






























































































































































































(1971), an American economist of Rumanian origin, has for more 
than a decade now tried to tell his fellow economists that 
evolution, the entropy law and the economic process are inherently 
one whole and that the profession of economists should depart 
from staying within formal theories. He also concluded that, 
in contrast to present opinion, economics as a field of knowledge 
can only survive if economists shape their views on ecology, that 
is economics is in dialectical fashion "contained" in ecology. 

Having discussed "the accomplishment of an end", I have to 
shift to "the judicious use of means", that is the tools of water 
quality management and their application in space and time. 
When I presented "water quality", I more or less automatically 
had to mention wastewater treatment, modification of production 
processes, administrative measures, the task of monitoring and 
judging the "(physical, chemical, biological) state of waters", 
of setting up permissible (point) source discharges, and other 
aspects such as these. Some additional measures of "Water 
Quality Management" are compiled in Table 2 (after Stumm and 
Stumm-Zollinger, 1971). 

The application of these measures in space and time call 
for a topic that can be named "Management of Water Quality Plan- 
ning". It seems to me that a general discussion of this topic 
is not meaningful. However, certain general features should be 
presented first before I describe under "Institutional Con- 
straints" some problems from my experience. 

In any comprehensive planning study, the subject of that 
study should be described first. Although not true in every 
case, one can say that in more densely populated areas the 
"(physical, chemical, biological) state of waters" and "water 
quality" are determined primarily by the loads of various kinds 
(matter, heat, radiation) that are discharged into the respective 
waters. In addition, every water body holds at certain points 
along its course both surface and subsurface drainage areas. 
For ease of presentation let us assume that both coincide. The 
loads are caused by "human activity and behaviour", and the 
consequence of this discharge is a deterioration of the "state 
of waters" as described previously. If we are charged with 
establishing a plan for managing water quality in any catchment, 
it is our task to transform "human activity and behaviour" into 
loads (matter, heat, radiation) that reach the water course and 
we have to check what countermeasures should be conceived and 
implemented. In applied work, we encounter now a first difficulty, 
namely, all statistical data available are grouped according to 
political boundaries. For water planning purposes, however, 
the boundaries to consider are those of the drainage area, and 
in the cases of lakes and inputs via air, one has to go beyond 
the boundaries of the drainage area in trying to locate the 
source of an input. 

In reference to Figure 1 we have such a planning study to 
try to set up the loading within a drainage basin for a certain 
point in time to, and we would do well to distinguish between 
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Table 2. Some additional measures of water quality management. 

I 
l~educin~ Ecological Srabili ty Promoting Ecological Stability 

Increase of Energy Flow 
by disposing of nutrients for 
heterotrophs and autotrophs 

by mixing (destratifying, 
sediment dredging, etc.) 

by heat disposal 
by imposing turbulence 

P-R Balance Restoration 
by reducing waste input 
by harvesting or washing out ! 
of biomass I 

by reducing relative residence 
time or by trapping of i 

nutrients I 
by mixing (bringing P and R 
together 

by fish management 

i 
i 

bv aeration i 
I 
I I 
"xploitation of Adjacent Soil ? ; Conservative Land Management 
I by crop growing, seeding, ' by reforestation 1 

weeding and grazing by restricting monoculture 
by fertilizing and irrigating I productivity h 

by deforestation : I by zoning (maintaining zones f 
by converting grass land into adjacent to open waters which 
cropland i are kept free of fertilizers , 

by applying herbicides and and of low net productivity) I 
pesticides i by controlling erosion I 

1 by using detritus agriculture i 
I 

4 

Reduction of Structure t Enhancement of Biological Com- 
; plexity I 

by using algicides i by establishment of ecological : 
by destruction of niches (re- ! niches (zones, waterfront i 

moval of reeds) i development I 
I 
i I by episodical physical per- ; by seeding diverse populations 1 

turbations (flushouts, and recirculating certain I 

temperature discharges, , organisms 
shock loadings) by maintaining relatively high I 

I by excessive harvesting biomass compatible with 
I by disposal of strange energy flow 1 

chemicals by maintaining stratification 1 
by interfering with chemo- by selective harvesting 
stasis by maintaining high chemical f 

buffer intensity (weathering I 
of rocks) 

Note: P-R-Balance means "production-respiration-balance" and implies 
that the phenomena of pollution are not observable as long as pro- 
duction and respiration check one another. 



g r o s s  l oads  ( t h a t  i s ,  a l l  l o ads  d i s c h a r g e a b l e ,  i r r e s p e c t i v e  of  
wastewater  t r e a t m e n t )  and n e t  l oads  ( t h a t  i s ,  a l l  l o ads  d i s cha rged ,  
i n c l u d i n g  t h o s e  t r e a t e d ) .  Fur thermore ,  w e  have t o  d i s t i n g u i s h  
between v a r i o u s  chemical  pa ramete r s  ( s a y  BODg, DOC, COD, TOC, t o t a l  
n i t r o g e n ,  t o t a l  phosphorus ,  t o t a l  heavy meta l ( s )  e t c . )  and w e  a r e  
o b l i g e d  t o  a s s e s s  a l l  e x i s t i n g  i n p u t s .  ( W e  have t o  have i n  mind 
t h a t  e f f e c t  a l o n e ,  a s  obse rved  by moni to r ing  i n  a  r i v e r ,  i s  n o t  
s u f f i c i e n t  f o r  c u r e ;  w e  a l s o  have t o  know t h e  s o u r c e  and i t s  
pathways.)  The n e x t  s t e p  i s  a  t r a n s f e r  of t h e  n e t  l o a d s  a t  to 
i n t o  a  c o n c e n t r a t i o n  t e r m ,  and a t  t h i s  s t a g e  t h e  h y d r a u l i c s  and 
hydrology o f  t h e  body of wa t e r  concerned have t o  be  s p e c i f i e d .  
For most c a s e s ,  d rought  c o n d i t i o n s  w i l l  be  a p p r o p r i a t e  f o r  
d i s s o l v e d  components. (From o b s e r v a t i o n  on many r i v e r s  i n  (cen- 
t r a l )  Europe t h a t  have been impounded f o r  hydropower g e n e r a t i o n  
and n a v i g a t i o n ,  however, w e  know t h a t  t h e  w o r s t  t o t a l  concen t ra -  
t i o n s  e x i s t  du r ing  t h e  r i s i n g  l imb of  a  f l o o d .  Th i s  dynamic 
problem i s ,  however, n o t  y e t  amenable t o  a  q u a n t i t a t i v e  a n a l y s i s . )  
The e s t i m a t e d  (and maybe a l s o  observed)  c o n c e n t r a t i o n s  under low 
f low c o n d i t i o n s  have t o  be  compared w i t h  t h e  d e s i r e d  r e f e r e n c e  
s t a t e  and t h i s  comparison de t e rmines  t h e  a c t i o n  t o  b e  t aken .  

So much f o r  g e n e r a l  remarks.  I n  o r d e r  t o  d i s c u s s  t h e  p r e s e n t  
s i t u a t i o n  i n  c e n t r a l  Europe ( A u s t r i a ,  sou the rn  Germany, S w i t z e r l a n d ) ,  
l e t  m e  mention t h a t  d i l u t i o n  i n  t h e  r e c i p i e n t s  i s  a t  low f low 
c o n d i t i o n s  i n  most d r a i n a g e  b a s i n s  t e n f o l d  o v e r  t h e  f low of was te  
w a t e r s  d i s cha rged .  I n  A u s t r i a  w e  have succeeded i n  e s t a b l i s h i n g  
f u l l  b i o l o g i c a l  was tewate r  t r e a t m e n t  ( a  s l u d g e  age  o f  4 d ays )  a s  
a  g e n e r a l  r u l e .  Wuhrmann (1969) ha s  shown i n  h i s  work t h a t  
d i l u t i o n  i s  a b s o l u t e l y  no l a s t i n g  s o l u t i o n  f o r  combating p o l l u -  
t i o n  and t h a t  t h e  s e l f - p u r i f y i n g  c a p a c i t y  of  a  r i v e r  i s  g r e a t e s t  
i n  t h e  most p o l l u t e d ,  b u t  s t i l l  a e r o b i c ,  r e aches .  

S t u n d l  (1975) r e p o r t e d  t h a t  i n  " ~ a s s e r g u t e k l a s s e  11"  ( " c a t e -  
gory  of  wa t e r  q u a l i t y  2 " ) ,  a cco rd ing  t o  t h e  s a p r o b i c  system used 
i n  A u s t r i a ,  t h e  energy  u t i l i z e d  by h e t e r o t r o p h s  i s  250 J/ ( m 2  of 
we t t ed  a r e a  o f  r e c i p i e n t )  (day)  whereas i n  " ~ a s s e r g u t e k l a s s e  IV", 
s t i l l  under a e r o b i c  c o n d i t i o n s ,  t h i s  f i g u r e  i s  a s  h igh  a s  12,600 
~ / ( m ' . d a ~ )  and o f  t h e  same s i z e  a s  t h e  incoming r a d i a t i o n  from 
t h e  sun.  T h i s  i n  t u r n  means t h a t  i f  w e  would l i k e  t o  have c l e a n  
r e c i p i e n t s  w i t h  l i f e  e x i s t i n g  a t  a  n e a r - n a t u r a l  s t a t e ,  t h e  s e l f -  
a s s i m i l a t i v e  c a p a c i t y  by t h e  h e t e r o t r o p h i c  pathways i s  s o  s m a l l  
t h a t  it has  t o  be n e g l e c t e d .  A doub l ing  i n  t h e  e f f l u e n t  l oad  
d i s cha rged  from a  t r e a t m e n t  p l a n t  w i l l  i n f l u e n c e  t h e  d i r e c t  down- 
s t r e am c o n c e n t r a t i o n  by 10 p e r  c e n t  under such c i r cums t ances ,  
and t h i s  f i g u r e  seems t o  m e  t o  be  i n  t h e  o r d e r  o f  accuracy  o f  
a  moni to r ing  network.  The re fo r e  r e a l - t i m e  management o f  wa t e r  
q u a l i t y  under t h e  c o n d i t i o n s  w i t h i n  most of t h e  c e n t r a l  European 
d r a i n a g e  b a s i n s  w i l l  mean t h e  g r a d u a l  (year-by-year)  approach 
towards a  n e a r - n a t u r a l  s t a t e  of  w a t e r s .  The s i t u a t i o n  becomes 
d r a s t i c a l l y  d i f f e r e n t  a s  soon a s  t h e  amount of  f low a v a i l a b l e  f o r  
d i l u t i o n  d e c r e a s e s .  I f  t h e  f low i n  t h e  r e c i p i e n t  e q u a l s  t h e  
e f f l u e n t  d i s c h a r g e d ,  a  doub l i ng  of t h e  e f f l u e n t  l oad  w i l l  i n c r e a s e  
t h e  c o n c e n t r a t i o n  by 100 p e r  c e n t  and t h i s  f i g u r e  can be  d e t e c t e d  
ve ry  w e l l  by a  moni to r ing  network. The implementa t ion  of  r e a l -  
t i m e  management o f  wa t e r  q u a l i t y  i n  such c a s e s  w i l l  t h e r e f o r e  
s t r o n g l y  be enhanced by a  t e l e m e t e r e d  moni to r ing  network t h a t  



links the recipient with the hour-to-hour cperation of wastewater 
treatment plants. The approach to a near-natural state of waters 
may be quite impossible. 

Regarding wastewater treatment (which is a topic I have 
studied throughout my professional career) I hold the view that 
those methods should be applied that are as advanced as possible. 
But the next question is: which methods are really advanced? 
Antonucci and Schaumburg (1975) compared the primary, primary plus 
secondary, and finally primary through tertiary treatment require- 
ments for energy and raw chemicals together with the various con- 
taminants produced by the treatment processes specific to one 
million US gallons of the plant at South Lake Tahoe. They con- 
cluded that 

... the advanced wastewater treatment facility at South 
Tahoe effectively removes organics and nutrients from 
domestic wastewater. It was found, however, that the 
application of these sophisticated treatment operations 
requires a significant input of energy and treatment 
chemicals. [Here let me add that in going from secon- 
dary to tertiary treatment, total energy use triples 
and the processed chemicals applied increase at least 
50-fold, HF] Furthermore, several types of contaminants 
are discharged to the land and air phases of the environ- 
ment as a result of the treatment operations. There are 
also secondary or indirect impacts associated with the 
production of treatment chemicals and the generation of 
energy by various support industries that are attributable 
to wastewater treatment at South Tahoe. 

Although I stressed the importance of bioresistant pollution, 
I am of the opinion that the best way to avoid this is to try 
to generate as small an amount of bioresistant pollution as pos- 
sible. What we have to be mindful of at present with sewage is 
the desire for a quite stringent reduction in organic carbon and 
phosphorus and the oxidation--if not also reduction--of nitrogen 
( ~ N H  -N + 2NO3 + N2t) (Nitrification can in many cases be required 
due to the needs of the receiving waters, whereas controlled 
simultaneous denitrification will improve mainly the discharge 
of effluent suspended solids). All this can be accomplished by 
single and multi-stage biological-chemical treatment. Table 3 
is intended to present some treatment sequences, the effluent 
quality thereby obtainable as well as the relative total cost for 
a plant size of 50,000 population equivalents. The base cost in 
Austria for process sequence (1) is at present AS 140 for average 
conditions. It includes construction (civil, 35 service-years; 
mechanical/electric, 12 years) at a preference rate of the 
national economy of 8 per cent per annum including inflation, 
operation (electricity, labor, materials) and maintenance. When 
looking at Table 3 it may be apparent that the process configura- 
tion (3) is less expensive that that under (2) . Design (3) is 
basically a single-stage activated sludge system with a suffi- 
ciently long sludge age to provide for nitrification and built-in 
anoxic zones in which denitrification occurs. 
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O p e r a t i o n  o c c u r s  by " h i k i n g  on a  r i d g e " ,  t h a t  is, by s imply  
p r o v i d i n g  f o r  s u f f i c i e n t  oxygen t r a n s f e r  f o r  n i t r i f i c a t i o n ,  b u t  
l i m i t i n g  s u p p l y  such  t h a t  d e n i t r i f i c a t i o n  i s  p o s s i b l e .  The 
e l e c t r o n  donor r e q u i r e d  f o r  d e n i t r i f i c a t i o n  i n  t h i s  sys tem i s  t h e  
incoming sewage; an  i n t e r n a l  h i g h  r e c y c l e  i n  t h e  a e r a t i o n  t a n k  i s  
n e c e s s a r y .  P r o c e s s  c o n f i g u r a t i o n  ( 5 )  i s  t h e  same a s  ( 3 1 ,  b u t  
i n c l u d e s  a n a e r o b i c  zones .  Such p l a n t s  a r e  i n  o p e r a t i o n  i n  South  
A f r i c a  and e x c e l l e n t  s e m i f u l l - s c a l e  r e s u l t s  have been r e p o r t e d  
from I s r a e l ,  b u t  a t  p r e s e n t  it i s  an open q u e s t i o n  whe the r  t h i s  
c o n f i g u r a t i o n  can  b e  a p p l i e d  i n  e v e r y  c a s e .  I ts  advan tage  o v e r  
c o n f i g u r a t i o n  ( 4 )  i s  t h a t  n e i t h e r  i r o n  n o r  aluminium i s  r e q u i r e d  
i n  t h e  p r o c e s s ,  a l t h o u g h  t h e  i n v e s t m e n t  i s  h i g h e r .  I n  c o n f i g u r a -  
t i o n  (6), f i n a l l y ,  a  r a p i d  sand  f i l t e r  f o l l o w s  t h e  s i n g l e - s t a g e  
AS sys tem;  t h e  e f f l u e n t  from AS i s  s u b j e c t  t o  p r e c i p i t a t i o n / f l o c -  
c u l a t i o n  b e f o r e  it e n t e r s  t h e  sand f i l t e r .  The r e s u l t s  shown 
r e l a t e  t o  sewage a s  it i s  g e n e r a t e d  i n  c e n t r a l  Europe. Where 
more b i o r e s i s t a n t  p r o d u c t s  a r e  d i s c h a r g e d ,  t h e  e f f l u e n t  TOC (and 
a l s o  DOC) w i l l  be  h i g h e r .  

I n  d e s i g n ,  c o n s t r u c t i o n  and o p e r a t i o n  w e  a r e  cha rged  w i t h  
c o n c e i v i n g  p lan t s  t h a t  f u l f i l l  p r e s e n t  r e q u i r e m e n t s .  I n  most 
l o c a t i o n s  i n  A u s t r i a ,  t h e  p r e s e n t  r e q u i r e m e n t  i s  " f u l l  b i o l o g i c a l  
t r e a t m e n t " .  However, I can  see t h a t  q u i t e  r a p i d l y  t h e  need t o  
have n i t r i f i c a t i o n ,  P-removal and a l s o  d e n i t r i f i c a t i o n  w i l l  be  
demanded. T h e r e f o r e ,  I t h i n k  t h a t  t h e  p l a n t  d e s i g n  and p l a n t  
l a y o u t  must a l r e a d y  a t  p r e s e n t  c o n t a i n  t h e  f e a t u r e s  j u s t  d e s c r i b e d  
d e s p i t e  t h e  f a c t  t h a t  t h e y  w i l l  be  c o n s t r u c t e d  a t  a  f u t u r e  p o i n t  
i n  t i m e .  N a t u r a l l y  w e  d o  n o t  know a t  p r e s e n t  t h e  " e x a c t "  p a t h  
o f  t h e  f u t u r e ,  b u t  t h e  o f t e n  mentioned remark of  " r a p i d  change i n  
t echno logy"  i s  i n  most  c a s e s  n o t  more t h a n  a  s t e p - b y - s t e p  advance.  

I n  c o n c l u d i n g  t h i s  s e c t i o n ,  l e t  m e  s t a t e  t h a t  

( i)  Water "does  n o t  know" p o l i t i c a l  b o u n d a r i e s .  
(ii) Water q u a l i t y  o b j e c t i v e s  c a n n o t  be  l i m i t e d  o n l y  t o  

c e r t a i n  b r a n c h e s  o r  r e a c h e s  o f  a  r i v e r  sys tem,  b u t  
must r e f l e c t  t h e  r i v e r  sys tem a s  a  whole t o g e t h e r  
w i t h  t h e  e s t u a r y  o r  s e a  i n t o  which t h e  w a t e r s  d i s c h a r g e .  

(iii) Water p o l l u t a n t s  a r e  n o t  o n l y  t r a n s f e r r e d  v i a  " d i s c r e t e "  
d o m e s t i c  and i n d u s t r i a l  e f f l u e n t s ,  b u t  a l s o  from " d i f -  
f u s e "  s o u r c e s  ( s o i l ,  a i r )  . 

( i v )  Water q u a l i t y  p a r a m e t e r s  ( i n  modeling: s t a t e  v a r i a b l e s )  
a r e  m u l t i v e c t o r i a l  and no s i n g l e  v e c t o r  a l o n e  r e p r e s e n t s  
" w a t e r  q u a l i t y " .  

( v )  Proven and n o t  t o o  c o s t l y  t echno logy  i s  a v a i l a b l e  today  
t o  remove b i o d e g r a d a b l e  o r g a n i c  ca rbon  and t h e  b u l k  o f  
n i t r o g e n  and phosphorus  from domes t i c  and i n d u s t r i a l  
p o i n t  s o u r c e  e f f l u e n t s .  

( v i )  R e f r a c t o r y  o r g a n i c  ca rbon  and mutagenic  compounds d i s -  
cha rged  a r e  b e s t  r e g u l a t e d  by s o u r c e  p r o t e c t i o n  ( i f  
p o s s i b l e ,  t o  s t o p  t h e  d i s c h a r g e  " c o m p l e t e l y " ) .  I n  
s e l e c t e d  a r e a s ,  t r e a t m e n t  w i l l  have t o  i n c l u d e  a d d i t i o n a l  
s t e p s  ( f o r  example,  a d s o r p t i o n ,  r e v e r s e  osmos i s ,  e t c . ) .  

( v i i )  Only a d m i n i s t r a t i v e  coun te rmeasures  can  be  a p p l i e d  i n  t h e  
c a s e  o f  " d i f f u s e "  s o u r c e s .  



4 .  INSTITUTIONAL CONSTRAINTS 

The t e r m  " I n s t i t u t i o n a l  C o n s t r a i n t s "  i m p l i e s  t h a t  t h e r e  a r e  
i n s t i t u t i o n s  i n  t h e  r e a l  wor ld  t h a t  e x e r t  f o r c e s  which c a u s e  us  
t o  r e a c t  i n  an  o t h e r  t h a n  r a t i o n a l  f a s h i o n .  " R a t i o n a l "  i n  t h i s  
c o n t e x t  i s  looked upon a s  t h e  a b i l i t y  t o  comprehend t h e  p r e s e n t  
and f u t u r e  p a t h  o f  t h e  r e a l i t y  of  e v o l u t i o n  by r e a s o n i n g .  Again 
based on my p e r s o n a l  e x p e r i e n c e ,  which i s  l i m i t e d  i n  s p a c e  and 
t i m e ,  t h e r e  a r e  a t  p r e s e n t  i n  t h i s  ( c e n t r a l  European) r e g i o n  two 
g roups  of  f a l l a c i e s  i n  w a t e r  q u a l i t y  management. 

One f a l l a c y  c o v e r s  a l l  i n p u t s ,  goes  t o  t h e  h e a r t  of t h e  
q u e s t i o n  o f  q u a l i t y  management and can b e s t  be  d e s c r i b e d  by 
" e n g i n e e r i n g  w i t h  BOD ". Thus f a r  w a t e r  q u a l i t y  management i n  
A u s t r i a ,  Germany and a w i t z e r l a n d  i s  t o  a  l a r g e  e x t e n t  e q u a t e d  
w i t h  t h e  d e s i g n  and o p e r a t i o n  of  was tewate r  t r e a t m e n t  p l a n t s .  
B a s i c a l l y ,  t h e  c i v i l  e n g i n e e r i n g  p r o f e s s i o n  i s  i n  c h a r g e  of  
d e s i g n i n g  t h e  sewerage networks  and t h e  t r e a t m e n t  p l a n t s .  A s  I 
t r i e d  t o  show, was tewate r  t r e a t m e n t  a l o n e  i s  n o t  s u f f i c i e n t  and 
"BOD5' a l o n e  i s  n o t  an  a p p r o p r i a t e  p a r a m e t e r  t o  d e s c r i b e  w a t e r  
q u a l i t y .  I n  S w i t z e r l a n d ,  a  r e o r i e n t a t i o n  o f  t h e  p r i o r i t i e s  of 
w a t e r  q u a l i t y  management s t a r t e d  i n  1973 th rough  t h e  i n p u t  of 
EAWAG (Swiss  F e d e r a l  I n s t i t u t e  on Water P o l l u t i o n  C o n t r o l ,  
D i r e c t o r  P r o f .  W. Stumrn). T h i s  r e o r i e n t a t i o n  i n  S w i t z e r l a n d  h a s  
a l s o  come a b o u t  th rough  p r e s s u r e  from t h e  p u b l i c ,  s i n c e  rough ly  
70-80 p e r  c e n t  of  t h e  Swiss  p o p u l a t i o n  i s  s e r v i c e d  by b i o l o g i c a l  
t r e a t m e n t  (mos t ly  of  t h e  t y p e  of  " f u l l  t r e a t m e n t " ) ,  y e t  w a t e r  
q u a l i t y  d i d  n o t  improve a s  markedly a s  e x p e c t e d .  I n  t h e  FRG, t h e  
"Abwasserabgabengesetz" (Law on Wastewater  L e v i e s )  and i t s  imple- 
men ta t ion  ( s t a r t i n g  i n  t h e  beg inn ing  of 1981) have  c r e a t e d  a  
tremendous d i s c u s s i o n .  The p a r a m e t e r s  t a k e n  i n t o  a c c o u n t  (from 
p o i n t  s o u r c e s  o n l y )  a r e  s e t t l e a b l e  s o l i d s ,  COD and a c u t e  t o x i c i t y .  
I n  a c t u a l  p r a c t i c e ,  BOD i s  s u b s t i t u t e d  by COD. I n  t h e  FRG, 
roughly  60-70 p e r  c e n t  of  t h e  p o p u l a t i o n  i s  s e r v i c e d  by b i o l o g i c a l  
t r e a t m e n t .  The q u e s t i o n s  of  P-removal a r e  o n l y  c o n s i d e r e d  i n  
d r a i n a g e  b a s i n s  of l a k e s ,  and N-removal i s  n o t  t h o u g h t  t o  b e  
n e c e s s a r y .  Of a l l  t h r e e  s t a t e s ,  t h e  s i t u a t i o n  i s  l e a s t  f a v o r a b l e  
i n  A u s t r i a ,  where a t  p r e s e n t  o n l y  40-50 p e r  c e n t  of t h e  p o p u l a t i o n  
and o n l y  a  s m a l l  number of  i n d u s t r i a l  e f f l u e n t s  r e c e i v e  b i o l o g i c a l  
t r e a t m e n t .  Again P-removal i s  c a r r i e d  o u t  i n  d r a i n a g e  b a s i n s  of  
l a k e s ,  and N-removal, d e s p i t e  t h e  developments  t h a t  o u r  " I n s t i t u t "  
under took a t  t h e  Vienna-Blumental t r e a t m e n t  p l a n t ,  i s  n o t  y e t  
r e g a r d e d  a s  n e c e s s a r y  by t h e  a u t h o r i t i e s .  

I f  you a c c e p t  t h i s  " s t a t e  of  a f f a i r s " ,  you w i l l  u n d e r s t a n d  
t h a t  d e a l i n g  w i t h  " d i f f u s e "  s o u r c e s  has  n o t  y e t  s t a r t e d  a t  a l l .  
The e f f i c a c y  i n  p r a c t i c e  o f  v a r i o u s  w a t e r  laws i s  a t  p r e s e n t  f a i r  
t o  r a t h e r  weak. A s  I t r i e d  t o  s a y  i n  a  p r e v i o u s  s e c t i o n ,  it i s  
h a r d  t o  s t a t e  i n  g e n e r a l  t e r m s  what t h e  c o n t r i b u t i o n  of  non-point  
s o u r c e  p o l l u t i o n  i n  e v e r y  d r a i n a g e  b a s i n  i s .  For  one s p e c i f i c  
c a s e  (Lake N e u s i e d l ) ,  w e  a t  o u r  " I n s t i t u t "  w e r e  a b l e  t o  show t h a t  
t h e  non-point  s o u r c e s  of t o t a l  P  had t o  b e  a s s e s s e d  and c o n s i d e r e d  
when a  was tewate r  t r e a t m e n t  p o l i c y  on P-removal was f o r m u l a t e d  
( F l e c k s e d e r  e t  a l l  i n  p r e s s ) .  The d r a i n a g e  b a s i n  i s  shown i n  
F i g u r e  2 and t h e  outcome of  t h e  s t u d y  i n  F i g u r e  3 .  The e s t i m a t e  
f o r  t o t a l  P  from a l l  d i f f u s e  s o u r c e s  i s  90 t / a  a t  p r e s e n t ,  of  
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which 57 t/a are supposed to reach the (very shallow) lake via 
air and 22 t/a are eroded from land via water. 'I'he point-source 
potential from Hungary was considered, but not included in the 
policy because this policy should apply only for plants within 
Austria. It is evident that "biological treatment only" is no 
option at all for P-removal. However, simultaneous precipitation 
at high doses of F ~ + ~ / P  is a much better choice than, say, inter- 
basin transfer of the biologically treated effluent. This is 
because the former is much more cost-effective and much quicker 
to implement. Simultaneous precipitation has been installed, yet. 
what is to be done in order to cut down the 90 t P/a from diffuse 
sources is at present still an open question. The causal 
relationships are not at all as easily understood as in the case 
of point source discharges. Lake Balaton in Hungary seems to be 
a similar case. 

The second fallacy relates t.o large industrial discharges, 
both in the FRG and in Austria. (In Switzerland, despite her 
highly industrialized economy, large industrial discharges are 
quite rare). This second fallacy is the often asserted alternative 
(from industry) between process-linked (internal) and external 
(wastewater treatment) methods. Industry's statement "either 
process linked ... or wastewater treatment" is moreover somewhat 
difficult to comprehend from a water quality management point 
of view because wastewater treatment technology is available, 
but process modifications still have to be developed. The main 
industry arguing in such a fashion, both in Austria and the FRG, 
is the pulp industry. (The human metabolism discharges waste; 
I cannot imagine that a production process with huge material 
and energetic inputs will--in one form or another--have an 
effluent without some matter in it.) Therefore I say that we 
need both urgently--process modifications as well as wastewater 
treatment. In implementation, certain process modifications 
have to be operational and one must be assured that (biological) 
wastewater treatment plant is not extreme1.y underloaded in the 
future. However, from the financial point of view of the enter- 
prise, it is better and completely rational that public loans 
with low interest rates be spent for improving the production 
process as a whole and for reducing the wasteload discharged to 
some extent, without having to pay for the running cost of an 
external wastewater treatment plant that yields no return on its 
investment. 

In concluding this section and my paper, let me add that tlie 
human factor is for me the key element to the question of water 
quality management. When Bruce Beck states in his base paper 
that every treatment plant is as qood as it is run, the same holds 
for water quality management as I see it. Our task is to realize 
man's position in evolution and the options we have avzilable in 
order to comply with evolution. Whether a path chosen is correct 
or not can only be realized ex post (that is, whether is has been 
correct or not) , and the ex ante decision (predj ction) has to be 
founded primarily on faith. 

Since dilution is no longer a solution to pollution, it is not 
possible to create any environmental quality we wish with the 



a v a i l a b l e  t e c h n o l o g i e s  and  ene rgy  u s a g e ;  t h e  ene rgy  degraded  
( a n  i n c r e a s e  i n  e n t r o p y )  w i l l  have  i t s  e f f e c t s  on climate. The 
q u e s t i o n s  o f  w a t e r  q u a l i t y  are t h e r e f o r e  o n l y  one s i d e  o f  a many- 
s i d e d  c o i n  and t h e  ene rgy  problem i s  a second  s i d e .  However, 
w e  a r e  f o r c e d  t o  know a l l  t h e  s i d e s  o f  t h a t  c o i n  and t h e i r  i n t e r -  
r e l a t i o n s h i p s .  

