t e d  from t h e  r i v e r  f o r p o t a b l e  s u p p l y  purposes .  
Day-to-day f l u c t u a t i o n s  i n  t h e  s t r e a m  phy top lank ton  o r  n i t r a t e - N  
c o n c e n t r a t i o n s  a f f e c t  t h e  e f f i c i e n c y  o f  p l a n t  o p e r a t i o n - - f o r  
example, t h e  c l o g g i n g  o f  sand f i l t e r s ,  o r  t h e  l e v e l  o f  t r e a t m e n t  
r e q u i r e d  t o  meet s u p p l y  s t a n d a r d s  f o r  p e r m i s s i b i e  n i t r a t e - N  l e v e l s .  
C l e a r l y ,  i f  t h e  sys tem t o  be c o n t r o l l e d  i s  decomposed i n t o  sub- 
s y s t e m s ,  a s  i t  i s  i n  F i g u r e  2 ,  t h e n  t h e  o u t p u t  r e s p o n s e  o f  one 
p r o c e s s  may b e  t h e  i n p u t  d i s t u r b a n c e  o f  a n o t h e r  p r o c e s s .  The 
o u t p u t  r e s p o n s e  o f  a  was tewate r  t r e a t m e n t  p l a n t  can  be measured 
i n  t e r m s  o f  t h e  ammonium-N, BOD, and suspended s o l i d s  concen t ra -  
t i o n s  i n  t h e  e f f l u e n t  d i s c h a r g e d  t o  t h e  r e c e i v i n g  w a t e r  body. 
These q u a n t i t i e s  c a n  i n  t u r n  b e  viewed a s  e i t h e r  r e g u l a t i n g  
v a r i a b l e s  o r  i n p u t  d i s t u r b a n c e s  o f  t h e  q u a l i t y  i n  t h e  r e a c h  of  
r i v e r  t o  which t h e  e f f l u e n t  i s  d i s c h a r g e d .  

I f ,  f o r  i n s t a n c e ,  t h e  BOD c o n c e n t r a t i o n  o f  t h e  e f f l u e n t  
w e r e  man ipu la ted  on an  hour-by-hour b a s i s  i n  o r d e r  t o  a c h i e v e  a  
DO s t a n d a r d  a t  a  p o i n t  downstream i n  t h e  r i v e r  sys tem,  t h e n  t h e  
sewage e f f l u e n t  BOD c o n c e n t r a t i o n  i s  b e i n g  used a s  a  r e g u l a t i n g  
v a r i a b l e .  Of c o u r s e ,  i n  o r d e r  t o  u s e  t h e  e f f l u e n t  BOD concen t ra -  
t i o n  i n  such  a  f a s h i o n ,  it would f i r s t  b e  r e q u i r e d  t h a t  c e r t a i n  
r e g u l a t i n g  v a r i a b l e s  i n  t h e  was tewate r  t r e a t m e n t  p l a n t  (e .g .  
s l u d g e  wastage  r a t e  and r e c y c l e  r a t i o  i n  a n  a c t i v a t e d  s l u d g e  
u n i t )  can  be manipu la ted  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  BOD 
removal performance.  Thus a  casoade ,  o r  h i e r a r c h y ,  o f  c o n t r o l  
f u n c t i o n s  may e x i s t  (see ~ i g u ~ b o t h  i n  t h e  s h o r t - t e r m  
management c o n t e x t  and i n  long- term w a t e r  q u a l i t y  management. 

The c o n t r o l l e r  can t a k e  s e v e r a l  forms: a  s i m p l e  a n a l o g  u n i t ;  
a  d e d i c a t e d  m i c r o p r o c e s s o r  u n i t ;  a  d i g i t a l  a l g o r i t h m  programmed 
on t h e  p l a n t  computer;  t h e  p l a n t  manager; o r  a  combinat ion  o f  



m a n a g e r  a n d  c o m p u t e r .  Once  t h e  c o n t r o l  a c t i o n  is  d e t e r m i n e d ,  
h o w e v e r ,  t h e  e f f e c t i v e n e s s  o f  t h e  c o n t r o l l e r  is o f t e n  fundamen-  
t a l l y  l i m i t e d  b y  t h e  c a p a c i t y  t o  a c t ,  i . e .  b y  t h e  c a p a c i t y  t o  
i m p l e m e n t  t h e  c o n t r o l  d e c i s i o n .  S u p p o s e ,  f o r  e x a m p l e ,  t h a t  t h e  
c o n t r o l l e r  d e t e r m i n e s  t h a t  a rap id  i n c r e a s e  i s  r e q u i r e d  i n  t h e  
l e v e l  o f  n i t r i f i c a t i o n  o b t a i n e d  i n  a n  a c t i v a t e d  s l u d g e  u n i t .  
C h a n g i n g  t h e  s l u d g e  w a s t a g e  r a t e ,  r e c y c l e  r a t i o ,  o r  a e r a t i o n  
r a t e  w i l l  do l i t t l e  t o  a c h i e v e  t h e  d e s i r e d  r e s p o n s e  q u i c k l y ,  
b e c a u s e  it t a k e s  a number  o f  d a y s  a n d  w e e k s  t o  i n c r e a s e  t h e  s i z e  
of t h e  n i t r i f y i n g  bac te r ia  p o p u l a t i o n .  T h e  c o n t r o l l e r  i s  t h e r e -  
fore  c o n s t r a i n e d  i n  i t s  r a n g e  of feas ib le  a n d  e f fec t ive  c o n t r o l  
a c t i o n s .  

3 FEEDFORTOAXD STRATEGIC PLANNING 

T h e  c o n c e p t u a l  m o d e l  of  F i g u r e  1 i s  now r e a d y  t o  b e  u s e d  as 
medium i n  w h i c h  c u r r e n t  p r o c e d u r e s  f o r  l o n g - t e r m  w a t e r  q u a l i t y  
managemen t  c a n  be i n t e r p r e t e d .  F i r s t ,  h o w e v e r ,  a n d  b y  way of 
i n t r o d u c t i o n ,  i t  i s  i n s t r u c t i v e  t o  q u o t e  a t  l e n g t h  some comments  
o f  C a n t l e y  o n  m o n i t o r i n g  a n d  c o n t r o l  of t h e  i m p l e m e n t a t i o n  of 
s t r a t e g i c  p l a n s  ( C a n t l e y ,  1 9 7 8 )  : 

" I f  p l a n n i n g  i s  t o  b e  more t h a n  a p a p e r - p r o d u c i n g  
exerci.se,  i t  h a s  t o  b e  f o l l o w e d  b y  a c t i o n .  T h e  p l a n s  a r e  
n e c e s s a r i l y  made o n  a s s u m p t i o n s  a n d  f o r e c a s t s ,  w h i c h  are  
u n c e r t a i n .  P l a n s  a r e  made o n l v  a t  i n t e r v a l s - - i n  t h e  case - - 

of s t r a t e g i c  p l a n n i n g ,  p e r h a p s  l o n g e r  t h a n  a y e a r .  The  
a d e q u a c y  o f  t h e  o r i g i n a l  p l a n  a s  a g u i d e  f o r  c o n t i n u i n g  
a c t i o n  i s  t h e r e f o r e  b o u n d  t o  d e c l i n e  w i t h  t i m e .  M o n i t o r i n s  
i s  t h e  p r o c e s s  o f  i n f o r m a t i o n - g a t h e r i n g  b y  w h i c h  t h e  
o r g a n i z a t i o n  c h e c k s  b o t h  i t s  p e r f o r m a n c e  r e l a t i v e  to  
t a r g e t s ,  a n d  t h e  b e h a v i o u r  o f  t h e  e n v i r o n m e n t ,  a s s u m p t i o n s  
a b o u t  w h i c h  formed p a r t  of  t h e  b a s i s  f o r  t h e  p l a n  a n d  t h e  
t a r g e t s .  C o n t r o l  a c t i o n s  r e s u l t  from t h e  m o n i t o r i n g ,  a n d  
are  t y p i c a l l y :  

( a )  t o  c h a n g e  c u r r e n t  a c t i o n s  t o  e n s u r e  closer 
a l i g n m e n t  w i t h  t h e  p l a n ;  

( b )  t o  r e - i n t e r p r e t  p l a n n e d  t a r g e t s  i n  t h e  l i g h t  
o f  t h e  l a t e s t  e n v i r o n m e n t a l  i n f o r m a t i o n ,  a n d  
t h e n  a s  ( a )  a b o v e  . . . . 

A t  a  h i g h e r  l e v e l  [ a s s u m i n g  t h a t  w e  h a v e  a h i e r a r c h i c a l  
c o n t r o l  p r o b l e m  of t h e  t y p e  i n t r o d u c e d  i n  s e c t i o n  2 . 2  
a n d  F i g u r e  4 1 ,  o t h e r  r e s u l t s  of  m o n i t o r i n g  may b e :  

( c )  t o  d i s c o v e r  w h e t h e r  a n  a s s u m p t i o n  made a s  a 
b a s i s  f o r  p l a n n i n g  (e .q .  a p o s t u l a t e d  r e l a t i o n s h i p )  
h a s  i n  f a c t  p r o v e d  correct;  i f  i n  f ac t  i t  i s  w r o n g ,  
o r  a  more a c c u r a t e  a s s u m p t i o n  i s  now a v a i l a b l e ,  
a n  a d j u s t m e n t  t o  t h e  p l a n  may b e  made; 

( d l  t o  d i s c o v e r  t h a t  e v e n  t h e  p e r f e c t  a c h i e v e m e n t  of  
a  p l a n n e d  t a rge t  i s  n o t  f o u n d  t o  be s a t i s f a c t o r y ,  
e . g . ,  b e c a u s e  i t  h a s  n o t  c o n t r i b u t e d  t o w a r d s  t h e  



p o l i c y  o b j e c t i v e  t o  which i t  was supposed ly  
r e l a t e d .  The t a r g e t  may t hen  be  abandoned, 
modi f i ed ,  o r  r e p l a c e d ,  and a c t i o n  a s  i n  ( a )  
i n i t i a t e d . "  (emphasis  added) 

L e t  us make t h e  impor t an t  a s s e r t i o n  t h a t  t h e  l a r g e  m a j o r i t y  
o f  p rocedures  f o r  long-term wa te r  q u a l i t y  management a r e  c a r r i e d  
o u t  i n  a  f eedforward  c o n t r o l  manner. Such a  s i t u a t i o n  can be  
r e p r e s e n t e d  by F i g u r e  5  (and compared w i t h  F i g u r e  1 ) .  W e  assume 
t h a t  l e g i s l a t i o n  p r o v i d e s  t h e  b a s i s  f o r  t h e  d e s i r e d  performance 
o f  t h e  system, where t h i s  performance can be s p e c i f i e d  by i n -  
s t r e a m  w a t e r  q u a l i t y  s t a n d a r d s  and/or  e f f l u e n t  d i s c h a r g e  s t a n -  
da rds .  The c o n t r o l l e r ,  i . e .  c o n t r o l  i n s t i t u t i o n ,  ha s  s e v e r a l  
f u n c t i o n s  t o  perform. I t  may t a k e  h i s t o r i c a l  t r e n d s  o f  t h e  
measured i n p u t  d i s t u r b a n c e s  ( i n d u s t r i a l  a c t i v i t i e s ,  p o p u l a t i o n  
g rowth ) ,  d e r i v e  a  model o f  t h e s e  t r e n d s ,  and make p r e d i c t i o n s  
o v e r  t h e  g iven  p l ann ing  ho r i zon  o f  t h e  f u t u r e  (measurab le )  i n p u t  
d i s t u r b a n c e s  o f  t h e  sys tem.  The p r e d i c t e d  i n p u t  d i s t u r b a n c e s  
a r e  themselves  used t o  o b t a i n  f o r e c a s t s  o f  t h e  expec t ed  f u t u r e  
response  o f  t h e  sys tem,  where p robab ly  a  model might  be employed 
i n  o r d e r  t o  s i m u l a t e  t h e  behav iour  and r e s p o n s e s  o f  t h e  p r o c e s s e s  
t o  be  c o n t r o l l e d .  The n e x t  f u n c t i o n  o f  t h e  c o n t r o l l e r  i s  t o  
de te rmine  t h o s e  f u t u r e  changes  i n  t h e  r e g u l a t i n g  v a r i a b l e s  
( t r e a t m e n t  p l a n t  c o n s t r u c t i o n ,  t r e a t m e n t  c a p a c i t y  expans ion)  
t h a t  w i l l  compensate f o r  t h e  p r e d i c t e d  e f f e c t s  o f  t h e  f u t u r e  
i n p u t  d i s t u r b a n c e s .  F i n a l l y ,  t h e  p lanned r e g u l a t i n g  a c t i o n  ( t h e  
s a n i t a t i o n  programme) i s  implemented. The e s s e n t i a l  a i m  o f  t h e  
long- term management s t r a t e g y  is  t o  c ance l  o u t  t h e  d e l e t e r i o u s  
e f f e c t s  of  t h e  a n t i c i p a t e d  i n p u t  d i s t u r b a n c e s .  

F i g u r e  5  and t h e  p rocedure  w e  have j u s t  o u t l i n e d  a r e  s i g -  
n i f i c a n t l y  d i f f e r e n t  from some o f  t h e  e lementa ry  components o f  
c o n t r o l  i n t r o d u c e d  i n  s e c t i o n  2 and F igu re  1. It i s  clear t h a t  
even t h e  b e s t  model o f  t h e  sys tem t o  be c o n t r o l l e d  and i t s  f u t u r e  
i n p u t  d i s t u r b a n c e s  canno t  a f f o r d  p e r f e c t  p r e d i c t i o n  o f  t h e  f u t u r e  
response  o f  t h e  sys tem.  The sys tem and i t s  d i s t u r b a n c e s  a r e  
i n h e r e n t l y  u n c e r t a i n ;  indeed ,  some o f  t h e  unmeasured and unpre- 
d i c t e d  d i s t u r b a n c e s  may be s o  s u b s t a n t i a l  a s  t o  r e n d e r  t h e  p l a n  
i n e f f e c t i v e  b e f o r e  it i s  f u l l y  r e a l i z e d .  I n e v i t a b l y  t h e r e  w i l l  
be  misa l ignment  between t h e  d e s i r e d  and a c t u a l  performance o f  
t h e  system. And i f  t h e r e  i s  no f u r t h e r  e v a l u a t i o n  o f  t h e  o u t p u t  
r e sponse s  a g a i n s t  t h e i r  d e s i r e d  v a l u e s ,  a s  i s  t h e  c a s e  i n  t h e  
i d e a l i z e d  p i c t u r e  o f  F i g u r e  5 ,  t h e n  i n  C a n t l e y ' s  t e r m s  t h e r e  i s  
no feedback o f  i n fo rma t ion  w i t h  which t o  modify c u r r e n t  a c t i o n s  
i n  o r d e r  t o  e n s u r e  c l o s e r  a l ignment  w i t h  t h e  o r i g i n a l  p l an .  

4 .  MANAGEMENT WITH FEEDBACK 

The feedforward  s t r a t e g y  j u s t  d e s c r i b e d  s u f f e r s  from c e r t a i n  
d i s advan t ages .  I t  e x p l o i t s  t h e  p r i n c i p l e  t h a t  i n fo rma t ion  abou t  
t h e  i n p u t  d i s t u r b a n c e s  can be f e d  forward t o  a  c o n t r o l l e r ,  which 
i n i t i a t e s  c o n t r o l  a c t i o n  acco rd ing  t o  t h e  assumed e f f e c t s  o f  
t h o s e  d i s t u r b a n c e s  on t h e  sys tem response .  I t  ove r looks  t h e  
f a c t  t h a t  n o t  a l l  d i s t u r b a n c e s  and t h e i r  e f f e c t s  can  be  p r e d i c t e d .  
The key f e a t u r e  o f  t h e  feedback c o n t r o l l e r  p r i n c i p l e  ( s e e  



F i g u r e  6 )  i s  t h e  compar ison  o f  d e s i r e d  and a c t u a l  s y s t e m  p e r f o r -  
mance, f o l l o w e d  t h e n  by r e g u l a t i n g  a c t i o n  c o n s e q u e n t  u?on any 
p e r c e i v e d  mismatch be tween t h e  two. The p u r p o s e  o f  f eedback  
c o n t r o l  i s  t o  m i t i g a t e  t h e  u n d e s i r a b l e  e f f e c t s  o f  u n c e r t a i n t y  
i n  t h e  s y s t e m  d i s t u r b a n c e s  and u n c e r t a i n t y  i n  t h e  knowledge o f  
t h o s e  r e l a t i o n s h i p s  which  govern  t h e  s y s t e m ' s  b e h a v i o u r .  I n  t h e  
f o l l o w i n g  d i s c u s s i o n  o f  management w i t h  f e e d b a c k  s p e c i a l  emphas is  
i s  p l a c e d  upon how and why s h o r t - t e r m  o p e r a t i o n a l  management 
s h o u l d  i n t e r a c t  w i t h  long- t e rm p l a n n i n g .  

4 . 1  S p e c i f y i n g  t h e  D e s i r e d  Sys tem Pe r fo rmance  

I n  o r d e r  t o  a p p l y  f eedback  c o n t r o l  t h e  g o a l s  f o r  s y s t e m  
pe r fo rmance  have  to  b e  s t a t e d  c l e a r l y .  The d e f i n i t i o n  o f  d e s i r e d  
s y s t e m  pe r fo rmance  r e q u i r e s  r e a s s e s s m e n t  f o r  i t  is  a  c r u c i a l  
f a c t o r  a f f e c t i n g  t h e  f e a s i b i l i t y  o f  s h o r t - t e r m  o p e r a t i o n a l  manage- 
ment.  Again ,  f o r  t h e  p u r p o s e s  o f  t h e  a rgumen t ,  w e  make a n  impor- 
t a n t  a s s e r t i o n :  t h a t  c u r r e n t  s t a n d a r d s  f o r  w a t e r  q u a l i t y  manage- 
ment ( i n  t h e  s h o r t - t e r m  and i n  t h e  l o n g - t e r m )  a r e  e x c l u s i v e l y  
s p e c i f i e d  a s  c o n s t a n t ,  a v e r a g e ,  y e a r l y  maximurn/minimum bounds  
f o r  q u a n t i t i e s  s u c h  a s  BOD c o n c e n t r a t i o n ,  suspended  s o l i d s ,  e tc .  
I f  t h e s e ,  t h e n ,  a r e  d e f i n e d  t o  be  t h e  o b j e c t i v e s ,  i t  i s  n o t  s u r -  
p r i s i n g  t h a t  r e a l - t i m e  management i s  d i f f i c u l t  t o  j u s t i f y  w i t h o u t  
f i r s t  d e m o n s t r a t i n g  t h a t  i t  would p r o v i d e  s i g n i f i c a n t  improve-  
ments  i n  a v e r a g e  y e a r l y  pe r fo rmance .  But  i s  t h i s  a v e r a g e  p e r f o r -  
mance t h e  o n l y  d e s i r a b l e  o b j e c t i v e ?  Suppose ,  a s  is  c l e a r l y  now 
happen ing  i n  many i n d u s t r i a l i z e d  c o u n t r i e s  (OECD, 1 9 7 9 ) ,  t h a t  
g e n e r a l  m a c r o s c o p i c  l e v e l s  o f  r i v e r  w a t e r  q u a l i t y  a r e  improved 
by t h e  w i d e s p r e a d  i n s t a l l a t i o n  o f  m e c h a n i c a l  and b i o l o g i c a l  
w a s t e w a t e r  t r e a t m e n t  f a c i l i t i e s .  L e t  u s  a l s o  assume t h a t  w a t e r  
q u a l i t y  c a n  b e  measured by an  i n d e x  &* and hence  ~ o s t u l a t e  a  
s i m p l i f i e d  p i c t u r e  ( F i g u r e  7 )  o f  p a s t  ( P )  and  f u t u r e  ( F )  p e r f o r -  
mance i n  w a t e r  q u a l i t y  management. T h e r e  i s  no d o u b t ,  i n  t h i s  
p a r t i c u l a r  p i c t u r e ,  t h a t  t h e  a v e r 3 g e  l e v e l  o f  w a t e r  q u a l i t y  a c h i e v e d  
i n  t h e  f u t u r e  i s  b e t t e r  t h a n  t h e  a v e r a g e  l e v e l  o f  w a t e r  q u a l i t y  
m a i n t a i n e d  i n  t h e  p a s t .  T h e r e  i s ,  however,  t h e  problem o f  t h e  
" t r a n s i e n t  c r i s e s "  i n d i c a t e d  i n  F i g u r e  7  by e v e n t s  PA, PB and 
FA, FB, which  may be  assumed t o  r e p r e s e n t  a c c i d e n t a l  s p i l l a g e s  
o r  equipment  f a i l u r e s .  I n  t h e  p a s t ,  w i t h r i v e r s  r e c e i v i n g  a  
h i g h e r  p o l l u t a n t  l o a d ,  t h e  r e l a t i v e  e f f e c t s  o f  PA and PB might  -- 
have  been  r e q a r d e d  a s  o n l y  minor  p e r t u r b a t i o n s  i n  s y s t e m  p e r f o r -  
mance. F o r  t h e  f u t u r e ,  t h e  r e l a t i v e  e f f e c t s  o f  s i m i l a r c r i s e s  
FA and FB w i l l  b e  s i g n i f i c a n t l y  g r e a t e r .  And a s  p u b l i c  aware- 
n e s s  o f  a n  improved a v e r a g e  w a t e r  q u a l i t y  becomes w e l l  e s t a b l i s h e d ,  
t h e  r e s p o n s i b i l i t i e s  o f  management t o  a v o i d  s u c h c r i s e s  increase . ; .  
I t  may w e l l  be a r g u e d ,  t h e r e f o r e ,  t h a t  p r e c i s e l y  b e c a u s e  o f  t h e  
s u c c e s s e s  o f  p a s t  l o n g - t e r m  management p o l i c i e s ,  t h e  day- to-day ,  
s h o r t - t e r m  management o f  w a t e r  q u a l i t y - - i n a s m u c h  a s  it  r e l a t e s  
t o  t r a n s i e n t c r i s e s  --assumes much g r e a t e r  s i g n i f i c a n c e .  Thus 
t h e  d e f i n i t i o n  o f  d e s i r a b l e  s y s t e m  pe r fo rmance  i n  a v e r a g e  terms 
a l o n e  may n o t  b e  a p p r o p r i a t e  f o r  t h e  f u t u r e .  The o b j e c t i v e s  o f  
w a t e r  q u a l i t y  management change  w i t h  t i m e ,  a s  do  t h e  p rob lems  t o  
which t h a t  management h a s  t o  a d d r e s s  i t s e l f .  I n  s e c t i o n  7  w e  
s h a l l  r e t u r n  t o  a  d i s c u s s i o n  o f  how p r e s e n t  management s t r a t e g i e s  
a f f e c t  t h e  r i s k s  o f  t r a n s i e n t  p o l l u t i o n c r i s e s  i n  t h e  f u t u r e .  



4 . 2  The C a n a c i t v  t o  O b s e r v e  

A s e c o n d  p r e r e o u i s i t e  f o r  t h e  a p ~ l i c a t i o n  o f  f e e d b a c k  c o n t r o l  
is  t h e  a b i l i t y  t o  p e r c e i v e  any  mismatch be tween  d e s i r e d  and  a c t u a l  
pe r fo rmance  o f  t h e  s y s t e m  (see a l s o  F i g u r e  6 ) .  One may t h i n k  o f  
t h i s ,  i n  C a n t l e y ' s  terms ( s e c t i o n  3 ) ,  a s  m o n i t o r i n g  implementa-  
t i o n  o f  t h e  l o n g - t e r m  p l a n .  A f i r s t ,  and  p e r h a p s  t r i v i a l  example 
o f  how i t  would n o t  b e  p o s s i b l e  t o  a p p l y  f e e d b a c k  i n  t h e  manaae- - 
ment  o f  s t r a t e g i c  p l a n s  would b e  i f  t h e  g o a l s  f o r  s y s t e m  p e r f o r -  
mance w e r e  s p e c i f i e d  i n  t e r m s  o f  o u t p u t  r e s p o n s e s  t h a t  c a n n o t  b e  
measured .  F o r  i n s t a n c e ,  i m a g i n e  t h a t  a  s t a t e d  o b j e c t i v e  i s  f o r  
t h e  d a i l y  a v e r a g e  DO c o n c e n t r a t i o n  a t  l o c a t i o n  X t o  b e  n o t  less 
t h a n  4 gm-3 on  a n y  t w o  c o n s e c u t i v e  d a y s  o f  t h e  y e a r  when DO 
measurements  a r e  t a k e n  o n l y  o n c e  p e r  week. I t  would s i m p l y  n o t  
b e  p o s s i b l e  t o  p e r c e i v e  w h e t h e r  t h e  s y s t e m  w e r e  a c h i e v i n g  i t s  
d e s i r e d  p e r f o r m a n c e  a n d  it would b e  i m p o s s i b l e  t o  correct  f o r  
any  d e v i a t i o n  f rom t h a t  p e r f o r m a n c e .  

I f  t h e  s y s t e m  p e r f o r m a n c e  h a s ,  t h e r e f o r e ,  t o  b e  s p e c i f i e d  
i n  a way t h a t  i s  c o n s i s t e n t  w i t h  c u r r e n t  measurement  a n d  s a m p l i n g  
p r a c t i c e ,  i t  is  e q u a l l y  a p p r o p r i a t e  t h a t  t h i s  s p e c i f i c a t i o n  can  
b e  a l t e r e d  i n  t h e  e v e n t  t h a t  measurement  p r a c t i c e  c h a n g e s  s i g -  
n i f i c a n t l y .  I n  v i e w  o f  r e c e n t  d e v e l o p m e n t s  i n  s p e c i f i c - i o n  
e l e c t r o d e s  and  t h e  i n s t a l l a t i o n  o f  t e l e m e t e r e d  w a t e r  q u a l i t y  
m o n i t o r i n g  n e t w o r k s ,  t h e r e f o r e ,  t h e  volume o f  i n f o r m a t i o n  g e n e r -  
a t e d  c o n c e r n i n g  a c t u a l  s y s t e m  p e r f o r m a n c e  i s  l i k e l y  t o  i n c r e a s e  
beyond p r e v i o u s l y  i m a g i n e d  p r o p o r t i o n s .  T h i s  s i n g l e  d e v e l o n n e n t  
c o u l d  h a v e  s e v e r a l  i m p o r t a n t  c o n s e q u e n c e s .  F i r s t ,  it may f a c i l -  
its.te t h e  s p e c i f i c a t i o n  o f  more complex o b j e c t i v e s  f o r  water 
q u a l i t y  management,  a l t h o u g h  c o m p l e x i t y  i s  n o t  n e c e s s a r i l y  a  
v i r t u e .  Of s p e c i a l  s i g n i f i c a n c e ,  however ,  would h e  t h e  a b i l i t y  
t o  s p e c i f y  a n d  m o n i t o r  s y s t e m  p e r f o r m a n c e  a t  t h e  l e v e l  of s h o r t -  
t e r m  v a r i a t i o n s ,  s u c h  a s  t h e  t r a n s i e n t  crises o f  F i g u r e  7. 
Second ,  t h i s  deve lopmen t  r e v e a l s  t h e  p o s s i b i l i t y  f o r  m o n i t o r i n g  
a n d  e v a l u a t i n g  r e a l - t i m e  o p e r a t i o n a l  c o n t r o l  o f  w a s t e w a t e r  t r e a t -  
ment  p l a n t s  a c c o r d i n g  t o  i t s  e f f e c t s  on  t h e  r e c e i v i n g  water body. 
T h i r d ,  it creates q u i t e  a new and  d i f f e r e n t  r e q u i r e m e n t  f o r  i n -  
f o r m a t i o n  p r o c e s s i n g  by t h e  c o n t r o l  a u t h o r i t y  ( refer  b a c k  t o  
F i g u r e  1 ) .  Newsome (1979)  c a l l s  t h i s  " s t a g e  3" i n  t h e  d e v e l o p -  
ment  o f  w a t e r  d a t a  c o l l e c t i o n  schemes ,  whereby  " t h e  d a t a  collec- 
t i o n  s y s t e m s  a r e  p r o g r e s s i v e l v  r e f i n e d  and  c l o s e l y  r e s e m b l e  t h o s e  
u s e d  i n  p r o c e s s  c o n t r o l  a p p l i c a t i o n s " .  