Is it n o t  t h e  case t h a t  sys tems  s y n t h e s i s  i s  t h e  t a s k  o f  o u r  
t i m e ,  where s y n t h e s i s  i s  u n d e r s t o o d  as a n  accumula ted  knowledge 
o f  t h e s e  i n t e r r e l a t i o n s h i p s ?  T h e r e f o r e ,  l e t  u s  become n o t  o n l y  
s p e c i a l i s t s  b u t  g e n e r a l i s t s  as w e l l ;  and l e t  u s  t r y  t o  s p e a k  a 
language  ( o r  l a n g u a g e s )  i n  which v a r i o u s  s p e c i a l i s t s  and g e n e r a l -  
ists t o g e t h e r  c a n  e a s i l y  communicate. 
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ON THE ECONOMICS O F  TIME VARYING 
R I V E R  QUALITY CONTROL SYSTEMS 

Y .  Smeers 

1. I N T R O D U C T I O N  

The problem of  r i v e r  q u a l i t y  management h a s  been d i s c u s s e d  
e x t e n s i v e l y  i n  t h e  l i t e r a t u r e  (see Loucks (1976) and c h a p t e r  8 
of R i n a l d i  e t  a 1  (1979) f o r  s u r v e y s  of t h e  p rob lem) .  We s h a l l  
o n l y  r e c a l l  h e r e  t h e  b a s i c  e l e m e n t s  of  t h e  problem. A r i v e r  i s  
c o n s i d e r e d  w i t h  a  se t  of  p o l l u t e r s  who have t o  r educe  t h e i r  d i s -  
cha rqe  i n  o r d e r  t o  b r i n q  t h e  q u a l i t y  of  t h e  r i v e r  t o  a  c e r t a i n  
l e v e l .  The problem i s  t o  f i n d  t h e  l e a s t  c o s t  combinat ion  of 
p o l l u t i o n  l o a d  r e d u c t i o n s  t h a t  w i l l  a c h i e v e  t h a t  r e s u l t .  I t  i s  
common, i n  such  problems,  t o  assume t h e  p o l l u t i o n  l o a d  t o  b e  
measured i n  t e r m s  of b i o l o q i c a l  oxyqen demand (BOD) and t h e  
q u a l i t v  c r i t e r i o n  t o  be  e x p r e s s e d  by t h e  d i s s o l v e d  oxygen con- 
c e n t r a t i o n  ( D O ) :  t h e  r e l a t i o n  between d i s s o l v e d  oxygen and b io -  
l o g i c a l  oxygen demand i s  u s u a l l y  r e p r e s e n t e d  by a  sys tem of two 
coupled  l i n e a r  d i f f e r e n t i a l  e q u a t i o n s  of  t h e  S t r e e t e r - P h e l p s  t y p e  
(Streeter and Phe lps  1 9 2 5 ) .  Var ious  s i m p l i f y i n g  assumpt ions  a r e  
u s u a l l y  i n t r o d u c e d  i n  o r d e r  t o  t a c k l e  t h e  problem. Our o b j e c t i v e  
i n  t h i s  p a p e r  i s  t o  c o n c e n t r a t e  on some of  t h o s e  assumpt ions  more 
s p e c i f i c a l l y  r e l a t e d  t o  t h e  o p e r a t i o n  of  t h e  t r e a t m e n t  sys tem and 
t o  i n d i c a t e  how t h e y  c o u l d  b e  r e l a x e d  a t  l e a s t  i n  some s i m p l e  
c a s e s .  

I t  i s  common i n  r i v e r  q u a l i t y  management models t o  assume 
t h a t  t h e  t r e a t m e n t  sys tem i s  o p e r a t e d  i n  a  s t e a d y - s t a t e  regime,  
and t o  r e q u i r e  t h a t  it a l l o w s  one t o  a c h i e v e  t h e  r e q u i r e d  q u a l i t y  
l e v e l  f o r  s p e c i f i c  low-flow c o n d i t i o n s .  T h i s  is  u s u a l l y  done by 
c o n s i d e r i n g  t h e  r i v e r  model c a l i b r a t e d  f o r  such f low c o n d i t i o n s :  
t h e  dependence between oxygen d e f i c i t  and b i o l o g i c a l  oxygen 
demand i s  comple te ly  s p e c i f i e d  f o r  t h o s e  s i t u a t i o n s .  Because t h e  
S t r e e t e r - P h e l p s  model c o n s i s t s  o f  a  se t  of  l i n e a r  d i f f e r e n t i a l  



equations, the dissoll7ed oxyqen at different locations can be 
expressed explicitly as a function of the discharqed loads using 
linear relations. A set of constraints is then derived that 
involves the various polluter discharge reductions and expresses 
the fact that the quality constraints are satisfied. A cost 
function is constructed that is the sum, over the set of polluters, 
of the costs of each individual discharge reduction. The system 
is then designed so as to minimize the total cost while taking 
those constraints into account. 

This approach presents several defects that can be overcome 
by taking into account explicitly the time-varying operation of 
the treatment plants. We first note that the constraint set of 
the model considers only the treatment requirement during low- 
flow conditions and does not include any representation of the 
qgality criterion during more favorable conditions. As a con- 
sequence it is impossible to take advantaqe in the model of the 
fact that, with a given set of treatment plants, the quality 
target can be achieved at a smaller operating cost during that 
period of the year when these more favorable flow conditions 
prevail. All plants are thus assumed to work at a given utiliza- 
tion rate throughout the year, which biases the economic choice 
of the whole system. An example of the consequence of this bias 
is that plants with small investment costs and high operating 
costs, which could be used to level off peak pollution conditions, 
will be systematically excluded from the analysis. It is also 
worthwhile to note that the treatment system obtalned by the 
classical approach, while providinq over-capacity durinq a 
fraction of the vear, may also prove to be insufficient as soon 
as exceptional events occur, such as accidental discharqes or 
forced overflows from some treatment plants. This brinqs us to 
the reliability problem, which to the best of our knowledqe has 
never been investiqated in relation to river quality manaqement 
problems. More reliability can be buil-t Into tile treatment syst.r.m 
bv installins additional capacitv that can be ex~ected to operate 
for onlv a small fraction of the vear. This is aqain related to 
the Droblem of time-varvins o~erations of the treatment svstem. 

It is the surDose of this Daner to introduce some basic notions 
related to the economic analvsis of these ~rnblems and to show 
that time-varvina o~eration in water aualitv control nermits a 
siqnificant enlaraement of t h e  scoDe of economic analyses of river 
quality manaqement. 

In order to make the presentation as simple as possible the 
discussion will be p;:esented for a simple example that does not 
require any development of mathematical programming. Only ele- 
mentary calculus and probability will be needed. The simplifica- 
tion introduced in this paper by no means implies that the problem 
discussed here always requires such drastic assumptions in order 
to be treated adequately. Many of the questions touched upon here 
can be formalized in a more general way and thus benefit from 
existing mathematical programming techniques for their analytical 
treatment. These aspects are discussed in more detail in a 
companion paper (Smeers 1980). 



2 .  A SIMPLIFIED WATER QUALITY MANAGEMENT PROB1,EM 

W e  c o n s i d e r  t h e  u s u a l  c l a s s i c a l  r i v e r  q u a l i t y  management 
problem where w e  assume t h a t  t h e r e  e x i s t s  o n l y  one  p o l l u t e r  d i s -  
c h a r g e  a l o n g  t h e  r i v e r  and  t h e  q u a l i t y  t a r g e t  i s  t o  be a t t a i n e d  
i n  one r e a c h  o n l y .  The problem o f  f i n d i n g  t h e  best  mix o f  
p o l l u t a n t  d i s c h a r g e  r e d u c t i o n s  i s  t h e n  r e d u c e d  t o  f i n d i n g  t h e  
l e v e l  o f  t r e a t m e n t  t o  impose on t h e  s i n g l e  p o l l u t e r  i n  o r d e r  t o  
a c h i e v e  t h e  r e q u i r e d  w a t e r  q u a l i t y  i n  t h e  r e a c h .  C l e a r l y  t h i s  
problem d o e s  n o t  r e q u i r e  any u s e  o f  m a t h e m a t i c a l  programming 
t e c h n i q u e s .  S i n c e  t h e  t r e a t m e n t  o f  t h i s  e l e m e n t a r y  problem w i l l  
c o n s t i t u t e  t h e  c o r n e r s t o n e  o f  o u r  d i s c u s s i o n ,  w e  s h a l l  d w e l l  on 
it i n  some d e t a i l .  

W e  s u p p o s e  t h a t  a  p o l l u t e r  and  t h e  r i v e r  c a n  b e  r e p r e s e n t e d  
a s  i n  F i q u r e  1 .  The d i s s o l v e d  oxvqen c o n c e n t r a t i o n  i s  assumed 
t o  be r e l a t e d  t o  t h e  u p s t r e a m  c o n d i t i o n s  and t o  t h e  p o l l u t e r  
d i s c h a r q e  bv a c l a s s i c a l  S t r e e t e r - P h e l p s  model t h a t  w e  w r i t e  as 
f o l l o w s  

where - b  and  c r e s p e c t i v e l y  d e n o t e  t h e  b i o l o g i c a l  oxygen demand 
and t h e  d i s s o l v e d  oxygen c o n c e n t r a t i o n ;  

- cs i s  t h e  s a t u r a t i o n  c o n c e n t r a t i o n  o f  d i s s o l v e d  oxygen; 

- K 1 ,  K 2 ,  K 3 ,  K q  are c o e f f i c i e n t s ;  

- R d e s i g n a t e s  t h e  d i s t a n c e  from t h e  d i s c h a r g e  l o c a t i o n  t o  
a  p o i n t  a l o n g  t h e  r i v e r .  

I t  i s  w e l l  r e c o g n i z e d  t h a t  cs and  t h e  K i  depend on e x t e r n a l  

c o n d i t i o n s  s u c h  a s  t h e  f l o w ,  t h e  t e m p e r a t u r e ,  and  t h e  t u r b u l e n c e  
o f  t h e  r i v e r .  I f  w e  were t o  f o l l o w  t h e  c l a s s i c a l  a p p r o a c h  a d o p t e d  
i n  w a t e r  q u a l i t y  models  w e  would assume t h a t  w e  a r e  i n t e r e s t e d  
o n l y  i n  c e r t a i n  c r i t i c a l  r i v e r  c o n d i t i o n s ,  and  t h a t  t h e  t r e a t m e n t  
s y s t e m  mus t  be d e s i g n e d  w i t h  r e s p e c t  t o  t h e s e  c o n d i t i o n s  o n l y .  
L e t  u s  assume t h a t  t h e s e  c o n d i t i o n s  have  been  s e l e c t e d  and t h a t  
t h e  c o r r e s p o n d i n g  Ki and cs have  b e e n  e v a l u a t e d .  The s y s t e m  o f  

d i f f e r e n t i a l  e q u a t i o n s  c a n  b e  i n t e g r a t e d  f o r  t h o s e  v a l u e s :  l e t  
( cO , b O )  and  ( c  ( 2 )  , b  ( R )  ) be r e s p e c t i v e l y  t h e  v a i u e s  o f  c and b 
immediatel-y below t h e  d i s c h a r g e  and  a t  some p o i n t  R a l o n g  t h e  
r i v e r .  I n t e g r a t i n g  ( 1 )  and  ( 2 )  w i t h  ( c O , b O )  a s  i n i t i a l  c o n d i t i o n s ,  
one  c a n  w r i t e  a f t e r  some o b v i o u s  m a n i p u l a t i o n s  
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Assuming that the upstream biological oxvqen demand and 
dissolved oxyqen are known one can write c0 and b0 as linear 
ex~ressions of the dissolved oxyqen and BOD concentration of the 
wastewater discharqe. Denotinq the bioloqical oxyqen demand con- 

d 
centration in the discharge as b , (3) can be rewritten, after 
some minor notational changes as 

This expression directly relates the quality index at location 9. 
d 

to the control variable b . 
The simplified river quality management model can then be 

stated as the problem of finding the least-cost reduction of b d 

that permits c(R) to remain above a certain lower limit throughout 
the reach. 

Let 5 be the BOD removal rate at the treatment plant of the 
polluter and p the residual BOD expressed as a fraction of the 
original influent BOD to the plant. Since the treatment cost is 
a decreasing function of p,and B(R) is negative (this can be seen 
by working out the integration of the model), it is obvious that 
the minimum cost solution corresponds to the maximum pollution 
load at the discharge that is compatible with the quality criterion 
imposed throughout the reach. This problem can be expressed 
mathematically as 

where - c designates the minimum acceptable DO concentration in the 
reach. 

The solution of this problem is given by 

= Max a ( E )  

Ma.ny undirectional optimization procedures could be used for 
finding the maximum over R. For practical purposes and for 
simplifying the presentation we shall assume that the quality 
criterion is imposed at a discrete set of points along the reach, 
say R,, ... Ri, ... Rn. The optimal value of p is then given as 



p *  = a ( Q )  - Max --- -- 
I 

R = R  lt-.Rn -@(el bd 

and $he corresponding maximum allowable residual. load is equal to 
1 1  * b or 

max u ( X ) - G  . 
1, = R1' ".9, - B  (a) 

n 

3. THE LOAD CURVE 

The river is a dynamic system that can best be described by 
a set of coupled partial differential equations. In classical 
design procedures it is usual to adopt a simplified view of the 
river that singles out one steady-state regime, and to set up 
the corresponding set of coupled ordinary differential equations. 
In this paper we shall adopt an intermediate viewpoint and admit 
a representation of the river that consists of the set of its 
steady-state regimes: transient phenomena are thus still neglected 
but favorable flow conditions are represented simultaneously with 
bad flow conditions. Let p be the vector of parameters character- 
izing a steady-state regime of the river. To each regime p is 
associated a set of values of the river parameters, Ki(p) and 
cs (PI 

In the preceding section we have seen that one could compute, 
for each given steady-state regime, the maximum allowable load in 
the river as a function of c .  In this paper we shall assume c to 
be given: using the same reasoning as before one can then associate 
to each steady-state regime p the maximum allowable load L. Let 
L(p) be this function. If we now describe the set of steady-state 
regimes by its distribution function 

~ ( p * )  = Prob (P ,< P*) (9) 

it is possible to describe the acceptable load in the river in 
probabilistic terms and to construct a curve p(L*) representing 
the probability that the acceptable load for the river is smaller 
than or equal to L 

p(L*) will be called the distribution of the acceptable load - or, 
for notational simplicity, the load curve. 



The s i m p l e s t  example  o f  a  l o a d  c u r v e  i s  t h e  c a s e  where p 
c o n s i s t s  o f  o n l y  one p a r a m e t e r  s u c h  a s  t h e  f l o w .  I n  o r d e r  t o  
i l l u s t r a t e  t h e  c o n s t r u c t i o n  of  a  l o a d  c u r v e  f o r  t h i s  c a s e ,  w e  
c o n s i d e r  t h e  h y p o t h e t i c a l  r i v e r  d e f i n e d  i n  Appendix 1 o f  t h i s  
p a p e r .  T h i s  r i v e r  i s  c o n s t r u c t e d  on t h e  b a s i s  o f  a  c a s e  s t u d y  
g i v e n  i n  R i n a l d i  e t  a 1  ( 1 9 7 9 ) .  Making t h e  a s s u m p t i o n  t h a t  p 
c o n s i s t s  o n l y  o f  t h e  f l o w  w e  d e f i n e  I p  . 1 j = 1 , .  . . J} t o  b e  t h e  se t  
of  p o s s i b l e  f l o w s  (see T a b l e  1 )  and  II t o  b e  t h e i r  p r o b a b i l i t y  

j 
o f  o c c u r r e n c e .  To e a c h  p .  one c a n  a s s o c i a t e  t h e  maximum a l low-  
a b l e  l o a d  L  ( p  . ) , which a120 o c c u r s  w i t h  p r o b a b i l i t y  T[ . The 
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l o a d  c u r v e  i s  t h e n  d e r i v e d  t r i v i a l l y  f rom t h e  d e f i n i t i o n .  I t  
i s  g i v e n  i n  F i g u r e  2 and  a d d i t i o n a l  r e l e v a n t  d a t a  a r e  p r o v i d e d  
i n  T a b l e  1 .  Flows are e x p r e s s e d  i n  103m3/day  and a c c e p t a b l e  
l o a d  i n  kg BOD/day. 

The s i m p l i f i e d  l o a d  c u r v e  t h a t  w e  have  j u s t  d e f i n e d  c a n  b e  
e x t e n d e d  i n  s e v e r a l  ways t o  i n c l u d e  phenomena t h a t  are  n o t  
u s u a l l y  t a k e n  i n t o  a c c o u n t  i n  p l a n n i n g  p r o c e d u r e s .  

L e t  u s  t a k e  a s  an  example o f  t h e s e  phenomena t h e  u n c e r t a i n t y  
i n  t h e  c o e f f i c i e n t s  o f  t h e  r i v e r  model .  A commonly h e a r d  c r i t i -  
c i s m  a g a i n s t  t h e  u s e  o f  r i v e r  models  i s  t h e i r  sometimes p o o r  
p r e d i c t i v e  power,  which d o e s  n o t  p r o v i d e  a s u f f i c i e n t l y  sound 
b a s i s  f o r  d e s i g n  p u r p o s e s .  T h i s  c r i t i c i sm may lose much of  i t s  
r e l e v a n c e  i f  t h e  d e s i g n  p r o c e d u r e  e x p l i c i t l y  t a k e s  i n t o  a c c o u n t  
t h i s  weakness  o f  t h e  models .  I n  o r d e r  t o  i l l u s t r a t e  o u r  p o i n t  
w e  s h a l l  assume t h a t  t h e  d e f e c t  o f  t h e  r i v e r  model a r i s e s  f rom 
t h e  u n c e r t a i n t y  i n  i t s  c o e f f i c i e n t s .  W e  s h a l l  a l s o  assume t h a t  
t h i s  u n c e r t a i n t y  c a n  b e  r e p r e s e n t e d  by t h e  p r o b a b i l i t y  d e n s i t i e s  
o f  t h e  c o e f f i c i e n t  d i s t r i b u t i o n s .  Taking  a g a i n  t h e  S t r e e t e r - P h e l p s  
model w e  s h a l l  s u p p o s e  t h a t  t h e  K .  ( p )  a r e  o n l y  known i n  p r o b a b i l i t y  
fo r  e a c h  p .  I t  i s  t h e n  c l e a r  t h a t  t h e  a ( 2 ;  p )  and  B ( R i p ) ,  which 
a r e  e x p l i c i t  f u n c t i o n s  o f  t h e  K i ( p ) ,  a r e  a l s o  random v a r i a b l e s .  

L e t  k i ( p )  b e  t h e  e x p e c t e d  v a l u e  of  t h e  v e c t o r  K i ( p ) ,  and  v i ( p )  b e  

t h e  random v a r i a b l e  e x p r e s s i n g  t h e  d e v i a t i o n  o f  K i ( p )  w i t h  res- 

p e c t  t o  Ki  ( 0 ) .  W e  assume t h e  R i  ( P )  and  vi ( P )  t o  b e  known e x p l i c i t l y .  
L e t  v ( p )  b e  t h e  v e c t o r  of t h e  vi ( p )  . To e a c h  p a i r  p ,  p ) i s  

a s s o c i a t e d  a  maximum a l l o w a b l e  l o a d  i n  t h e  r i v e r .  L e t  L ( p , v ( p ) )  
be  t h i s  l o a d .  I f  t h e  d i s t r i b u t i o n  o f  v ( p )  i s  known, i t  i s  p o s s i b l e  
t o  e x t e n d  t h e  p r e c e d i n g  d e f i n i t i o n  o f  t h e  l o a d  c u r v e  so a s  t o  t a k e  
i n t o  a c c o u n t  t h e  e f f e c t  o f  t h e  u n c e r t a i n t y  i n  K i ( p ) ,  and t o  d e f i n e  
t h e  f u n c t i o n  

T h i s  d e s c r i b e s  t h e  l o a d  a c c e p t a b l e  by t h e  r i v e r ,  t a k i n g  sumul t a -  
n e o u s l y  i n t o  a c c o u n t  t h e  e x i s t e n c e  of  s e v e r a l  : , t e d d y - s t a t e  r e g i m e s  
f o r  t h e  r i v e r  and  t h e  i n e v i t a b l e  i n a c c u r a c y  jn t h e  e r t i m a t e d  model 
p a r a m e t e r s .  
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Table 1. Characteristics of the hypothetical river. 
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We shall now give an example of this construction based on 
the river model presented in Appendix 1. For our purpose we 
shall assume that v(p) is a vector of independent normal variables 
of zero mean and given standard deviation. Because of the 
complexity of the analytical expressions it does not seem feasible 
to derive the distribution of the acceptable load analytically. 
We shall instead resort to a Monte Carlo simulation. A set of 
v(p) has been selected at random and for each of them the accept- 
able load L(p,v(p)) has been computed. A conditional load curve, 

can then be computed. The desired load curve is then obtained 
as 

This computation is illustrated in Figure 3. In this illustra- 
tion, we have assumed a sample of one hundred different vectors 
v(p) for each of the thirty flow regimes considered. The 
corresponding p *  has been computed for the corresponding cases, 
and the load curve evaluated accordingly. Since the procedure 
is cumbersome, although straightforward, the details of this 
computation are not given here. 

The reader will easily convince himself that other phenomena 
can be taken into account using the same framework. As a last 
example we shall consider the case of accidental discharges. 
Since Streeter-Phelps models are linear differential equations, 
discharges have additive effects as long as one remains in 
aerobic conditions. It is thus possible to represent any acci- 
dental discharge by an equivalent load at the outfall of the 
polluter. Let bk, k = 1, ... K be the equivalent loads of these 
accidental discharges and TI be their probability of occurrence. 

bk 
We define k = 0 to be the non-accident situation, and 

to be its probability. 

As above, we can define a conditional load curve p(L*lbk) 
that gives the distribution of the maximum acceptable pollution 
load in the river when the accidental load is bk. We clearly have 

p ( ~ *  lbk) = p(L* - bk) for L* 7, bk (1 5 )  





It is obvious that bk may be such that the quality criterion can- 

not be guaranteed with certainty throughout the year. Let L min be 

the maximum load that can be discharged without interruption 
throughout the year. (It can be noted from Figure 2 that in our 

example L min is equal to 2734 kg/day.) It is clear that the 
quality criterion will be violated with a nonzero probability if 

In those conditions the overall probability that the quality 
criterion will be violated because of discharge k is then 

Combining these expressions, we obtain for the new load curve 

and for the probability that the quality criterion he violated 

An example of this construction is given in Figure 4 where we 
have computed the load curve associated with the two following 
accidental discharges: bl = 5000 kg/day of BOD with probabilityl/lO; 

b2 =10000 kg/day of BOD with probabilityl/l~ 

It can be noted that the value of the function at the origin is 
the probability that the quality criterion will be violated, 
whatever the treatment at the polluter's outfall. 

4. THE OPTIMAL TREATMENT SYSTEM 

The simple problem defined in section 2 has an obvious 
solution when treated in the usual sense: the quality criterion 
corresponds to a maximum allowable pollution load and the plant 
must be designed so as to reduce the current discharge to that 
maximum tolerable level. The plant selected is the one that 
gives the minimum total investment and operating cost. We have 
seen previously that the classical formulation of the problem 
does not provide any information that permits an adequate 





e v a l u a t i o n  o f  t h e  o p e r a t i n g  costs.  Assumpt ions  must  t h u s  b e  
i n t r o d u c e d  a b o u t  t h e  number of o p e r a t i n g  h o u r s  o f  t h e  t r e a t m e n t  
p l a n t  i n  o r d e r  t o  o b t a i n  an  ad  hoc  e s t i m a t e  o f  t h e  o p e r a t i n g  
c o s t s ,  and  hence  o f  t h e  t o t a l  cost .  The c h o i c e  o f  t h e  s y s t e m  
is  t h e n  made on  t h e s e  costs,  which a r e  o b v i o u s l y  somewhat 
a r b i t r a r y .  

The problem i s  no  l o n g e r  a s  s i m p l e  when w e  c o n s i d e r  t h e  
more c o m p l e t e  d e s c r i p t i o n  of  t h e  maximum a l l o w a b l e  p o l l u t i o n  
r e p r e s e n t e d  by t h e  l o a d  c u r v e .  I n d e e d  it i s  now e x p l i c i t l y  
r e c o g n i z e d  t h a t  t h e  BOD removal  r a t e  r e q u i r e d  t o  g u a r a n t e e  t h e  
w a t e r  q u a l i t y  t a r g e t  i s  no l o n g e r  c o n s t a n t  t h r o u g h  t i m e .  C o s t  
m i n i m i z a t i o n  w i l l  t h e n  r e q u i r e ,  a t  l e a s t  t o  some e x t e n t ,  an 
e v a l u a t i o n  o f  t i m e - v a r y i n g  o p e r a t i o n  o f  t h e  t r e a t m e n t  p l a n t .  
To t h e  b e s t  o f  o u r  knowledge,  t h e  economics of  t i m e - v a r y i n g  
o p e r a t i o n  o f  t r e a t m e n t  p l a n t s  h a s  n e v e r  been  i n v e s t i g a t e d ,  and  
hence  l i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  on which t o  b a s e  o u r  
r e a s o n i n g .  The f o l l o w i n g  d i s c u s s i o n  d e a l s  w i t h  t h i s  q u e s t i o n  
a t  a  c o n c e p t u a l  l e v e l ,  and  a companion p a p e r  (Smeers  and T y t e c a ,  
1 9 8 0 )  g i v e s  a more r e a l i s t i c  i n v e s t i g a t i o n  o f  t h e  problem. A 
model o f  a t r e a t m e n t  s y s t e m  a l l o w i n g  f o r  t i m e - v a r y i n g  o p e r a t i o n  
must  b e  c o n s t r u c t e d .  The s i m p l e s t  s i t u a t i o n  i s  c l e a r l y  t h a t  
where o n e  t y p e  o f  t e c h n o l o g y  i s  a v a i l a b l e .  The t r e a t m e n t  p l a n t  
i s  d e s i g n e d  s o  a s  t o  p e r m i t  t h e  maximum t r e a t m e n t  l e v e l  r e p r e -  
s e n t e d  on t h e  l o a d  d i s t r i b u t i o n  c u r v e ,  and  cost  m i n i m i z a t i o n  
i s  a c h i e v e d  by a lways  o p e r a t i n g  t h e  p l a n t s  a t  t h e  minimum l e v e l  
c o m p a t i b l e  w i t h  t h e  l o a d  t h a t  c a n  b e  a c c e p t e d  by t h e  r i v e r .  

V a r i o u s  t r e a t m e n t  t e c h n o l o g i e s  e x i s t ,  however ,  and  c a n  b e  
combined and o p e r a t e d  i n  s e v e r a l  ways. S i n c e  no  model d e s c r i b -  
i n g  t h e s e  d i f f e r e n t  t e c h n o l o g i c a l  p o s s i b i l i t i e s  seems t o  b e  
a v a i l a b l e  y e t ,  w e  s h a l l  a d o p t  two c o n c e p t u a l  r e p r e s e n t a t i o n s  o f  
a  t r e a t m e n t  sys t em.  These  r e p r e s e n t a t i o n s  are b a s e d  on t h e  com- 
b i n a t i o n  o f  t w o  t e c h n o l o g i e s  i n  v a r i o u s  p r o p o r t i o n s .  They a r e  
used  h e r e  b e c a u s e  o f  t h e i r  t r a c t a b i l i t y  a n d  n o t  b e c a u s e  o f  t h e i r  
r e a l i s m .  

B e f o r e  g o i n g  i n t o  t h i s  d i s c u s s i o n  w e  s h a l l  r e f o r m u l a t e m r R e  
l o a d  c u r v e  i n  a  somewhat more u s a b l e  form. W e  r e c a l l t h a t  L 
(when it e x i s t s )  d e s i g n a t e s  t h e  maximum l o a d  t h a t  c a n  b e  ass im. i -  
l a t e d  by t h e  r i v e r  t h r o u g h o u t  t h e  y e a r  w h i l e  m a i n t a i n i n g  t h e  
d e s i r e d  q u a l i t y  l e v e l .  W e  l e t  

Lmin min bd 
= U 

I t  i s  c l e a r  t h a t  t h e  maximum removal  r a t e  r e q u i r e d  from t h e  
t r e a t m e n t  p l a n t  i s  e q u a l  t o  

gmax = 1 , U min 

For  o u r  p u r p o s e  w e  s h a l l  c o n s i d e r  t h e  l o a d  c u r v e  g i v e n  i n  
F i g u r e  2 .  W e  r e c a l l  t h a t  L 

mln i s  e q u a l  i n  t h i s  case t o  2 7 3 3 . 8 4  



kg/day. As discussed in Appendix 1, we suppose that this load 
can be achieved after a maximum 85 per cent removal rate of the 
BOD in the influent sewage. We now introduce the reformulation 
of the load curve that will be used subsequently: Let T be the 
BOD to eliminate by treatment. We have 

The load curve can then be expressed with respect to the treat- 
ment T. We define 

-T p (T*) E Pr [ T  >, T*l = Pr [bd - L >, T*] = Pr [I, ,< bd - T*] 
= p(bd - T*) 

(23) 

We shall defins pT (T*) to be the treatment curve. In our illus- 
trative case b is equal to 18225.6 kg/day of BOD. The corres- 
ponding treatment curve is derived from Figure 2 as indicated 
in Figure 5. 

We now take up the question of the representation of the 
treatment plant. As discussed above, this representation is 
essentially conceptual, it is presented here because it provides 
a representation of time-varying operations and allows one to 
derive results analytically. We consider two technologies, namely, 
activated sludge and activated carbon. We assume that the acti- 
vated sludge system can be combined with the chemical treatment. 
Two types of combinations are envisaged, which certainly do not 
represent the set of possible combinations that could be contem- 
plated in a systematic investigation of the problem, but are 
chosen here because they lead to simple mathematical derivations. 