A n o t h e r  s i g n i f i c a n t  f e a t u r e  o f  m o n i t o r i n g  t h e  s t r a t e g i c  p l a n ,  
a  f e a t u r e  which  i s  a l s o  e v i d e n t  i n  F i g u r e  6 ,  is  t h a t  a l l  measure . -  
men t s  o f  t h e  s y s t e m ' s  o u t p u t  r e s p o n s e  are s u b j e c t  t o  e r r o r s  and  
u n c e r t a i n t y .  I n  a n  i d e a l  w o r l d  management would p r e f e r  t o  a c t  
upon t h e  m i s a l i g n m e n t  be tween  t h e  d e s i r e d  a n d  h y p o t h e t i c a l ,  
e r r o r - f r e e  r e s p o n s e  o f  t h e  s y s t e m .  I n  r e a l i t y ,  however ,  manage- 
ment  h a s  t o  b a s e  i t s  c o n t r o l  a c t i o n  upon a n  u n c e r t a i n  a n d  es t i -  
mated  m i s a l i g n m e n t  be tween  d e s i r e d  and  a c t u a l  p e r f o r m a n c e ;  an  
a w a r e n e s s  o f ,  or  a n  i n s e n s i t i v i t y  o f  t h e  c o n t r o l  a c t i o n  t o  t h a t  
u n c e r t a i n t y  i s  t h u s  a d v i s a b l e .  



4.3 The Capacity to Act 

Once a suitable control action has been determined it must 
be possible to put that action into practice. Hence, as indi- 
cated in section 2.2, a third basic feature of control (not only 
feedback control) is the capacity to act. Present practice in 
the short-term operational management of wastewater treatment, 
stream water quality, and water purification suggests that the 
capacity to act in that context is quite limited. The same may 
be true of long-term water quality management. Whether or not 
that is so, let us make yet another assertion (see also Walters, 
1975): that any current control action that restricts the range 
of options for future control actions is not desirable. This 
assertion applies, in particular, to the decision-making func- 
tion in long-term planning. As an example, consider the case of 
building an activated sludge unit for treating wastewater. The 
design and construction of the unit (decisions taken now) may 
adversely prejudice subseauent decisions to have, first, a fully 
nitrified effluent and then, later, an effluent subject to re- 
strictive constraints on permissible ammonium-N - and nitrate-N 
concentrations. "Creative" or "innovative" planning would seek 
to encourage the development of wider ranges of control options 
for future strategic management. Indeed, one could argue the 
case that a long-term strategy which stimulates the development 
of real-time operational management is in fact a good illustration 
of such a creative plan. In the example of activated sludge 
design, a step-feed type of unit with real-time DO profile control 
has the potential for meeting the subsequent nitrification and 
nitrification-denitrification objectives merely through adaptation 
of the unit's operating policy. Thus even in a crude sense the 
practical possibility of real-time water quality control can be 
seen to increase the range of actions that are feasible at the 
planning and design phase of management. To the existing options 
(a) construct new treatment facility, (b) expand capacity of old 
treatment facility, (c) add different unit treatment process, we 
could in principle add the options (d) install "operational con- 
trol" at existing facility, (e) ex~and capacity and install 
"operational control" at existing facility, and (f) operate 
existing unit processes differently. 

4.4 Interaction Between Long-term and 
Short-term Management 

Some useful conclusions can be drawn from the analysis of 
management with feedback. Our aim in doing so is to look, as 
stated earlier, at the influence of short-term operational manage- 
ment on strategic long-term management, and vice versa (see 
Figure 8). 

The practice of real-time control must inevitably change the 
nature of the system, whose behaviour the planning function seeks 
to manage in the long-term. An expanding facility for real-time 
water quality monitoring--the increased capacity to observe--per- 
mits different goals for the desired system performance to be 



specified and evaluated. These different goals might address 
the problem of managing transient, severe pollution incidents; 
evaluation of system performance could include monitoring the 
net benefits of operational wastewater treatment control as 
quantified by its effects on in-stream water quality. It may 
indeed be necessary to specify different goals for the system's 
performance precisely because of the response achieved from 
implementing earlier water quality management strategies (see 
also section 7). The increased capacity to observe demandsalso 
an equally increased capacity for information processing, other- 
wise the control function may be overwhelmed by a surfeit of 
observations it cannot usefully interpret. In particular, one 
of the main aims of information processing is evaluation ofthose 
tentative assumptions about system behaviour (the models) that 
were made in the preparation of the management strategy. And 
lastly, we made the point in section 4.3 that real-time opera- 
tional manaqement positively influences the range of options 
available for long-term management. 

Those, then, are some of the potential benefits that short- 
term management offers to long-term management. Two factors are 
of key significance at all stages in the implementation of a 
strategic plan, as Cantley (1976) and Storey and Walker (1978) 
have pointed out. They are: the generation of useful information 
about system behaviour; and an awareness of uncertainty. Con- 
sider by way of illustration, the following dilemma. A planning 
authority has a predetermined sum of capital to spend in under- 
taking a water quality management programme. This sum will buy 
either two new wastewater treatment plants or one new treatment 
plant and a comprehensive water quality monitoring network. 
Which option should the planning authority choose? In the en- 
suing debate the authority should at least recognize the positive 
contribution of a strategy that aims to reduce uncertainty and 
that may thereby enhance the system's and the controller's ability 
to adapt easily to the changing problems of the future. The stra- 
tegic plan has a responsibility to invest in improved understanding 
and in scanning the future for new and, as yet, undetected prob- 
lems. These are themes to which the discussion will return in 
section 7. 

5 ECONOMICS AND INNOVATION 

In water quality management there is not really any product 
quality specification to which strict adherance (or from which 
minimal deviation) is required at all times of the day, week, or 
year. This is an inescapable difficulty in formulating an analy- 
sis of economics and innovation in water quality management. 
There are, of course, public health specifications, and these do 
apply rigorously to the product of a water purification plant. 
But in economic terms it is not easy to justify the installation 
of operational forecasting/control purely on the grounds that it 
would improve the "reliability" of product quality. Given that 
current objectives for water quality management are defined as 
yearly, average, maximum/minimum bounds for the permissible con- 
centrations of various substances, real-time control will have 



t o  j u s t i f y  i t s e l f  i n  t h o s e  terms. I n  o t h e r  w o r d s ,  i t  i s  i n a p -  
p r o p r i a t e  t o  a d v o c a t e  o r  d i s m i s s  r e a l - t i m e  o p e r a t i o n a l  c o n t r o l  
a t  t h e  s c a l e  of ( e c o n o m i c )  p e r f o r m a n c e  o n  an  hou r -by -hou r  b a s i s - -  
a t  l e a s t  t h i s  i s  i n a p p r o p r i a t e  g i v e n  D r e s e n t  o b j e c t i v e s .  A 
r e c e n t  s t u d y  o f  a u t o m a t i c  DO c o n t r o l  i n  a n  a c t i v a t e d  s l u d g e  u n i t  
c l e a r l y  s u p p o r t s  t h i s  v i ew  ( F l a n a g a n  e t  a l . ,  1 9 7 7 ) ;  i n  f a c t ,  t h e  
d o m i n a n t  b e n e f i t  o f  a u t o m a t i c  c o n t r o l  is  f o u n d  t o  be t h e  y e a r l y  
s a v i n g  i n  e n e r g y  c o n s u m p t i o n .  An economic  a n a l y s i s  o f  r e a l - t i m e  
c o n t r o l ,  a s  i t  e f f e c t s  t h e  economics  of l o n g - t e r m  management ,  
mus t  t h e r e f o r e  a c c o u n t  f o r  t h e  v a r i a b l e  cos t s  of o p e r a t i o n a l  
management i n  some a g g r e g a t e d  yea r -by -yea r  i n d e x .  B u t  t h i s  
r a t h e r  b e g s  t h e  q u e s t i o n ,  f o r  it r e q u i r e s  t h e  p r i o r  a s s u m p t i o n  
t h a t  r e a l - t i m e  w a t e r  q u a l i t y  management w i l l ,  o r  w i l l  n o t  be 
f e a s i b l e  i n  p r a c t i c e ;  n o r m a l l y  i t  h a s  b e e n  assumed t o  be i n f e a s i b l e .  
C o n s e q u e n t l y ,  t h e r e  h a s  n o t  b e e n  a n y  g r o p e r  a n a l y s i s  o f  w a t e r  
q u a l i t y  management i n  wh ich  t h e  t r a d e - o f f s  b e t w e e n  c a p i t a l  ( f i x e d )  
a n d  o p e r a t i n g  ( v a r i a b l e )  costs  m i g h t  b e  e x p l o r e d .  I n d e e d ,  e v e n  
t h e  f ramework f o r  s u c h  a n a l y s i s  d o e s  n o t  y e t  a p p e a r  t o  b e  w e l l  
e s t a b l i s h e d ,  a l t h o u g h  O l i v i e r i a n d  Smee r s  ( 1 9 7 9 )  h a v e  i n i t i a t e d  
s t u d i e s  i n  t h a t  d i r e c t i o n .  E x t e n s i o n s  o f  t h e i r  work  p r o m i s e  t h e  
e n c o u r a g i n g  p r o s p e c t  o f  a n  a n a l y t i c a l  f ramework  f o r  e x a m i n i n g  
q u e s t i o n s  o f ,  f o r  examp le :  t h e  b e n e f i t s  o f  h i a h  c a p i t a l  cost/low 
r u n n i n g  c o s t  e a u i p m e n t  v i s - a - v i s  l o w  c a p i t a l  c o s t / h i g h  r u n n i n g  
c o s t  e q u i p m e n t ;  t h e  " c o s t s "  of e q u i p m e n t  f a i l u r e ;  t h e  b a l a n c e  
be tween  u n i t  p r o c e s s e s  o p e r a t e d  o n  a  s e a s o n a l  b a s i s  and  u n i t  
p r o c e s s e s  o p e r a t e d  t h r o u g h o u t  t h e  w h o l e  y e a r ;  a n d  i n t e g r a t i o n  of 
t r e a t m e n t  p l a n t  o p e r a t i o n  w i t h  s t r e a m - f l o w  r e g u l a t i o n  (Smee r s ,  
7 9 7 9 ) .  

One may o b s e r v e ,  t h e r e f o r e ,  t h a t  u n d e r  p r e s e n t  c i r c u m s t a n c e s  
i t  i s  n o t  r e a l i s t i c  t o  a t t e m p t  t o  j u s t i f y  t h e  economic  b e n e f i t s  
o f  s h o r t - t e r m  o p e r a t i o n a l  management w i t h i n  t h e  t i m e - s c a l e  o f  
h o u r s a n d  d a y s .  I t  i s  l o g i c a l  t o  t a c k l e  t h e  i s s u e  f r o m  t h e  o t h e r  
e n c  o f  t h e  s p e c t r u m ,  w i t h i n  t h e  t i m e - s c a l e  of y e a r s ,  w h e r e  v a r i -  
a b l e  c o s t s  c a n  b e  a s s e s s e d  t o g e t h e r  w i t h  f i x e d  cos ts .  Having  
s a i d  t h a t ,  a n d  h a v i n g  n o t e d  t h e  r e - e m e r g e n c e  of a f ramework  f o r  
a n a l y s i s  o f  s u c h  p r o b l e m s ,  it i s  a s  w e l l  t o  r e m i n d  t h e  r e a d e r  of  
s t a t e m e n t s  made o v e r  a  d e c a d e  a g o  (Thomann, e t  a l . ,  1 9 6 8 ) :  

" . . . .  T h e r e  i s  amp le  e v i d e n c e  t o  i n d i c a t e  t h a t  s e a s o n a l  
w a s t e  t r e a t m e n t  c a n  r e s u l t  i n  s i g n i f i c a n t  e conomic  
s a v i n g s .  T h i s  i s  e s p e c i a l l y  t r u e  i f  a  base l e v e l  o f  
i n t e r m e d i a t e  t o  s e c o n d a r y  t r e a t m e n t  i s  assumed t h r o u g h o u t  
t h e  y e a r  t o  meet an  o v e r a l l  w a t e r  q u a l i t y  o b j e c t i v e .  A t  
c e r t a i n  t i m e s  ... it may be n e c e s s a r y  t o  s t ep  u p  t r e a t m e n t  

b y u s i n g  any  number o f  w a s t e  t r e a t m e n t  s chemes .  

The o t h e r  mode o f  o p e r a t i o n  i s  t o  r e q u i r e  a h i q h  
d e g r e e  o f  w a s t e  r e m o v a l  o n  a  y e a r - r o u n d  b a s i s  w i t h  no  
r e c o g n i t i o n  o f  t h e  c h a n g i n g  a s s i m i l a t i v e  c a p a c i t y  o f  
t h e  r i v e r  o r  e s t u a r y .  I f  t h i s  mode o f  o p e r a t i o n  i s  
r e q u i r e d ,  i t  i s  s e e n  t h a t  . . .  f o r  m o s t  c a s e s  t h e  q u a l i t y  
o f  t h e  w a t e r  body  i s  u s u a l l y  a b o v e  minimum s t a n d a r d s  
f o r  a  s u b s t a n t i a l  p o r t i o n  o f  t h e  y e a r .  If t h e  v a r i a b l e  
w a s t e  c o n t r o l  i s  p e r m i t t e d ,  i n d i v i d u a l  w a s t e  d i s p o s e r s  
c a n  r e c o g n i z e  t h e  t r a d e o f f s  b e t w e e n  c a p i t a l  i n t e n s i v e  
w a s t e  t r e a t m e n t  d e v i c e s  a n d  t h o s e  w i t h  h i g h  o p e r a t i o n -  
m a i n t e n a n c e  c o s t s . "  



I t  is  t h u s  p e r h a p s  d i s c o u r a g i n g  t o  r e f l e c t  upon t h e  p r o g r e s s  i n  
t h e  i n t e r v e n i n g  y e a r s .  However, a s  w e  s h a l l  see, o b j e c t i v e s  
change w i t h  t i m e  and economic a rgumen t s  a r e  n o t  t h e  o n l y  f a c t o r  
t o  b e  c o n s i d e r e d  i n  d e t e r m i n i n g  a n  i n n o v a t i v e  s t r a t e g y  o f  w a t e r  
qua1  i t y  management. 

5.1 I n n o v a t i v e  F o r c e s  

From t h e  p r e c e d i n g  d i s c u s s i o n  w e  m i g h t  h y p o t h e s i z e  t h a t  t h e  
r e a l  i n n o v a t i v e  f o r c e  i n  w a s t e w a t e r  t r e a t m e n t  p l a n t  technology--  
a  s p e c i f i c  example i n  which  r e a l - t i m e  f o r e c a s t i n g / c o n t r o l  i s  
t e c h n i c a l l y  f e a s i b l e - - i s  t h e  d e s i r e  t o  min imize  o p e r a t i n g  costs. 
T h i s  would b e  p a r t i c u l a r l y  i m p o r t a n t  i n  an  economic  env i ronmen t  
where t h e  c o s t s  o f  e n e r g y  s u p p l y  have  a h i g h e r  rate o f  i n f l a t i o n  
t h a n  t h e  c o s t s  o f  l a b o u r  and equipment .  I n d e e d  s u c h  a s i t u a t i o n  
i s  s i g n i f i c a n t l y  d i f f e r e n t  f rom t h a t  which h a s  p r e v a i l e d  i n  t h e  
p a s t .  I t  i s  i n t e r e s t i n g ,  t h e r e f o r e ,  t o  n o t e  how a  m a j o r  r e p o r t  
o n  w a s t e w a t e r  t r e a t m e n t  i n  t h e  U . K . ,  p u b l i s h e d  i n  1974 b u t  c l e a r l y  
b a s e d  upon pre-1973 c o s t  d a t a ,  saw t h e  p rob lem o f  i n n o v a t i o n  
( I n s t i t u t i o n  of  Chemica l  E n g i n e e r s ,  1974) : 

"The need f o r  i n n o v a t i o n  a r i s e s  n o t  f o r  i t s  own s a k e  b u t  
t o  f u l f i l l  n e e d s  which c a n n o t  be m e t ,  i n  whole  o r  i n  p a r t  
by p r e s e n t  t e c h n o l o g y .  These  needs  a r e :  

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

( b )  The growing  s h o r t a g e  o f  w a t e r  which  i s  l i k e l y  t o  b r i n g  
a b o u t  i n c r e a s e d  demand f o r  r e - u s e .  

( c )  The p r o p o s a l s  f o r  a  c o n s i d e r a b l e  i n c r e a s e  i n  p u b l i c  
e x p e n d i t u r e  i n  t h e  f i e l d  i n  t h e  n e a r  f u t u r e .  

( d l  The c h a l l e n g e  i n h e r e n t  i n  t h e  p r o p o s a l s  f o r  t h e  
r e o r g a n i z a t i o n  o f  t h e  i n d u s t r y n . *  

The need  t o  r e d u c e  o p e r a t i n g  c o s t s  was n o t  a p p a r e n t .  I t  was n o t  
a p p a r e n t  b e c a u s e  t h e  same r e p o r t  found t h a t  " . . . c a p i t a l  costs  
g r e a t l y  ou twe igh  r u n n i n g  c o s t s  i n  sewage t r e a t m e n t  ..." s i n c e "  ... 
when e x p r e s s e d  i n  terms o f  t h e  c a p i t a l  c o s t ,  t h e  a n n u a l  o p e r a t i n g  
c o s t  was a p p r o x i m a t e l y  3% o f  t h e  t o t a l  c a p i t a l  c o s t . "  T h a t  t h i s  
s i t u a t i o n  h a s  changed r a d i c a l l y  i s  b r o u g h t  i n t o  s h a r p  f o c u s  by 
Andrews e t  a 1  (1979)  who make r e f e r e n c e  t o  a s u r v e y  o f  t h e  
E n g i n e e r i n g  N e w s  Record ( 1 9 7 7 ) .  The s u r v e y  showed t h a t  t h e  
a v e r a g e  number o f  y e a r s  e l a p s e d  f rom t h e  t i m e  a  p l a n t  was p u t  
i n t o  o p e r a t i o n  to  t h e  p o i n t  a t  which o p e r a t i o n  and m a i n t e n a n c e  
c o s t s  t o t a l l e d  more t h a n  t h e  i n i t i a l  i n v e s t m e n t  was 6 .1  y e a r s .  

Over a p e r i o d  o f  j u s t  f i v e  y e a r s  ( s i n c e  197rO t h e  f o r c e s  
o f  i n n o v a t i o n  i n  t h e  w a s t e w a t e r  t r e a t m e n t  i n d u s t r y  h a v e  t h u s  
changed q u i t e  d r a m a t i c a l l y .  P e r h a p s  "changed"  is  even  t h e  wrong 
word, f o r  it is  n o t  c l e a r  what  i n c e n t i v e s  t o  i n n o v a t e  have  e x i s t e d  
i n  t h e  more d i s t a n t  p a s t .  F o r  example ,  t h e  I n s t i t u t i o n  o f  Chemi- 
c a l  E n g i n e e r ' s  r e p o r t  makes t h e  f o l l o w i n g  o b s e r v a t i o n  ( ~ n s t i t u t i o n  
o f  Chemical  E n g i n e e r s ,  1 9 7 4 ) :  

*The U.K .  w a t e r  i n d u s t r y  was r e o r g a n i z e d  i n  1974. 



" A  s e c o n d  d i f f i c u l t y  wh ich  l i e s  i n  t h e  way o f  i n n o v a t i o n  
i s  t h e  d i f f i c u l t y  a s s o c i a t e d  w i t h  t h e  i n e r t i a  w h i c h  o f t e n  
a r i s e s  f r o m  t h e  c i r c u m s t a n c e s  s u r r o u n d i n g  w h a t  m i g h t  b e  
c a l l e d  a t r a d i t i o n a l  i n d u s t r y .  Such  i n d u s t r i e s  c a n  -- 
a c q u i r e  an  i n o r d i n a t e  s e n s e  o f  u n i n u e n e s s  wh ich  l e a d s  
t o  i s o l a t i o n  f r o m  t h e  main  stream o f  t e c h n o l o g y  a n d ,  
i n  a d d i t i o n ,  t h e y  t e n d  t o  t r i v i a l i z e  basic p r i n c i p l e s  
t o  f i t  t h e i r  own s p e c i a l i z e d  r e q u i r e m e n t s .  F u r t h e r m o r e ,  
t h e y  t e n d  t o  make e x i s t i n g  m e t h o d s  a n d  t e c h n i q u e s  i n t o  
e n d s  i n  t h e m s e l v e s  s p e n d i n g  t i m e  a n d  money on  r e f i n e m e n t s  
o f  e x i s t i n g  p r a c t i c e  when wha t  i s  n e e d e d ,  p e r h a p s ,  a r e  
r a d i c a l l y  new a p p r o a c h e s .  

P r o b a b l y  a s  good a n  example  a s  a n y  o f  a  t r a d i t i o n a l  
i n d u s t r y  is  t h e  town g a s  i n d u s t r y  as i t  was  a  q u a r t e r  
o f  a c e n t u r y  a g o .  Dependen t  upon c o a l  a s  i t s  r aw  
m a t e r i a l ,  it e v o l v e d  a  s p e c i a l i z e d ,  i s o l a t e d  t e c h n o l o g y  
w i t h  i t s  own p e c u l i a r  n o m e n c l a t u r e .  S i n c e  t h a t  t i m e  it 
h a s  had  t o  u n d e r g o  two c o m p l e t e  u p h e a v a l s  and  t h e  t e c h -  
n o l o g y  o f  p r o d u c i n g  g a s  f r o m  coal i s  now a l m o s t  c o m p l e t e l y  
d o r m a n t  i n  t h e  U n i t e d  Kingdom t o d a y . "  

W e  c a n  a t  l e a s t  be r e a s o n a b l y  c o n f i d e n t  t h a t  " o p e r a t i o n a l  c o s t  
s a v i n g s "  w i l l  b e  a n  i m p o r t a n t  a n d  c l e a r l y  d i r e c t e d  i n n o v a t i v e  
force o f  t h e  immed ia t e  f u t u r e .  

T h e r e  h a s  n e v e r  b e e n  a  p a r t i c u l a r l y  s t r o n g  i n n o v a t i v e  f o r c e  
a r i s i n g  f rom t h e  m a i n t e n a n c e  a n d  i rmrovemen t  o f  t h e  " p r o d u c t  
q u a l i t y "  o f  w a s t e w a t e r  t r e a t m e n t ,  a l t h o u g h  o n e  m u s t  be c a r e f u l  
t o  d i s t i n g u i s h  be tween  e s s e n t i a l l y  e c o n o n i c  a n d e s s e n t i a l l y  l e g a l  
f a c t o r s  i n  t h i s  r e s p e c t .  The d i f f i c u l t i e s  o f  a n  economic  j u s t i -  
f i c a t i o n  of p r o d u c t  r e l i a b i l i t y  h a v e  a l r e a d v  b e e n  m e n t i o n e d .  I f ,  
however ,  i t  c a n  b e  assumed  t h a t  t h e  f i r s t  o f  t h e  n e e d s  f o r  i n -  
n o v a t i o n  q u o t e d  f rom t h e  I n s t i t u t i o n  o f  Chemica l  E n g i n e e r s  
r e p o r t - - t h a t  o f  a  " c o n t i n u a l  i n c r e a s e  i n  [ l e g a l ]  demands f o r  
h i g h e r  s t a n d a r d s  o f  t r e a t m e n t " ,  t h e n  we m i g h t  p o s t u l a t e  t h e  
f o l l o w i n g .  E f f l u e n t  s t a n d a r d s ,  o r  i n - s t r e a m  w a t e r  q u a l i t y  
s t a n d a r d s , a c t  on  t h e  p r o c e s s  o f  i n n o v a t i o n  i n  a  d i f f u s e d  a n d  
d i s t r i b u t e d  f a s h i o n .  S i n c e  t h e y  s p e c i f y  o n l y  t h e  c o n d i t i o n  
r e q u i r e d  t o  b e  m e t  by t h e  e f f l u e n t ,  t h e y  d o  n o t  h a v e  t h e  a b i l i t y  
t o  f o c u s  a t t e n t i o n  on  a n y  o n e  p a r t i c u l a r  a s p e c t  of t r e a t m e n t  
p l a n t  d e s i g n  o r  p l a n t  o p e r a t i o n  whe re  i n n o v a t i o n  m i g h t  b e  n e c e s -  
s a r y  t o  a s s i s t  i n  a c h i e v i n g  t h e  new s t a n d a r d s .  To a r g u e  t h a t  
l e g a l  a s p e c t s  a r e  weak i n n o v a t i v e  f o r c e s  is ,  howeve r ,  t o  c r i t i c i z e  
them f o r  n o t  a c h i e v i n g  t h a t  wh ich  t h e y  w e r e  n o t  i n t e n d e d  t o  a c h i e v e .  
I n  v e r y  s i m p l e  terms, w a t e r  p o l l u t i o n  c o n t r o l  l e g i s l a t i o n  h a s  
been  d e s i g n e d  t o  p r o t e c t  e n v i r o n m e n t a l  q u a l i t y  a n d  n o t  t o  moder- 
n i z e  w a s t e w a t e r  t r e a t m e n t  t e c h n o l o g y .  S h o u l d  it n o t ,  n e v e r t h e l e s s ,  
d o  b o t h ?  O r r  s u p p o r t s  t h e  e x p e c t e d  a f f i r m a t i v e  a n s w e r  t o  t h i s  
( l a r g e l y  r h e t o r i c a l )  a u e s t i o n  when h e  r e m a r k s  t h a t  " . . . a  v e r y  
s t r o n g  c a s e  c a n  b e  made f o r  a  s h i f t  i n  e m p h a s i s  i n  p o l i c y  f o r -  
m u l a t i o n  f rom a l l o c a t i v e  e f f i c i e n c y  t o  l o n g - t e r m  t e c h n i c a l  
a d a p t a t i o n "  ( O r r ,  1 9 7 6 ) .  



Let us continue the discussion of legislative, innovative 
forces. A common rebuttal of the proposition that real-time 
forecasting and control are beneficial is the question: why 
should a manager operate his plant less effectively than is 
possible merely to comply with a control objective that unreal- 
istically penalizes performance which isbetter than effluent 
(or stream) standards require? Recall, for the purpose of this 
question, that it is the nature of conventional control designs 
to penalize system performance that deviates in both a positive 
and a negative sense from the desired system performance. Recall 
also that operational decision-making might seem an unnecessary 
level of sophistication if a plant is already complying with 
standards without such decision-making. Consider then the 
following. Andrews, et al. (1979) describe a control system 
for nitrification in the oxygen activated sludge process. The 
basic aim is to remove ammonia from the waste stream. The Texas 
Department of Water Resources, however, reauires the wastewater 
treatment plant effluent, in this specific case, to be chlorinated 
in order to maintain a minimum chlorine residual of 1.0 gm-3. The 
chlorine residual may be a combined residual--such as chloramines 
formed from the reaction between chlorine and ammonia--or it may 
be a free residual. The concentration of ammonia in the activated 
sludge plant effluent affects, in a very complex manner, the 
ability to keep within the stated chlorine residual standard. 
In fact, from the point of view of operating costs, the plant 
manager might be encouraged to carry out less effective nitri- 
fication than is possible in order to satisfy chlorine standards. 

The example studied by Andrews et al. has also a second 
interesting feature. Suppose the regulatory agency imposes, as 
it does, instantaneous, 7-day average, and 30-day average con- 
straints on the allowed concentration of ammonia in the plant 
effluent. For a given situation, for instance, a spillage of 
toxic material into the sewer network, the plant manager could 
well be faced with an awkward dilemma. If he takes action to 
avoid process failure, his plant effluent may violate the 
instantaneous limit; if he does not take such action, the process 
may indeed fail and several weeks might be required for the growth 
of a new (nitrifying) culture. During those weeks the probability 
of violation of the 7-day average or 30-day average limit would 
be high. 

The conclusion to be drawn from the above two accounts is 
that the question posed earlier (about less effective treatment 
than is possible) is an over-simplified view of the problem of 
operational management. The legal requirements of water quality 
management do not remain fixed, as has been emphasized in section 
2. Standards change with time; in fact they appear to be becoming 
increasingly sophisticated (see also Taylor, 1977; Price and 
Pearson, 1979). And as the standards to be met become more 
sophisticated, so the introduction of at least an equal level of 
sophistication in day-to-day operational management is justified. 



5.2 The Human Factor 

Two assum~tions have dominated the discussion of this sec- 
tion on economics and innovation. They are: 

( i )  that operational management depends solely uDon the 
innovation of technical equipment such as computers, 
microprocessors, instrumentation, etc., and will 
therefore involve capital investment; 

(ii) that innovative changes result solely from economic 
feasibility studies. 

It is significant for the arguments of this paper that these 
assumptions are not entirely valid. In Figure 1 the attributes 
Of the "Controller or control function" are clearly identified 
as the "Processing of measured information" and the "Determina- 
tion of control action". But there is no suggestion that improved 
or innovative operational management has to depend upon costly 
investment in new equipment. It is also evident from the pre- 
ceding discussion of nitrification control that the element of 
(human) decision-making is critically important. As Hegg et al. 
(1978) note in their assessment of factors limiting wastewater 
treatment plant performance: 

"The highest ranking factor contributing to poor plant 
performance was operator application of concepts and 
testing to process control. ...p resent plant personnel 
are an untapped source for achieving improved performance." 