Before discussing these combinations, we first briefly 
introduce some cost assumptions. Global annual costs of biological 
treatment plants are known to exhibit the form given in Figure 6 
(see Deininger 1965). In the absence of a systematic investiga- 
tion of the various elements constituting these costs, we shall 
assume that this amount consists of 65 per cent capital and fixed 
operating costs, and 35 per cent variable operating costs (see 
Appendix 2). More information on this is given in Smeers and 
Tyteca (1980). For the sake of simplicity, we shall assume the 
variable operating costs to be strictly proportional to the 
amount of BOD removed. We shall consider that the chemical plant 
involves only operating costs that are strictly proportional to 
the amount of BOD removed; no capital or fixed operating costs 
are thus envisaged for activated carbon. This is discussed 
further in Appendix 2. 

The two structures of the treatment system considered can 
then be described as follows: 





Annua 1 

F i g u r e  6 .  A n n u a l  c o s t  a s  a  f u n c t i o n  of t h e  BOD 
r e m o v a l  r a t e .  



o Se r i es - sys tem:  The w a t e r  i s  f i r s t  conveyed t o  t h e  b i o l o g i c a l  
p l a n t ,  which i s  o p e r a t e d  a t  a  v a r i a b l e  l e v e l  a s  r e q u i r e d .  I f  
t h e  b i o l o g i c a l  t r e a t m e n t  i s  i n s u f f i c i e n t ,  chemica l  t r e a t m e n t  
i s  s u b s e q u e n t l y  used  t o  b r i n g  t h e  d i s c h a r g e d  w a t e r  t o  t h e  
r e q u i r e d  l e v e l .  

o P a r a l l e l - s y s t e m :  t h e  t r e a t m e n t  sys tem c o n s i s t s  of a  se t  of  
p l a n t s  e a c h  of  which t r e a t s  a  f r a c t i o n  of  t h e  was tewate r  f low.  
Each p l a n t  i s  composed of a  mix of b i o l o g i c a l  and chemical  
t r e a t m e n t  i n  series. The t o t a l  removal c a p a c i t y  i s  t h e  same 
f o r  a l l  t h e  p l a n t s ,  and i s  chosen t o  cor respond  t o  t h e  maxi- 
mum t r e a t m e n t  demanded by t h e  sys tem,  which i n  o u r  c a s e  i s  a  
c a p a c i t y  of  85 p e r  c e n t .  The two p l a n t s  d i f f e r  a c c o r d i n g  t o  
t h e  p r o p o r t i o n  of t r e a t m e n t  e f f e c t e d  by t h e  b i o l o g i c a l  pro-  
cess: t h e  more i m p o r t a n t  t h e  b i o l o g i c a l  p r o c e s s ,  t h e  l a r g e r  
t h e  a n n u a l  i n v e s t m e n t  c o s t  and t h e  s m a l l e r  t h e  o p e r a t i n g  c o s t  
(see Tab le  A2.1) .  

These two s t r u c t u r e s  p e r m i t ,  a s  w e  s h a l l  s e e ,  a n  e a s y  a n a l y t -  
i c a l  d e r i v a t i o n  of  t h e  o p t i m a l  p l a n t  mix. They a l s o  form t e c h -  
n i c a l l y  f e a s i b l e  a l t e r n a t i v e s .  

The c o s t  d a t a  a r e  d i s c u s s e d  i n  some d e t a i l  i n  Appendix 2. W e  
r e c a l l  h e r e  t h e  main assumpt ions  l e a d i n g  t o  t h o s e  c o s t s .  We con- 
s i d e r  a  se t  o f  o p t i m a l l y  d e s i g n e d  b i o l o g i c a l  p l a n t s  w i t h  i n c r e a s i n g  
removal r a t e ,  and d i s t i n g u i s h  t h e i r  f i x e d  and v a r i a b l e  a n n u a l  
c o s t s .  W e  assume, f o r  s i m p l i c i t y ,  t h a t  t h e  v a r i a b l e  c o s t s  of  a  
t r e a t m e n t  p l a n t  e s s e n t i a l l y  c o n s i s t  o f  a  p r o p o r t i o n a l  c o s t .  L e t  
K ( 6 )  and V ( c )  be r e s p e c t i v e l y  t h e  f i x e d  and v a r i a b l e  a n n u a l  c o s t s  
of a  p l a n t  w i t h  removal c a p a c i t y  5. L e t  E d e s i g n a t e  t h e  i n i t i a l  
BOD c o n c e n t r a t i o n  i n  t h e  was tewate r  ( i n  m g / t ) ,  and QH t h e  a n n u a l  
f low g e n e r a t e d  by e a c h  i n d i v i d u a l  of  t h e  community s e r v e d  by t h e  
p l a n t  ( i n  o u r  c a s e  150 x  365 2 ) .  I f  w e  assume t h a t  t h e  p l a n t  i s  
c o n t i n u o u s l y  a v a i l a b l e  a t  i ts  r a t e d  removal  c a p a c i t y  t h e n  Q E S  
u n i t s  of  BOD a r e  removed a n n u a l l y  from t h e  w a t e r ,  which l e a i s  t o  
a  p r o p o r t i o n a l  c o s t  of 

f o r  a  b i o l o g i c a l  p l a n t  of  maximum removal c a p a c i t y .  L e t  v  be  t h e  
u n i t  BOD removal c o s t  of  t h e  chemica l  t r e a t m e n t .  Numerical e s t i -  
mates  of c ( c )  and  v  a r e  g i v e n  i n  Appendix 2. The s t r u c t u r e  of t h e  
v a r i a b l e  c o s t  is  t h e n  e a s y  t o  d e f i n e  f o r  b o t h  series and p a r a l l e l  
sys tems.  

L e t  u s  f i r s t  t a k e  up t h e  c a s e  of t h e  series sys tem.  L e t  T max 

be t h e  maximum removal t h a t  w i l l  be r e q u i r e d  from t h e  t r e a t m e n t  
system; T~~~ i s  t h e  s m a l l e s t  T* f o r  which w e  have 

L e t  5 be t h e  removal r a t e  of  t h e  b i o l o g i c a l  p l a n t ,  and q  t h e  d a i l y  
f low of  was tewate r ;  t h e  annua l  v a r i a b l e  c o s t  of  t h e  b i o l o g i c a l  
p l a n t  w i l l  be  e q u a l  t o  



Similarly the annual cost of the activated carbon system will be 

Assuming that pT (T) is differentiable and defining 

we can write for the total daily cost 

where (q/150) represents the design flow capacity expressed in 
population equivalents of the plant. 

In order to simplify the presentation, we have chosen c(<) 
to be constant (see Appendix 2). Relation (25) can then be 
rewritten as 

In order to minimize this expression, we shall set its derivative 
equal to zero. This leads to 

which has an immediate economic interpretation. 



In the simple case considered in this paper the search for 
the best solution can be performed by simple enumeration. In 
order to simplify the presentation and, on the basis of the data 

given in Table A2.1, we have assumed that dK(S) is constant and dg 
equal to 700 BF. Since E = 0.3 and v - c = 0.17 the optimal 
treatment is given by 

We can see from Figure 7 that this corresponds to a maximum 
removable load by the biological plant of 14855 kg day-I. The 
shaded area on the surface is the portion that will be covered 
by the chemical treatment. It is easy to see that this portion 
increases as the unit cost of active carbon decreases. Figure 8 
illustrates the same reasoning when accidental discharges are 
taken into account and using the same cost assumptions. It is 
easy to see here the relatively greater importance of the 
chemical treatment. 

We now consider the parallel system. Let Eg,P, = 1, ... L 
be the BOD removal rates achieved in the biologi.ca1 components 
of the treatment plants constituting the parallel system. We 
assume the 5 to be given, the only decision variables are then 
the design-ffow capacities of the treatment plants of type R. 

The following assumptions are important for understanding 
the rest of the derivation. We shall suppose that all plants 

are designed so as to be able to remove a fraction [ max of the 
BOD contained in the influent sewage. Clearly the fraction of 
the load not removed by the biological component of the plant 
will have to be eliminated by an activated carbon unit. We shall 
assume that each plant R always operates at its full removal rate 
capacity, but that it can operate on a fraction of the enterinq 
flow: a BOD removal rate smaller than the maximum achievable 
is then obtained by treating only a fraction of the flow entering 
the plant. Again this assumption is not introduced because it 
is necessarily realistic: it is only justified by the easy 
mathematical derivation that it permits. It also illustrat-es 
another type of control variable (the flows in the various parts 
of the treatment plant) that can be called upon in a systematic 
investigation of the problem of variable costs of a treatment 
plant. Let KR be the annual investment cost of a plant of type 
K ,  designed for treating the pollution of a population equiva- 

max 
lent and let CR be the cost of removing a fraction 5 of the 

pollution load from that flow. We assume that the plants are 
ranked so that 

such a system is represented in F i g u r e  9. 
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The i n f l u e n t  w a s t e w a t e r  f low (measured i n  p o p u l a t i o n  equl-da-  
1 e n t s ) i s  p a r t i t i o n e d  i n t o  

where x  i s  t h e  f l o w  t h a t  i s  bypassed  d i r e c t l y  t o  t h e  r i v e r  and 
x  i s  tRe f l o w  t h a t  i s  s e n t  t o  p l a n t  i. S i n c e  e a c h  p l a n t  p ro -  
i 

v i d e s  a  5 max r a t e  o f  removal  f o r  t h e  BOD c o n t a i n e d  i n  t h e  i n f l u e n t  
sewage,  t h e  t o t a l  BOD removed i s  t h e n  

max 
150 t;[ ( x l  + x 2  + ... + x L )  I 

and t h e  o p e r a t i n g  c o s t  i s  

Because t h e  p l a n t s  have  a  l i m i t e d  f l o w  c a p a c i t y  w e  a l s o  have  

where xi i s  t h e  d e s i q n  f l o w  c a p a c i t y  of  p l a n t  i. 

I t  i s  e a s y  t o  see i n  t h i s  model t h a t  t h e  c h e a p e s t  way o f  
p r o v i d i n g  a  g i v e n  BOD removal  i s  t o  s u c c e s s i v e l y  l o a d  t h e  d i f -  
f e r e n t  components o f  t h e  p l a n t  i n  t h e  o r d e r  1 ,  ... L, u n t i l  t h e  
BOD removal  t a r g e t  h a s  been  a t t a i n e d .  The o p t i m a l  p l a n t  mix con- 

sists o f  f i n d i n g  t h e  xi s u c h  t h a t  t h e  t o t a l  i n v e s t m e n t  and ope ra -  
t i n g  c o s t  i s  minimized .  T h i s  problem c a n  b e  s o l v e d  by r e s o r t i n g  
t o  a  r e a s o n i n g  t h a t  h a s  been  used  e x t e n s i v e l y  i n  power g e n e r a t i o n  
problems f o r  s i m i l a r  s i t u a t i o n s .  T h i s  a p p r o a c h  i s  i l l u s t r a t e d  i n  
F i g u r e  10. W e  f i r s t  i n t r o d u c e  a  s l i g h t  m o d i f i c a t i o n  i n  t h e  
r e p r e s e n t a t i o n  o f  t h e  t r e a t m e n t  c u r v e :  d e f i n i n g  H t o  b e  a  number 
o f  d a y s  be tween 0 and 365,  w e  d e f i n e  TL(H) a s  t h e  t r e a t m e n t  l e v e l  
t h a t  w i l l  have  t o  b e  p r o v i d e d  d u r i n g  a n  e x p e c t e d  number o f  d a y s  
e q u a l  t o  H. T h i s  d e f i n i t i o n  i s  e q u i v a l e n t  t o  s a y i n g  t h a t  

TL(H) i s  r e p r e s e n t e d  i n  F i g u r e  10 ,  which a l s o  g i v e s  a  se t  of  
s t r a i g h t  l i n e s  t h a t  r e p r e s e n t  t h e  t o t a l  a n n u a l  c o s t s  o f  o p e r a t i n g  
t h e  t r e a t m e n t  p ' l a n t s  a s  a  f u n c t i o n  o f  t h e  number o f  d a y s  o f  
o p e r a t i o n .  L e t  Ho = 0  and Hi r e p r e s e n t  t h e  number o f  d a y s  f o r  

which t h e  o p e r a t i o n  of p l a n t s  i and i + 1 a r e  e q u a l l y  e x p e n s i v e  



Figure 1 0 .  O p t i m a i  m i x  of a p a r a l l e l  t r e a t m e n t  s y s t e m .  



on an  a n n u a l  b a s i s .  One can  t h e n  show t h a t  p l q n t  i s h o u l d  p ro -  
v i d e  a  t r e a t m e n t  c a p a c i t y  of  

The o p t i m a l  d e s i g n  f l o w  o f  p l a n t  i i s  t h e n  

max 
E 6 

[TL (Hi!  

W e  now i l l u s t r a t e  t h i s  d i s c u s s i o n  by a n  example.  W e  f i r s t  
p r e p a r e  o u r  c o s t  f i g u r e s  i n  a form t h a t  i s  more s u i t a b l e  f o r  
o u r  p u r p o s e s .  W e  d e f i n e  t h e  c a p a c i t y  o f  a p l a n t  t o  be  t h e  number 
o f  grammes o f  BOD t h a t  t h e  p l a n t  i s  c a p a b l e  o f  removing i n  a day .  
S i n c e  o u r  c o s t  f i g u r e s  r e f e r  t o  p l a n t s  d e s i g n e d  f o r  a maximum 
removal  r a t e  o f  85 p e r  c e n t  and a f l o w  o f  one  p o p u l a t i o n  e q u i v a -  
l e n t ,  t h e  t o t a l  number o f  grammes of  BOD removed p e r  day  i s  e q u a l  
t o  38.25. The a n n u a l  c o s t  o f  a  u n i t  c a p a c i t y ,  a n d  t h e  d a i l y  
v a r i a b l e  c o s t  a r e  t h e n  r e s p e c t i v e l y  g i v e n  a s  K ( E )  / 38.25 ,  and 
- 
c+v (see Appendix 2 ) .  T h i s  l e a d s  u s  t o  t h e  v a l u e s  g i v e n  i n  
T a b l e  2 .  

T a b l e  2 .  Annual i n v e s t m e n t  c o s t s  and o p e r a t i n g  c o s t s  f o r  a 
p a r a l l e l  t r e a t m e n t  sys tem.  

W e  i l l u s t r a t e  t h i s  d i s c u s s i o n  f o r  t h e  s i . t u a t i o n s  d e s c r i b e d  
by t h e  l o a d  c u r v e s  r e p r e s e n t e d  i n  F i g u r e s  2 and 4 .  F i g u r e  ' I1  
r e p r e s e n t s  t h e  t o t a l  a n n u a l  c o s t s  o f  t h e  v a r i o u s  p l a n t s  c o n s i d e r e d  
a s  a  f u n c t i o n  o f  t h e i r  a n n u a l  u t i l i z a t i o n  ra te .  W e  recal l  t h a t  
t h e  i n t e r s e c t i o n  p o i n t s  o f  any two o f  t h e s e  c u r v e s  r e p r e s e n t  t h e  
number o f  d a y s  o f  u t i l i z a t . i o n  f o r  which t h e  c o r r e s p o n d i n g  p l a n t s  
are e q u a l l y  c o s t l y .  S i n c e  t h e  i n t e r s e c t i o n  p o i n t s  o f  t h e s e  c u r v e s  



F i g u r e  11 .  Annua l  c o s t  a s  a f u n c t i o n  of t h e  p l a n t  b t i l i z a t i o n .  



a r e  t o o  c l u s t e r e d  t o  be  e a s i l y  d i s t i n g u i s h a b l e  w e  s h a l l  r es t r ic t  
o u r s e l v e s  t o  t h e  p l a n t s  1 ,  3  and 6. The i n t e r s e c t i o n  of  t h e  
c o s t  cu rve s  ( 1 , 3 )  and ( 3 , 6 )  a r e  i n d i c a t e d  i n  F i g u r e  1 1 . These 
u t i l i z a t i o n  r a t e s  a r e  t h e n  used a s  shown i n  F i g u r e s  12 and 13 
t o  a r r i v e  a t  t h e  op t ima l  c a p a c i t y  f o r  t h e  d i f f e r e n t  p l a n t s .  

5. INTRODUCING RESERVOIRS 

Low f low augmenta t ion  can a l s o  be a p a r t  o f  a  wa t e r  q u a l i t y  
management sys tem.  Although r e s e r v o i r s  may n o t  be t h e  cheapes t  
means of  a t t a i n i n g  a wa t e r  q u a l i t y  t a r g e t ,  t h e y  may be used ,  
among o t h e r  t h i n g s ,  t o  h e l p  a l l e v i a t e  p o l l u t i o n  problems. 
Rese rvo i r  management can  be looked a t  from s e v e r a l  p o i n t s  of 
view. W e  s h a l l  t a k e  h e r e  t h e  ve ry  s imp le  c a s e  of  a  s i n g l e  
r e s e r v o i r ,  which w e  s h a l l  assume t o  be l o c a t e d  ups t ream of t h e  
sewage o u t f a l l .  I n  o r d e r  t o  i l l u s t r a t e  some of t h e  approaches  
t h a t  c a n  be fo l lowed  w e  s h a l l  c o n s i d e r  t w o  c a s e s  t h a t  a r e  of 
q u i t e  d i f f e r e n t  complexi ty .  I n  t h e  f i r s t  c a s e  a  c e r t a i n  guaran- 
t e e d  low-flow t a r g e t  is se t  up and t h e  r e s e r v o i r  must be des igned  
i n  o r d e r  t o  s a t i s f y  t h a t  g o a l .  The t r e a t m e n t  sys tem i s  t h e n  
b u i l t  t o  b r i n g  t h e  w a t e r  o f  t h e  r e s u l t i n g  modi f i ed  r i v e r  t o  t h e  
d e s i r e d  q u a l i t y  t a r g e t .  I n  t h e  second case, no i n t e r m e d i a t e  
guaran teed  minimal f low i s  imposed on t h e  sys tem,  and t h e  oper-  
a t i n g  r u l e  f o r  t h e  r e s e r v o i r  must be  found s imu l t aneous ly  w i t h  
t h e  best t r e a t m e n t  system. 

The f i r s t  c a s e  p r e s e n t s  t h e  advan tage  t h a t  it a l l o w s  one 
t o  p a r t i t i o n  t h e  problem i n t o  two subproblems t h a t  can  be s o l v e d  
s e p a r a t e l y :  one  f i r s t  f i n d s  t h e  r e s e r v o i r  c a p a c i t y  t h a t  a l l ows  
one t o  s a t i s f y  t h e  low-flow t a r g e t .  The f low of  t h e  r e g u l a t e d  
r i v e r  i s  t h e n  t aken  a s  g iven  and t h e  t r e a t m e n t  sys tem i s  des igned  
accord ing  t o  t h i s  f low p a t t e r n .  

The problem of  d e s i g n i n g  a r e s e r v o i r  s o  a s  t o  s a t i s f y  
c e r t a i n  low-flow c o n d i t i o n s  w i t h  a  g iven  r e l i a b i l i t y  i s  r a t h e r  
complex. I t  i n v o l v e s  t h e  s imul taneous  d e t e r m i n a t i o n  of t h e  
c a p a c i t y  and t h e  o p e r a t i n g  r u l e s  f o r  t h e  r e s e r v o i r ;  t h i s  i s  
g e n e r a l l y  posed a s  a  chance c o n s t r a i n t  problem (Eastman and 
Reve l l e  1973; Reve l l e  e t  a 1  1969; Reve l l e  and Kirby, 1969) .  I n  
o r d e r  t o  keep t h e  d i s c u s s i o n  i n  t h i s  pape r  a t  a  minimum l e v e l  
o f  complex i ty ,  w e  s h a l l  assume t h a t  t h e  o p e r a t i n g  r u l e  i s  g iven .  
More s p e c i f i c a l l y ,  i f  Rt d e s i g n a t e s  t h e  r e s e r v o i r  l e v e l ,  C i t s  

c a p a c i t y  and CJ t h e  gua ran t eed  minimum f low,  t h e n  t h e  w a t e r  
release i n  p e r i o d  t ,  x t ,  w i l l  be d e f i n e d  a s  

i f q  > R t < C + q  ; 



F i g u r e  1 2 .  
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W e  s h a l l  n o t  d i s c u s s  f u r t h e r  t h i s  o p e r a t i n g  r u l e ;  it i s  s e l e c t e d  
h e r e  f o r  i t s  s i m p l i c i t y .  The problem of f i n d i n g  a  r e s e r v o i r  t h a t  
gua ran t ee s  t h e  r e q u i r e d  minimum f low q  i s  t h e n  e q u i v a l e n t  t o  
f i n d i n g  t h e  minimum C t h a t  w i l l  p e r m i t  a c h i e v i n g  t h e  d e s i r e d  g o a l  
w i t h  t h e  r e q u i r e d  r e l i a b i l i t y  c r i t e r i o n .  L e t  x t ( R t l c )  d e s i g n a t e  

i n  g e n e r a l  t h e  o p e r a t i n g  r u l e  of a  r e s e r v o i r  of  c a p a c i t y  C ;  i t  i s  
c l e a r  t h a t  t h e  p a i r  [ C  ; xt ( R t l c ]  d e f i n e s  a  t r a n s f o r m a t i o n  of  t h e  

d i s t r i b u t i o n  of t h e  f low e n t e r i n g  t h e  r e s e r v o i r  i n t o  a  d i s t r i b u -  
t i o n  o f  t h e  f low l e a v i n g  t h e  r e s e r v o i r .  The new d i s t r i b u t i o n  of  
t h e  f low w i l l  t h u s  c l e a r l y  imply a  d i f f e r e n t  op t ima l  t r e a t m e n t  
system. The t r a d e - o f f  between t h e  r e s e r v o i r  c o s t  and t h e  t r e a t -  
ment sys tem can  be  s t u d i e d  acco rd ing ly .  Th i s  f i r s t  problem i s  
i l l u s t r a t e d  i n  F i g u r e  14,  which shows t h e  f low d i s t r i b u t i o n  
b e f o r e  and a f t e r  t h e  r e s e r v o i r  h a s  been c o n s t r u c t e d .  The l oad  
curve  of  t h e  r e g u l a t e d  r i v e r  i s  shown i n  F i g u r e  15. The o p t i m a l  
series- and p a r a l l e l - t r e a t m e n t  sys tems a r e  a l s o  r e p r e s e n t e d  i n  
F i g u r e s  16 and 17 r e s p e c t i v e l y .  

A more compl ica ted  problem o c c u r s  when a  gua ran t eed  minimum 
f low i s  no l o n g e r  s p e c i f i e d  f o r  t h e  r e s e r v o i r ,  and one i s  asked  
t o  de te rmine  s imu l t aneous ly  t h e  c a p a c i t y  o f  t h e  r e s e r v o i r ,  i t s  
o p e r a t i n g  r u l e  and t h e  a s s o c i a t e d  t r e a t m e n t  p l a n t  system. Deter- 
mining an  o p e r a t i n g  r u l e  i n  a  s t o c h a s t i c  environment  i s  always a  
complex problem t h a t  n e c e s s i t a t e s  t h e  c o n s t r u c t i o n  o f  a  model. 
I f  t h e  problem has  s e v e r a l  t ime-per iods  and r e s e r v o i r s  t h i s  model 
i s  of a  s t o c h a s t i c  programming t y p e  and t h u s  can  be ex t remely  
d i f f i c u l t  t o  s o l v e .  With one r e s e r v o i r  t h e  problem can  u s u a l l y  
be c a s t  i n  a  dynamic programming formal ism,  which,  a l t hough  con- 
s i d e r a b l y  e a s i e r  t o  d i s c u s s  and s o l v e ,  would l e a d  u s  much beyond 
t h e  scope of  t h i s  pape r .  I n  o r d e r  t o  avo id  comple te ly  any t y p e  
of mathemat ica l  modeling w e  s h a l l  c o n s i d e r  a  d r a s t i c a l l y  s i m p l i -  
f i e d  s i t u a t i o n .  W e  s h a l l  f i r s t  assume t h e  problem t o  have on ly  
two t i m e  p e r i o d s ,  of  l e n g t h  T1 and T 2  r e s p e c t i v e l y :  i n  t h e  f i r s t  

p e r i o d  wa t e r  i s  s t o r e d  and t hen  comple te ly  r e l e a s e d  i n  t h e  second 
p e r i o d .  Water r e l e a s e d  i n  t h e  second p e r i o d  can  be used f o r  
r e g u l a r  low-flow augmenta t ion  b u t  a l s o  f o r  r educ ing  t h e  e f f e c t s  
of  a c c i d e n t a l  d i s c h a r g e s .  I n  o r d e r  t o  l i m i t  o u r s e l v e s  t o  elemen- 
t a r y  c a l c u l a t i o n s  w e  s h a l l  assume t h a t  t h e  incoming f low t o  t h e  
r e s e r v o i r  i n  t h e  f i r s t  p e r i o d  can  t a k e  on ly  two v a l u e s  Q1 and Q 2 ,  

w i t h  p r o b a b i l i t y  p l  and p2 r e s p e c t i v e l y .  S i m i l a r l y ,  t h e  n a t u r a l  

f low i n  t h e  second p e r i o d  w i l l  be Q3 and Q 4 ,  w i t h  p r o b a b i l i t i e s  

p3  and p4 .  These f lows r e p r e s e n t  t h e  number of  c u b i c  meters 

f lowing  th rough  t h e  r i v e r  p e r  day d u r i n g  t h e  whole p e r i o d .  Flows 
i n  t h e  second p e r i o d  a r e  n o t  c o r r e l a t e d  t o  f lows i n  t h e  f i r s t  
p e r i o d .  W e  obv ious ly  have 











These assumptions lead to an extrernc~ly simplified reservoir 
management model that still allows us t:o consider the essential 
elements of more general prohlerns. 

We assume that accidental discharges can only occur during 
the second period. In order to restrict ourselves to two-period 
problems, we shall assume such accidental discharges to occur 
at the beginning of the period and to last a fraction f of this 
period. Let p be the probability of the accidental discharge. 
The reservoir manager is instantly informed of this accident 
and can release some of the water stored in the reservoir in 
order to improve the situation. As a simplification we shall 
assume the accidental discharge to be a known additional oxygen 
demand, and the probability of its occurrence to be known; we 
shall also impose the condition that the release during the 
accident be independent of the flow during that period. The 
operating rule of the reservoir can then be summarized as 
follows: 

o First period : flow Q1 store ql ; 

flow Q3 store q2 . 
&. 

I) Second period: If there is no accidental discharqe, release 
the contents of the reservoir; 
If there is an accidental discharge, release 

q during the accident, and the remainder of 
the reservoir contents after the accident. 

The total capacity of the reservoir is obviously equal to max 
(q1,q2). The problem is to select simultaneously the reservoir 

capacity and the appropriate treatment plant. 

In order to investigate the economics of this problem, we 
first consider the set of possible flows and their probabilities 
as modified by the reservoir operating rule. During the first 
period the flows will be Q1 - ql with probability pl and Q2 - q2 
with probability p2. During the second period, the flows occurring 

in the absence of accidental discharges will be 

with probability (1-p)p3p1, ( ~ - P ) P ~ P ~ I  ( 1 - p ) ~ ~ ~ ~  and ( 1 - p ) ~ ~ ~ ~  

respectively. (We recall that p denotes the probability of an 
accident.) If there is an accident, the situation is somewhat 

more complex: the flow is equal to (Q3 + q )  and (Q4 + 9) with 
probability pp3 and pp4 respectively, during a fraction f of the 

second period; after the accident it is equal to 



w i t h  p r o b a b i l i t y  p p l p  pp2p3,  pp1p4 and  pp2p4  d u r i n g  a  f r a c t i o n  
3  ' 

( 1 - f )  o f  t h i s  s e c o n d  p e r i o d .  

To e a c h  f l o w  i s  a s s o c i a t e d  a  c e r t a i n  maximum l o a d  a c c e p t -  
a b l e  by t h e  sys t em.  To e a c h  t r i p l e t  ( q l  , q 2  t q )  o n e  c a n  t h u s  

a s s o c i a t e  t h e  d i m e n s i o n  o f  t h e  r e s e r v o i r  ( and  h e n c e  i t s  c o s t ) ,  
a n d  a  t r e a t m e n t  d i s t r i b u t i o n  c u r v e  ( and  h e n c e  t h e  c o s t  o f  t h e  
t r e a t m e n t  s y s t e m ) .  By e n u m e r a t i n g  t h e  p o s s i b l e  v a l u e s  o f  
( q 1 , q 2 , 9 ) ,  t h e  o v e r a l l  minimum c a n  b e  found .  

T h i s  d i s c u s s i o n  i s  i l l u s t r a t e d  i n  F i g u r e  18 ,  which g i v e s  
t h e  l o a d  c u r v e  b e f o r e  a n d  a f t e r  r e g u l a t i o n  and  i n d i c a t e s  t h e  
optimum p a r a l l e l  sys t em.  I n  o r d e r  t o  s i m p l i f y  t h e  d i s c u s s i o n  
w e  d i d  n o t  c o n s i d e r  t h e  p o s s i b i l i t y  o f  a c c i d e n t a l  d i s c h a r g e s .  
The o r i g i n a l  f l o w  d i s t r i b u t i o n  h a s  been  a p p r o x i m a t e d  a s  f o l l o w s :  

3  3 
 low (10 m /day)  P r o b a b i l i t y  

Dry s e a s o n  47 .73  .2684 

92.978 . I 9 7 3  

W e t  s e a s o n  168.52 .3268 

412.61 .2075 

The o p e r a t i n g  r u l e  h a s  been  s e l e c t e d  a s  f o l l o w s :  

S t o r e  50 when t h e  f l o w  i s  168 .52;  
S t o r e  200 when t h e  f l o w  i s  412.61.  

S i n c e  t h e  w e t  a n d  d r y  s e a s o n s  a r e  r e s p e c t i v e l y  of  195 and  170 
d a y s ,  w e  o b t a i n  t h e  f o l l o w i n g  d i s t r i b u t i o n  t h r o u g h  f l o w  r e g u l a -  
t i o n ,  

Flow P r o b a b i l i t y  





The l o a d  c u r v e s  c o r r e s p o n d i n g  t o  t h e s e  f low d i s t r i b u t i o n s  have 
been smoothed a s  i n d i c a t e d  i n  F i g u r e  1 8 .  The e v a l u a t i o n  of  
t h e  optimum p a r a l l e l  and series sys tem can  t h e n  b e  c a r r i e d  o u t  
a s  b e f o r e .  