Clearly, innovative practice in water quality management does not 
necessarily require prior capital investment. It does, however, 
require an investment in human resources, and this is now widely -- 
recognized both at a policy level (see, for example, Wubbena, 
1979; Hill et al, 1979) and at the detailed technical level of 
individual unit process operation (Beck, 1977, 1978). 

Let us turn to the second assumption given above and make 
an alternative hypothesis: in many instances major technological 
innovation, such as the installation of a process computer, 
occurs because a key individual decides that it is attractive, 
irrespective of costs. 

In a recent study of the general problem of technological 
innovation, Robinson (1979) offers the following observation: 

"Consumer values and perceptions are critical to product 
success. Design and marketing activities of a soft nature, 
including advertisement and considerations of reliability, 
user convenience, and aesthetics cannot be dismissed as 
cosmetics. They may be decisive factors in determining 
the success of a technical innovation of a hard engineering 
nature. I' 



Suppose, therefore, that a decision is taken toinstall a computer 
and an instrumentation system for wastewater treatment plant con- 
trol or for in-stream water quality monitoring. Automation and 
computerization of this form should then neither assume the 
purely passive role of logging plant performance, nor aim for 
elimination of the human element from the control function. 
Rather, these technological innovations should be designed to 
foster an active interaction of man and computer in improving 
operational management. The alternative is that such technical 
aids to operational decision-making will lie stagnant and the 
advocates of real-time forecasting/control will be left to justify 
the failure of their rare opportunities to demonstrate the bene- 
fits of their ideas. 

6 INSTITUTIONAL AND LEGISLATIVE ARRANGEMENTS 

The importance of institutional and legislative arrangements 
should already be apparent. Institutional and legislative 
arrangements are essential components of long-term and short-term 
management functions described in section 2. They may also be 
decisive factors in the process of technological innovation (see 
section 5). It is instructive to reconsider some of these pre- 
vious arguments from the specific point of view of laws and in- 
stitutions in water quality management. 

Both the (U.K.) Institution of Chemical ~ngineers' report 
(Institution of Chemical Engineers, 1 9 7 4 )  and the recent (U.S.) 
Water Pollution Control Federation White Paper (Hill et al, 1 9 7 9 )  
express concern at the way in which the management of water 
quality is organized and administered. For example (Institution 
of Chemical Engineers, 1 9 7 4 ) :  

"The responsibility for designing plant often rests with 
firms of consulting engineers only a few of whom employ 
staff qualified to appraise novel equipment. In addi- 
tion the system of remuneration can be considered to 
act as a disincentive. A consulting engineer has to 
spend extra time and money to devise or to appraise 
new equipment which, if it results in a lower capital 
cost for the works, will result in a smaller fee for 
the consulting engineer." 

And in a similar vein (Hill, et al, 1 9 7 9 )  : 

"Equipment suppliers under the spur of an overly simplistic, 
competitive procurement philosophy sometimes deliver 
minimally accepted and short-lived hardware. 

The initial spurt of large amounts of construction funds 
led to instances of poor design and construction of many 
facilities, thus creating operation and maintenance prob- 
lems that make plant control difficult. In truth, many 
consultants, however capable mechanically, electrically, 
or structurally, seriously lack operation and maintenance 
expertise." 



Okun (1977)  a l s o  o b s e r v e s  how " d e s i g n s  a r e  p romulga ted  t h a t  
c o m m i t  f u n d s  t o  h i g h e r  c a , p i t a l  c o s t s  and lower  o p e r a t i n g  c o s t s  
b e c a u s e  o n l y  t h e  l a t t e r  must  b e  m e t  e n t i r e l y  f rom l o c a l  f u n d s " .  
Andrews, e t  a 1  (1979)  c o n t i n u e  t h i s  l i n e  o f  t h o u g h t  when t h e y  
s t a t e  t h a t  " i t  can  be  e x p e c t e d  t h a t  f u n d s  f o r  t r e a t m e n t  p l a n t  
o p e r a t i o n  and  m a i n t e n a n c e  w i l l  become more d i f f i c u l t  t o  o b t a i n  
s i n c e  t h e y  must  b e  p r o v i d e d  by i n c r e a s e s  i n  l o c a l t a x e s  and u s e r  
c h a r g e s  w h e r e a s  755 o f  t h e  f u n d s  for  p l a n t  d e s i g n  a n d  c o n s t r u c -  
t i o n  a r e  p r o v i d e d  by t h e  F e d e r a l  Government".  Such a s i t u a t i o n  
is  e x t r e m e l y  s h o r t - s i g h t e d  when o n e  r e c a l l s  t h e  r a p i d l y  i n c r e a s i n g  
r u n n i n g  c o s t s  o f  t r e a t m e n t  p l a n t s  ( s e c t i o n  5 ) .  

One can  o n l y  presume t h a t  t h i s  k i n d  o f  p s y c h o l o g i c a l . s e p a r a -  
t i o n  o f  t h e  c o n c e p t s  o f  d e s i g n  and  o p e r a t i o n  i s  e i t h e r  w i l f u l l y  
m a i n t a i n e d  o r  d e e p l y  i n g r a i n e d  i n  t h e  minds  o f  t h o s e  r e s p o n s i b l e  
f o r  w a t e r  q u a l i t y  management.  gain, t h e  Whi te  P a p e r  o f  t h e  
Water  P o l l u t i o n  C o n t r o l  F e d e r a t i o n  a d o p t s  a  s t r o n g  a t t i t u d e  
( H i l l  e t  a l l  1 9 7 9 ) :  

"The owner s ,  i n c l u d i n g  t h e  p u b l i c ,  must  r e a l i z e  t h a t  t o  
p r o v i d e  e f f i c i e n t ,  e conomica l  t r e a t m e n t ,  t h e i r  i n t e r e s t  
i n  t h e  wastewater t r e a t m e n t  f a c i l i t i e s  c a n n o t  s t o p  a t  
t h e  c o m p l e t i o n  o f  c o n s t r u c t i o n  ... . They c a n  no l o n g e r  
i g n o r e  t h e  l o c a l  r e s p o n s i b i l i t y  o f  day- to-day  o n e r a t i o n  
and  ma in t enance  o f  t h e  f a c i l i t i e s .  

Dur ing  t h e  p a s t  few y e a r s ,  t h e r e  h a s  been  a  s t e a d y  
d e c l i n e  i n  t h e  p r i o r i t y  EPA h a s  g i v e n  t o  n a t i o n a l  
programs i n  o p e r a t i o n  and m a i n t e n a n c e  and  t r a i n i n g .  
I n  v iew o f  t h e  s e r i o u s  p rob lems  it  i s  d i f f i c u l t  t o  
u n d e r s t a n d  how EPA c a n  j u s t i f y  s u c h  r e d u c t i o n s . "  

P e r h a p s  t h e  I n s t i t u t i o n  o f  Chemical  ~ n g i n e e r s '  r e p o r t  c a p t u r e s  
t h e  e s s e n c e  o f  t h e  p rob lem when it reconmends " t h a t  t h o s e  who 
d e s i g n  sewage works s h o u l d  b e  g i v e n  o p p o r t u n i t i e s  t o  commission 
them and  a l s o  t o  e v a l u a t e  t h e i r  pe r fo rmance" .  C e r t a i n l y ,  t h e  
I n t e r n a t i o n a l  A s s o c i a t i o n  f o r  Water  P o l l u t i o n  R e s e a r c h  h a s  f o r  
some t i m e  r e c o g n i z e d  t h i s  same problem and  h a s  convened  two 
workshops u n d e r  t h e  t i t l e  "Des ign -Opera t ion  I n t e r a c t i o n s  a t  La rge  
Wastewater  T r e a t m e n t  P l a n t s "  ( J e n k i n s ,  1972,  1 9 7 7 ) .  

T h e r e  c a n  b e  l i t t l e  d o u b t ,  t h e r e f o r e ,  t h a t  an  u n w i l l i n g n e s s  
t o  c o n s i d e r  d e s i g n  and  o p e r a t i o n  as  p a r t s  o f  t h e  same c o n t r o l  
f u n c t i o n - - t o  c o n s i d e r  j o i n t l y  l ong- t e rm and  s h o r t - t e r m  manage- 
ment - - i s  u n d e s i r a b l e .  One wonders  w h e t h e r  t h i s  p r o c e s s  o f  k e e p i n g  
d i f f e r e n t  f e a t u r e s  o f  t h e  problem i n  t h e i r  own i s o l a t e d  compart-  
ments  h a s  i t s  p r o f e s s i o n a l  c o u n t e r p a r t .  To what  e x t e n t ,  f o r  
example ,  do  s a n i t a r y  e n g i n e e r s ,  w a t e r  e n g i n e e r s ,  and  w a t e r  re- 
s o u r c e  s y s t e m s  a n a l y s t s  c o - o r d i n a t e  t h e i r  a c t i v i t i e s  t o w a r d s  
i n t e g r a t e d  r i v e r  b a s i n  management? And how q u i c k l y  d o e s  a n  
i n n o v a t i v e  i d e a  o r  p i e c e  o f  t e c h n o l o g y  p r o p a g a t e  between o p e r a -  
~ i o r ~ a l  management i n  w a t e r  t r e a t m e n t ,  w a s t e w a t e r  t r e a t m e n t ,  and  
r e s e r v o i r  s y s t e m s ?  The f a c t  t h a t  t h e s e  complex q u e s t i o n s  a r e  
i n t r i c a t e l y  r e l a t e d  t o  l e g i s l a t i v e  matters seems t o  be  c o n f i r m e d  
b y  t h e  f o l l o w i n g  s t a t e m e n t  i n  a  r e p o r t  f rom t h e  commi t t ee  on 



P u b l i c  Works and  T r a n s p o r t a t i o n  o f  t h e  U.S. House o f  Represen-  
t a t i v e s  (Committee on P u b l i c  Works and T r a n s p o r t a t i o n ,  1 9 7 5 ) :  

"Even among c o n s u l t i n g  e n g i n e e r s  and  p u b l i c  s e r v a n t s  
w i t h  l o n g  e x p e r i e n c e  i n  w a s t e  t r e a t m e n t  t h e r e  i s  a  
need  f o r  expanded  e n v i r o n m e n t a l  awareness .  I n  t h e  
minds o f  t o o  many p ro fes s iona l s ,PL-92-500  i s  a  l aw  
t o  b u i l d  w a s t e  t r e a t m e n t  f a c i l i t i e s  i n  t h e  same 
manner t h a t  t h e y  have  a lways  been b u i l t .  I t  i s  
v i t a l  t h a t  t h e s e  key  p e r s o n s  s e e k  t o  a p p l y  t h e  
v i s i o n a r y  c o n c e p t s  o f  PL92-500 w i t h o u t  r e p u d i a t i n g  
t h e  p r a c t i c a l i t y  o f  t h e  p a s t  . 
[Wastewater  t r e a t m e n t  f a c i l i t i e s ]  s h o u l d  b e  o p e r a t e d  
i n  a  manner t h a t  i s  c o n s i s t e n t  w i t h  t o t a l  e n v i r o n m e n t a l  
p r o t e c t i o n . ~ o n v e n t i o n a l  t h i n k i n g  must  be  a l t e r e d . "  

E l sewhere ,  D e  L u c i a  and  Ch i  (1978)  s u g g e s t  t h a t  t h e  ~ a t i o n a l  
Env i ronmen ta l  P o l i c y  A c t  and  U.S. P u b l i c  Law 92-500 s h i f t  t h e  
burden  o f  p r o v i n g  non-damage o f  t h e  env i ronmen t  o n t o  t h e  r e spon-  
s i b i l i t i e s  o f  t h e  i n d i v i d u a l  d i s c h a r g e r s .  S i n c e  t h i s  c o u l d  
imply  a  s t r o n g  i n c e n t i v e  f o r  d a t a  c o l l e c t i o n  it h a s  i m p o r t a n t  
consequences  for  t h e  t e c h n o l o g y  o f  w a t e r  q u a l i t y  m o n i t o r i n g .  
I n  o t h e r  words ,  l e g i s l a t i o n  c a n  d i r e c t ,  o r  m i s d i r e c t ,  t h e  f o r c e s  
o f  i n n o v a t i o n  and  i t  can  d i s t r i b u t e  t h e s e  f o r c e s  be tween d i f -  
f e r e n t  t e c h n o l o g i c a l  sectors, where sectors m i g h t  b e  d e f i n e d  a s  
t h e  t r a d i t i o n a l  sectors o f  t h e  w a t e r  i n d u s t r y ,  i . e .  w a s t e w a t e r  
t r e a t m e n t ,  w a t e r  p u r i f i c a t i o n ,  s t r e a m  management. 

6 . 1  P u b l i c  Law 92-500--A E e t r o s p e c t i v e  A n a l y s i s  

One o f  t h e  key r e s p o n s i b i l i t i e s  o f  t h e  i n s t i t u t i o n a l  manage- 
ment f u n c t i o n ,  a s  e v i d e n t  i n  t h e  s t a t e m e n t s  q u o t e d  f rom C a n t l e y  
(1978) i n  s e c t i o n  3 ,  is  t h e  r e s p o n s i b i l i t y  t o  c o n t i n u e  t o  l e a r n  

more a b o u t  t h e  way a  s y s t e m  behaves .  A t  t h e  b a s i c  l e v e l  o f  a  
l a b o r a t o r y e x p e r i m e n t  o n e  would l e a r n  by d e l i b e r a t e l y  chang ing  
some o f  t h e  i n p u t  v a r i a b l e s  and  by measu r ing  how t h e  o u t p u t  
v a r i a b l e s  r e s p o n d  t o  t h e s e  changes .    he e x p e r i m e n t e r  must  t h e n  
r e c o n s t r u c t  f rom t h e s e  o b s e r v a t i o n s  t h e  r e l a t i o n s h i p s  between 
c a u s e  and  e f f e c t .  The d r o u g h t  o f  1976 i n  t h e  U.K. was a n  impor- 
t a n t  n a t u r a l  e x p e r i m e n t  on t h e  " sys t em" .  So t o o ,  i n  r e t r o s p e c t ,  
was t h e  p a s s a g e  o f  PL-92-500 i n  t h e  U.S.; i t  was a  s i g n i f i c a n t  
p e r t u r b a t i o n  o f  t h e  i n s t i t u t i o n a l  s y s t e m  o f  w a t e r  q u a l i t y  manage- 
ment. I t  is t h u s  i n s t r u c t i v e  t o  a n a l y z e ,  w i t h i n  t h e  framework 
p r o v i d e d  by s e c t i o n  2 ,  what  c a n  b e  l e a r n e d  from t h a t  d i s t u r b a n c e  
o f  t h e  sys t em.  

L e t  u s  r e c a l l  F i g u r e  6 .  F o r  t h e  f o l l o w i n g  a n a l y s i s ,  which 
i s  b a s e d  on t h e  p r e v i o u s l y  q u o t e d  1975 r e p o r t  o f  t h e  C o m m i t t e e  
on P u b l i c  Works and  T r a n s p o r t a t i o n ,  it i s  d i f f i c u l t  t o  d e f i n e  
the  p r e c i s e  p h y s i c a l  components o f  t h e  "sys tem" and  t h e  " c o n t r o l -  
l e r " .  C l e a r l y  t h e  s y s t e m  t o  be  c o n t r o l l e d  i n c l u d e s  t h e  t r e a t -  
ment p l a n t s ,  p u r i f i c a t i o n  p l a n t s ,  and  r i v e r  b a s i n s .  S imply  f o r  
t h e  s a k e  o f  a rgument ,  l e t  u s  a l s o a s s u m e  t h a t :  



( i  governmental  l e g i s l a t i o n ,  which s p e c i f i e s  t h e  
g o a l s  o f  w a t e r  q u a l i t y  management a s  embodied 
i n  PL92-500, i s  p a r t  of  t h e  environment su r round ing  
t h e  system and c o n t r o l l e r ;  

( i i)  t h e  U.S. Environmental  P r o t e c t i o n  Agency (EPA) i s  
t h e  e s s e n t i a l  component o f  t h e  c o n t r o l l e r ;  

(iii) t h e  system, b e s i d e s  i t s  n a t u r a l  and man-made 
f a b r i c ,  a l s o  i n c l u d e s  t h e  munic ipa l  agenc i e s  
and p r o f e s s i o n a l  groups  r e s p o n s i b l e  f o r  p rov id ing  
t h e  d e s i g n  and o p e r a t i n g  f u n c t i o n s .  

There a r e  obvious  weaknesses i n  drawing t h e s e  d i s t i n c t i o n s .  For 
example, t h e  EPA might  be more a p p r o p r i a t e l y  viewed a s  p a r t  o f  
t h e  same sys tem a s  t h e  s t a n d a r d - ( o b j e c t i v e - )  s e t t i n g  procedure .  
I t  does ,  however, a c t  b a s i c a l l y  a s  an  a g e n t  a d m i n i s t e r i n g  and 
i n t e r p r e t i n g  a  r e c e i v e d  o b j e c t i v e  and it would, presumably,  have 
t o  i n t e r a c t  w i t h  o t h e r  ( p o l i t i c a l  and l e g a l )  i n s t i t u t i o n a l  sys-  
tems--here d e f i n e d  a s  p a r t  o f  t h e  environment-- in o r d e r  t o  b r i n g  
abou t  changes i n  t h a t  o b j e c t i v e .  The t e c h n i c a l  de s ign -ope ra t i ng  
agenc i e s  might r e a l l y  be a  p a r t  o f  t h e  c o n t r o l l e r ,  a l though  t h e  
s i t u a t i o n  of  " c o n f r o n t a t i o n "  t h a t  has  developed between t h e  EPA 
and t h e s e  a g e n c i e s  s u g g e s t s  more t h e  p i c t u r e  o f  a g e n c i e s  r e -  
sponding t o  c o n t r o l  a c t i o n s  imposed upon them by t h e  EPA. The 
s i m p l i f i c a t i o n  a f f o r d e d  by t h e  above assumpt ions  is n o t  i n  any 
way i n t ended  t o  t r i v i a l i z e  t h e  s u c c e s s e s  and d i f f i c u l t i e s  o f  
c u r r e n t  U . S .  p o l i c y  on w a t e r  q u a l i t y  management. I t  i s ,  i n  f a c t ,  
appa ren t  t h a t  F igu re  6 ,  t o  which we have r e f e r r e d ,  r e p r e s e n t s  
o n l y  a p a r t  o f  a  complex h i e r a r c h i c a l  c o n t r o l  s i t u a t i o n .  However, 
w i t h o u t  s i m p l i f i c a t i o n  t h e  a n a l y s i s  t h a t  f o l l ows  would a lmos t  
c e r t a i n l y  n o t  y i e l d  u s e f u l  i n s i g h t  i n t o  t h e  problem o f  wa t e r  
q u a l i t y  management. 

When PL92-500 was passed  i n  1972 it s p e c i f i e d  a  t i m e t a b l e  
f o r  a  sequence o f  o b j e c t i v e s :  t h e  i s s u a n c e  o f  p e r m i t s  t o  a l l  
munic ipa l  and i n d u s t r i a l  d i s c h a r g e r s  by December 31, 1974; t h e  
1977 d e a d l i n e  of " b e s t  p r a c t i c a b l e  c o n t r o l  technology c u r r e n t l y  
a v a i l a b l e "  f o r  i n d u s t r y ;  and t h e  g o a l  o f  f ishable/swimmable 
w a t e r s  by 1983. A s  a  c o n t r o l  problem t h e  l a w ' s  o b j e c t i v e  can 
t h u s  be viewed a s  a  c l a s s i c a l  servomechanism problem ( s e e  
F igu re  3 ( a )  and s e c t i o n  2 .1 ) .  I t  r e q u i r e s  t h e  performance o f  
t h e  system t o  be  a d j u s t e d  t o  a  time-;arying d e s i r e d  l e v e l  of  
performance r a t h e r  t han  t h e  maintenance o f  a  f i x e d  l e v e l  of  
performance i n  t h e  f a c e  o f  a  t ime-varying l o a d  on t h e  system 
( t h e  r e g u l a t o r  p rob lem) .  The law d i d  n o t  s imply  demand a  feed- 
forward c o n t r o l  s t r a t e g y  i n  t h e  s e n s e  d e f i n e d  i n  s e c t i o n  2 ;  it 
was n o t  de s igned  t o  m i t i g a t e  t h e  e f f e c t s  o f  known d i s t u r b a n c e s  
of t h e  system. However, l i k e  many feedforward c o n t r o l l e r s ,  
which a r e  w e l l - s u i t e d  t o  systems whose o u t p u t  r e sponse s  t o  i n p u t  
changes a r e  ve ry  s low,  c o n t r o l  a c t i o n  r e q u i r e d  by t h e  law was 
based upon a  "model" of  t h e s y s t e m ' s  dynamic behav iour .  I n  o t h e r  
words t h e  c o n t r o l l e r  based i t s  a c t i o n s ,  one  assumes, on p red ic -  
t i o n s  of  t h e  s y s t e m ' s  f u t u r e  performance.  But even though it 
may have acknowledged t h a t  t h e  s y s t e m ' s  response  would be  s low,  
t h e  law s t i l l  assumed an  over -es t imated  speed o f  r esponse .  The 
sys tem was s imply  n o t  a b l e  t o  meet t h e  r e q u i r e d  o b j e c t i v e s  i n  
t h e  r e q u i r e d  amount o f  t ime.  Indeed,  t h e  r e p o r t  o f  1975 no ted  
t h a t  " i r o n i c a l l y ,  where [improved wa t e r  q u a l i t y ]  i s  be ing  



achieved, alcng Lake Erie beaches, in the Hudson River, the 
Willamette River, and other lakes and streams, it is the result 
of earlier state and federal legislation, and particularly the 
1965 federal act". That significant observation suggests a time 
constant for the system response of the order of 10 years and 
not 2-3 years. 

Seen from the system's point of view the law's objectives-- 
its desired changes in the level of system performance--might 
well have been received as known, but unwanted input disturbances. 
However, in a spirit epitomizing the monitoring and control of 
strategic plans (see the comments quoted earlier from Cantley, 
1978), Garber (1977) has subsequently proposed that: "a major 
effort [be made] to evaluate and confirm numbers so that design 
consistent with the goal of environmental improvement can be 
achieved". He concludes that "standards appear to be necessary 
as guidelines, but if these cannot be based on scientific reality, 
achievement of a net positive impact of the great effort of 
PL92-500 is in no way assured". In other words, we might inter- 
pret Garber's statements as tantamount to testing the assumed 
relationships (or model) upon which the intent of PL92-500 had 
been based. The implementation of regulatory actions can be 
designed to control the system response, to experiment with and 
thus to learn more about the system's behaviour and to modify 
that behaviour. Equally so, however, a controller can adapt 
itself in order to compensate for some of the fundamental and 
immutable characteristics of the system's behaviour. 

The Committee report pays particular attention to the con- 
siderable level of detail in the requirements of PL92-500. A 
consistent level of detail (and accuracy) must therefore be 
assumed for monitoring the system's performance. Yet one obtains 
the impression from Garber (1977) and from the committee Report, 
which states that "the decision-making framework is almost always 
fuzzy and imprecise", that the level of detail specified by the 
law was unrealistically high. The objectives for the performance 
of the system may well have been defined either in terms of 
responsevariables that were extremely difficult to measure, or 
in terms of variables subject to substantial amounts of uncer- 
tainty (error)--consider, in fact, the idealization of Figure 6. 
Not unnaturally it would be virtually impossible to match the 
desired and actual performance of the system under such circum- 
stances. Indeed, as has happened, the comprehensive and detailed 
nature of the monitoring effort required by the law would lead 
to a great increase in the time devoted to information processing. 
There may also be confusion as to whether the determined control 
action would, with any reasonable confidence, bring about the 
desired system response. This might have been particularly 
relevant in view of the Committee Report's observation that 
"economic uncertainties make it extremely difficult to predict 
funding levels into the future". It is all too easy to say 
that the feedback part of the controller should have been designed 
in order to compensate for the effects of these unknown distur- 
bances of the system performance. But as we have said, at the 
beginning of section 4, the principle of feedback control is one 
of cancelling the deleterious effects of unknown input distur- 
bances of the system. 



7  RISK AND PROBLEMS FOR THE FUTURE 

From a  number o f  s o u r c e s  it i s  p o s s i b l e  t o  c o n c l u d e  t h a t  
w a t e r  q u a l i t y  i n  t h e  r i v e r s  and l a k e s  o f  i n d u s t r i a l i z e d  c o u n t r i e s  
is  improv ing  (Envi ronment  Agency, J a p a n ,  1979; OECD,  1979; 

C a s a p i e r i a n d  O w e r s ,  1979; Woodward, 1 9 7 9 ) .  T h i s  is, o f  c o u r s e ,  
a s t a t e m e n t  w i t h  r n a c r o s c o ~ i c  f o c u s .  The e s s e n t i a l  m o t i v a t i o n  b e h i n d  
t h i s  p a p e r s  l i e s  i n  i t s  t i t l e :  t i m e - v a r i a b l e  water q u a l i t y  manage- 
ment.  Above a l l  e l s e  t h e  p a p e r  h a s  s t r e s s e d  t h a t  o b j e c t i v e s ,  
p rob lems ,  and p e r f o r m a n c e  i n  w a t e r  q u a l i t y  management change  w i t h  
t i m e .  A r e c e n t  OECD r e p o r t  on a m e e t i n g  of t h e  M i n i s t e r s  o f  
Envi ronment  o f  t h e  OECD c o u n t r i e s  c o n v e n i e n t l y  summar izes  two 
p o i n t s  t h a t  w i l l  g u i d e  t h e  d i s c u s s i o n  o f  t h i s  s e c t i o n .  I n  t h e  
r e p o r t ' s  own words  (OECD,  1979)  : 

(i) " P r e v e n t i o n  [ i s ]  less c o s t l y  t h a n  c u r e u - - t h e  t i t l e  - 

o f  t h e  r e p o r t ;  
(ii) "The q u a l i t y  o f  f r e s h  w a t e r  h a s  improved i n  t h a t  

p o l l u t i o n  by suspended  s o l i d s  and o x i d i z a b l e  m a t t e r  
(BOD) h a s  s t a b i l i z e d  or  d e c r e a s e d  i n  c o u n t r i e s  where  
a c t i o n  h a s  been  t a k e n . . . " ;  b u t  " a s  t o  p o l l u t i o n  by 
s p e c i f i c  p o l l u t a n t s  and  m i c r o p o l l u t a n t s  ... t h e  s i t u a -  
t i o n  is  a  c a u s e  of i n c r e a s i n g  c o n c e r n "  where  
"among t h e  s p e c i f i c  p o l l u t a n t s  phosphorus  and  
n i t r o g e n  compounds p l a y  a  p a r t i c u l a r l y  i m p o r t a n t  
r o l e ,  " 

I t  may b e  assumed t h a t  a n  i n d u s t r i a l  s o c i e t y  g e n e r a t e s  a s  
much p o t e n t i a l l y  p o l l u t i n g  matter  t o d a y  (1979)  as it g e n e r a t e d ,  
s a y ,  t e n  o r  f i f t e e n  y e a r s  ago .  T h e o b s e r v e d  s i t u a t i o n  o f  a n  
improv ing  w a t e r  q u a l i t y  i n  r i v e r s  and  l a k e s ,  a t  l e a s t  i n  t e r m s  
o f  suspended  s o l i d s  a n d  e a s i l y d e g r a d a b l e  o r g a n i c  m a t t e r ,  i s  a  
s i t u a t i o n  i n  which a  bad  e n v i r o n m e n t a l  c o n d i t i o n  h a s  been  r e s t o r e d  
t o  a more o r  less a c c e p t a b l e  c o n d i t i o n .  Management o f  w a t e r  
q u a l i t y  o v e r  t h e  p a s t  d e c a d e  h a s  c o r r e c t l y  been  i n t e r p r e t e d  a s  a 
c u r a t i v e  s t r a t e g y .  And as  w e  a l r e a d y  d e s c r i b e d  i n  s e c t i o n  4 and  
F i g u r e  7 ,  t h e r e  i s  a  growing  a w a r e n e s s  t h a t  on  a  ( l o n g - t e r m )  
a v e r a g e  b a s i s  r i v e r  w a t e r  q u a l i t y  h a s  improved.  The  d i f f e r e n c e  
between t h e  b e g i n n i n g  and  e n d  o f  t h e  c u r r e n t  d e c a d e  i s  t h a t  
governments  h a v e ,  o v e r  t h a t  p e r i o d ,  i n v e s t e d  i n  t h e  w i d e s p r e a d  
c o n s t r u c t i o n  o f  wastewater t r e a t m e n t  f a c i l i t i e s .  A t  p r e s e n t  a 
g r e a t e r  amount o f  c o n t r o l  e f f o r t  i s  expended  i n  p r e v e n t i n g  a 
l a r g e r  p o r t i o n  o f  t h e  p o t e n t i a l l y  p o l l u t i n g  m a t t e r  f rom b e i n g  
a i s c h a r g e d  t o  r e c e i v i n g  w a t e r s .  