6 .  TREATMENT PLANT FAILURES 

The r e l i a b i l i t y  of  r i v e r  q u a l i t y  management sys tems  and 
wastewater  t r e a t m e n t  p l a n t s  does  n o t  seem t o  have r e c e i v e d  much 
a t t e n t i o n  i n  t h e  l i t e r a t u r e .  T h i s  s i t u a t i o n  i s  somewhat s t r a n g e  
i f  one c o n s i d e r s  t h a t  many t r e a t m e n t  p l a n t s  a r e  c e r t a i n l y  n o t  
a lways  o p e r a t i n g  a t  t h e i r  r a t e d  removal c a p a c i t y .  I t  would t h u s  
s e e m  r e a s o n a b l e  t o  t a k e  t h e  p o s s i b i l i t y  of  p l a n t  u n a v a i l a b i l i t y  
i n t o  c o n s i d e r a t i o n  i n  t h e  d e s i g n  p r o c e s s  and hence  t o  c o l l e c t  
d a t a  r e l e v a n t  f o r  t h a t  purpose .  I n  t h i s  s e c t i o n  w e  i n t r o d u c e  
some n o t i o n s  r e l a t e d  t o  t h e  problem of  e v a l u a t i n g  t h e  r e l i a b i -  
l i t y  of t h e  t r e a t m e n t  sys tems  c o n s i d e r e d  p r e v i o u s l y  i n  t h i s  
paper .  

A comprehensive d e s i g n  p rocedure  t h a t  d i r e c t l y  t a k e s  i n t o  
accoun t  r e l i a b i l i t y  c r i t e r i a  seems d i f f i c u l t  t o  imagine w i t h o u t  
r e q u i r i n g  r a t h e r  complex c a l c u l a t i o n s  a t  e v e r y  s t e p  of  t h e  
p rocedure .  A second b e s t  t o  t h i s  i d e a l  approach i s  t o  p r o v i d e  
a  f i r s t  d e s i g n  of t h e  sys tem t h a t  d o e s  n o t  t a k e  i n t o  a c c o u n t  
t h e  u n c e r t a i n t y  of  t h e  c o n s t i t u t i n g  components,  and t o  c o r r e c t  
t h i s  d e s i g n  a t  a  second s t a g e  a c c o r d i n g  t o  c e r t a i n  r e l i a b i l i t y  
measures.  W e  s h a l l  show i n  t h i s  s e c t i o n  how c l a s s i c a l  t o o l s  
developed i n  t h e  f i e l d  o f  power-genera t ion  p l a n n i n g  can  be  
t r a n s l a t e d  i n  o r d e r  t o  a p p l y  t o  o u r  problem. 

W e  assume f o r  t h e  s a k e  of  s i m p l i c i t y  t h a t  a  t r e a t m e n t  p l a n t  
is  e i t h e r  f u l l y  a v a i l a b l e  o r  comple te ly  o u t  of o r d e r :  l e t  p  
be t h e  p r o b a b i l i t y  of  a  p l a n t  b e i n g  f o r c e d  o u t  of  o p e r a t i o n .  
T h i s  assumpt ion  c o u l d  o b v i o u s l y  be  modi f i ed  f o r  i n c r e a s e d  r e a l i s m ;  
it i s  made h e r e  because  of  i t s  a n a l y t i c a l  conven ience .  Any 
r e l i a b i l i t y  e v a l u a t i o n  r e q u i r e s  t h e  d e f i n i t i o n  of  a  c r i t e r i o n .  
The s i m p l e s t  e v a l u a t i o n  o f  t h e  f a i l u r e  of  t h e  sys tem t h a t  can  be  
c o n s i d e r e d  h e r e  i s  t h e  e x p e c t e d  p o l l u t i o n  l o a d  t h a t  shou ld  
normal ly  have been t r e a t e d  i n  o r d e r  t o  a c h i e v e  t h e  q u a l i t y  c r i te-  
r i o n  b u t  which remains  u n t r e a t e d  because  o f  t h e  p l a n t  f a i l u r e .  
W e  s h a l l  d e n o t e  t h i s  c r i t e r i o n  a s  t h e  g l o b a l  f a i l u r e  o f  t h e  
system. More s o p h i s t i c a t e d  c r i t - e r i a  can  b e  though t  o f :  c o n s i d e r  
f o r  i n s t a n c e  a  s i t u a t i o n  i n  which w e  have a  s a f e t y  sys tem on 
s tand-by t h a t  i s  o n l y  o p e r a t e d  when t h e  main sys tem f a i l s .  The 
e x p e c t e d  o p e r a t i n g  c o s t  o f  t h i s  s a f e t y  sys tem i s  c e r t a i n l y  a  
u s e f u l  economic c r i t e r i o n  t o  t a k e  i n t o  a c c o u n t  i n  t h e  d e s i g n  pro-  
cess. Both n o t i o n s ,  g l o b a l  f a i l u r e ,  and t h e  i n c r e m e n t a l  c o s t  
i n c u r r e d  i n  o r d e r  t o  compensate t h e  f a i l u r e  of  t h e  main sys tem,  
a r e  t h u s  i m p o r t a n t  d e c i s i o n  c r i t e r i a .  I n  what f o l l o w s  w e  
i l l u s t r a t e  how t h e y  c a n  be  e v a l u a t e d  on t h e  b a s i s  o f  t h e  n o t i o n s  
i n t r o d u c e d  above. A s  b e f o r e ,  it s h o u l d  be  c l e a r  t h a t  t h e  d i s -  
c u s s i o n  g i v e n  h e r e  i s  o n l y  p r e s e n t e d  f o r  i l l u s t r a t i v e  purposes .  

W e  f i r s t  c o n s i d e r  t h e  series sys tem,  and w e  assume t h a t  t h e  
a c t i v a t e d  carbon t r e a t m e n t  can  b e  i n c r e a s e d  on r e q u e s t  t o  p r o v i d e  



f u l l  t r e a t m e n t  when t h e  b i o l o g i c a l  p l a n t  goes  o u t  of normal 
o p e r a t i o n .  I t  i s  c l e a r  t h a t  t h e  g l o b a l  f a i l u r e  o f  t h e  sys tem 
is  t h e n  i d e n t i c a l l y  z e r o .  The o n l y  remaining q u e s t i o n  i s  t h u s  
the  e v a l u a t i o n  of  t h e  a d d i t i o n a l  o p e r a t i n g  c o s t  of  t h e  a c t i v a t e d  
ca rbon  t r e a t m e n t  due t o  i t s  r o l e  a s  a  s a f e t y  mechanism. The 
s o l u t i o n  of  t h e  problem i s  e a s y .  The e x p e c t e d  t o t a l  o p e r a t i n g  
c o s t  c o n s i s t s  of  t w o  t e r m s :  

o t h e  normal a n n u a l  o p e r a t i n g  c o s t  when t h e  b i o l o g i c a l  p l a n t  
i s  a v a i l a b l e - - t h i s  c o s t  i s  i n c u r r e d  w i t h  p r o b a b i l i t y  1-p 
and i s  t h e  one a l r e a d y  e v a l u a t e d ;  

o t h e  c o s t  of  p r o v i d i n g  t h e  f u l l  t r e a t m e n t  w i t h  a c t i v a t e d  
ca rbon  o n l y - - t h i s  c o s t  i s  e q u a l  t o  

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

The a d d i t i o n a l  c o s t  i s  t h e n  o b t a i n e d  by s u b t r a c t i n g  t h e  
c o s t  e v a l u a t e d  under  c e r t a i n t y  assumpt ions  from t h i s  new expec ted  
c o s t .  The r e s u l t  i s  

I t  s h o u l d  be n o t e d  t h a t ,  i n  t h i s  c a s e  a s  b e f o r e ,  an  optimum 
c h o i c e  of  t h e  t r e a t m e n t  sys tem cou ld  be  made of  b o t h  t h e  r e g u l a r  
and s a f e t y  sys tems.  

The r e a d e r  can  e a s i l y  conv ince  h imse l f  t h a t  more r e a l i s t i c  
assumpt ions  on t h e  u n a v a i l a b i l i t y  of t h e  p l a n t  w i l l  imply more 
complex e v a l u a t i o n s .  I n  p a r t i c u l a r  t h e  e x i s t e n c e  of  s e v e r a l  
p l a n t s ,  o r  t h e  r e p r e s e n t a t i o n  of  t h e i r  a v a i l a b i l i t y  by a  model 
t h a t  i s  more complex t h a n  t h e  s i m p l e  b inomia l  d i s t r i b u t i o n  
which i s  used h e r e ,  would l e a d  t o  a  more s o p h i s t i c a t e d  e v a l u a -  
t i o n .  We i l l u s t r a t e  t h i s  p o i n t  w i t h  t h e  c a s e  of  t h e  p a r a l l e l  
system. I n  t h i s  sys tem,  t h e  damage due  t o  p l a n t  f a i l u r e  can  b e  
comple te ly  e v a l u a t e d  by t h e  l o a d  which s h o u l d  normal ly  have 
been t r e a t e d  by p l a n t s  2 = 1 ,  ... L ,  b u t  remains  u n t r e a t e d  due  t o  
f o r c e d  bypass ing .  L e t  TF b e  t h i s  load :  TF r e p r e s e n t s  t h e  t r e a t -  

ment c a p a c i t y  t h a t  is  u n a v a i l a b l e  because  of  f o r c e d  bypass ing .  
A s  such it i s  a  random v a r i a b l e  t h a t  o b v i o u s l y  depends on t h e  
s t r u c t u r e  of t h e  t r e a t m e n t  system. I t s  e v a l u a t i o n  i s  s t r a i g h t -  
forward  under o u r  a s sumpt ions ,  p rov ided  t h a t  w e  a l s o  suppose t h e  
a v a i l a b i l i t y  of t h e  v a r i o u s  components 2 o f  t h e  p l a n t  a t  some 
p e r i o d  of t i m e  t o  b e  represen t . ed  by independen t  random v a r i a b l e s .  

L e t  T be  t h e  demand f o r  t r e a t m e n t  d u r i n g  a  g i v e n  p e r i o d  of 
t i m e ;  a s  d i s c u s s e d  b e f o r e  T i s  r e p r e s e n t e d  by t h e  t r e a t m e n t  d i s t r i -  
b u t i o n  c u r v e ,  and w e  d e f i n e  t h e  random v a r i a b l e  



The d i s t r i b u t i o n  o f  t c a n  be e a s i l y  computed by c o n v o l u t i n g  t h e  
t r e a t m e n t  d i s t r i b u t i o n  c u r v e  and  t h e  u n a v a i l a b l e  c a p a c i t y  d i s t r i -  
b u t i o n  c u r v e .  W e  t h e n  c o n s t r u c t  t h e  c u r v e  

- 
p t ( t * )  = Prob  ( t  2 t * )  

The a v a i l a b i l i t y  o f  5 ( t * )  a l l o w s  one t o  d e r i v e  a c o n s i d e r a b l e  t 
amount o f  i n f o r m a t i o n  a b o u t  t h e  r e l i a b i l i t y  o f  t h e  whole sys t em.  
Suppose f i r s t  t h a t  w e  h a v e  no s t and-by  sys tem:  a n  i n t e r e s t i n g  
q u e s t i o n  i s  t o  d e t e r m i n e  t h e  p r o b a b i l i t y  w i t h  which t h e  q u a l i t y  
o f  t h e  r i v e r  w i l l  be v i o l a t e d  i f  n o  a d d i t i o n a l  t r e a t m e n t  capa-  
c i t y  i s  i n s t a l l e d .  T h i s  i s  e a s i l y  o b t a i n e d  as 

The e x p e c t e d  number o f  d a y s  p e r  y e a r  t h a t  .!:he q u a l i t y  c r i t e r i o n  
w i l l  be v i o l a t e d  i s  t h e n  e q u a l  t o  

The g l o b a l  f a i l u r e  of  t h e  s y s t e m  i n  t h e  a b s e n c e  o f  a d d i t i o n a l  
c a p a c i t y  c a n  a l s o  be found e a s i l y :  i t  i s  e q u a l  t o  

A more s o p h i s t i c a t e d  c r i t e r i o n  is  t h e  a d d L t i o n a l  c o s t  t h a t  
t h e  f a i l u r e  o f  some o f  t h e  p l a n t s  w i l l  e n t a i l  f o r  t h e  sys t em.  
T h i s  c o s t  c o n s i s t s  of  t w o  p a r t s :  

o t h e  a d d i t i o n a l  a c t i v a t e d  c a r b o n  t h a t  w i l l  h e  u s e d  t o  sup- 
p l emen t  t h e  l o s t  t r e a t m e n t  c a p a c i t y ;  

o t h e  i n c r e a s e  i n  t h e  o p e r a t i n g  c o s t  o f  t h e  e x i s t i n g  p l a n t s  
due  t o  t h e  f a c t  t h a t  some p l a n t s  w i t h  h i g h  o p e r a t i n g  c o s t s  
w i l l  be o p e r a t e d  more t h a n  e x p e c t e d  b e c a u s e  of  t h e  f a i l u r e  
of  o t h e r  p l a n t s .  

The f i r s t  p a r t  o f  t h i s  c o s t  i s  s t r a i g h t f c : . w a r d  t o  o b t a i n :  it i s  
e q u a l  t o  t h e  g l o b a l  f a i l u r e  o f  t h e  s y s t e m  m u l t i p l i e d  by t h e  c o s t  
o f  t h e  a c t i v e  c a r b o n  n e c e s s a r y  t o  e l i m i n a t e  o n e  kg  o f  BOD. The 
second  p a r t  i s  more complex,  a n d  w i l l  n o t  b e  d i s c u s s e d  h e r e .  F o r  
o u r  p u r p o s e s ,  it s u f f i c e s  t o  s a y  t h a t  it c a n  b e  e v a l u a t e d  c o r r e c t l y  
on t h e  b a s i s  o f  t h e  f u n c t i o n  g t ( t ) .  D e t a i l s  o f  t h e  e v a l u a t i o n  
p r o c e d u r e  c a n  b e  found i n  Zahavi  e t  a1 ( 1 9 7 8 ) .  



7. CONCLUSIONS 

In this paper we have presented several economic problems 
related to the time-varying operation of treatment plants, and 
we have shown that the consideration of time-varying operation 
greatly enlarges the scope of the planning process. Although 
the approach followed is extremely simplified, it leads to some 
interesting insights concerning the type of information that is 
needed for this kind of investigation. 

In the first section it is shown that flow regimes different 
from low flow can be considered in the statement of the river 
quality planning problem. The economic evaluation is thus en- 
larged in order to take into account favorable as well as unfavor- 
able river conditions. A requirement for proceeding this way is 
to have sufficient information on the flow in the river (which 
is very often available), and on the dependence of the parameters 
of the river model on the flow (which is more difficult to achieve). 
Loose estimates of the coefficients of the river model can also 
be taken into account if information about their relative inaccu- 
racy is available. Special events such as accidental discharges 
can be included in the planning process, if they are quantified 
with sufficient accuracy. This quantification, although probably 
very difficult, is obviously an absolute requirement: it is 
indeed clear that one cannot design a system which would sustain 
every kind of accident, and hence that one must determine those 
situations that can be managed by the treatment system. 

A second section deals with the choice of the optimal treat- 
ment combination. From this discussion, it appears important 
to have information about fixed and variable costs of treatment 
plants. It is also clear from the simple situation discussed 
that these costs will depend heavily on the operating modes of 
the plant, and hence that this problem must be studied with great 
care. What is needed here is a proper cost-accounting analysis 
of treatment plants. 

Treatment systems can be combined with low-flow augmentation 
measures. It is shown that various situations can be contemplated, 
ranging from the case where the reservoir management problem and 
the pollution treatment can be completely decoupled to the more 
complex case where the two problems are completely merged. The 
second situation can obviously give rise to a whole class of 
specific models. 

The last part of the paper deals with reliability evaluation. 
It is shown that various problems could be considered if the 
required information on plant availability existed. This infor- 
mation could be very crude, such as the binomial representation 
of plant availability given here, but it could also be much more 
sophisticated. Even with crude information, rather sophisticated 
reliability assessments can be made. 
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A P P E N D I X  1: TI1E RIVER MODEL 

The model used throughout this paper has been established 
for the Bormida River (Italy) by Rinaldi et a1 (1979); a full 
description of the model is given in that reference. The 
Bormida river model has been calibrated for a set of steady- 
state regimes, and the coefficients of the model expressed as 
functionsof the flow. Referring to the expressions Ki(R) intro- 

duced in section 3 ,  the following relations have been found for 
the Ki (Q) . 

3 3  - 1 
where Q is measured in 'I0 m /day and K in Km . 

In order to illustrate the use of imprecise estimates of 
the Ki in the derivation of the load curve we have supposed that 

for each flow Q the Ki have normal distributions with mean Ki(Q) 

and standard deviations of 10 per cent of Ki(Q). 

The Bormida river is already regulated by a reservoir and 
thus no measure of the natural flow is readily available. Since 
one of our goals is to illustrate the modification brought about 
in the treatment system by the introduction of a reservoir, it is 
appropriate to assume flow regimes with sufficient variability 
throughout the year. In order to do so we have selected a flow 
distribution that follows the same pattern as a meridional river 
with a dry and a wet season. 



The main pollution load in the Bormida river is due to an 
industrial discharge. For the sake of simplicity we did not 
consider the real characteristics of that discharge; we assumed 
instead that the load is equal to 18226 kg BOD/day, which 
represents 74.9 per cent of the maximum allowable load found in 
Figure 2. 

Assuming this water to be similar to urban sewage ( 3 0 0  mg - - 
3 3 BOD/R) this load corresponds to a flow of 60.7 10 m /day. There 

is obviously a contradiction in assuming such a discharge of 
wastewater that is larger than the minimum flow in the river 

3  3  (36.12 10 m /day). Because of the illustrative purpose of this 
text we did not take any action to eliminate this contradiction. 
In order to do so, it would suffice to increase the load of the 
wastewater. This would have forced us to recompute all our cost 
data for the biological plant. 



APPENDIX 2: COST DATA FOR THE TREATMENT SYSTEM 

B i o l o g i c a l  t r e a t m e n t :  W e  c o n s i d e r  a c t i v a t e d  s l u d g e  t r e a t -  
ment p l a n t s  a c h i e v i n g  40, 50,  60,  70, 80 and 85 p e r  c e n t  BOD 
removal r a t e s .  O t h e r  e f f i c i e n c i e s  c o u l d  have been t a k e n  i n t o  
a c c o u n t ,  b u t  t h i s  would n o t  have b r o u g h t  a n y t h i n g  new t o  t h e  
r e a s o n i n g .  Using t h e  model d e s c r i b e d  i n  Ty teca  and Smeers 
( 1 9 7 9 ) ,  o p t i m a l l y  d e s i g n e d  t r e a t m e n t  p l a n t s  have  been assumed 
l e a d i n g  t o  t h e  e v a l u a t i o n  of f i x e d  and v a r i a b l e  annua l  c o s t s  
g i v e n  i n  Tab le  A.2.1. A s  i n d i c a t e d  i n  t h e  t e x t  v a r i a b l e  c o s t s  
have been assumed t o  be  s t r i c t l y  p r o p o r t i o n a l  t o  t h e  l o a d  
removed. T h i s  a l l o w s  u s  t o  d e r i v e  a  v a r i a b l e  c o s t  p e r  gramrne 
of BOD removed a s  i n d i c a t e d  i n  Tab le  A.2.1. 

Table  A.2.1. C o s t s  of  a c t i v a t e d  s l u d g e  t r e a t m e n t  p l a n t s  wS.th 
d i f f e r e n t  removal e f f i c i e n c i e s ;  t h e  i n f l u e n t  f low 
c o r r e s p o n d s  t o  one p o p u l a t i o n  e q u i v a l e n t  (150R/ 
day and 300 mg/R B O D ) ;  1 US d o l l a r  = 30 BF and 
1 BF = 100 c t .  

Fixed Annual V a r i a b l e  Annual U n i t  p r o p o r t i o n a l  
Eff ic iency Cos t  i n  BF/year Cost  i n  BF/year C o s t  i n  c t / g  - BOD -- 



F o r  o u r  p u r p o s e s ,  and  i n  o r d e r  t o  s i m p l i f y  t h e  c o m p u t a t i o n ,  
w e  have assumed a n  a v e r a g e  c o s t  o f  1 3  c t / g  BOD removed from t h e  
w a s t e w a t e r .  

A c t i v a t e d  Carbon T r e a t m e n t :  I n  o r d e r  t o  d e v e l o p  a  u n i t  
c o s t  f o r  a c t i v a t e d  c a r b o n  t r e a t m e n t ,  w e  have  assumed t h a t  t h e  
t r e a t m e n t  was a p p l i e d  t o  a f r a c t i o n  o f  t h e  i n f l u e n t  w a s t e w a t e r  
i n  o r d e r  t o  a r r i v e  a t  a r e s i d u a l  BOD c o n c e n t r a t i o n  o f  45 mg/R. 
Any g l o b a l  BOD removal  r a t e  between 4 0  p e r  c e n t  and  85  p e r  c e n t  
c a n  t h e n  b e  a c h i e v e d  by v a r y i n g  t h e  f r a c t i o n  o f  t h e  f l o w  t h a t  
unde rgoes  a c t i v a t e d  c a r b o n  t r e a t m e n t  a f t e r  t h e  b i o l o g i c a l  p l a n t .  

The amount o f  a c t i v a t e d  c a r b o n  r e q u i r e d  w a s  computed u s i n g  
a F r e u n d l i c h  i s o t h e r m .  More s p e c i f i c a l l y ,  t h e  f o l l o w i n g  f u n c t i o n  
h a s  been  chosen .  L e t  M b e  t h e  amount o f  c a r b o n  ( i n  mg/R) 
r e q u i r e d  and  X ( i n  mg/R) t h e  BOD e l i m i n a t e d  by t h e  t r e a t m e n t .  
W e  have  

where Cf i s  t h e  r e s i d u a l  BOD c o n c e n t r a t i o n  i n  mg/R and  t h e  co- 
e f f i c i e n t s  K and n  a r e  s e l e c t e d  depend ing  on t h e  t y p e  o f  a c t i -  

v a t e d  c a r b o n  used .  F o r  o u r  p u r p o s e  w e  t ook  K = 6 . 9  (1 o - ~ )  and  
1 - = 1 . 8 .  S i n c e  t h e  r e s i d u a l  BOD i s  45 mg/R w e  have  
I I  

C o n s i d e r  now t h e  f r a c t i o n  x of  t h e  w a t e r  t o  be  t r e a t e d  by a c t i -  
v a t e d  c a r b o n  i n  o r d e r  t o  o b t a i n  a  c o n c e n t r a t i o n  Cf  g i v e n  a  con- 

c e n t r a t i o n  Ci i n  t h e  e f f l u e n t  f rom t h e  b i o l o g i c a l  p a r t  o f  t h e  

p l a n t .  x must  s a t i s f y  

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



hence  t h e  q u a n t i t y  r e q u i r e d  p e r  mg of  BOD removed i n  a  l i t e r  o f  
t h e  w a t e r  f l o w i n g  o u t  o f  t h e  b i o l o g i c a l  p a r t  o f  t h e  t r e a t m e n t  
p l a n t  i s  

15 x (C,  - 45)  

Taking  a  u n i t  cost  f o r  a c t i v a t e d  c a r b o n  of  20 BF/kg w e  have  a  
u n i t  cost  o f  30 c t / g  BOD removed p e r  l i t e r  o f  w a s t e w a t e r .  T h i s  
l e a d s  u s  t o  s t a t e  f o r  t h e  series s y s t e m ,  

c = 13 c t / g  BOD; v  = 30 c t / ( g  BOD/&) 

W e  now c o n s i d e r  t h e  p a r a l l e l  s y s t e m .  F o r  e a c h  p l a n t  R t h e  
u n i t  cos t  o f  BOD r emova l  i s  e q u a l  t o  

which g i v e s  t h e  f i g u r e s  o f  T a b l e  A . 2 . 2 .  

T a b l e  A.2.2. 

U n i t  c o s t  22 20 18 16 1 4  13 

5 i s  t h e  BOD r emova l  r a t e  a c h i e v e d  i n  t h e  \ : l i o l o g i c a l  p a r t  
o f  t h e  p l a n t .  



DESIGN AND OPERATION INTERACTIONS I N  
WASTEWATER TREATMENT 

G .  O l s s o n  

1 . I N T R O D U C T I O N  

T h e r e  i s  a  s t r o n g  r e l a t i o n s h i p  be tween  p r o c e s s  d e s i g n  and  
o p e r a t i o n  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 s .  T h i s  i s  m o r e  w i d e l y  
r e c o g n i z e d  now t h a t  o p e r a t i o n a l  c o n t r o l  i s  becoming more common; 
and  a s  o p e r a t i o n  and  c o n t r o l  h a s  become more emphas ized  s o  new 
p rob lems  have  come i n t o  f o c u s .  Many p l a n t s  h a v e  been  d e s i g n e d  
i n  such  a  way t h a t  c o n t r o l  a u t h o r i t y  i s  too l i m i t e d ;  t h i s  is  
due  e i t h e r  t o  i n s u f f i c i e n t  c o n t r o l l a b i l i t y  o f  pumps, v a l v e s  and  
c o m p r e s s o r s  o r  t o  i n f l e x i b l e  p i p i n g  be tween  t h e  u n i t  p r o c e s s e s .  

I n  Sweden sewage 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  h a s  e x p e r i e n c e d  
a  t remendous  deve lopment  d u r i n g  t h e  l a s t  two d e c a d e s .  A t  f i r s t  
t h e  r e q u i r e m e n t s  i n  p e r f o r m a n c e  w e r e  l i m i t e d  t o  maximum 
a v a i l a b l e  BOD r e d u c t i o n ,  b u t  have  s i n c e  been  e x t e n d e d  t o  i n c l u d e  
c h e m i c a l  p r e c i p i t a t i o n  i n  o r d e r  t o  r e d u c e  t h e  phosphorus  c o n t e n t  
o f  t h e  sewage. S i n c e  t h e  1 9 6 0 ' s  b o t h  b i o l o g i c a l  and  c h e m i c a l  
t r e a t m e n t  have  been  r e q u i r e d  when g r a n t i n g  p e r m i t s  f o r  new con- 
s t r u c t i o n  o f  w a s t e w a t e r  p l a n t s .  c u r r e n t l y  some 75 p e r  c e n t  o f  
t h e  p o p u l a t i o n ' s  s ewerage  i s  c o n n e c t e d  t o  combined b i o l o g i c a l  
and c h e m i c a l  t r e a t m e n t ,  2 2  p e r  c e n t  t o  o n l y  b i o l o g i c a l  w h i l e  
3 p e r  c e n t  r e c e i v e  o n l y  p r i m a r y  t r e a t m e n t .  T h i s  l a s t  g r o u p  i s  
u s u a l l y  c o n n e c t e d  t o  s m a l l  works  i n  s p a r s e l y  p o p u l a t e d  a r e a s .  

A t t e n t i o n  i s  g r a d u a l l y  t u r n i n g  t o w a r d s  o p e r a t i o n  now t h a t  
m o s t  o f  t h e  f a c i l i t i e s  h a v e  been  c o n s t r u c t e d .  Maximum u t i l i z a -  
t i o n  h a s  t o  b e  made o f  t h e  p l a n t  d e s i g n ,  o p e r a t i o n a l  c o s t s  h a v e  
t o  b e  min imized  and  e f f l u e n t  q u a l i t y  h a s  t o  b e  m a i n t a i n e d  a n d  
improved.  The c o u p l i n g s  be tween  p r o c e s s  d e s i g n ,  r e c i p i e n t  
demand and  o p e r a t i o n s  h a v e  come t o  b e  more w i d e l y  a p p r e c i a t e d  
and  it h a s  been  o b s e r v e d  t h a t  p l a n t  d e s i g n  i s  o f t e n  a n  o b s t a c l e  



limiting flexible and successful operation. A more flexible 
design (more piping, valves or instruments) is of course more 
costly. However, the increase in cost has to be balanced with 
the potential for saving operating costs. 

The operational costs of wastewater treatment have risen 
from 1.0 Swedish kronor per cubic meter in 1971 to 3.5 kronor in 
1978. The high cost of operations necessarily forces the 
emphasis to change from considerations of design to operation. 
Andrews et a1 (1979) have shown that similar conclusions can be 
made for conditions in the U.S. There the average number of 
years elapsed from the time a plant was put into operation to 
the time at which operation and maintenance costs total more 
than the initial investment is only 6.1 years. 

Again, during the last few years other developments have 
taken place that will make possible significant improvements in 
operations. The most important developments are 

-- computer developments 
-- increased knowledge as represented by models 
-- established control theory 
-- new instruments 

Today it is realistic from both a technical and an economical 
point of view to obtain standardized computer packages for 
specific tasks; the development of improved models has been 
significant; control theory has proven applicable in related 
areas, such as chemical engineering; and instrumentation has 
been improved. Even if there is still a gap between desired 
potential and actual availability of instruments, some probes 
have proven to be very useful. For example, dissolved oxygen 
probes are used on a routine basis and COD or TOC instruments 
have been successfully used for control purposes (Wells, 1979). 

Thus for what reason are practical applications of control 
andoperationsstill considered backward at many places? It has 
to be recognized, unfortunately, that significant incentives 
for good operation are lacking. Grant rules favour design as 
opposed to operation, one result of which has been an oversizing 
of plants in order to decrease operational costs. The conse- 
quences of not meeting the initially specified quality require- 
ments are seldom clear and tangible. There is hardlyany eco- 
nomic penalty for poor quality effluent and too little profit 
incentive to improve performance. The general lack of 
familiarity with on-line instrumentation and lack of education 
in dynamics and control are other obstacles. 

A radically new attitude towards design and operation 
interactions has therefore to be adopted. New attitudes in 
education, consulting, legislation, grant rules, instrumentation, 
and so forth, are needed. 



2 .  LONG-TERM CHANGES AND SHORT-TERV OOPXATIONS 

A w a s t e w a t e r  t r e a t m e n t  p l a n t  I S  n e v e r  i n  a steady-state 
c o n d i t i o n .  Both t h e  p l a n t  and c o n t r o l  s y s t e m  d e s i q n e r s  have  t o  
be  reminded o f  s u c h  a n  o b v i o u s  f a c t .  The t i m e - v a r y i n q  n a t u r e  o f  
t h e  p l a n t  and  i t s  i n p u t  h a s  consequences  f o r  t a n k  d e s i g n ,  
a c t u a t o r  c o n s t r u c t i o n ,  p i p i n g  f l e x i b i l i t y ,  d e s i q n  o f  l i q u i d  
sampl ing  s t a t i o n s ,  i n s t r u m e n t a t i o n  l o c a t i o n s  and c o n t r o l  a l g o r -  
i t h m s  ( O l s s o n ,  1 9 7 7 ) .  The t e r m  "dynamics"  may sometimes b e  
i n t e r p r e t e d  a s  meaning y e a r - t o - y e a r  changes  and  s o m e t i m e s  a s  
hour - to -hour  o p e r a t i o n s .  

L e t  u s  d i s t i n g u i s h  Se tween  t h e  c o n c e p t s  of a u t o m a t i o n  and 
o p e r a t i o n a l  c o n t r o l .  The f o r m e r  i s  c o n c e r n e d  w i t h  t h e  h o u r l y  
o r  d a i l y  o p e r a t i o n s ,  w h i l e  t h e  l a t t e r  may b e  human d e c i s i o n s  i n  
d e s i g n ,  p l a n t  r e c o n s t r u c t i o n  o r  management. 

S e v e r a l  l ong - t e rm c h a n g e s  a r e  s u c h  t h a t  t h e  d e s i g n e r  s h o u l d  
t a k e  them i n t o  c o n s i d e r a t i o n  from t h e  v e r y  b e g i n n i n g .  A c o u p l e  
o f  examples  w i l l  i l l u s t r a t e  t h e  n a t u r e  of y e a r - t o - y e a r  c h a n g e s .  
F i r s t ,  i n p u t  d i s t u r b a n c e  p a t t e r n s  may change  s i g n i f i c a n t l y  from 
y e a r  t o  y e a r  b e c a u s e  o f  c h a n g e s  i n  i n d u s t r i a l  o r  a g r i c u l t u r a l  
e s t a b l i s h m e n t s ,  new h o u s i n g ,  e tc .  Both t h e  h y d r a u l i c  d i u r n a l  
v a r i a t i o n  and  t h e  c o n c e n t r a t i o n  and  c o m p o s i t i o n  o f  t h e  i n p u t  
may change .  T h e r e f o r e  t h e  p l a n t  h a s  t o  b e  a b l e  t o  r e s p o n d  t o  
v a r y i n g  h y d r a u l i c  d i s t u r b a n c e  p a t t e r n s ,  t o  new m i c r o b i a l  d i s -  
t u r b a n c e s ,  o r  t o  new r i s k s  o f  t o x i c  i n p u t s .  Second,  new r e g u l a -  
t o r y  demands may f o r c e  t h e  o p e r a t i o n  o f  t h e  p l a n t  t o  b e  changed .  
Rev i sed  m o n i t o r i n g  methods or  new s e n s o r s  f o r  w a t e r  q u a l i t y  may 
become r e l e v a n t .  C o n s e q u e n t l y  t h e  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  
c a n  b e  s p e c i f i e d  d i f f e r e n t l y  s u c h  t h a t  n o t  o n l y  y e a r l y  a v e r a g e  
q u a l i t y  v a l u e s  a r e  s t a t e d  b u t  a l s o  peak  v a l u e s  of t h e  q u a l i t y  
v a r i a b l e s  a r e  r e l a t e d  t o  s t a n d a r d s .  I n  Sweden n i t r o g e n  removal  
i s  g e n e r a l l y  n o t  r e q u i r e d .  However, a t  t h e  p l a n t  a t  Akeshov- 
Nockeby n e a r  S tockholm new r e g u l a t o r y  s p e c i f i c a t i o n s  w i l l  demand 
a  changed  p l a n t  d e s i g n  s i n c e  n i t r i f i c a t i o n  w i l l  b e  needed .  The 
c r u c i a l  q u e s t i o n  i s  how t o  a d a p t  t h e  d e s i g n  s o  t h a t  t h e  s p e c i f i -  
c a t i o n s  w i l l  b e  m e t  a t  a  minimum c o s t .  S i m i l a r l y ,  one  c a n  a s k  
how e a s i l y  c a n  a  p l a n t  b e  a d j u s t e d  t o  s a t i s f y  new r e g u l a t i o n s ?  
I f  BOD or  suspended  s o l i d s  removal  r e g u l a t i o n s  become s t r i c t e r ,  
i s  t h e  d e s i g n  f l e x i b l e  enough t o  a l l o w  f o r  t h e  new demands? 
Can b y - p a s s i n g  b e  min imized  i n  a  more s y s t e m a t i c  manner?  

R i s i n g  e n e r g y  c o s t s  i n  t h e  lonq- te rm h a v e  a l s o  changed  t h e  
c o n d i t i o n s  f o r  o p e r a t i o n .  F o r  example ,  i f  t h e  p l a n t  i s  s u p p l i e d  
w i t h  d i g e s t e r s ,  methane  p r o d u c t i o n  may b e  s u f f i c i e n t l y  p r o f i t a b l e  
b o t h  f o r  i n t e r n a l  u s e  and  f o r  commerc ia l  p u r p o s e s .  The u s e  of 
d u a l - f u e l  e n g i n e s  o u g h t  t o  b e  c o n s i d e r e d .  The g o a l  f o r  u n i t  
p r o c e s s  o p e r a t i o n s  depends  on  e n e r g y  p r i c e s .  A e r a t o r  o p e r a t i o n  
i s  s t r o n g l y  c o u p l e d  t o  d i g e s t e r  pe r fo rmance  and  s h o u l d  b e  s u c h  
t h a t  s l u d g e  t r a n s p o r t  c o s t s  a r e  min imized  and  d i g e s t e r  methane  
p r o d u c t i o n  i s  maximized. 

S h o r t - t e r m  c h a n g e s  a p p e a r  i n  many d i f f e r e n t  t i m e  s c a l e s - -  
t h i s  i n c l u d e s  s e a s o n a l  t o  h o u r l y  o p e r a t i . o n s  . N i t r i  E i  c a  tzion 



illustrates well the seasonal variations since nitrification 
organisms are quite temperature sensitive and the effectiveness 
of nitrification is therefore different in summer and winter. 
In addition stream flows through the plant can be arranged 
differently in different seasons; recirculation as in the Kraus 
modification is one way of achieving better nitrification in 
cold climates. 

In many Swedish plants the input organic load may be high 
in winter and low in summer. At the same time the heterotrophic 
organisms have larger growth rates in summer and therefore it 
may be desirable to use fewer aerators in summer than in winter. 
The settlers, however, should always be used to their full 
capacity. This demands a flexible piping system and such a 
flexible design will be more costly. On the other hand opera- 
tional costs can be saved because,for example,there is a lower 
air demand or conditions for maintenance are better. 

Too seldom plants are designed such that short-term dis- 
turbances can be handled successfully. Actuators have to be 
controllable, and a pump or motor ought thus to be supplied 
with variable speed control; a chemical dosage system would also 
be desirable. 

Wastewater treatment plant dynamics include time constants 
within the range of minutes to several weeks. Consequently 
in evaluating real-time control on an hour-to-hour basis it is 
easy to make mistakes and to misinterpret the results. Dissolved 
oxygen (DO) control is a good example since it is relatively 
simple to control the DO concentration as a physical variable. 
Costs and savings can be estimated in a straightforward manner 
and comparisons can be obtained within a couple of days. The 
biological effects of DO control, however, will be noticed much 
later and it is necessary to make experiments over several months 
before a final evaluation of real-time control can be made. 
This has been clearly illustrated by Wells (1979). 

3. MEETING FLOW DISTURBANCES 

Hydraulic flows from municipalities are generally quite 
predictable and the composition of the wastewater does not 
radically change. On the other hand flows from industrial 
environments may vary more significantly and the same is true 
for flows resulting from weather changes. Both flow rate pre- 
diction (Beck, 1977) and hydraulic control are important for good 
operation. Here we mention a few design details that affect the 
control of hydraulic disturbances. 

One can distinguish between external and internal distur- 
bances; the former originate from the sewer system, and must be 
received by the plant, while the latter are created within the 
plant, for example by primary pumps or by recirculation between 
the unit processes. The pumping of raw wastewater is important 
for the whole plant operation. Hydraulic disturbances will 



affect both the aerators and the settlers and both the size of 
the flow and its rate of change will influence settling. It is 
therefore desirable to keep the flow-rate as constant as possible 
(Olsson, 1979). Pumps with variable speed control are thus 
important. 

In order to equalize the sewage flow-rate large buffer 
volumes are required. Sometimes the trunk sewers can be used as 
equalization basins but the wastewater has to be kept only for a 
relatively short time in the sewer in order to avoid sedimentation 
problems. Undesirable septic conditions may also be encouraged 
by such practice. Sedimentation in the sewer may result in 
excessive load changes to the plant when the pump speed is 
increased. 

Flow-rate measurements, it should be noted, are not at all 
trivial. Sometimes the level of the water in the sewer tunnel 
is measured and flow-rate is then calculated as the time-derivative 
of the level measurement. This measurement technique has to be 
used with great care since the accuracy of the derivative may be 
very sensitive to noise associated with the measurements. The 
application of magnetic flow meters is becoming more common and 
with better flow-rate measurements pump control can be made more 
accurate. 

Step-feed control of the aerator is another means of meeting 
hydraulic disturbances, but note that this kind of control does 
not improve the BOD reduction under stationary conditions. It is, 
however, a control that is used in order to manage certain dis- 
turbances better, as reported in Busby and Andrews (1975). If 
a major hydraulic disturbance appears, the influent stream can 
be diverted to the tail end of the aerator. The return sludge 
flow-rate also has to be maximized so that the sludge can be 
stored at the head end of the aerator. For as long as the dis- 
turbance lasts the process performance may be poor but the pro- 
cess can at least be protected from the damaging effects of the 
disturbance. Without step-feed control there is no real possibi- 
lity for handling such disturbances. Step-feed control can also 
be used to avoid bulking sludge problems or to cope with toxic 
disturbances. For the former it is possible to achieve a better 
F/PI ratio in order to change the organic culture. For the 
latter it is too late to remove the toxic material once it has 
entered the plant but by step-feed control it is possible to 
avoid all the sludge organisms being killed. 

For a flexible step-feed control controllable influent ports 
along the aerator are required. Moreover, if the flow-rates in 
the different influent ports are measurable, the chances for 
good step-feed control are much better. 

It is also important that by-passing is minimized under all 
circumstances. Therefore the plant design should ensure that 
the by-pass valves are not accidently opened. This can be checked 
in different ways but both the effluent suspended solids concen- 
tration, the effluent dry-mass flow and the influent hydraulic 
load ought to be measured or estimated, (Gillblad and Olsson, 1978) 



4 .  DISSOLVED OXYGEN CONTROL 

The concen t r a t i on  of d i s so lved  oxygen ( D O )  i s  a  v i t a l  pro- 
c e s s  v a r i a b l e  i n  t h e  a c t i v a t e d  s ludge  process .  I t  has  both an 
economic and a  b i o l o g i c a l  imp l i ca t ion .  Since a  DO concen t r a t i on  
exceeding a  c e r t a i n  va lue  (1 -2  mg/l) does n o t  h e l p  t h e  growth crf 
organisms,  an i n c r e a s e  of a e r a t i o n  merely unneces sa r i l y  i n c r e a s e s  
t h e  amount of energy consumed. Therefore  t h e  l e v e l  of DO TD?..-.- 

c e n t r a t i o n  mainta ined should be minimized bu t  s t i l l  be kep t  
s u f f i c i e n t l y  h igh .  For t h i s  c o n t r o l  it i s  important  t o  have a  
f l e x i b l e  des ign  f o r  t h e  system of a i r  supply ;  v a r i a b l e  speed 
compressors a r e  d e s i r a b l e  s o  t h a t  energy can be saved by c o n t r o l .  

A s  shown by Olsson and Andrews (1978) t h e  DO s p a t i a l  d i s t r i -  
bu t ion  is  impor tan t  i n  a  non-homogeneous r e a c t o r .  I d e a l l y  i t  
should be p o s s i b l e  t o  a d j u s t  n o t  on ly  t h e  average DO concen t r a t i on  
b u t  a l s o  i t s  s p a t i a l  d i s t r i b u t i o n .  The t o t a l  a i r  demand could 
then  be minimized t o  meet j u s t  t h e  needs of t h e  b i o l o g i c a l  oxygen 
uptake r a t e  wh i l e  s t i l l  s a t i s f y i n g  t h e  minimum mixing requirements  
of t h e  a e r a t o r .  A t  t h e  des ign  s t a g e  a  p r e p a r a t i o n  f o r  f l e x i b l e  
measurements ought t o  be made s i n c e  t h e  DO concen t r a t i on  has  t o  
be measured a t  s e v e r a l  p o i n t s  a long t h e  r e a c t o r  and i t  may a l s o  be 
important  t o  measure t h e  a i r  f low-ra te  a long t h e  channel .  

5.  CHEMICAL PRECIPITATION 

Chemical p r e c i p i t a t i o n  can be used f o r  d i f f e r e n t  purposes 
and n o t  on ly  t o  reduce t h e  phosphorus c o n t e n t  b u t  a l s o  a s  an 
e x t r a  c o n t r o l  v a r i a b l e  dur ing  extreme loads  t o  reduce t h e  BOD and 
suspended s o l i d s  c o n t e n t .  This  i s  important  because most of t h e  
t r ea tmen t  p l a n t s  ( a t  l e a s t  i n  Sweden) a r e  a l r e a d y  completed. A 
more f l e x i b l e  o p e r a t i o n a l  s t r a t e g y  can t h e r e f o r e  be  in t roduced  
and t h e  d i f f e r e n t  ways of us ing  t h e  a v a i l a b l e  des ign  can be 
thoroughly explored .  

P a r t  of t h e  e f f l u e n t  BOD i s  i n  suspended form and can be 
s e t t l e d  by p r e c i p i t a t i o n  t o g e t h e r  w i th  t h e  phosphorus p r e c i p i t a t e .  
S t a t i s t i c s  from t h e  Swedish Environmental P r o t e c t i o n  Board (1974) 
f o r  a  l a r g e  number of p l a n t s  showed t h a t  on ly  a  78 p e r  c e n t  BOD 
reduc t ion  was achieved wi th  b i o l o g i c a l  t r ea tmen t  b u t  a  95 p e r  
c e n t  BOD r educ t ion  was p o s s i b l e  when chemical  t r ea tmen t  was added. 
Both t h e  a b s o l u t e  r educ t ion  and t h e  v a r i a b i l i t y  of t h e  e f f l u e n t  
q u a l i t y  were s i g n i f i c a n t l y  improved by chemical  p r e c i p i t a t i o n .  
Such a  r e s u l t  i s  d iscourag ing  from t h e  p o i n t  of view of b i o l o g i c b i  
p rocess  ope ra t ion  s i n c e  t h e s e  p l a n t s  were n o t  a t  a l l  over-loaded.  
P a r t  of t h e  r e s u l t s  i s ,  however, encouraging i n  t h a t  chemical  
p r e c i p i t a t i o n  can improve a  poor ope ra t ion .  Simultaneous p r e c i p i -  
t a t i o n  has  a l s o  been t e s t e d  wi th  good r e s u l t s .  The investment  
c o s t s  a r e  much l e s s  t han  those  of p o s t - p r e c i p i t a t i o n  s i n c e  no 
s p e c i a l  f l o c k i n g  o r  s e t t l e r  t anks  a r e  needed. 



6 .  RECIRCULATION OF CHEMICAL SLUDGE 

Thomas (1972)  o b s e r v e d  t h a t  a l r e a d y  d u r i n g  t h e  1 9 6 0 ' s  
c h e m i c a l s  c o u l d  be s a v e d  by s i m u l t a n e o u s  p r e c i p i t a t i o n  a s  t h e  
w a s t e  s l u d g e  was r e c i r c u l a t e d  t o  t h e  i n f l u e n t  s t r e a m .  The 
a d s o r b t i o n  o f  phosphorus  i n  t h e  c h e m i c a l  s l u d g e  c o u l d  be i n c r e a s e d  
i f  t h e  phosphorus  c o n c e n t r a t i o n  i n  t h e  i n f l u e n t  w a t e r  d a s  
i n c r e a s e d .  Humenick and Kaufman (1970)  made e x p e r i m e n t s  on  
r e c i r c u l a t i n g  l i m e  o r  a luminium s l u d g e  from p o s t - p r e c i p i t a t i o n  
t o  t h e  a e r a t o r  w i t h  s i m i l a r  r e s u l t s .  Hultman (1978)  h a s  made a  
s u r v e y  of  d i f f e r e n t  Swedish e x p e r i m e n t s  on c h e m i c a l  p r e c i p i t a t i o n .  
I n  t h e s e t s l u d g e  from p o s t - p r e c i p i t a t i o n  h a s  been  r e c i r c u l a t e d  
e i t h e r  t o  t h e  a e r a t o r  o r  t o  t h e  i n f l u e n t  w a s t e w a t e r .  The g e n e r a l  
e x p e r i e n c e  i s  t h a t  a  g r e a t e r  phosphorus  r e d u c t i o n  c a n  be a c h i e v e d  
w i t h  t h e  same amount o f  c h e m i c a l s .  

7. NITRIFICATION COMBINED W I T H  CHEMICAL PRECIPITATION 

Even i f  n i t r o g e n  r e d u c t i o n  i s  n o t  demanded, n i t r i f i c a t i o n  
c a n  be u s e d  t o  r e d u c e  t h e  c h e m i c a l  dosage  r e q u i r e d  f o r  phosphorus  
r e d u c t i o n .  I n  o r d e r  t o  a c h i e v e  n i t r i f i c a t i o n  t h e  s l u d g e  a g e  a s  
w e l l  a s  t h e  a i r  s u p p l y  have  t o  b e  s i g n i f i c a n t l y  i n c r e a s e d  
compared t o  t h e  demands f o r  ca rbonaceous  BOD removal .  T h i s  g i v e s  
a n  i n t e r e s t i n g  o p t i m i z a t i o n  problem i n  which t h e  i n c r e a s i n g  
e n e r g y  r e q u i r e m e n t s  f o r  n i t r i f i c a t i o n  are compared t o  t h e  s a v i n g s  
o f  c h e m i c a l s .  One Swedish compar ison  (GrBnqv i s t  e t  a1 1978) h a s  
shown t h a t  a n  i n c r e a s e  o f  t h e  s l u d g e  age  from 5  t o  20 d a y s  
r e s u l t e d  i n  o p e r a t i n g  c o s t  i n c r e a s e s  o f  5-10 p e r  c e n t .  

I n  o r d e r  t o  o b t a i n  o p t i m a l  p r e c i p i t a t i o n  c o n d i t i o n s  t h e  pH 
of  t h e  sewage h a s  t o  be w e l l  d e f i n e d  and t h i s  c a n  be a c h i e v e d  by 
u s i n g  a n  e x t r a  dosage  o f  c h e m i c a l s .  The s i z e  o f  t h e  d o s a g e  
depends  on t h e  w a t e r  a l k a l i n i t y ,  which can  i n  f a c t  be d e c r e a s e d  
by b i o l o g i c a l  n i t r i f i c a t i o n .  T h i s  d e c r e a s e  c o r r e s p o n d s  t o  a  
b i c a r b o n a t e  d e c r e a s e  o f  8 . 3  mg p e r  mg o x i d i z e d  ammonium-nitrogen. 
The combined u s e  o f  n i t r i f i c a t i o n  and  aluminium p o s t - p r e c i p i t a t i o n  
h a s  been  s u c c e s s f u l l y  t e s t e d  a t  s e v e r a l  Swedish w a s t e w a t e r  works ,  
f o r  example ,  Himmersf ja rden  o u t s i d e  Stockholm and  Orebro  
( L a r s s o n ,  1975; 1sg8rd  e t  a l ,  1 9 7 4 ) .  A t  Oreb ro  t h e  aluminium 
dosage  was r educed  from 120 t o  85 mg/l .  A t  Huskvarna s i m i l a r  
e x p e r i e n c e s  a r e  r e p o r t e d  by S t r a n d s a t e r  ( 1 9 7 9 ) ;  t h e r e  t h e  t o t a l  
a luminium dosage  was d e c r e a s e d  from 135 t o  89 mg/l .  A t  t h e  same 
t i m e  t h e  e f f l u e n t  t o t a l  phosphorus  c o n t e n t  d e c r e a s e d  from 0 .55  
t o  0 .24 mg/l;  o v e r a l l  p l a n t  o p e r a t i o n  w a s  a l s o  improved and no 
r i s k s  f o r  s l u d g e  bu l l t i ng  w e r e  n o t e d .  

8 .  INTERNAL COUPLINGS BETWEEN U N I T  PROCESSES 

The u n i t  p r o c e s s e s  of  a  t r e a t m e n t  p l a n t  a r e  more o r  less  
s t r o n g l y  c o u p l e d  t o  e a c h  o t h e r .  I n  t h e  d e s i g n  o f  a  p l a n t  it 
o u g h t  t o  be c o n s i d e r e d  a s  s t a n d a r d  p r a c t i c e  t o  t a k e  t h e s e  
c o u p l i n g s  i n t o  c o n s i d e r a t i o n  and  p a r t i c u l a r l y  s o  f o r  t h e  f e e d -  
back  s t r e a m s .  The main l i q u i d  and s l u d g e  s t r 3 a m s  c r e a t e  n a t u r a l  



c o u p l i n g s  i n  t h e  sys tem,  such a s  t h e  feed-forward  c o u p l i n g  from 
t h e  a e r a t o r  t o  t h e  s e t t l e r .  The c o u p l i n g  between t h e  a e r a t o r  
o p e r a t i o n  and methane p r o d u c t i o n  h a s  a l s o  a l r e a d y  been mentioned.  
Some feed-back s t r e a m s  a r e  t h u s  now c o n s i d e r e d  h e r e .  

The s l u d g e  s u p e r n a t a n t  from d i g e s t e r s  o r  c e n t r i f u g e s  can  be 
r e t u r n e d  t o  t h e  i n f l u e n t  main s t r e a m  o r  d i r e c t l y  t o  t h e  a e r a t o r s .  
T h i s  means t h a t  t h e r e  i s  q u i t e  a  s i g n i f i c a n t  l o a d  change f o r  t h e  
a e r a t i o n  p r o c e s s .  These o p e r a t i o n s  can  be  s c h e d u l e d  such t h a t  
t h e  d i s t u r b a n c e s  a r e  used t o  compensate some of  t h e  i n f l u e n t  
l o a d  changes.  Elsewhere t h e  e f f e c t  o f  chemica l  r e c i r c u l a t i o n  h a s  
been s t u d i e d  e x p e r i m e n t a l l y  b u t  s o  f a r  l i t t l e  a n a l y s i s  of  t h e  
r e s u l t s  h a s  been p r e s e n t e d .  Back-washing of  deep-bed f i l t e r s  
can  f u r t h e r  c a u s e  major  h y d r a u l i c  d i s t u r b a n c e s  of t h e  a c t i v a t e d  
s l u d g e  p r o c e s s .  S i n c e  t h e  backwashing t a k e s  o n l y  a  s h o r t  t i m e  
( a  few m i n u t e s )  t h e  shock-wave can  b e  s i g n i f i c a n t  and can  u p s e t  
t h e  secondary  se t t lers  f o r  a  long  t i m e .  B u f f e r i n g  of t h e  back- 
washing w a t e r  i s  t h e r e f o r e  i m p o r t a n t .  

9 .  CONCLUSIONS 

S e v e r a l  consequences have t o  b e  c o n s i d e r e d  when d e s i g n  and 
o p e r a t i o n  i n t e r a c t i o n s  a r e  s t u d i e d  c l o s e l y .  The c o u p l i n g  
between phenomena hav ing  d i f f e r e n t  c h a r a c t e r i s t i c  t i m e s  h a s  t o  
be  remembered because  long-term d e c i s i o n s  w i l l  a f f e c t  t h e  s u c c e s s  
of  s h o r t - t e r m  o p e r a t i o n s  and v i c e  v e r s a .  I n t e r n a l  i n t e r a c t i o n s  
between d i f f e r e n t  u n i t  p r o c e s s e s  must a l s o  b e  t a k e n  i n t o  accoun t .  
Of ten  o p e r a t i o n  o f  e x i s t i n g  d e s i g n s  can  b e  improved by r e d e s i g n i n g  
t h e  p i p i n g  o r  by t h e  feedback of  s t r e a m s .  O p e r a t i o n a l  g o a l s  
must b e  o p t i m i z e d  n o t  o n l y  f o r  each i n d i v i d u a l  u n i t  p r o c e s s  
s e p a r a t e l y  b u t  f o r  t h e  p l a n t  a s  a  whole. The i n t e r a c t i o n s  between 
t h e  was tewate r  t r e a t m e n t  p l a n t  and t h e  s e w e r  sys tem a s  w e l l  a s  
t h e  r e c e i v i n g  w a t e r  have  t o  be  c o n s i d e r e d ,  b o t h  i n  t e r m s  of 
o p e r a t i o n  and of  p l a n t  d e s i g n .  

B e t t e r  i n c e n t i v e s  f o r  good o p e r a t i o n  must be  c r e a t e d  and 
t h i s  concerns  b o t h  t h e  sys tem of  g r a n t  r u l e s  and t h e  moni to r ing  
of  e f f l u e n t  q u a l i t y .  Educa t ion  of  o p e r a t o r s ,  c o n s u l t i n g  
e n g i n e e r s  and d e s i g n e r s  must i n c l u d e  a  g r e a t e r  emphasis  on a n  
awareness of  dynamical  b e h a v i o u r ,  i n s t r u m e n t a t i o n  and computer 
t echno logy .  
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THE ROLE O F  MICROPROCESSORS IN WATER 
QUALITY MANAGEMENT: Problems and 
Prospects 

1.  INTRODUCTION 

Water quality monitoring and management entails complex 
sampling programs at a large number of locations across an 
entire catchment with a few delicate procedures to search for 
relevant water quality indicators. It has been demonstrated 
that even limited sampling programs may soon overwhelm the 
capacity of the local water authority workforce. In the case 
of real-time monitoring, with the purpose of water quality 
control, this burden is all the more intolerable and the 
establishment of a catchment-wide automatic monitoring network 
becomes necessary. The limitations of manual sampling programs 
have been clearly outlined in a recent study of the Bedford Ouse 
river system (Taylor, 1977) where a monthly sampling rate already 
exceeded the sample handling capacity allocated to the develop- 
ment of a water quality model. It should be recalled that even 
hourly variations may be significant in connection with the 
calibration and use of dynamic water quality models. 

The aim of this paper is to highlight the potential for 
employing microprocessors within the context of a real-time 
water quality monitoring network. In this situation micro- 
processors are regarded as low-cost, flexible computing power 
which can be installed along the decentralized network to support 
a variety of activities: data acquisition and instrument manage- 
ment, data exchange with the central computer and communication- 
line management, peripheral process control and actuator manage- 
ment. 

Emphasis is placed on the structural aspects OF monitoring 
network and peripheral devices, rather than on algorithms for 
real-time processing of water quality data. Nevertheless, it 



s h o u l d  b e  s t r e s s e d  t h a t  t h e  two i s s u e s  a r e  s t r o n q l y  inter-relstci l  
and a few a p p l i c a t i o n s  o f  advanced c o n t r o l  a l g o r i t h m s  have  been 
made p o s s i b l e  by t h e  a v a i l a b i l i t y  of  e c o n o m i c a l l y  a t t r a c t i v e  hc~rcl- 
ware.  The i n f l u e n c e  o f  s e l e c t i n g  a  s p e c i f i c  s y s t e m  a r c h i t e c t u r e  
on o v e r a l l  pe r fo rmance  w i l l  b e  examined t o g e t h e r  w i t h  t h e  r e s u l t -  
i n g  t r a d e o f f s  be tween hardware  and s o f t w a r e .  

Two m a j o r  t r e n d s  a r e  now e v i d e n t  i n  computer  i n s t a l l a t i o n s  
f o r  p r o c e s s  c o n t r o l :  t h e  p r e v i o u s  p r e f e r e n c e  f o r  a  s i n g l e  l a r g e -  
s c a l e  c e n t r a l  computer  ( H a r r i s o n ,  1972)  i s  g r a d u a l l y  b e i n g  s u p e r -  
ceded  by t h e  emerging  p h i l o s o p h y  o f  d i v i d i n g  t h e  c o m p u t a t i o n a l  
bu rden  among a  h o s t  o f  s m a l l  s u b u n i t s ,  e a c h  d e s i g n e d  t o  c a r r y  o u t  
a  s p e c i f i c  s e t  o f  t a s k s ,  and  whose b a s i c  component i s  t h e  micro-  
p r o c e s s o r .  Ext remes  i n  b o t h  d i r e c t i o n s  s h o u l d  b e  a v o i d e d ,  t h e  
fo rmer  s i n c e  a  f a i l u r e  i n  t h e  c e n t r a l  computer  would b e  f a t a l  f o r  
t h e  whole p l a n t ,  whereas  t h e  l a t t e r  m i g h t  r e s u l t  i n  a r i g i d  a r c h i -  
t e c t u r e  n o t  e a s i l y  amenable  t o  s u b s e q u e n t  m o d i f i c a t i o n s  and u n a b l e  
t o  p e r f o r m  complex c o m p u t a t i o n a l  t a s k s  g i v e n  t h e  i n h e r e n t  l i m i t a -  
t i o n s  o f  t h e  i n d i v i d u a l  d e c e n t r a l i z e d  m i c r o p r o c e s s o r .  

T h i s  r e p o r t  a i m s  t o  p r e s e n t  a u n i f y i n g  framework whereby t h e  
most e s s e n t i a l  f e a t u r e s  o f  c o n t r o l - o r i e n t e d  m i c r o p r o c e s s o r  s y s t e m s  
i n  t h e  e n v i r o n m e n t a l  q u a l i t y  a r e a  c a n  b e  a n a l y z e d  and  a s s e s s e d  
by a d a p t i n g  t h e  g e n e r a l  c o n c e p t  o f  computer  and  communicat ion 
s c i e n c e  t o  t h i s  s p e c i f i c  f i e l d  o f  a p p l i c a t i o n .  S i n c e  t h e  b a s i c  
c o n c e p t s  are d i s c u s s e d  i n  d e t a i l  e l s e w h e r e  (Korn ,  1978; Peatman, 
1977; D o l l ,  1978)  t h e y  w i l l  b e  used  w i t h o u t  f u r t h e r  d e f i n i t i o n  
i n  t h e  f o l l o w i n g .  