T h e r e  i s  j u s t i f i a b l y  a f e e l i n g  o f  s u c c e s s  a n d  o f  s a t i s f a c -  
t i o n  a t  t h i s  ach ievemen t .  Many o f  t h o s e  i n v o l v e d  i n  w a t e r  
q u a l i t y  management m i g h t  i n d e e d  f e e l  t h a t  t h e i r  j o b  h a s  b e e n  
w e l l  done  and t h a t  t h e  s i z e  o f  s t a f f  e s t a b l i s h m e n t s  i n  water 
a u t h o r i t i e s  c o u l d  t h u s  b e  r e d u c e d .  But  t h e  n a t u r e  o f  w a t e r  
q u a l i t y  management i s  s h i f t i n g  f rom a c u r a t i v e  to  a p r e v e n t i v e  
s t r a t e g y .  T h e r e  i s  now a  g r e a t e r  r e s p o n s i b i l i t y  to  p r e v e n t  
f a i l u r e s  i n  t h e  s y s t e m  o f  p o l l u t i o n  c o n t r o l  b e c a u s e ,  f i r s t ,  a 
g r e a t e r  number o f  f a c i l i t i e s  a n d  complex p r o c e s s e s  need  t o  b e  
o p e r a t e d  i n  o r d e r  t o  m a i n t a i n  c o n t r o l  a n d ,  s e c o n d ,  any f a i l u r e - -  
s u c h  a s  t h e  t r a n s i e n t  " c r i s e s "  of F i g u r e  7- -wi l l  b e  r e l a t i v e l y  



much more a p p a r e n t  and  damaging. A s t e a d i l y  improv ing  a v e r a g e  
w a t e r  q u a l i t y  might  a l s o  encourage  t h e  t endency  f o r  g r e a t e r  
u t i l i z a t i o n  o f  r i v e r  w a t e r  f o r  p o t a b l e  s u p p l y  ( i n  t h e  e v e n t  t h a t  
t h e  demand f o r  p o t a b l e  w a t e r  c o n t i n u e s  t o  i n c r e a s e ) .  Where such  
a b s t r a c t i o n  f a c i l i t i e s  e x i s t  t h e  e l e m e n t  o f  r i s k  i s  a l r e a d y  
e v i d e n t .  F o r  example,  Wallwork ( 1 9 7 9 ) , i n  d e s c r i b i n g  a m o n i t o r i n g  
sys t em f o r  t h e  p r o t e c t i o n  o f  a  w a t e r  s u p p l y  i n t a k e , o b s e r v e s :  

"A d i f f e r e n t  and s e v e r e  r i s k  t o  w a t e r  q u a l i t y  a r i s e s  
from t h e  f a c t  t h a t  f o r  17 km above  t h e  i n t a k e  works 
t h e  r i v e r  f l o w s  between two ma jo r  r o a d s . .  . . Dur ing  
t h e  p a s t  t h r e e  y e a r s  t h e r e  h a s  been  a h i s t o r y  o f  some 
dozen s p i l l a g e s  i n t o  t h e  r i v e r  from r o a d  d r a i n a g e  
o u t f a l l s  and  o t h e r  s o u r c e s ,  t h e  commonest p o l l u t a n t s  
b e i n g  hydroca rbon  f u e l s . "  

A l l  o f  t h i s  d o e s  n o t  n e c e s s a r i l y  imply  t h a t  real-time f o r e c a s t i n g /  
c o n t r o l  s y s t e m s  are i n d i s p e n s i b l e  t o  e v e r y  w a t e r  q u a l i t y  manage- 
ment scheme; b u t  it w i l l  r e d r e s s  t h e  imba lance  o f  r e s e a r c h  and 
development  a c t i v i t i e s ,  which c u r r e n t l y  f a v o u r  t h e  d e s i g n  r a t h e r  
t h a n  t h e  o p e r a t i o n a l  f u n c t i o n  o f  management. 

A s  t h e  OECD r e p o r t  p o i n t s  o u t ,  t h e  t y p e  o f  w a t e r  q u a l i t y  
management problems t o  be s o l v e d  a r e  chang ing  w i t h  t i m e .  The 
management o f  n i t r a t e  and p h o s p h a t e  l e v e l s ,  o r  t h e  management o f  
m i c r o p o l l u t a n t s ,  r e q u i r e s  d i f f e r e n t  t e c h n i q u e s ,  t e c h n o l o g i e s ,  
and s t r a t e g i c  p l a n n i n g .  I n  p a r t i c u l a r ,  t h e  s t r a t e g i c  p l a n n i n g  
f u n c t i o n  c a r r i e s  w i t h  it t h e  r e s p o n s i b i l i t y  t o  p u r s u e  a c t i v e l y  
a p r o c e d u r e  f o r  s c a n n i n g  t h e  medium-term f u t u r e  ( s a y  10-20 y e a r s  
hence )  f o r  emergent  problems.  One must  a t  l e a s t  a s k  t h e  ques-  
t i o n s :  how do  t h e  p l a n s  t h a t  are implemented t o d a y  a f f e c t  t h e  
a b i l i t y  o f  t h e  s y s t e m  and  i t s  c o n t r o l l e r  t o  a d a p t  t o  t h e  prob-  
l e m s  s f  t h e  f u t u r e ;  i f  t h e  emergen t  problems o f  t h e  f u t u r e  are 
i n  fact d i s c e r n i b l e ,  how d o e s  t h a t  e f f e c t  t h e  d e c i s i o n s  t a k e n  
today?  D e v e l o p m e n t s i n  t h e  w a t e r  i n d u s t r y  have  been  r e m a r k a b l y  
r a p i d  o v e r  t h e  p a s t  few y e a r s .  F o r  example,  who, f o u r  y e a r s  ago ,  
would have  r i s k e d  h i s  r e p u t a t i o n  on  p r e d i c t i n g . t h a t  t e l e m e t e r i n g  
ne tworks  f o r  r e a l - t i m e  s t r e a m  m o n i t o r i n g  would b e  implemented,  a s  
t h e y  now have  b e e n ,  i n  more t h a n  o n e  U . K .  water a u t h o r i t y ?  O r  
a g a i n ,  g i v e n  t h e  dominant  Swedish t h i n k i n g  t h a t  phosphorus  com- 
pounds c o n t r o l  t h e  r a t e  o f  e u t r o p h i c a t i o n  i n  l a k e s ,  why s h o u l d  
t h e r e  now b e  a n  i n c r e a s e d  i n t e r e s t  i n  a c h i e v i n g  n i t r i f i c a t i o n  
i n  Swedish w a s t e w a t e r  t r e a t m e n t  p l a n t s ?  And, i f ,  b e c a u s e  t h e  
removal  o f  ammonia, t h r o u g h  i t s  e f f e c t s  o n  pH and a l k a l i n i t y ,  
enhances  phosphorus  removal ,  how c a n  e x i s t i n g  p l a n t s  b e  a d a p t e d  
w i t h  minimum n o d i f i c a t i o n - - a n d  p a r t i c u l a r l y  by d i f f e r e n t  o p e r a t i n g  
p o l i c i e s - - t o  a c h i e v e  t h e  new o b j e c t i v e s ?  F u r t h e r m o r e ,  g i v e n  t h e  
r e s u l t i n g  i n c r e a s e d  l e v e l s  of n i t r a t e  i n  d i s c h a r g e s ,  would 
Swedish l a k e  e u t r o p h i c a t i o n  t h e n  s h i f t  f rom b e i n g  a  phosphorus-  
c o n t r o l l e d  t o  a  n i t r o g e n - c o n t r o l l e d  p r o c e s s ?  The same r a t e  of 
change  i n  t h e  p rob lems ,  p r a c t i c e ,  and o b j e c t i v e s  of w a t e r  q u a l i t y  
management, which h a s  been  o b s e r v e d  i n  t h e  r e c e n t  p a s t ,  c a n  b e  
e x p e c t e d  t o  p r e v a i l  i n  t h e  n e a r  f u t u r e .  I n  p a r t i c u l a r ,  o n e  
might  w e l l  now a s k  what  i s  t h e  p o t e n t i a l  f o r  s m a l l - s c a l e  (micro- 
p r o c e s s e r )  comput ing  a p p l i c a t i o n s  i n  w a t e r  q u a l i t y  management. 



A t  a  d e t a i l e d  t e c h n i c a l  l e v e l  s u c h  computing f a c i l i t i e s  a r e  
e s p e c i a l l y  i m p o r t a n t  f o r  r e a l - t i m e  o p e r a t i o n a l  f o r e c a s t i n g  and 
c o n t r o l ;  a t  a  m a n a g e r i a l  l e v e l  it h a s  been s u g g e s t e d  ( F i c k ,  1979) 
t h a t  t h e s e  f a c i l i t i e s  w i l l  be  p a r t i c u l a r l y  i m p o r t a n t  a s  " o n - l i n e "  
a i d s  t o  t h i n k i n g  and p l a n n i n g .  

So t h e  s t r a t e g i c  and l o n g e r - t e r m  p l a n n i n g  f u n c t i o n s  o f  w a t e r  
q u a l i t y  management must  d e a l  n o t  o n l y  w i t h  economic i n v e s t m e n t  
b u t  a l s o  w i t h  f u t u r e - p r o b l e m  s e a r c h i n g  and  w i t h  t e s t i n g  c u r r e n t  
a s s u m p t i o n s  a b o u t  b o t h  t h e  s y s t e m ' s  b e h a v i o u r  and  t h e  " b e s t "  
management p r a c t i c e .  A r e c e n t l y  comple t ed  p r o t o t y p e  s t u d y  o f  
t h e  W i l l a m e t t e  r i v e r  b a s i n  i n  t h e  U.S. i l l u s t r a t e s  s o m e  o f  t h o s e  
p o i n t s .  I t  c o n c l u d e d  t h a t  ( R i c k e r t  and H i n e s ,  1 9 7 8 ) :  

"The most  n o t e w o r t h y  f i n d i n g  was t h a t  a c r o s s - t h e - b o a r d  
advanced  w a t e r  t r e a t m e n t  was n o t  t h e  answer  t o  t h e  
problem o f  m e e t i n g  s t r i n g e n t  w a t e r  q u a l i t y  s t a n d a r d s  
e s t a b l i s h e d  f o r  t h e  W i l l a m e t t e  R i v e r .  T h i s  i m p l i e s  
t h a t  r i g i d  n a t i o n w i d e  s t a n d a r d s  a n d  r e g u l a t i o n s  a r e  
l i k e l y  t o  r e s u l t  i n  unneeded e x p e n d i t u r e s  i n  some 
r i v e r  b a s i n s  and  i n  u n a c h i e v e d  s t a n d a r d s  i n  o t h e r s .  
I t  was a l s o  found  t h a t  e x i s t i n g  w a t e r  q u a l i t y  d a t a  
c o l l e c t e d  unde r  [ r o u t i n e ]  m o n i t o r i n g -  and  s u r v e i l l a n c e -  
t y p e  programs a r e  i n a d e q u a t e  f o r  d e f i n i n g  t h e  c r i t i c a l  
c a u s e - e f f e c t  r e l a t i o n s h i p s  t h a t  c o n t r o l  r i v e r  q u a l i t y  
problems.  I n t e n s i v e ,  s y n o p t i c  s u r v e y s  keyed t o  l o c a l  
p rob lems  and  c o n d i t i o n s  a r e  r e q u i r e d  t o  p r o v i d e  a n  
a d e q u a t e  i n f o r m a t i o n  b a s e  f o r  making key  management 
d e c i s i o n s . "  

Moreover ,  t o  r e i t e r a t e  t h e  i n t r o d u c t o r y  r emarks  o f  t h i s  p a p e r ,  
i t  i s  n e c e s s a r y  t o  examine how s t r a t e g i c ,  l o n g - t e r m  p l a n n i n g  
a f f e c t s  day-to-day o p e r a t i o n a l  management a n d  v i c e  v e r s a .  I f  
w a t e r  p o l l u t i o n  c o n t r o l  l e g i s l a t i o n  s p e c i f i e s  r i g i d  e f f l u e n t  
s t a n d a r d s  t h i s  c o u l d  have  a d v e r s e  consequences  f o r  t h e  a b i l i t y  
o f  t h e  s y s t e m  t o  a d a p t  t o  new p rob lems .  Imag ine ,  f o r  i n s t a n c e ,  
t h a t  t h e  r i g o r o u s  a d m i n i s t r a t i o n  o f  e f f l u e n t  s t a n d a r d s  f o r  
m i c r o - p o l l u t a n t s  f o r c e s  a  s i g n i f i c a n t  a c c e l e r a t i o n  o f  i n n o v a t i o n  
o f  new t e c h n o l o g y  f o r  w a s t e w a t e r  t r e a t m e n t .  T h i s  m i g h t  e n g e n d e r  
t h e  s i t u a t i o n  i n  which v e r y  few a d v a n c e s  a r e  made i n  t h e  t e c h -  

* no logy  o f  removing m i c r o p o l l u t a n t s  d u r i n g  w a t e r  p u r i f i c a t i o n  
f o r  p o t a b l e  s u p p l y .  Such  l e g a l  a r r a n g e m e n t s  would l e a d  ( a l b e i t  
i n a d v e r t e n t l y )  t o  an  i n c r e a s i n g  v u l n e r a b i l i t y  o f  d i r e c t l y  ab- 
s t r a c t e d  w a t e r  s u p p l i e s  t o  t h e  r i s k s  o f  a c c i d e n t a l  u p s t r e a m  
s p i l l a g e s  and  t h e  f a i l u r e  o f  equipment  a t  w a s t e w a t e r  t r e a t m e n t  
p l a n t s .  C o n s i d e r  a l s o ,  i n  a  d i f f e r e n t  c o n t e x t ,  t h e  n o v e l  sugges-  
t i o n  o f  a  U . K .  i n d u s t r i a l i s t  t h a t  t h e  c o n d i t i o n s  s p e c i f i e d  f o r  
h i s  p l a n t ' s  d i s c h a r g e  s h o u l d  b e  c o u p l e d  t o  t i m e - v a r y i n g  r i v e r  
f l o w  c o n d i t i o n s  ( P r i c e  and  P e a r s o n ,  1 9 7 9 ) .  T h i s  s u g g e s t i o n  m e t  
w i t h  t h e  u n d e r s t a n d a b l e  r e s p o n s e  t h a t  it migh t  n o t  be  p o s s i b l e  
t o  f i n d  s u i t a b l e  l e g a l  wording  f o r  t h i s  k i n d  o f  c o n s e n t  t o  
d i s c h a r g e  t o  a  r e c e i v i n g  w a t e r  body. 