2 .  DEFINING A WATER QUALITY INFORPlATION NETWORK 

Water  q u a l i t y  m o n i t o r i n g  may w e l l  e n t a i l  l o c a t i n g  s e n s o r s  
a  l o n g  d i s t a n c e  a p a r t  and  c o v e r i n q  a  c a t c h m e n t  o f  some hundred  
s q u a r e  k i l o m e t e r s .  I t  i s  t h e r e f o r e  u n t h i n k a b l e  t o  d e s i g n  t h e  
network w i t h  a  s i n g l e  l a r g e  c e n t r a l  computer  r e c e i v i n g  remote 
i n f o r m a t i o n  by a n a l o g  means. C o n v e r s e l y ,  what  i s  e n v i s a g e d  
h e r e  i s  a t w o - l e v e l  d i g i t a l  communicat ion ne twork  i n  which e a c h  
remote  s t a t i o n  i s  e q u i p p e d  w i t h  a  m i c r o p r o c e s s o r  p e r f o r m i n g  
p e r i p h e r a l  t a s k s  s u c h  as i n s t r u m e n t  p o l l i n g ,  d a t a  a c q u i s i t i o n ,  
s e l f - t e s t i n g ,  d a t a  e n c o d i n g  and communica t ion - l ine  management. 
A s  t o  g e n e r a l  s y s t e m  t a s k s  and  p e r f o r m a n c e ,  a  few o p t i o n s  c a n  be 
c o n s i d e r e d .  Remote d a t a  may s i m p l y  b e  s t o r e d  o n t o  mass memory 
t o  b e  r e t r i e v e d  l a t e r  and  t o  s e r v e  as a s o u r c e  o f  i n f o r m a t i o n  f o r  
t h e  local  w a t e r  a u t h o r i t y  i n  d e f i n i n g  i t s  w a t e r  q u a l i t y  p o l i c y .  
The c e n t r a l  computer  c a n  a l s o  be  s u i t a b l y  e q u i p p e d  w i t h  a l g o r i t h -  
m i c  r e s o u r c e s ,  s u c h  a s  d e c e n t r a l i z e d ,  h i e r a r c h i c a l  c o n t r o l  
p o l i c i e s ,  t o  make u s e  o f  two-way communicat ion l i n e s  f o r  f e e d i n g  
back  c o n t r o l d e c i s i o n s t o  t h o s e  remote s t a t i o n s  which  have  c o n t r o l  
c a p a b i l i t i e s ,  s u c h  a s  t h o s e  m o n i t o r i n g  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  
o r  s t o r a g e  l a g o o n s .  The o v e r a l l  s y s t e m  i s  shown i n  F i g u r e  1 .  

B e f o r e  g o i n g  i n t o  d e t a i l s  o f  t h e  v a r i o u s  s u b s y s t e m s ,  a  
g e n e r a l  a s s e s s m e n t  o f  t h e  a d v a n t a g e s  i n t r o d u c e d  by d i s t r i b u t e d  
modular  m i c r o p r o c e s s o r s  c a n  be  s t a t e d :  
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Figure 1. A scheme for a water quality monitoring network, 
showing peripheral stations (surveillance and/or 
control-oriented),the central computer and the 
digital communication links. 



1 .  S o f t w a r e  a n d / o r  f i rmware  needed  a t  e a c h  Locarion I:a!\ 
t a i l o r e d ,  tes ted and  a l t e r e d  i n d e p e n d e n t l y  or' t h e  res I: 
of  t h e  sys t em.  T h i s  e l i m i n a t e s  c o m p l i c a t e d  and c o s t l y  
o p e r a t i n g  s y s t e m s  r e q u i r e d  by a  s i n g l e  l a r g e  computer  
t o  s u p e r v i s e  d i r e c t l y  a l l  t h e  remote i n s t r u m e n t s .  

2 .  A h o s t  of  c o n t r o l  and  "housekeeping"  f u n c t i o n s  s u c h  , X S  

i n s t r u m e n t  t e s t i n g  and  c a l i b r a t i o n ,  l o c a l  l o o p  con t -xo l ,  
d a t a  f i l t e r i n g ,  c a n  b e  a s s i g n e d  t o  t h e  p e r i p h e r a l  mi : : rc  
p r o c e s s o r ,  t h u s  e a s i n g  t h e  r e q u i r e m e n t s  o f  t h e  c e n t r a L  
computer  a n d ,  t h e r e f o r e ,  i t s  d imens ion  and  p r i c e .  

3 .  M o d u l a r i t y  w i t h i n  e a c h  m i c r o p r o c e s s o r  i n s t a l l a t i o n  car1 
b e  e x p l o i t e d .  D i f f e r e n t  f u n c t i o n s  a t  d i f f e r e n t  l o c a t i o n c  
c a n  b e  a c c o m p l i s h e d  s i m p l y  by imbedding  s p e c i f i c  s o f t -  
ware i n t o  t h e  Programmable Read Only Memory (PROM) , whict, 
c a n  t h e n  b e  p l u g g e d  i n t o  m i c r o p r o c e s s o r  mothe rboa rd  
s o c k e t s ,  whereas  common problems s u c h  as communicat ion-  
l i n e  management can  b e  programmed once  and  f o r  a l l  f o r  
a l l  t h e  u n i t s .  Such s t a n d a r d i z a t i o n  r e d u c e s  d e s i g n  
t i m e ,  e n a b l e s  t h e  s y s t e m  t o  a d a p t  e a s i l y  t o  c h a n g i n g  
n e e d s  and  r e q u i r e s  less d o c u m e n t a t i o n ,  m a i n t e n a n c e  and  
p e r s o n n e l  t r a i n i n g .  

4 .  F a i l u r e  i n  a  p e r i p h e r a l  s y s t e m  w i l l  n o t  i m p a i r  t h e  rest 
o f  t h e  ne twork .  F u r t h e r m o r e ,  g i v e n  t h e  l i m i t e d  cost of  
m i c r o p r o c e s s o r s ,  backup d u p l i c a t i o n  f o r  improved r e l i a -  
b i l i t y  i s  e c o n o m i c a l l y  f e a s i b l e .  A l s o ,  when t h e  c e n t r a l  
computer  i s  t e m p o r a r i l y  down some c o n t r o l  f u n c t i o n s  c a n  
b e  r e l i e v e d  by p e r i p h e r a l  m i c r o p r o c e s s o r s ;  c o l l e c t e d  d a t a  
c a n  b e  t e m p o r a r i l y  s t o r e d  i n  l o c a l  low-cos t  mass memory, 
such  as casset te  m a g n e t i c  t a p e ,  and  communicated l a t e r  
a f t e r  t h e  c e n t r a l  computer  h a s  resumed c o n t r o l  of  t h e  
ne twork .  

Fo l lowing  t h i s  b r o a d  a p p r a i s a l  o f  a  d e c e n t r a l i z e d  m o n i t o r i n g  
ne twork ,  t h e  s p e c i f i c  t a s k s  o f  m i c r o p r o c e s s o r s  w i t h i n  a remote 
s e n s i n g  s t a t i o n  a r e  now examined i n  d e t a i l .  The s y s t e m  a r c h i -  
t e c t u r e  o f  F i g u r e  2 i s  assumed w i t h  t h e  m i c r o p r o c e s s o r  r e g a r d e d  
a s  a n  i n t e l l i g e n t  i n t e r f a c e  between t h e  a n a l o g  and  d i g i t a l  w o r l u s .  

2 . 1  Water Q u a l i t y  P a r a m e t e r s  

Water  q u a l i t y  i s  i n t r i n s i c a l l y  r e l a t e d  t o  w a t e r  q u a n t i t y ,  
and  t h e r e f o r e  q u a l i t y  m o n i t o r i n g  s t a t i o n s  s h o u l d  compr i se  f low- 
gaug ing  d e v i c e s .  I n  a d d i t i o n ,  however ,  many more q u a n t i t i e s  
c o n t r i b u t e  t o  t h e  d e f i n i t i o n  o f  w a t e r  q u a l i t y .  Those f o r  which 
a u t o m a t i c  i n s t r u m e n t a t i o n  i s  a v a i l a b l e  are b r i e f l y  examined 
w i t h  r e g a r d  t o  t h e i r  role i n  d e f i n i n g  t h e  s t a te  o f  water q u a l i t y .  

o D i s s o l v e d  O x y g e n :  r e p r e s e n t s  key  i n f o r m a t i o n  a b o u t  w a t e r  
p o l l u t i o n  and  is  a l s o  a n  i m p o r t a n t  c o n t r o l  p a r a m e t e r .  
I ts  measurement i s  q u i t e  s i m p l e  and  r e l i a b l e  whenever  a  
minimum o f  m a i n t e n a n c e  is  p r o v i d e d ,  e s p e c i a l l y  ma in tenance  
o f  t h e  p r o b e .  
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o Tempera ture :  is necessary for determining the dissolved 
oxygen saturation level and, therefore, the oxygen 
depletion due to pollution. Simple and reliable process 
instrumentation is available, usually provided together 
with dissolved oxygen probes. 

o C o n d u c t i u i t p :  is an indirect measurement of ion concentra- 
tion in water due to a dissolved electrolyte. In fresh- 
water, conductivity can be related to total dissolved 
solids, providing a quick quality check. Reliable con- 
ductivity cells are available requiring little maintenance. 

o pH: water purification processes are influenced by this 
index. Glass electrodes can be employed wherever turbu- 
lence is negligible. Instrumentation with process output, 
commonly voltage, is widely available. 

o Redox:  oxidation-reduction potentials give an indication 
of the amount of self-purifying reactions taking place in 
the stream. In wastewater treatment a link has been shown 
to exist between redox and the extent of treatment. Only 
the net potential is detected, unless a specific metal/ 
metal salt electrode is used instead of a noble metal. 
Redox measurements should always be performed in connec- 
tion with pH and temperature measurements, these being 
two factors affecting redox value. 

o R e s i d u a l  C h l o r i n e :  this is always monitored at the output 
of a tertiary treatment unit after chlorine has been 
added to water for disinfection. The iodine substitution 
method is widely used in process instrumentation. 

n S o l a r  R a d i a t i o n :  silicon cells are employed to measure 
the amount of solar light received by the water body. 
This quantity is important in relation to algal growth 
and photosynthetic oxygen production. 

o T u r b i d i t y :  optical process equipment measures the amount 
of light passing through a quartz jar filled with a sample 
of the water under test. This simple optical test yields 
a voltage proportional to the turbidity. Finely dispersed 
media, although inert, may constitute a relevant pollution 
factor acting as a shelter for bacteria and reducing the 
effects of solar radiation. In addition settling creates 
a slime layer impairing normal benthic processes. 

o N i t r a t e :  the ion NO; can be determined by ultraviolet 
absorption, with a peak at 203 and 257 nm wavelength. 
Related instrumentation is highly sophisticated and 
requires ancillary equipment and trained personnel for 
maintenance. Properly used, its indication may be valuable. 

o C O D  & TOD: both Chemical Oxygen Demand (COD) and Total 
Oxygen Demand (TOD) determinations have recently been 
transformed into sophisticated process instruments, where 



cathalitic bed oxidation and zircon dloxlde oxygen emit- 
ting cells play a key role. Their cost is extremely high, 
and their reliability is debatable. A certain degree of 
maintenance is required as well as some environmental 
protection, thus making these devices suitable only for 
manned surveillance stations or for wastewater treatment 
plants, where they can be used to monitor the influent 
organic load. 

2.2 Microprocessor Interactions with the Analog World 

Depending upon the type of the remote station it supervises, 
each microprocessor may have control over several closely located 
instruments and/or actuators. For instance, surveillance sta- 
tions along the river are intended for data collection only, 
whereas a station supervising a wastewater treatment facility 
should be capable of control actions in accordance with local 
information and remotely sent commands regarding the rest of the 
system under control. In either case instruments communicate 
with the microprocessor by means of data and address busses, as 
shown in Figure 2 where the basic microprocessor system is 
depicted for the present field of application. Interface func- 
tions are many, including analog signal conditioning, sample/ 
hold circuitry, conversion control logic, digital encoding of 
analog quantities, buffering the system data bus. A specific 
interface architecture suitable for process control is depicted 
in Figure 3 for the A/D section and in Figure 4 for the D/A 
counterpart. Particularly, the use of three-state buffers 
(Korn, 1978; Peatman, 1977) enables high quality 12- or 16-bit 
converters to be matched with a low-cost 8-bit microprocessor, 
since the result of conversion can be loaded into memory (with 
two successive LOAD cycles) from the temporary storage repre- 
sented by the buffer. Interconnections with the microprocessor 
are reduced to essentials, with only timing being provided in 
addition to busses and a single line serving as a backward link. 
The conversion takes place as follows: since process instrumen- 
tation can be regarded as "slow" with respect to the micro- 
processor time-scale, no sophisticated interrupt system is needed. 
By contrast, instrument polling is initiated by the program 
simply by addressing the required device; the address decoder 
both selects the correct analog input and initiates the conversion 
procedure by means of the START OF CONVERSION command. Upon 
completion of the conversion procedure an END OF CONVERSION flag 
is sent to the processor status register. The sampling routine 
periodically tests the appropriate bit in the status register and 
initiates the loading phase when the flag is set. With this kind 
of arrangement, requiring minimum hardware, polling a set of 
eight instruments may require one second. This time may be 
intolerable for fast process applications, but is thought to be 
reasonable for water quality sampling. On the other hand, such 
a solution seems particularly convenient when interfacing micro- 
processors with complex instrumentation such as automatic COD/TOD 
equipment, where the processing ofa single sample may take some 
minutes to perform. In such cases the microprocessor is left 
available for other tasks and service of the COD/TOD analyzer is 
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F i g u r e  4 .  Schemat i c  d i a g r a m  o f  a  D i g i t a l / A n a l o g  c o n v e r t e r .  
The p a r t i c u l a r  o u t p u t  p o r t  i s  s e l e c t e d  v i a  t h e  ad-  
d r e s s  b u s  and a  t imed decod ing  c i r c u i t .  B u f f e r e d  
r e g i s t e r s  a r e  r e q u i r e d  t o  l o a d  1 2 - b i t  v a r i a b l e s  
v i a  a n  8 - b i t  d a t a  b u s .  V o l t a q e  and c u r r e n t  o u t p u t s  
s h o u l d  b e  p r o v i d e d  i n  c a s e  c u r r e n t - l o o p  a c t u a t o r s  
have t o  be  d r i v e n .  Logic  o u t p u t  i s  a l s o  u s e f d  
i n  t h e  c a s e  o f  s t e p p i n g  d e v i c e s ,  f o r  example ,  when 
s t e p p i n g  m o t o r s  a r e  p r o v i d e d  a s  a c t u a t o r s .  



requested by a status flag being set upon measurement completion. 
This avoids the use of dedicated circuitry for interrupt priority 
encoding, such as is shown in Figure 5 and of special interrupt 
servicing subroutines. Thus if only fast-response instrumenta- 
tion is employed, the microprocessor can poll them sequentially 
and therefore only one line is necessary to feed the flag or 
interrupt command to the microprocessor. 

Instruments with their own digital output can be considered 
as another option. In this case communication with the micro- 
processor takes place completely at the digital level using 
"handshaking" control lines (Peatman, 1977) whereby the device 
signals to the microprocessor when data are available on the data 
bus, receiving a "data acknowledged" signal when the data are 
successfully accessed by the microprocessor and transferred into 
memory. The highest degree of sophistication is currently 
represented by the complex handshaking protocol proposed by the 
Hewlett-Packard Company and named IEEE488 (Peatman, 1977). 

With regard to the measurement resolution, all the instru- 
ments considered provide a process output (in addition to a 
visual display), which is usually a low impedance voltage port 
capable of a full scale of 100 mv. This means that using 12-bit 
converters the resolution is 24.4 pV. Moreover, the analog side 
of the interface should provide differential, isolated inputs so 
that no two instruments have a common ground loop or any common 
path for bias current. This ensures decoupling of disturbances 
and the minimization of common mode errors. 

2.3 Protocol Definition and Data Link Efficiency 

Specifying a protocol for communication with the central 
computer is larqely influenced by the type of data and physical 
channel being used. For the latter there is a choice between 
radio relay systems and leased telephone lines. The former is 
widely used in connection with water quantity monitoring, where 
rain gauges transmit rainfall data with no provision for repeti- 
tion in the case of wrongly received data. In this situation 
error correction occurs automatically, since rainfall is 
instrinsically an integral measurement and the next measurement 
simply compensates for the missing previous measurements. Plore- 
over, in rainfall monitoring there are bottlenecks during heavy 
rain periods, when the transmission pace from all the rain gauges 
increases. In this situation polling becomes prohibitive and 
fast acquisition modes must be used, otherwise provision for 
error correction is ceded. In contrast water quality data 
collection does not present this kind of problem, since data 
variability is not linked to any specific meteorological event. 
Moreover, the instantaneous value of the quantities is of 
importance rather than their cumulative distribution and there- 
fore error minimization of a single sample should be sought. 
Subsequent data will contain no inherent provision for past data 
correction. These points lead to the conclusion that a simple 
relay network may have limitations due to the lack of two-way 
communication and the difficulty of communication--the stations 
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F i g u r e  5. A s imp13 way t o  c r e a t e  p r i o r i t i e s  among a number o f  
i n t e r r u p t  l i n e s .  I n t e r r l ~ p t  p h i l o s o p h y  i s  p r e f e r r e d  
when p e r i p h e r a l  s e r v i c i n g  i s  a s s i g n e d  a  h i g h  p r e f e -  
r e n c e ,  o t h e r w i s e  f l a g  b i t  t e s t i n g  may r e p r e s e n t  a  
s i m p l e  way o f  s e r v i c i n g  a  g r e a t  number o f  p e r i p h e r a l s .  



a r e  p o s i t i o n e d  a l o n g  t h e  r i v e r  c o u r s e  a t  t h e  bot tom o f  t h e  v a l l e y  
and  t h e r e  w i l l  b e  o b s t a c l e s  such  a s  h i l l s ,  b u i l d i n g s ,  and  trees 
t h a t  i m p a i r  s i g n a l  p r o p a g a t i o n .  The a l t e r n a t i v e  o f  l e a s e d  t e l e -  
phone l i n e s  is  now b e i n g  examined w i t h  r e s p e c t  t o  t h i s  s y s t e m ' s  
two-way communicat ion c a p a b i l i t y  which a l l o w s  f o r  hand.shaking 
c o n t r o l  o f  d a t a  a c q u i s i t i o n  and  two-way i n f o r m a t i o n  f low.  

S e v e r a l  p r o t o c o l s  e x i s t  f o r  v e r y  complex d a t a  l i n k s ,  s u c h  
a s  t h e  B i n a r y  Synchronous Communication ( B S C )  or  Synchronous Data  
Link  C o n t r o l  (SDLC) ( D o l l ,  1378) ; t h e s e  a r e  a v a i l a b l e  from c o m -  
p u t e r  v e n d o r s  and a r e  c e r t a i n l y  t o o  complex f o r  t h e  p r e s e n t  
a p p l i c a t i o n .  The f o l l o w i n g ,  i n s t e a d ,  i s  i n t e n d e d  a s  a  g u i d e l i n e  
f o r  s p e c i f y i n g  a s i m p l e  communicat ion p r o t o c o l  f o r  e n v i r o n m e n t a l  
q u a l i t y  m o n i t o r i n g  ne tworks .  

S i n c e  d a t a  v a l i d i t y  h a s  p r i o r i t y  o v e r  s a m p l i n g  s p e e d ,  a  
Stop-and-Wait, Automat ic  Reques t  f o r  Repeat  (ARQ) p r o t o c o l  i s  
c o n s i d e r e d ,  whereby t h e  message c o r r e c t n e s s  i s  checked  immedia t e ly  
a f t e r  t r a n s m i s s i o n  o f  e a c h  d a t a  b l o c k .  The c h a n n e l  o r g a n i z a t i o n  
t a k e s  t h e  form o f  F i g u r e  6 ,  w i t h  t h e  backward l i n e  from t h e  
c e n t r a l  computer  t o  t h e  remote m i c r o p r o c e s s o r  c a r r y i n g  t h e  
acknowledge s i g n a l  p e r t a i n i n g  t o  c o r r e c t  d a t a  r e c e p t i o n ;  i f  d a t a  
a r e  i n c o r r e c t l y  r e c e i v e d ,  a  message r e p e t i t i o n  i s  immedia t e ly  
r e q u e s t e d .  F o r  t h i s  r e a s o n  t h e  m i c r o p r o c e s s o r  d a t a - b u f f e r  i n t e r -  
f a c i n g  w i t h  t h e  communicat ion l i n k  must  have  d imens ions  s u f f i c i e n t  
t o  s a v e  t h e  message b e i n g  t r a n s m i t t e d  u n t i l  s u c c e s s f u l  c o m p l e t i o n  
of t h e  handshak ing  p r o c e d u r e .  

T h i s  a r r angemen t  d e t e r m i n e s  t h e  t i m e  i n t e r v a l  between one  
b l o c k  t r a n s m i s s i o n  and  t h e  n e x t ,  which i s  r e q u i r e d  by t h e  hand- 
s h a k i n g  p r o c e d u r e ,  a s  f o l l o w s :  

where 
t i ; , -  f n r v a r d  p r o p a q a t i o n  t i m p  d e l a y  

tr-d = r e c e i v e r  d e t e c t i o n  time 

t = r e v e r s e  p r o p a q a t i o n  d e l a y  
r L' 

to= c o n t r o l  message t r a n s m i s s i o n  t i m e  

trr= r e c e i v e r  r e a c t i o n  t i m e  

L i n e  p r o t o c o l  f o r m a t i n g  w i l l  b e  d i f f e r e n t  f o r  m i c r o p r o c e s s o r  ar,d 
c e n t r a l  computer  messages .  A p o s s i b l e  scheme i s  shown i n  
F i g u r e  7 ( a )  f o r  t h e  m i c r o p r o c e s s o r  and  i n  F i g u r e  7 ( b )  f o r  t h e  
c e n t r a l  computer .  

The h e a d e r  c o n t r o l  i n i t i a t e s  t h e  handshak ing  p r o c e d u r e  
which resets t h e  r e c e i v e r  b u f f e r  and  error  d e c o d e r ;  t h e n  a  s t a -  
t i o n  s t a t u s  f l a g  i s  t r a n s m i t t e d  f o l l o w e d  by t h e  s t a t i o n  and  
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measurement i d e n t . i f i c a t i o n  numbers.  I t  i s  n o t e d  i n  p a s s i n g  t h a t  
complex i d e n t i f i c a t i o n  l a b e l s ,  such  a s  t h o s e  p r o p o s e d  i n  T a y l o r  
(1977)  can  b e  a v o i d e d ,  s i n c e  a l l  t h e  i n f o r m a t i o n  c o n c e r n i n g  
s t a t i o n  and measurement  f e a t u r e s  c a n  be  s t o r e d  p e r m a n e n t l y  i n  
t h e  c e n t r a l  computer  and  r e t r i e v e d  u s i n g  a  s i n g l e  key s u c h  a s  
t h e  i d e n t i f i c a t i o n  number. T h i s  1 6 - b i t  word c a n  b e  u s e d  a s  a n  
a d d r e s s i n g  a i d  i f  t h e  c e n t r a l  computer  i s  e q u i p p e d  w i t h  a Direct 
Memory Access (DMA) f a c i l i t y ,  s o  t h a t  d a t a  a c q u i s i t i o n  c a n  b e  
i n t e r l e a v e d  w i t h  no rma l  CPU a c t i v i t y .  End-o f - t ex t  and check  b i t s  
a r e  u s e d  where  needed .  With word l e n g t h s  a s  i n d i c a t e d  255 
s t a t i o n s  c a n  b e  c o n n e c t e d  i n  t h e  same ne twork  and a c c e s s e d  e i t h e r  
by s e q u e n t i a l  p o l l i n g  o r  i n  a  random f a s h i o n  w i t h  exchange  d a t a  
i n  b o t h  d i r e c t i o n s .  

The message f o r m a t  f o r  t h e  c e n t r a l  computer  i s  shown i n  
F i g u r e  7 ( b )  where  t h e  h e a d e r  c o n t r o l  c h a r a c t e r s  c o m p l e t e  t h e  
handshak ing  p r o c e d u r e  t o w a r d s  t h e  m i c r o p r o c e s s o r  w h i l e  c l e a r i n g  
i t s  b u f f e r  and t h e  " i n t e r r u p t  d i s a b l e "  s t a t u s  b i t .  Thus t h e  
p e r i p h e r a l  s y s t e m  i s  s w i t c h e d  t o  o t h e r  t a s k s  upon s u c c e s s f u l  
r e c e p t i o n  o f  t h e  p r e v i o u s  d a t a  b l o c k .  C o n v e r s e l y ,  i f  a n  e r r o n e -  
o u s  message i s  d e t e c t e d  a  r e p e a t  r e q u e s t  i s  i s s u e d ,  which  i n  
t u r n  p r o d u c e s  a  d i f f e r e n t  h e a d e r  t o  m a i n t a i n  t h e  " d i s a b l e  i n t e r -  
r u p t "  s t a t u s  and  i n i t i a t e s  a  new t r a n s m i s s i o n  of  t h e  o l d  b u f f e r  
c o n t e n t .  I n  t h i s  c a s e  t h e  f o l l o w i n g  f l a g  f i e l d  i s  s u c h  t h a t  it 
i n h i b i t s  d e c o d i n g  o f  t h e  t r a i l i n g  message f i e l d s .  

Commands f rom t h e  c e n t r a l  computer  may a l s o  b e  s e n t  t o w a r d s  
p e r i p h e r a l  s t a t i o n s  a s  a  r e s u l t  o f  c e n t r a l i z e d  c o n t r o l  a l g o r i t h m s ,  
f o r  example ,  t o  change  m a j o r  c o n t r o l  l o o p  s e t - p o i n t s ,  whe reas  
minor  c o n t r o l  l o o p s  a r e  e n t i r e l y  u n d e r  l o c a l  m i c r o p r o c e s s o r  con- 
t r o l .  Whenever a  c o n t r o l  message is i s s u e d  it a f f e c t s  normal  
m i c r o p r o c e s s o r  o p e r a t i o n ,  h e n c e  t h e  i n t e r r u p t  r e q u e s t  f i e l d  
s p e c i f i e s  r e q u e s t  p r i o r i t y .  A f t e r  t h e  i n t e r r u p t  r e q u e s t  h a s  been  
acknowledged,  t h e  a c t u a t o r  i d e n t i f i c a t i o n  number and  c o n t r o l  d a t a  
a r e  a c q u i r e d  a s  i n p u t  p a r a m e t e r s  o f  s u i t a b l e  i n t e r r u p t  s e r v i c e  
s u b r o u t i n e s .  

Having d e f i n e d  t h e  l i n e  p r o t o c o l s ,  t h e  r e q u i r e m e n t s  o f  t h e  
t r a n s m i s s i o n  l i n k  c a n  now b e  s t a t e d  i n  t e r m s  o f  bandwidth  and 
e f f i c i e n c y .  S i n c e  s p e e d  i s  n o t  t h e  c r u c i a l  f a c t o r ,  sub -vo ice  
g r a d e  l e a s e d  l i n e s  can b e  u s e d ,  f o r  example ,  t h e  S e r i e s  1000 
c h a n n e l s  w i t h  a  r a t e  o f  1 5 0 - b i t / s e c ,  whose month ly  c h a r g e  d o e s  
n o t  e x c e e d  $100. T h i s  f i x t u r e  p r o v i d e s  f u l l  d u p l e x  communica t ion ,  
w i t h  r e l i a b l e  modern equ ipmen t  b e i n g  a v a i l a b l e .  The c h a n n e l  r a t e  
d e t e r m i n e s  t h e  a c t u a l  s i n g l e  b i t  t i m e  s l o t ,  which i n  t h i s  c a s e  
i s  6.67 msec. F i n a l l y ,  t h e  l i n k  e f f i c i e n c y  c a n  b e  e v a l u a t e d  by 
comput ing  t h e  T r a n s f e r  R a t e  o f  I n f o r m a t i o n  B i t s  (TRIB) ( D o l l ,  1 9 7 8 ) .  

A number o f  i n f o r m a t i o n  b i t s  a c c e p t e d  by r e c e i v e r  
TRIB = t o t a l  t i m e  r e q u i r e d  t o  g e t  t h e  b i t s  a c c e p t e d  

which c a n  b e  s p e c i f i e d  a s  



(M-C) ( 1 -P 
T R I B  = M/R + AT 

where 

M = message b l o c k  l e n g t h  ( b i t s )  

C = a v e r a g e  number of n o n - i n f o r m a t i o n  b i t s  
p e r  b l o c k  

P = p r o b a b i l i t y  o f  b l o c k  r e t r a n s m i s s i o n  

R = l i n e  t r a n s m i s s i o n  r a t e  ( b i t / s e c )  

AT = g u a r d  t i m e  be tween  b l o c k s ,  a s  d e f i n e d  
by ( 1 )  

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

M = 51 b i t s  C = 15 P = 0.1 ( w o r s t  c a s e )  

R = 150 b i t / s e c  AT - 0 . 5  sec 

y i e l d i n g  T R I B  = 38.5 b i t / s e c  . 

T h i s  means t h a t  it t a k e s  l i t t l e  more t h a n  one  s e c o n d  t o  t r a n s f e r  
a  s i n g l e  sample  o n t o  t h e  c e n t r a l  computer .  T h i s  t i m e  i s  con- 
s i d e r e d  s u f f i c i e n t  i n  v iew o f  t h e  t y p e  o f  d a t a  b e i n g  t r a n s m i t t e d .  
I n  t h i s  r e s p e c t  a r a i n f a l l  m o n i t o r i n g  ne twork  would r e q u i r e  more 
s t r i n g e n t  s p e c i f i c a t i o n s ,  s i n c e  d u r i n g  heavy  r a i n  p e r i o d s  t i m e  
g a p s  be tween  c o n s e c u t i v e  messages  may b e  r e d u c e d  s i g n i f i c a n t l y  
and t o  t h e  e x t e n t  o f  r e q u i r i n g  much h i g h e r  T R I B  and  bandwidth  
v a l u e s .  F o r  t h i s  r e a s o n  r a d i o  r e l a y  l i n k s  a r e  p r e f e r r e d  i n  r a i n - -  
f a l l  m o n i t o r i n g .  

C o n v e r s e l y ,  a  c o n s t a n t  s a m p l i n g  t i m e  i s  a s s u r e d  when d e a l i n g  
w i t h  water q u a l i t y  v a r i a b l e s .  Fo r  example ,  c o n s i d e r  a  s y s t e m  
w i t h  30 s t a t i o n s  e a c h  e q u i p p e d  w i t h  10 d i f f e r e n t  i n s t r u m e n t s .  
I n  t h e  w o r s t  case p o l l i n g  o f  t h i s  e n t i r e  ne twork  r e q u i r e s  5 
m i n u t e s ,  an  e x t r e m e l y  s h o r t  t i m e  compared w i t h  t h e  time-scale o f  
s e l f - p u r i f i c a t i o n  o r  p o l l u t i o n  p r o p a g a t i o n  phenomena. Y e t  
s ampl ing  i n  c o n n e c t i o n  w i t h  s t e a d y - s t a t e  models ,  s u c h  as t h a t  
r e f e r r e d  t o  by  T a y l o r  (19771,  r e q u i r e s  measurements  t o  b e  t a k e n  
i n  t h e  s e q u e n c e  imposed by t h e  f l ow- t ime  d e l a y s  be tween  s u c c e s -  
s i v e  s t a t i o n s ,  which a r e  a t  l e a s t  o f  t h e  o r d e r  o f  one  h o u r .  
T h e r e f o r e ,  t h e  p r o p o s e d  scheme h a s  a s u f f i c i e n t l y  h i g h  o v e r h e a d  
t o  a v o i d  t h e  c l u s t e r i n g  s i t u a t i o n s  t y p i c a l  o f  r a i n f a l l  measu r ing  
s y s t e m s .  



3 .  UPGRADING PERIPHERAL MICROPROCESSOR PERFORMANCE 

The s t r u c t u r a l  a r rangement  of t h e  p e r i p h e r a l  s t a t i o n ,  a s  
shown i n  F i g u r e  2 , d e s e r v e s  f u r t h e r  comment. The m i c r o p r o c e s s o r  
i s  regarded  a s  a  l o c a l  manager f o r  i n s t r u m e n t s  and communication 
l i n k s .  But more t a s k s  may be  performed l o c a l l y  and w i t h o u t  
a f f e c t i n g  t h e  e x e c u t i o n  of  c e n t r a l  computer t a s k s .  A s  a n  
example, i d e n t i f i c a t i o n  programs f o r  t u n i n g  t h e  p a r a m e t e r s  o f  a 
l o c a l  p r o c e s s  is  b e s t  performed l o c a l l y ,  w i t h o u t  burden ing  t h e  
communication l i n e  w i t h  an  e x t r a  l o a d  of d a t a .  The a r c h i t e c t u r e  
of F i g u r e  2 i s  a  r a t h e r  c o n v e n t i o n a l  one i n  t h e  s e n s e  t h a t  a  
C e n t r a l  P r o c e s s i n g  U n i t  ( C P U )  h a s  c o n t r o l  of  b o t h  d a t a  and pro-  
grams and i s  s u p p o r t e d  by e i t h e r  Random Access Memory ( M I )  and 
Read Only Memory (ROM) f o r  s t o r a g e  and r e t r i e v a l  of  d a t a  and/or  
programs d u r i n g  t h e  e x e c u t i o n  of a  t a s k .  But i n  a d d i t i o n  an 
A r i t h m e t i c  P r o c e s s i n g  U n i t  (APU) h a s  been added t o  enhance t h e  
m i c r o p r o c e s s o r  c a p a b i l i t i e s  of  s t and-a lone  computing power. The 
f o l l o w i n g  c o n s i d e r a t i o n s  e x p l a i n  how and why t h e  u s e  of  an  APU 
may c o n s i d e r a b l y  expand t h e  range  of problems t h a t  a  s m a l l  amount 
of computing power can  t a c k l e .  

I n  most c o n t r o l  a p p l i c a t i o n s  h i g h e r  n u m e r i c a l  a c c u r a c y  i s  
r e q u i r e d  t h a n  t h a t  which can b e  ach ieved  by t h e  s i n g l e  i n t e g e r  
a r i t h m e t i c  normal ly  employed i n  s t a n d a r d  m i c r o p r o c e s s o r s .  
F l o a t i n g - p o i n t  r o u t i n e s ,  on t h e  o t h e r  hand,  c a n n o t  be  e f f i c i e n t l y  
programmed g i v e n  t h e  l i m i t e d  hardware r e s o u r c e s  o f  a  micro- 
computer.  T h i s  r e s u l t s  i n  i n e f f i c i e n t  codes  b o t h  f o r  memory 
r e q u i r e m e n t s  and e x e c u t i o n  t i m e .  APU r e p r e s e n t s  a n  e f f e c t i v e  
a l t e r n a t i v e  t o  s o f t w a r e - s u p p o r t e d  f l o a t i n g - p o i n t  computa t ion .  
Being marketed a s  an  independen t  c h i p  it can be connec ted  w i t h  
t h e  r e s t  of t h e  sys tem v i a  t h e  d a t a  and a d d r e s s  b u s s e s  and i t  
i s  r e g a r d e d  mere ly  a s  a  memory l o c a t i o n  i n  which t h e  operands  
a r e  " s t o r e d "  and from which t h e  r e s u l t s  a r e  " r e a d " .  F i g u r e  8 ( a )  
shows t h e  b a s i c  i n t e r c o n n e c t i o n s  i n v o l v i n g  b u s s e s  and c o n t r o l  
l i n e s  from t h e  CPU.  Using APU l e a v e s  t h e  memory f r e e  f o r  a p p l i -  
c a t i o n  programs and p r o v i d e s  a  d r a m a t i c  d e c r e a s e  i n  e x e c u t i o n  
t i m e .  From t h e  p o i n t  o f  view of l o g i c ,  t h e  i n t e r c o n n e c t i o n s  
between APU and t h e  rest  of  t h e  sys tem r e q u i r e  f o u r  b y t e s  of 
memory t h a t  w i l l  b e  te rmed a s  f o l l o w s ,  formnemonic convenience:  

TOAPCO : t o  APU command 

TOAPDA : t o  APU d a t a  

FRAPDA : from APU d a t a  

APST : APU s t a t u s  

These f o u r  b y t e s  a r e  a d d r e s s e d  a s  normal memory l o c a t i o n s ,  
whereas t h e  decoding c i r c u i t  of  F i g u r e  8 ( a )  p r o v i d e s  s e l e c t i o n  
of t h e  APU d e v i c e  and i t s  r e q u i r e d  f u n c t i o n s  whenever t h e  appro-  
p r i a t e  a d d r e s s  i s  p r e s e n t  on t h e  a d d r e s s  b u s .  F i g u r e  8 ( b )  
d e p i c t s  t h e  l o g i c a l  communication scheme between APU and CPU. 
A s  an example, suppose t h a t  a  c e r t a i n  o p e r a t i o n  between two 
operands  h a s  t o  be  performed u s i n g  APU. The f o l l o w i n g  program 
segment can  t h e n  be  d e f i n e d  u s i n g  t h e  l a b e l s  d e f i n e d  above: 



DATA BUS 

F i g u r e  8 a .  S y s t e m  w i r i n g  t o  i n t e r c o n n e c t  APU w i t h  
t h e  rest  o f  t h e  m i c r o c o m p u t e r  s y s t e m .  B o t h  
s y s t e m  b u s e s  a r e  i n v o l v e d  i n  a d d i t i o n  t o  a  
few c o n t r o l  l i n e s .  

MEMORY 

TOAPDA -- 
C P U  c TOAPCO b A P U  - 

FRAPDA 4 

APST 
A 

F i g u r e  8b.  1 , o g i c a l  c o m m u n i c a t i o n  p a t h s  b e t w e e n  CPU a n d  APU. 
Data/Command e x c h a n g e  o c c u r s  v i a  f o u r  v i r t u a l  
memory l o c a t i o n s ,  d e p e n d i n g  o n  t h e  k i n d  o f  e x c h a n g e .  
B o t h  commands a n d  d a t a  c a n  be s e n t  t o  APU, w h e r e a s  
d a t a  a n d  APU s t a t u s  c a n  b e  r e a d  b a c k .  A c t u a l l y ,  d a t a  
t o  a n d  f r o m  APU i n v o l v e  a c c e s s  t o  t h e  t o p  l o c a t i o n  
o f  t h e  APU s t a c k  s t r u c t u r e .  



code comments 

LDA A 
STA TOAPDA 
LDA B 
STA TOAPDA 

LDA OPER 

STA TOAPCO 
WAIT LDA APST 

ASL ACC 
BSC WAIT 
LDA FRAPDA 

Load operand A i n t o  accumul.ator 
Load APU s t a c k  w i t h  operand A 
Load operand B i n t o  accumulator  
Load B i n t o  APW s t a c k  ( A  i s  

pushed down) 
Load i n t o  accumulator  t h e  code o f  

o p e r a t i o n  
T r a n s f e r  command t o  APU 

I Wait loop t o  tes t  APU s t a t u s  b i t  
f o r  complet ion of  o p e r a t i o n  

Load i n t o  accumulator  t h e  r e s u l t  

I t  shou ld  be emphasized how n e a t l y  such complex o p e r a t i o n s  
can be  handled.  The above program segment i s  q u i t e  genera l - -only  
t h e  OPER v a r i a b l e  needs t o  be changed acco rd ing  t o  t h e  k i n d  of  
o p e r a t i o n  t o  be  performed.  Th i s  modula r i ty  a l l ows  t h e  programmer 
t o  merge such segments wherever r e q u i r e d  w h i l e  s t o r i n g  i n t o  
a p p r o p r i a t e l y  l a b e l e d  memory l o c a t i o n s  t h e  code numbers of  t h e  
v a r i o u s  o p e r a t i o n s .  Tab le  1  r e p r e s e n t s  a  s imple  benchmark com- 
p a r i n g  APU v e r s u s  subrou t ine -suppor ted  $ l o a t i n g - ~ o i n t  p roces s ing .  

Table  1. Comparison of  APU w i t h  subrou t ine -suppor ted  
f l o a t i n g - p o i n t  p roces s ing  

OPERAT I O N  APU SUBROUTINES 

memory b y t e s  exec .  t i m e  memory b y t e s  exec .  t i m e  

4 .  UPGRADING PROGRAEWING EFFICIENCY 

Microprocessors  u s u a l l y  l a c k  s o f t w a r e  s u p p o r t  i n  t e r m s  of  
h i g h - l e v e l  language compi l e r s .  A s  a  r e s u l t ,  programs have t o  be  
developed u s ing  assembly language,  t h u s  making it cumbersome t o  
mechanize a lgo r i t hms  of  even moderate complexi ty .  Some micro- 
p r o c e s s o r  f i r m s  do supply  ROM r e s i d e n t  BASIC i n t e r p r e t e r s  t h u s  
e a s i n g  t h e  programming e f f o r t ,  a l though  t h e  r e s u l t i n g  code ha s  
v e r y  poor  memory and t i m e  e f f i c i e n c y .  One way o u t  of t h i s  s t a l e -  
mate i s  r e p r e s e n t e d  by macroprocessors (Brown, 1973) a s  b u f f e r  
packages t h a t  a c c e p t  a s  i n p u t s  codes which a r e  w r i t t e n  i n  a  use r -  
d e f i n e d  h igh - l eve l  language,  and produce t r a n s l a t i o n s  i n  assembly 
language.  A g e n e r a l  purpose  macrogenerator  h a s  r e c e n t l y  been 
implemented ( P e l a c a n i ,  1979) u s i n g  APL a s  a  metalanguage,  whereby 



t h e  u s e r  c a n  d e f i n e  h i s  own s o u r c e  l a n g u a g e  and a  se t  o f  pr0grarr.s 
( m a c r o d e f i n i t i o n s )  e a c h  d e f i n i n g  a n  o p e r a t i o n  w i t h  any d e s i r e d  
d e g r e e  o f  c o m p l e x i t y .  Once t h e s e  programming t o o l s  h a v e  been  
d e f i n e d ,  e a c h  program s t a t e m e n t  w i t h i n  a  s o u r c e  l a n g u a g e  program 
w i l l  b e  a n a l y z e d ,  i n t e r p r e t e d  and  r e p l a c e d  by t h e  c o r r e s p o n d i n g  
m a c r o d e f i n i t i o n ,  t a k i n g  i n t o  a c c o u n t  p o s s i b l e  l o o p i n g  and  b ranch-  
i n g .  Notice t h a t  m a c r o d e f i n i t i o n s  c a n  b e  d e f i n e d  a t  more t h a n  
one  l e v e l ,  o n l y  t h e  l o w e s t  o f  which need  b e  w r i t t e n  i n  a s sembly  
l anguage  o f  t h e  h o s t  m i c r o p r o c e s s o r .  Thus i n t e r m e d i a t e - l e v e l  
macros  c a n  s t i l l  b e  d e f i n e d  i n  t e r m s  o f  h i g h - l e v e l  l a n g u a g e  s ta te-  
ments .  Dur ing  program t r a n s l a t i o n  a n d  c o d e  g e n e r a t i o n ,  r e p l a c e -  
ment o f  h i g h - l e v e l  s t a t e m e n t s  i s  made by t h e  c o r r e s p o n d i n g  macros, 
t h u s  e x p a n d i n g  t h e  s o u r c e  code  i n t o  a  s i n g l e - s t r e a m  as sembly  
code .  T h i s  r e p r e s e n t s  a n  a l t e r n a t i v e  t o  s u b r o u t i n e  b r a n c h i n g ,  
s i n c e  macro s u b s t i t u t i o n  ( a v o i d i n g  p a r a m e t e r  p a s s i n g  p r o c e d u r e s )  
i s  p r e f e r r e d  f o r  r e a s o n s  of  t i m e  e f f i c i e n c y ,  w h e r e a s  memory 
e f f i c i e n c y  c a n  b e  o p t i m i z e d  by c a r e f u l  f o r m u l a t i o n  o f  macro- 
d e f i n i t i o n s .  

One o f  t h e  a s s e t s  o f  t h i s  a p p r o a c h  i s  t h e  f reedom i n  d e f i n -  
i n g  t h e  h i g h  l e v e l  l a n g u a g e ,  p o s s i b l y  making it t r a n s p a r e n t  t o  
some ha rdware  f e a t u r e s  which  it may b e  h e l p f u l  t o  r e t a i n  f o r  
e f f i c i e n t  programming. F o r  example ,  p r e s e r v i n g  t h e  s t a c k  s t r u c -  
t u r e  o f  APU e n a b l e s  t h e  programmer t o  w r i t e  p rograms u s i n g  
Reve r se  P o l i s h  N o t a t i o n  (RPN) t h u s  r e s u l t i n g  i n  e f f i c i e n t  c o d e s  
which c a n  e v e n  b e  t e s t e d  b e f o r e h a n d  u s i n g  p o c k e t  compu te r s .  

Two common a l g o r i t h m s ,  r e p r e s e n t i n g  benchmarks i n  p r o g r e s s ,  
have  been  implemented :  a  t h r e e - t e r m  d i s c r e t e - t i m e  c o n t r o l l e r  
and  a  l e a s t - s q u a r e s  est imator,  u s i n g  t h e  f o l l o w i n g  a l g o r i t h m s  

a )  Three- te rm c o n t r o l l e r  

where 

u t  = c o n t r o l  v a l u e  

ySP= s e t - p o i n t  o f  t h e  r s g u l a t e d  v a r i a b l e  

Y t  = a c t u a l  v a l u e  o f  r e g u l a t e d  v a r i a b l e  a t  t i m e  t 

a  , b = n u m e r i c a l  w e i g h t i n y  c o e f f i c i e n t s  



b )  Leas t - squares  e s t i m a t o r  

A 

where 8 = v e c t o r  of e s t i m a t e d  paramete rs  a t  t i m e  t -t 

Qt = v e c t o r  of  p a s t  p roces s  i n p u t s  and o u t p u t  

yt = proces s  o u t p u t  a t  t i m e  t 

Both a lgo r i t hms  were e a s i l y  coded u s i n g  t h e  mentioned macro- 
g e n e r a t o r .  The sou rce  programs r e s u l t e d  i n  17 and 57 s t a t emen t s  
r e s p e c t i v e l y ,  y i e l d i n g  assembly codes of 86 and 268 l i n e s .  These 
a u t o m a t i c a l l y  gene ra t ed  codes when compared w i th  handwr i t t en ,  
opt imized assembly codes ,  have an e f f i c i e n c y  l o s s  of less than  
3 p e r  c e n t .  Thus, au tomat ic  program g e n e r a t i o n  seems an i d e a l  
t o o l  f o r  s y s t e m a t i c  and e f f i c i e n t  program t r a n s l a t i o n  f o r  a  micro- 
p roces so r .  Of cou r se ,  a  l a r g e  computer shou ld  b e  a v a i l a b l e  on 
which t h e  macrogenerator  can be permanently l o c a t e d .  The c e n t r a l  
network computer cou ld  s e r v e  i n  t h i s  c a p a c i t y  and t h e  r e s u l t i n g  
assembly codes  cou ld  be  loaded i n t o  p e r i p h e r a l  mic roprocessors  
u s ing  t h e  communication l i n k s .  

CONCLUSIONS 

The aim of  t h i s  a p p r a i s a l  was t o  o u t l i n e  t h e  p o t e n t i a l  and 
b e n e f i t s  of  u s i n g  microprocessors  i n  wa t e r  q u a l i t y  moni to r ing  
networks.  I t  ha s  been shown how t h e  widespread t r e n d  of decen- 
t r a l i z e d  computat ion and t h e  i n c r e a s i n g  a v a i l a b i l i t y  o f  low-cost 
computing power cou ld  be e x p l o i t e d  t o  e s t a b l i s h  a  r e l i a b l e  moni- 
t o r i n g  network. An a t t emp t  has  been made t o  d e f i n e  some of t h e  
most b a s i c  f e a t u r e s  o f  such a  network and t o  p o i n t  o u t  i t s  d i f -  
f e r e n c e s  w i t h  r e s p e c t  t o  sys tems f o r  r a i n f a l l  gauging s t a t i o n s .  
Emphasis ha s  been p l aced  on d e f i n i n g  t h e  k i n d  of i n s t r u m e n t a t i o n  
w i th  which each remote s t a t i o n  shou ld  be equipped and on how t h e  
p e r i p h e r a l  microprocessor  cou ld  be  employed t o  run  t h e  r o u t i n e  
t a s k s  o f  t h e  s t a t i o n  and t o  manage t h e  communication l i n e  w i th  
t h e  c e n t r a l  computer. Moreover, a  q u a n t i t a t i v e  a p p r a i s a l  of l i n e  
p r o t o c o l  and i t s  c a p a b i l i t i e s  h a s  been p r e s e n t e d ,  t o g e t h e r  w i th  
some hardware and so f twa re  t o o l s  t h a t  might r ende r  t h e  u se  of  t h e  
microprocessor  more s y s t e m a t i c  and r e l i a b l e  i n  t h e  p r o c e s s  
i n d u s t r i e s  i n  g e n e r a l .  I n t e n s i v e  r e s e a r c h  i s  be ing  conducted t o  
o b t a i n  a  deeper  unders tand ing  of t h e  c a p a b i l i t i e s  of t h e  i d e a s  
d i s c u s s e d  i n  s e c t i o n s  3 and 4 .  
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MODELING AND FORECASTING WATER QUALITY 
I N  NON-TIDAL RIVERS: THE BEDFORD OUSE 
STUDY 

P . G .  Whitehead 

1  . INTRODUCTION 

I n  a d d i t i o n  t o  be ing  t h e  major  s o u r c e s  of  w a t e r ,  r i v e r  
sys tems a r e  used a s  t h e  p r i n c i p a l  d i s p o s a l  pathways f o r  waste  
m a t e r i a l  from man's a c t i v i t i e s .  Such waste  m a t e r i a l  a l t e r s  
t h e  c o n c e n t r a t i o n  of  many chemical  s u b s t a n c e s  i n  wa t e r  and 
i m p a i r s  t h e  q u a l i t y  and t h u s  t h e  u s e f u l n e s s  of t h a t  wa t e r .  
Moreover, t h e  v a r i e t y  of  p o l l u t a n t s  gene ra t ed  by a  h i g h l y  
i n d u s t r i a l  s o c i e t y  a p p e a r s  t o  grow con t i nuous ly  and,  a s  d i s -  
cussed  by S t o t t  (1979) ,  ' t h e  problems o f  wa t e r  q u a l i t y  a r e  now 
more d i f f i c u l t  and demanding t h a n  wate r  q u a n t i t y ' .  

While,  i n  g e n e r a l ,  ave r age  wa t e r  q u a l i t y  i n  t h e  UK ha s  
tended t o  improve, i n  c e r t a i n  r e s p e c t s  t h e r e  have  been grounds 
f o r  concern .  For  example, some wa t e r  a u t h o r i t i e s  have been 
obse rv ing  p r o g r e s s i v e l y  i n c r e a s i n g  l e v e l s  o f  n i t r a t e s  i n  t h e i r  
system. The mechanisms govern ing  t h e s e  i n c r e a s e s  a r e  n o t  whol ly  
unders tood and,  a s  a  r e s u l t ,  s t r a t e g i e s  f o r  t h e  management of 
n i t r a t e  l e v e l s  have n o t  been f u l l y  i d e n t i f i e d .  I n  p a r t i c u l a r ,  
n i t r a t e  l e v e l s  i n  t h e  River  Thames and t h e  River  Lea have 
i n c r e a s e d  d r a m a t i c a l l y  ove r  t h e  p a s t  t e n  y e a r s  w i t h  t h e  average  
c o n c e n t r a t i o n  i n c r e a s i n g  from 4 mg N / 1  i n  1968 t o  an average  of  
11.1 mg N / l  i n  1977 i n  t h e  River  Lea (Thames Water S t a t i s t i c s ,  
1978) .  T h i s  l e v e l  i s  c l o s e  t o  t h e  WHO l i m i t  o f  11.3 mg N / 1  and 
a t  c e r t a i n  t i m e s  o f  t h e  y e a r  n i t r a t e  l e v e l s  i n  t h e  Lea have i n  
f a c t  exceeded t h e  WHO l i m i t ,  t h e r e b y  p r e v e n t i n g  t h e  a b s t r a c t i o n  
o f  wa te r  f o r  p o t a b l e  supp ly .  Moreover, t h e  o b s e r v a t i o n  t h a t  
c e r t a i n  a c c e p t a b l e  l i m i t s  o f  q u a l i t y  a r e  exceeded from t i m e  t o  
t i m e  i n d i c a t e s  t h a t  d e s i r a b l e  s t r e am q u a l i t y  i s  n o t  on ly  q u a n t i -  
f i e d  i n  terms o f ,  s a y ,  y e a r l y  average  i n d i c e s .  T r a n s i e n t ,  
i n t e r m i t t e n t  d e t e r i o r a t i o n  of  q u a l i t y  i s  a l s o  impor t an t ,  and may 
be of growing concern  f o r  t h e  f u t u r e .  



In this paper water quality models developed during the 
recent Bedford Ouse Study (Bedford Ouse Study, 1975, 1979; 
Whitehead et a1 1979, 1980) are briefly described and applied 
to assess the impact of effluent on the river system. Concern 
over the future water quality in the Bedford Ouse has led to 
the development of an extensive automatic water quality monitor- 
ing and computer controlled telemetry system. Water quality 
models are included in the mini/micro computer system and provide 
forecasts for operational management. In the paper models of 
ammonia and dissolved oxygen are developed using the extended 
Kalman filter (EKF) technique applied to data obtained from the 
automatic monitors; the utility of such forecasting schemes is 
also discussed. 

2. MODELING FOR WATER QUALITY MANAGEMENT 

There has been a tendency in recent years to categorize 
water quality models as either planning or operational manage- 
ment aids. However, such a breakdown is not strictly correct 
since planning models provide the "steady-state" or annual 
average water quality conditions and identify measures which 
alter the natural distribution of water quality in time and space 
in accordance with an overall development objective. Steady- 
state planning models do not account for the uncertainties in 
the system, such as errors associated with sampling measurement 
and the imprecise knowledge of system mechanisms and provide only 
a rough guide to likely future water quality levels. 

By contrast operational management is concerned with short- 
term (hourly or daily) behaviour of water quality; models are 
thus required for selecting optimal operating rules and control 
procedures and for providing real-time forecasts of water quality 
in river systems. 

A third intermediate stage between planning and operational 
models is required during the detailed design of a water resource 
system. Here, there must be some consideration of risk, and 
information on the day-to-day changes in river quality is 
required, since it is the transient violation of water quality 
standards that creates particular problems. The approach of 
digital simulation provides a convenient method of analysing 
systems during this design phase; historic and synthetic inputs 
can be simulated and information on the distributions of water 
quality used to assess risk. If the model is to be useful for 
the purpose of design it should possess the following properties: 

(i) It should be a truly dynamic model, being capable of 
accepting time-varying input (upstream) functions of 
water quality which are used to compute time-varying 
output (downstream) responses. 

(ii) The model should be as simple as possible yet consis- 
tent with the ability to characterize adequately the 
important dynamic and steady-state aspects of the 
system behaviour. 



(iii) It should provide a reasonable mathematical approxima- 
tion of the physico-chemical changes occurring in the 
river system and should be calibrated against real 
data collected from the river at a sufficiently high 
frequency and for a sufficiently long period of time. 

(iv) It should account for the inevitable errors associated 
with laboratory analysis and sampling, and account for 
the uncertainty associated with imprecise knowledge of 
the pertinent physical, chemical and biological mechan- 
isms. 

3. AN INTEGRATED MODEL OF FLOW AND WATER QUALITY 

Mathematical models that satisfy these four properties have 
been developed during the recent Bedford Ouse study (Whitehead 
et al, 1979, 1980) and the principal interactions between flow 
and water quality components of the model are illustrated in 
Figure 1. The underlying hydrology of a river system is modeled 
using a deterministic non-linear storage model in order to relate 
flow variations at downstream points in the system to input flows 
at the upstream system boundaries. Having accounted for most of 
the flow variations with the deterministic streamflow model, the 
residual between the deterministic model output and the observed 
downstream flow is modeled using stochastic methods of time- 
series analysis (Whitehead, 1979). The stochastic times-series 
models represent the residual flow variations due to rainfall and 
runoff effects. As shown in Figure 1, information on flow is 
transferred to physico-chemical models of water quality, which 
contain the principal mechanisms governing water quality behaviour 
and are based on a mass balance over the reach. 

The structure of these models is based on a transportation 
delay/continuously stirred reactor (CSTR) idealization of a river 
(Beck and Young, 1976). The mathematical formulation of this 
model is in terms of lumped-parameter, ordinary differential 
equations and draws upon standard elements of chemical engineer- 
ing reactor analysis, e.g. Hirnrnelblau and Bischoff (1968). As 
indicated by Whitehead, Young and Hornberger (1979), this ideali- 
zation can be shown to approximate both the analytical properties 
of the distributed-parameter, partial differential equation repre- 
sentations of advection-dispersion mass transport and experimentally 
observed transport and dispersion mechanisms (Whitehead 1980). 

The principal advantages of this model over the equivalent 
partial differential equation descriptions are: 

(i) the simplified computation required to solve the 
lumped-parameter differential equations; 

(ii) the availability of statistically efficient algorithms 
for model identification and parameter estimation that 
can only be readily applied to the lumped-parameter 
f o m ;  

(iii) the availability of extensive control system methods 
which may be used for management purposes and are most 
suited to the ordinary differential equation model. 
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The mathematical form of the model is derived from a component 
mass balance: 

For the CSTR, 

and for the transportation delay, 

where 

is the vector of input, upstream component concentra- 
- 1 

tions (mgl 1 ,  
is the vector of time-delayed input, upstream com- 

- 1 
ponent concentrations (mgl ) ,  
is the vector of output, downstream component concen- 

- - 

trations (mgl-I 1 , 
is the vector of component source and sink terms 

(mgl-'day-') , 
is the vector of chance, random disturbances affect- 

-1 -1 
ing the system (mgl day 3), 
is the stream discharge(m day ) ,  

3 is the reach volume (m ) , 
is the magnitude of the transportation delay element 
(day), 
is the independent variable of time. 

The errors associated with the laboratory analysis and sampling 
are included in the observation equation, 

in which, 

~ ( t )  is the vector of observed (measured) downstream com- 
- 1 

ponent concentrations (mgl ) ,  and 
q(t) is the vector of chance measurement errors. - 
Equations (1) and (2) provide the basic description of the 

conceptual water quality model. The identification and estima- 
tion of these models against water quality data is given in 
detail elsewhere (Whitehead et al, 1979, 1980; Beck and Young, 
1976). 



4 .  THE BEDFORD OUSE S T U D Y  

?'he Hedford Ousc !; t~udy  was i.n i t.i ;lti:?(l i n  1972 b y  t h e  Grcat 
Ousc R i v e r  D i v i s i o n  of the Angl i an  Wa-tcr A u t . h o r - i t y  and  the 
Uepcirtment o f  t h e  Envi ronment .  The oh jcc t . ivc .  o f  t.hc s t u d y  w a s  
t o  d e v e l o p  a n d  u t i l i z e  w a t e r  q u a l i t y  models  i n  tlle p l a n n i n q ,  
d e s i g n  and  o p e r a t i o n a l  management o f  t h e  Bedfo rd  Ouse R i v e r  
s y s t e m  i n  c e n t r a l  e a s t e r n  England .  In p a r t i c u l a r  t h e  d e v e l o p -  
ment o f  t h e  new c i t y  o f  M i l t o n  Keynes (see F i g u r e  2 )  i s  1ikel .y  
t o  h a v e  a  c o n s i d e r a b l e  i m p a c t ,  and  e f f l u e n t  f rom t h e  c i t y  i s  
d i s c h a r g e d  some 55 k i l o m e t r e s  u p s t r e a m  o f  a n  a b s t r a c t i o n  p l a n t  
s u p p l y i n g  w a t e r  t o  Bedfo rd .  