To summarize,  t h e r e f o r e ,  what  i s  r e a u i r e d  f o r  f u t u r e  w a t e r  
q u a l i t y  management a r e  e l e m e n t s  o f  a d a p t i b i l i t y ,  f l e x i b i l i t y ,  
s a f e - f a i l u r e ,  l e a r n i n g  p r o c e d u r e s ,  a n d  a  sound a p p r e c i a t i o n  o f  



t i m e - v a r i a b i l i t y .  T h a t  t h i s  p a p e r  a d o p t s  s u c h  a v iew i s  due 
s i g n i f i c a n t l y  t o  t h e  work o f  H o l l i n g  and  h i s  a s s o c i a t e s  i n  
a d a p t i v e  e n v i r o n m e n t a l  management (see, f o r  example ,  H o l l i n g ,  
1978; Walters and  H i l b o r n ,  1978; and  C l a r k  e t  a l l  1979) and  t o  
a n  e d u c a t i o n a l  background i n  c o n t r o l  e n g i n e e r i n g .  I n  p r a c t i c e ,  
t h o s e  b a s i c  e l e m e n t s  mean: 

( i )  a d a p t a b i l i t y  - b o t h  t h e  s y s t e m  t o  be  c o n t r o l l e d  
and i t s  c o n t r o l l e r  c a n  a d a p t  t o  s i g n i f i c a n t  changes  
i n  t h e  t e c h n o l o g y ,  t h e  problems t o  b e  s o l v e d ,  and  
t h e  d e s i r e d  o b j e c t i v e s  f o r  w a t e r  q u a l i t y  management; 

( i i) f l e x i b i l i t y  - t h e  means f o r  e a s y  a d a p t a t i o n  a r e  
c o n t i n u o u s l y  b e i n g  s o u g h t ;  

(iii) s a f e - f a i l u r e  - g i v e n  t h a t  a s y s t e m  c a n n o t  b e  d e s i g n e d  
t h a t  w i l l  n o t  f a i l  i n  some s e n s e ,  t h e n  t h e  a b i l i t y  
t o  f a i l  " s a f e l y "  i s  d e s i r a b l e ;  

( i v )  l e a r n i n g  p r o c e d u r e s  - t h e  s y s t e m  o f  w a t e r  q u a l i t y  
and  i t s  management are n o t  c o m p l e t e l y  known, and  
t h u s  r e s o u r c e s  s h o u l d  b e  a l l o c a t e d  i n  o r d e r  t o  
l e a r n  more; 

( v )  t i m e - v a r i a b i l i t y  - v e r y  l i t t l e ,  i f  a n y t h i n g ,  r ema ins  
i n v a r i a n t  w i t h  t i m e .  

8  CONCLUSIONS 

There  a r e  a  number o f  p o i n t s  o f  view i n  d i s c u s s i n g  t h e  
problem o f  water q u a l i t y  management. The d i s c u s s i o n  o f  t h i s  
p a p e r  r e f l e c t s  some o f  t h o s e  p o i n t s  o f  v iew,  f o r  example ,  t h e  
a n a l y t i c a l  framework o f  c o n t r o l  s y s t e m s ,  and  t h e  p e r s p e c t i v e s  
o f  economics  and  i n n o v a t i o n ,  o f  i n s t i t u t i o n a l  and  l e g i s l a t i v e  
a r r a n g e m e n t s ,  and  o f  r i s k .  The p r i n c i p a l  a rgument  o f  t h e  p a p e r  
i s  t h a t  w a t e r  q u a l i t y  management i s  a t i m e - v a r i a b l e  problem; i n  
p a r t i c u l a r ,  p r e s e n t  t r e n d s  i n  w a t e r  q u a l i t y  management r e q u i r e  
long- t e rm s t r a t e g i c  p l a n n i n g  t o  b e  c o n s i d e r e d  t o g e t h e r  w i t h  
s h o r t - t e r m  o p e r a t i o n a l  management. An o b j e c t i v e  02 t h i s  a rgument  
h a s  been  t o  examine  how m a t t e r s  o f  p o l i c y  f o r m u l a t i o n  a f f e c t  t h e  
need  f o r  and  f e a s i b i l i t y  o f  real-time water q u a l i t y  management. 
Our c o n c l u s i o n  i s  t h a t  t h e r e  are sound r e a s o n s  f o r  a d d r e s s i n g  
i n c r e a s e d  r e s e a r c h  and deve lopmen t  a t t e n t i o n  t o  real-time w a t e r  
q u a l i t y  management. 

Because t h e  p a p e r  l o o k s  a t  w a t e r  q u a l i t y  management f rom 
d i f f e r e n t  p e r s p e c t i v e s ,  it i s  n o t  a p p r o p r i a t e  t o  t r y  and  c o n c l u d e  
w i t h  a s t r i c t l y  l i n e a r  a rgument  i n  s u p p o r t  o f  t h e  p a p e r ' s  o b j e c -  
t i v e .  The f o l l o w i n g  i s  t h u s  a n  a s sembly  o f  i n t e r - r e l a t e d ,  b u t  
n o t  n e c e s s a r i l y  s e q u e n t i a l l y  d e p e n d e n t ,  f a c t o r s  i n f l u e n c i n g  t h e  
d e s i r e d  p r i n c i p l e  o f  t i m e - v a r i a b l e  water q u a l i t y  management. 

o  W e  have  s a i d  t h a t  t h e r e  a r e  s i g n i f i c a n t  i n t e r a c t i o n s  
be tween long- t e rm and  s h o r t - t e r m  water q u a l i t y  manage- 
ment.  The i m p o r t a n c e  o f  t h e s e  i n t e r a c t i o n s  becomes 
p a r t i c u l a r l y  a p p a r e n t  when s t r a t e g i c  long- t e rm 
management i s  i n t e r p r e t e d  as a f e e d b a c k  and  a d a p t i v e  
c o n t r o l  problem. 



Those a r e a s  i n  which i n t e r a c t i o n  between long- t e rm and 
s h o r t - t e r m  management i s  l i k e l y  t o  b e  most  pronounced 
a r e :  i n  chang ing  t h e  way i n  which w a t e r  q u a l i t y  c a n  
b e  m o n i t o r e d ,  and t h u s  i n  chang ing  t h e  way i n  which 
w a t e r  q u a l i t y  o b j e c t i v e s  can  be s p e c i f i e d ;  and i n  
i n c r e a s i n g  t h e  r a n g e  o f  o p t i o n s  a v a i l a b l e  t o  management. 
Rea l - t ime f o r e c a s t i n g  and  c o n t r o l  t e c h n i q u e s  i n  w a t e r  
q u a l i t y  management c a n  be viewed a s  a  p rob lem o f  t e c h -  
n o l o g i c a l  i n n o v a t i o n  o r  o f  i n n o v a t i v e  p r a c t i c e .  I n s t i -  
t u t i o n a l  and l e g i s l a t i v e  a r r a n g e m e n t s  c a n  have  a  s i g -  
n i f i c a n t  e f f e c t  upon t h e  p romot ion  or  s u p p r e s s i o n  o f  
i n n o v a t i o n .  Fo r  t h i s  and  o t h e r  r e a s o n s  it c a n  be 
i n s t r u c t i v e  to  pe r fo rm r e t r o s p e c t i v e  a n a l y s e s  o f  t h e  
f o r m u l a t i o n  and  i m p l e m e n t a t i o n  o f  l a w s  r e l a t i n g  t o  
w a t e r  p o l l u t i o n  c o n t r o l .  
When c o n s i d e r i n g  t h e  p r o c e s s  o f  i nnova t ion ,human  f a c t o r s  
may be j u s t  a s  s i g n i f i c a n t  a s  economic f a c t o r s  i n  
d e t e r m i n i n g  changes  i n  c o n v e n t i o n a l  p r a c t i c e .  Moreover,  
o n e  must  d i s t i n g u i s h  between "au tomat ion"  and  "ope ra -  
t i o n a l  c o n t r o l " ;  s h o r t - t e r m  water q u a l i t y  management i s  
v e r y  much conce rned  w i t h  t h e  l a t t e r  a n d  w i t h  t h e  impor- 
t a n t  r o l e  o f  management dec i s ion -mak ing  i n  o p e r a t i o n a l  
c o n t r o l .  
S p e c i f i c  a r e a s  o f  new t e c h n o l o g y  f o r  t h e  w a t e r  i n d u s t r y  
i n c l u d e  m i c r o p r o c e s s o r  a p p l i c a t i o n s  and t h e  u s e  o f  models  
a s  a i d s  t o  o p e r a t i o n a l  dec i s ion -mak ing .  I t  would b e  
h e l p f u l  t o  have  c r i t i c a l  s t u d i e s  o f  t h e  p r o s p e c t i v e  
b e n e f i t s  o f  t h e s e  new and r a p i d l y  d e v e l o p i n g  t e c h n i q u e s .  
I n  a  few, b u t  i n c r e a s i n g  number o f  c a s e s ,  o p e r a t i o n a l  
r i v e r  b a s i n  management schemes have  been implemented.  
These  schemes i n c l u d e  t e l e m e t e r e d  i n - s t r e a m  w a t e r  
q u a l i t y  m o n i t o r i n g  ne tworks ,  o n - l i n e  s e w e r  ne twork  
and w a s t e w a t e r  t r e a t m e n t  p l a n t  c o n t r o l ,  a n d  w a t e r  s u p p l y  
d i s t r i b u t i o n  c o n t r o l .  I n i t i a l  o p e r a t i n g  e x p e r i e n c e  
f rom s u c h  schemes i s  a n  i n v a l u a b l e  s o u r c e  o f  f e e d b a c k  
f o r  t h e  f o r m u l a t i o n  o f  f u t u r e  management p o l i c i e s .  
From r e c e n t  r e p o r t s  o f  t h e  q u a l i t y  o f  w a t e r  r e s o u r c e s  
i n  i n d u s t r i a l i z e d  c o u n t r i e s  i t  may be conc luded  t h a t  a  
basic s h i f t  i n  water q u a l i t y  management, f rom a  c u r a t i v e  
t o  a p r e v e n t i v e  s t r a t e g y ,  i s  i n  p r o g r e s s .  On t h e  b a s i s  
o f  t h i s  o b s e r v a t i o n ,  it c a n  b e  a r g u e d  t h a t  emphas i s  i n  
r e s e a r c h  and development  a c t i v i t i e s  s h o u l d  b e  t r a n s f e r r e d  
from t h e  d e s i g n  t o  t h e  o p e r a t i o n a l  f u n c t i o n  o f  management. 
The c h a n g i n g  n a t u r e  o f  water q u a l i t y  management may 
p o t e n t i a l l y  l e a d  t o  an i n c r e a s i n q  awareness  o f  t h e  r i s k  
o f  f a i l u r e s  and  a c c i d e n t s  i n  t h e  s y s t e m  o f  management. 
How, if a t  a l l ,  a r e  r e a l - t i m e  f o r e c a s t i n g / c o n t r o l  and  
institutional/legislative a r r a n g e m e n t s  r e l a t e d  t o  
t h i s  problem? 
An a r e a  i n  which d e s i g n / o p e r a t i o n  ( l o n g - t e r m / s h o r t - t e r m  
management) i n t e r a c t i o n s  a r e  e s p e c i a l l y  i m p o r t a n t  is  
w a s t e w a t e r  t r e a t m e n t .  C u r r e n t  d e s i g n s  f o r  w a s t e w a t e r  
t r e a t m e n t  p l a n t s  s e r i o u s l y  a f f e c t  t h e  c a p a b i l i t y  o f  
management t o  a d a p t ,  p o s s i b l y  t h r o u g h  d i f f e r e n t  
o p e r a t i n g  p o l i c i e s ,  t o  d i f f e r e n t  w a t e r  q u a l i t y  problems 
and  o b j e c t i v e s  i n  t h e  f u t u r e .  



o  L a s t l y ,  p a r t  o f  t h e  d i f f i c u l t y  i n  j u s t i f y i n g  s h o r t - t e r m  
w a t e r  q u a l i t y  management is t h e  l a c k  o f  a  s u i t a b l e  
framework f o r  economic a n a l y s i s .  Such a  framework 
f o r  a n a l y s i s  would have  t o  b e  c a p a b l e  o f  a s s e s s i n g  
f i x e d  ( c a p i t a l )  and  v a r i a b l e  ( o p e r a t i n g )  c o s t s  t o g e t h e r ,  
o f  a c c o u n t i n g  f o r  equipment  f a i l u r e ,  and t r a n s i e n t  
p o l l u t i o n  i n c i d e n t s ,  and  o f  i n t e g r a t i n g  t h e  costs o f ,  
f o r  example ,  s t r e a m f l o w  r e g u l a t i o n  and  w a s t e w a t e r  
t r e a t m e n t .  

I n  t h i s  p a p e r  t h e  b a s i c  c o n c e r n  h a s  been  o n e  o f  a n a l y z i n g  t h e  
chang ing  n a t u r e  o f  w a t e r  q u a l i t y  problems and  o f  a n a l y z i n g  how 
t h a t  chang ing  n a t u r e  r e q u i r e s  an  e v o l v i n g  management s t r a t e g y .  
F u r t h e r  a n a l y s i s  is  n e c e s s a r y  b e f o r e  t h e  s y n t h e s i s  of new 
g u i d e l i n e s  f o r  p o l i c y  f o r m u l a t i o n  i n  w a t e r  q u a l i t y  management. 
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Figure 4 .  A h i e r a r c h i c a l  con t ro l  scheme: c o n t r o l l e r  (1) s p e c i f i e s  the  
des i r ed  performance (ob jec t ives )  f o r  c o n t r o l l e r  (2)  (dashed 
l i n e s  i n d i c a t e  measurements). 
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Figu re  6 .  M a n a g e m e n t  w i t h  feedback (dashed l i n e s  i n d i c a t e  m e a s u r e m e n t s ) .  
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