The r e s e a r c h  h a s  t h e r e f o r e  b e e n  d i r e c t e d  t o w a r d s  o b t a i n i n g  
models  o f  w a t e r  q u a l i t y  which  c o u l d  be u s e d  t o  i n v e s t i g a t e  t h e  
i m p a c t  o f  e f f l u e n t  on t h e  a q u a t i c  e n v i r o n m e n t .  D e t a i l s  o f  t h e  
Bedfo rd  Ouse S t u d y  are g i v e n  e l s e w h e r e  (Bedfo rd  Ouse S t u d y ,  1975 ,  
1979; Whi tehead  e t  a l l  1979 ,  1980)  a n d  t h e  i n t e g r a t e d  mode l s  o f  
f l o w  a n d  w a t e r  q u a l i t y  d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n  have  
been  e x t e n s i v e l y  a p p l i e d  t o  t h e  Bedfo rd  Ouse R i v e r  s y s t e m .  F o r  
example ,  a t y p i c a l  s i m u l a t i o n  o f  f l o w  b a s e d  on d a t a  f rom t h e  
u p s t r e a m  f l o w  g a u g i n g  s t a t i o n s  and  t h e  d a i l y  r a i n f a l l  i n  t h e  
a r e a  is  g i v e n  i n  F i g u r e  3.  T h i s  shows t h e  s i m u l a t e d  r i v e r  f l o w  
supe r imposed  on  t h e  o b s e r v e d  f l o w s  t o g e t h e r  w i t h  a  p l o t  o f  t h e  
r e s i d u a l  error.  The mean p e r c e n t a g e  e r r o r  o f  8 . 6  p e r  c e n t  i s  
w i t h i n  t h e  a c c u r a c y  of t h e  f l o w  g a u g i n g  s t a t i o n s  e s t i m a t e d  a t  
10 p e r  c e n t  by t h e  G r e a t  Ouse R i v e r  D i v i s i o n .  I n  a d d i t i o n ,  t h e  
model e x p l a i n s  99 p e r  c e n t  o f  t h e  v a r i a n c e  o f  t h e  o r i g i n a l  f l o w  
series and  t h e  errors are w i t h i n  10 p e r  c e n t  o f  t h e  o b s e r v e d  
f l o w  f o r  70 p e r  c e n t  o f  t h e  t i m e .  The model h a s  b e e n  v a l i d a t e d  
u s i n g  s e v e r a l  y e a r s ' d a t a  a n d  i t  a p p e a r s  t h a t  t h e  c o m b i n a t i o n  o f  
a  d e t e r m i n i s t i c  f l o w  r o u t i n g  model  a n d  s t o c h a s t i c  r a i n f a l l - r u n o f f  
model p r o v i d e s  a  s a t i s f a c t o r y  r e p r e s e n t a t i o n  o f  t h e  s y s t e m .  

4.1. A s s e s s i n g  t h e  Impac t  o f  E f f l u e n t  on R i v e r  Water  Q u a l i t y  

Water  q u a l i t y  models  f o r  t h e  Bedfo rd  Ouse h a v e  been  d e v e l o p e d  
f o r  c h l o r i d e ,  d i s s o l v e d  oxygen ,  b i o c h e m i c a l  oxygen demand, t o t a l  
o x i d i z e d  n i t r o g e n  a n d  ammonia. 

A t y p i c a l  s i m u l a t i o n  f o r  n i t r a t e  o v e r  1974 i s  q i v e n  i n  
F i g u r e  4  a n d  a g a i n  u p s t r e a m  w a t e r  q u a l i t y  i n f o r m a t i o n  c a n  be 
u s e d  t o  s i m u l a t e  downstream b e h a v i o u r  r e l i a b l y .  I n  a d d i t i o n ,  
s i n c e  t h e  mode l s  a r e  b a s e d  on mass  b a l a n c e  p r i n c i p l e s ,  it i s  
p o s s i b l e  t o  assess t h e  i m p a c t  o f  e f f l u e n t  i n  t h e  r i v e r  s y s t e m .  
F i g u r e  4 shows t h e  e f f e c t  on  downs t ream n i t r a t e  l e v e l s  a s suming  
a n  e f f l u e n t  f l o w  f rom M i l t o n  Keynes o f  114 ,000  m 3  day - l  w i t h  
n i t r a t e  l e v e l s  o f  10 mg l - l .  Dur ing  h i g h  f l o w  c o n d i t i o n s  t h e  
i m p a c t  o f  t h e  e f f l u e n t  i s  min ima l  b e c a u s e  o f  d i l u t i o n  e f f e c t s ,  
and  u p s t r e a m  s o u r c e s  o f  n i t r o g e n  a n d  r u n o f f  e f f e c t s  p r e d o m i n a t e .  
I n  t h i s  s i t u a t i o n  n i t r a t e  t r e a t m e n t  a t  M i l t o n  Keynes would h a v e  
r e l a t i v e l y  l i t t l e  e f f e c t  a n d  a l t e r n a t i v e  methods  of  overcoming  
t h e  h i g h  n i t r a t e  l e v e l s  a r e  r e q u i r e d ,  s u c h  a s  b l e n d i n g  w i t h  
g r o u n d w a t e r  or  r e s e r v o i r  w a t e r  a t  t h e  a b s t r a c t i o n  p l a n t  a t  B e d f o r d .  



F i g u r e  2 .  The Bedford  Ouse River Sys tem 
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During low-flow conditions and increased temperature levels 
during summer, the background levels of nitrogen fall, and the 
effluent effect is more significant. 

In addition to providing time-varying concentrations at the 
downstream point, the models may be used in a Monte Carlo simula- 
tion study to provide predictions directly in terms of probability 
distributions rather than exact values (Whitehead and Young, 1979). 
The stochastic simulation approach is extremely useful where 
analytical solutions are difficult or even impossible to obtain, 
as is often the case with reasonably complicated dynamic systems. 
The system calculations (usually simulations) are performed a 
large number of times, each time with the values for the stoch- 
astic imputs or uncertain parameters selected at random from 
their assumed (i.e. estimated) parent probability distributions. 
Each such random experiment or simulation yields a different 
result for any variable of interest and when all these results 
are taken together the required probability distribution can be 
ascertained to any degree of accuracy from the sample statistics. 
The degree of accuracy of the probability distribution function 
estimated in this manner is, of course, a function of the number 
of random simulations used to calculate the sample statistics, 
but it is possible to quantify the degree of uncertainty on the 
distribution using non-parametric statistical tests such as the 
Kolmogorov-Renyi statistics. 

Monte Carlo simulation is a flexible, albeit computationally 
expensive tool with which to investigate certain design problems. 
For example, the water quality standards proposed in the Bedford 
Ouse Study (1979) are presented in terms of the percentage of 
time that a water quality level is exceeded, and, therefore, pro- 
vide a reference against which the water quality can be tested. 
It would be possible to perform Monte Carlo simulation analysis 
using the water quality models developed for the study section 
of the Bedford Ouse together with various assumptions about future 
levels of effluent input. The outcome of such an analysis would 
be probability density functions for the water quality states 
that could be compared directly with the water quality standards. 
Such information would be extremely useful in assessing the 
impact of effluent on the system and in determining the degree 
of treatment necessary at Milton Keynes in order to ensure satis- 
factory water quality at the downstream abstraction point. 

An initial assessment of the impact of Milton Keynes 
effluent on the aquatic environment may now be obtained usinq 
Monte Carlo simulation, details of which are given by Whitehead 
and Young (1979). Altogether three effluent conditions were 
considered at different flow rates and BOD levels, as shown in 
Table 1. 



Table 1. 

Flow Rate BOD Concentration in Effluent Variance of 
m3/sec mg/l BOD levels 

Case 1 0.1 5 1 

Case 2 0.4 10 4 

Case 3 1.0 10 4 

It was assumed that the effluent has no dissolved oxygen 
present--a condition that represents the worst situation but which 
is not unrealistic as the effluent is to be pumped direct from 
the treatment works via a 4-km pipe into the river. Effluent BOD 
levels fluctuate in practice and a stochastic component defined 
by a noise signal of variance 1, 4 and 4 (mg/l) 2 respectively was 
added to the three BOD levels shown in Table 1. The distributions 
of BOD and DO at Bedford given these three effluent conditions 
are compared with the present situation in Figure 5. At low 
discharge conditions there is relatively little effect on the 
aquatic environment. At the 1 m3/s condition, however, the mean 
BOD level has risen to 4.5 mg/l, the mean DO level has fallen to 
6.5 mg/l, and the DO distribution ranges from 4.5 to 9 mg/l. 
These distributions represent only an initial assessment of the 
impact of Milton Keynes effluent and an updated prediction based 
on a re-estimated model in two years' time may indicate an 
improved situation. On the other hand the DO levels may be ad- 
versely affected by the changing biological nature of the river 
and some form of control action may be necessary to improve the 
DO distribution. 

5. THE REAL-TIME MONITORING SCHEME FOR THE BEDFORD OUSE 

In the short-term operational management of water resource 
systems a major requirement is for information on the present 
condition of the river system and on future changes in water 
quality. Operational managers must be able to respond quickly 
to emergency situations in order to protect and conserve the 
river and maintain adequate water supplies for public use. More- 
over, the costs of water treatment and bankside storage are 
particularly high and there are therefore conbiderable benefits 
to be gained from the efficient operational management of river 
systems from the viewpoint of water quality (Beck, 1980; Rinaldi 
et al, 1979; Whitehead, 1978; Young and Beck, 1974). 

In recent years there has been some progress towards pro- 
viding more efficient operational management by the installation 
of automatic, continuous water quality monitors on river systems. 
These monitors measure such water quality variables as dissolved 
oxygen, ammonia, and temperature and, if combined with a telemetry 
scheme relaying information to a central location, provide 
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immediate information on the state of the river for pollution 
officers. Whilst the reliability of such schemes is still 
rather poor there is now an opportunity to use this information 
together with mathematical models for making real-time forecasts 
of water quality. 

The practical problems associated with the continuous field 
measurement and telemetering of water quality data have largely 
limited the application of on-line forecasting and control 
schemes. Continuous flow of water past sensors for measuring 
water quality gives rise to severe fouling of optical and mem- 
brane surfaces, thereby drastically reducing the accuracy of the 
data produced. In recent years, however, there have been several 
studies and applications of continuous water quality monitors 
(Briggs, 1975; Kohonen et al, 1978). Most UK water authorities 
have established monitoring and telemetry schemes (Hinge and 
Stott, 1975; Cooke, 1975; Caddy and Akielan, 1978) and report 
reasonable reliability provided the monitors are regularly main- 
tained. More recently, Wallwork (1980) describes an application 
on the River Wear in north east England where a continuous monitor 
is used to protect an abstraction point. 

The application of particular interest in this paper is an 
extensive monitoring and telemetry scheme that has been developed 
along the Bedford Ouse River system. As indicated in Figure 6, 
automatic water quality monitors have been installed at several 
sites along the river and data on dissolved oxygen, pH, ammonia, 
and temperature are telemetered at four-hourly intervals to the 
central control station located in Cambridge. It is proposed 
to extend this telemetry scheme to include information on flow 
and variables such as rainfall and solar radiation and to use a 
mini/micro computer located in Cambridge to analyse the data on- 
line. The system will provide rapid information on the present 
state of the river and will incorporate a dynamic water quality 
model for making real-time forecasts of flow and quality at key 
locations along the river system. 

The data from the automatic monitors are telemetered at four 
hourly intervals to the central master station in Cambridge and 
in order to assess and to model the short-term behaviour data 
has been obtained for the monitoring stations located at 
Sharnbrook and Tempsford (see Figure 1) for the period of July to 
November, 1978. The stretch of river between these two sites is 
of particular interest to the Anglian Water Authority because of 
the location of the Bedford Water Division's abstraction plant 
at Clapham, the discharge of effluent from Bedford Sewage Works 
and the abstraction of water at Offord just downstream of 
Tempsford. 

Data have been obtained for dissolved oxygen, ammonia, flow, 
temperature, and solar radiation together with data on the quality 
of e'ffluent from Bedford Sewage Works. A plot of dissolved oxygen 
at the upstream site is given in Figure 7 and shows clearly the 
daily oscillations of dissolved oxygen, caused by oxygen produc- 
tion and consumption processes, and the longer-term fluctuations 
that are due to other variables such as temperature and streamflow. 
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Initially, analysis of these data has been restricted to the 
first 108 samples (18 days), since this period corresponds with 
a major storm event and high levels of ammonia in the river 
downstream of the sewage works. 

6. AMMONIA AND DISSOLVED OXYGEN MODELS 

The model of ammonia and dissolved oxygen is based on the 
mass balance description of equation (1) but contains additional 
terms to describe source and sink processes such as the nitrifi- 
cation of ammonia and the production of oxygen by photosynthesis. 
The river between Sharnbrook and Tempsford has been divided into 
four reaches with reach boundaries corresponding to the abstrac- 
tion plant at Bedford, the Bedford Sewage Works and an inter- 
mediate point between the sewage works discharge and the Tempsford 
monitor. The upstream ammonia concentrations are particularly 
low ( <  0.05 mg/l) and therefore the ammonia model has been formu- 
lated for just the two reaches below the sewage works. The 
models identified using the EKE' are as follows: 

Dissolved Oxygen 

Ammonia 

where xl, x2, x3 and x4 represent DO at the downstream boundaries 

of the four reaches (mgl- ' 1 , 
X5 ' x6 are the ammonia concentrations at the downstream 

boundaries of the third and fourth reaches (mgl-') I 



U, 
is the upstream DO concentration entering the first 

reach at Sharnbrook (mgl-~'), 

Ue 
is the ammonia in the effluent discharge calculated as 

- 
the effective instream ammonia level (m 1- I )  3 -1, Q is the flow rate measured at Bedford (m day , 

S is a sunlight term to account for addition of oxygen 
by photosynthesis, 3 

V1, V2, V3 and V4 are the reach volumes (m ) , 

kl is the rate constant associated with oxygen production by photosynthesis (days-l ) , 
k2 is the loss of dissolved oxygen caused by biochemical 

oxygen demand upstream of Bedford (mgl- l day-' ) , 
k, is the loss of dissolved oxygen caused by biochemical 
a 

oxygen demand downstream of Bedford (rngl-l day-' ) , 
- 1 

k4 is the nitrification rate (days ) .  

The sunlight term , S, is a function of solar radiation, Sr, (see 
Water Pollution Research Laboratory, 1968) and is determined as 

The constant 4.33 in equations (5) and (6) represents the mass 
of oxygen removed from the water for each unit mass of ammonia 
nitrified. 

One feature of particular interest in this model is the 
inclusion of the flow term, Q, into the ammonia nitrification 
expression in equations (5) to ( 8 ) .  The flow is included to 
account for the lower nitrification rate occurring under high 
flow conditions (Garland, 1978). During the initial EKF runs 
the flow term was not included and the parameter k when esti- U ' mated recursively, appears to be inversely proportional to the 
flow, Q (see Figure 8) . Inclusion of the flow term and re- 
estimation k4 produced an essentially constant or slowly-varying 
parameter, as shown in Figure 9. The higher flows tend to flush 
the reach of the nitrifying bacteria, which are responsible for 
the conversion of ammonia to nitrite and nitrate, and hence 
reduce the nitrification processes. The EKF is particularly 
useful in identifying this behaviour and in reducing an essentially 
time-varying parameter model to a model which is time-invariant 
(Whitehead, 1979) . 

The other parameters in the dissolved oxygen model do not 
vary significantly over the sampling period, as shown in Figure 
9, although the parameter kl increases slightly during estimation. 
This is most probably due to the presence of large algal popula- 
tions in the river that have not been explicitly included in the 
model. During the Bedford Ouse study (Whitehead and Young, 1975) 
the sunlight term was modified to account for the algal popula- 
tions using chlorophyll-a concentrations as a measure of the 
oxygen producing matter in the river. In the present study, 
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chlorophyll-a data is not available and the sunlight term is 
therefore dependent on solar radiation only. As shown in 
Figure 10, there are large diurnal variations in dissolved oxy- 
gen which are indicative of algal activity and further work 
incorporating the algal components is therefore required. 

The simulated responses of dissolved oxygen and ammonia, 
as shown in Figure 10, are reasonable, although the peak of the 
ammonia is considerably underestimated. This may be due to the 
inaccurate measurement of effluent flow from the sewage plant 
during the peak of the storm or to the additional inputs along 
the reach from agricultural and urban runoff. 

7. CONCLUSIONS 

The design of a water resource system from the viewpoint of 
water quality has conventionally been based on 'steady-state' 
models that provide information about annual, average conditions. 
However, for many design problems detailed information on the 
transient behaviour of water quality is required together with a 
description of the stochastic aspects of water quality. Such 
information can be obtained using the integrated models of flow 
and water quality developed during the Bedford Ouse Study. In 
this paper the models have been used to assess the impact of 
effluent on the Bedford Ouse River. 

In recent years continuous water quality monitoring schemes 
have been developed in conjunction with telemetry systems to 
provide real-time information for operational management. The 
rapid development in microcomputers has enhanced such schemes 
by providing considerable analytical power for on-line data 
processing at a relatively low cost. The application of real- 
time forecasting and control of water quality along critical 
stretches of river systems is therefore an option available to 
operational management. Such an application has been considered 
for the Bedford Ouse river system and this scheme is currently 
being implemented by the Anglian Water Authority and the Insti- 
tute of Hydrology. 
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1 .  I N T R O D U C T I O N  

I n  F i n l a n d  w a t e r  c o u r s e s  a r e  r e l a t i v e l y  l a r g e  i n  a r e a  b u t  
g e n e r a l l y  c o n t a i n  l i t t l e  w a t e r .  The mean d e p t h s  of  l a k e  b a s i n s  
a r e  s m a l l  and t h e  t u r n o v e r  of  w a t e r  i s  s low.  S i n c e  i n  a d d i t i o n  
t h e  l o n g  w i n t e r  s t o p s  b i o l o g i c a l  p r o d u c t i o n  o f  oxygen a lmos t  
comple te ly  f o r  3-4 months a y e a r ,  t h e  a b i l i t y  t o  w i t h s t a n d  
p o l l u t i o n  l o a d s  i s  g e n e r a l l y  r e l a t i v e l y  poor .  Taking c a r e  o f  
w a t e r  q u a l i t y  i s  t h u s  a l m o s t  a s  g r e a t  a problem i n  F i n l a n d  a s  
it is  i n  many h i g h l y  p o p u l a t e d  c e n t r a l  European c o u n t r i e s .  

The p r i n c i p a l  o r i g i n  of  p o l l u t i o n  i n  F i n l a n d  i s  i n d u s t r i a l ,  
b e i n g  mainly  from t h e  p u l p  and p a p e r  i n d u s t r i e s ,  whose s h a r e  o f  
t o t a l  BOD-load i s  a b o u t  70 p e r  c e n t .  The c o r r e s p o n d i n g  s h a r e  
of  m u n i c i p a l  s o u r c e s  i s  o n l y  abou t  6 p e r  c e n t  and t h e  remainder  
comes a s  s c a t t e r e d  l o a d s  from a g r i c u l t u r e  and s o  f o r t h .  The 
communities a r e  i n  many c a s e s ,  however, o f  c o n s i d e r a b l e  
impor tance  a s  l o c a l  p o l l u t e r s .  Because i n d u s t r y  and p o p u l a t i o n  
a r e  c o n c e n t r a t e d  i n  s o u t h e r n  F i n l a n d ,  t h e  problems a r e  more pro-  
nounced i n  t h i s  p a r t  o f  t h e  c o u n t r y .  

I n  t h i s  p a p e r  t h e  aim i s  t o  d e s c r i b e  b r i e f l y  some r e s e a r c h  
p r o j e c t s  and t e c h n i c a l  developments  t h a t  have been r e c e n t l y  
comple ted ,  o r  a r e  s t i l l  c o n t i n u i n g ,  i n  r e l a t i o n  t o  sys tems 
a n a l y s i s  and/or  c o n t r o l  of  w a t e r  sys tems  i n  t h e  b road  s e n s e .  
A l l  t h e  a p p l i c a t i o n s  a r e  aimed a t  t h e  o p e r a t i o n a l  l e v e l  o f  w a t e r  
q u a l i t y  management. Both w a t e r  p u r i f i c a t i o n  and was tewate r  
t r e a t m e n t  a r e  c o n s i d e r e d  f o r  t h e  communities and p o l l u t i o n  l o a d  
m o n i t o r i n g  i s  c o n s i d e r e d  w i t h  r e s p e c t  t o  t h e  r e c e i v i n g  w a t e r  
b o d i e s .  A l l  t h e  a c t i v i t i e s  d e s c r i b e d  have  t a k e n  p l a c e  i n  t h e  
1 9 7 0 1 s ,  mainly  a f t e r  1974, and t h e y  a r e  i n  one way o r  a n o t h e r  
of  c u r r e n t  i n t e r e s t .  The purpose  h e r e  i s  t o  review r a t h e r  t h a n  



t o  d e s c r i b e  i n  d e t a i l .  With t h i s  e x p e r i e n c e  i n  mind some c o n - .  
c l u s i o n s  and d i s c u s s i o n  have  been  made c o n c e r n i n g  how t h e s e  and 
s i m i l a r  r e s u l t s  i n  o t h e r  c o u n t r i e s  migh t  be u s e d  i n  r e a l - t i m e  
w a t e r  q u a l i t y  management i n  t h e  f u t u r e .  

2 .  ACTIVITIES RELATED 7'0 WATER PURIFICATION AND WASTEWATER 
TREATMENT 

S i n c e  1974 t h e r e  have  been  s e v e r a l  r e s e a r c h  p r o j e c t s  
conduc ted  i n  F i n l a n d  i n  which  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  have  
been  a n a l y z e d  by t h e  methods of sys t ems  a n a l y s i s  w i t h  a  view 
t o  f i n d i n g  new methods and means t o  improve p l a n t  o p e r a t i o n  and 
d e s i g n .  T h i s  y e a r  SITRA (The F i n n i s h  N a t i o n a l  F o u n d a t i o n  f o r  
Resea rch  and Development) s t a r t e d  a  two-year  m a s t e r  p r o j e c t  
c a l l e d  YVY (Community-Water-Environment-project) ,  t h e  p u r p o s e  
of  which i s  t o  i n i t i a t e  r e s e a r c h  programs aimed a t  improv ing  
m u n i c i p a l  w a s t e  t r e a t m e n t  ( b o t h  l i q u i d  and s o l i d  w a s t e s ) .  I n  
one l a r g e  r e s e a r c h  p r o j e c t  and two minor  p r o j e c t : :  t h e  whole 
m u n i c i p a l  sewer s y s t e m  (ne twork  + t r e a t m e n t  p l a n t s )  h a s  b e e n  
s t u d i e d .  I n  a d d i t i o n  t o  s y s t e m s  a n a l y t i c a l  s t u d i e s ,  u n d e r t a k e n  
ma in ly  by t h e  u n i v e r s i t i e s ,  a few f i r m s  have  c a r r i e d  o u t  deve lop -  
ment work t o  p r o d u c e  m i c r o p r o c e s s o r - b a s e d  m o n i t o r i n g  and  c o n t r o l  
s y s t e m s  f o r  t r e a t m e n t  p l a n t s .  I n  t h e  i n d u s t r i a l  waste t r e a t m e n t  
f i e l d  c o r r e s p o n d i n g  r e s e a r c h  h a s  n o t  been  c a r r i e d  o u t  as a c t i v e l y  
and a  s i m i l a r  master p r o j e c t  s t a r t e d  by SITRA i n  1978 h a s  
i n i t i a t e d  r e s e a r c h  programs aimed p r i m a r i l y  a t  improvements  i n  
p r o c e s s  t e c h n o l o g y .  

I n  t h e  f i e l d  o f  w a t e r  p u r i f i c a t i o n  and  d i s t r i b u t i o n  t h e r e  
i s  one  p a r t i c u l a r l y  i n t e r e s t i n g  development  p r o j e c t  t h a t  h a s  l e d  
t o  t h e  r e a l i z a t i o n  o f  a  computer -based  management s y s t e m  t h a t  i s  
m o t i v a t e d  b o t h  by t h e  u s e  o f  modern t e c h n o l o g y  and by c o n s i d e r a -  
t i o n s  o f  e n e r g y  c o n s e r v a t i o n .  

VITMO i s  a n  a b b r e v i a t i o n  o f  t h e  F i n n i s h  e x p r e s s i o n  f o r  
"model deve lopment  f o r  t h e  c o n s i d e r a t i o n ,  d i m e n s i o n i n g  and  con- 
t r o l  o f  s e w e r  s y s t e m s " .  T h i s  p r o j e c t  was c o n d u c t e d  d u r i n g  t h e  
y e a r s  1976-78 a s  a  commission from The Academy o f  F i n l a n d .  I t  
w a s  p r e c e d e d  by two minor  r e s e a r c h  s t u d i e s ,  one  of which (VISA) 
w a s  conce rned  w i t h  t h e  a p p l i c a t i o n  o f  dynamica l  models  t o  t h e  
a n a l y s i s  o f  a n  a c t i v a t e d  s l u d g e  p l a n t  and t h e  o t h e r  (SIMU) was 
conce rned  w i t h  t h e  i n t r o d u c t i o n  and a p p l i c a t i o n  o f  t h e  U.S. EPA's 
SWWI model (S torm Water Management Mode l ) .  I n  t h e  VITMO p r o j e c t  
i t s e l f  t h e  whole sewer s y s t e m  w a s  i n v e s t i g a t e d  s o  t h a t  t h e  t o t a l  
d i s c h a r g e ,  i n c l u d i n g  b o t h  t h e  p l a n t  e f f l u e n t s  and o v e r f l o w s ,  
c o u l d  be c o n s i d e r e d .  The g e n e r a l  g o a l  w a s  t o  d e v e l o p t h o s e  
s y s t e m s  e n g i n e e r i n g  models  and methods t h a t  c o u l d  be  u s e d  a s  
t o o l s  t o  assist  i n  d e c r e a s i n g  t h e  t o t a l  p o l l u t i o n  l o a d  and u n i t  
t r e a t m e n t  c o s t s  o f  a  sewer s y s t e m .  Because t h e  b a s i c  f e a t u r e s  
o f  t h e  d i f f e r e n t  p r o c e s s  models  had  a l r e a d y  been  w i d e l y  s t u d i e d  
b o t h  a b r o a d  and i n  F i n l a n d ,  it w a s  t h o u g h t  reasonable  t o  i n c l u d e  



case studies and to try to obtain experience of the difficulties 
that arise in practical applications. Typical questions to which 
answers were sought were: 

HOW does a combined sewer network behave dynamically 
under runoff loadings from heavy rainfall.? How can the 
time, place, quantity and quality of overflows be 
anticipated? 
How can a study of process dynamics be utilized for 
design when, for example, defining the dimensions and 
locations of storages? 
Is it possible to identify dynamical parameters in 
practice? 
Is it possible to decrease the total discharge and to 
allocate it to different locations in an optimal manner 
by controlling the inner pumping and overflow dams of 
the network? 
If disturbances in the treatment plant are taken into 
consideration, how much rainwater can be reasonably kept 
running through them without increasing the total dis- 
charge? 
Is it possible to have relevant models for a typical 
biological treatment plant and to identify the corres- 
ponding parameters in practice? 
Where can one affect to the best advantage increases in 
efficiency and/or decreases in operational costs? 
What possibilities and limitations do current instrumen- 
tation and computer technology have in sewer systems? 

The project was actually divided into two subprojects, one 
of which was concerned with the sewer network and the other with 
the treatment plant. In both subprojects a set of dynamical 
models and corresponding program packages were developed 
(FORTRAN V language, UNIVAC 1108 computer). For the case studies 
experimental programs were carried out in co-operation with three 
towns (Helsinki, Lahti, Tampere). The sewer network experiments 
were made in a combined sewer in the metropolitan area of Helsinki. 
A measuring system consisting of six level meters and two magnetic 
flow meters was installed in the area. The amounts of precipita- 
tion were measured with ordinary rainfall gauges. Observations 
were made over a period of nine months, including both wet and 
dry periods. The treatment plant experiments were made at a 
pilot-scale and a full-scale plant. The experiments included 
several 3-4 day periods when the aim was to estimate the parameters 
for dynamic models and to observe changes in the dynamic state 
of the processes. By interviewing operating personnel in all of 
the larger treatment plants in Finland the state-of-the-art of 
instrumentation and automation was surveyed; the results were 
compared to similar studies made outside Finland. The publica- 
tions resulting from the project are unfortunately mainly written 
in Finnish or Swedish. Those papers written in English are listed 
in the references [I], ..., [7]. Since finishing the project there 
has been an interest in utilizing the results in practice in two 
different ways. The simulation programs have been used by a con- 
sultant for designing sewer networks and by the experimental plant 



p e r s o n n e l  who c a l c u l a t e d  o p t i m a l  s t e a d y - s t a t e  c o n d i t i o n s  f o r  
t h e i r  p l a n t .  The r e s u l t s  f o r  t h e  a c t i v a t e d  s l u d g e  p r o c e s s  have 
been a p p l i e d  d i r e c t l y  i n  t h e  development of a d d i t i o n a l  f e a t u r e s  
f o r  a  microcomputer-based moni to r ing  and c o n t r o l  sys tem.  

2 . 2  A c t i v i t i e s  R e l a t e d  t o  t h e  Development Work i n  I n d u s t r y  

A coup le  of f i r m s  have  shown an  a c t i v e  i n t e r e s t  I n  develop- 
i n g  moni to r ing  and/or  c o n t r o l  sys tems f o r  w a t e r  sys tems .  
Bes ides  t h e  VESKU-project, c o n s i d e r e d  i n  more d e t a i l  l a t e r ,  t h i s  
a c t i v i t y  h a s  been r e l a t e d  e i t h e r  t o  w a t e r  s u p p l y  o r  t o  was tewate r  
d i s p o s a l  p r o c e s s e s ,  w i t h  t h e  l a t t e r  b e i n g  t h e  more a c t i v e  f i e l d .  
The aim h a s  been t o  deve lop  commercial computer- o r  mic roprocessor -  
based automat ion  sys tems  o r i e n t e d  towards  t h e s e  s p e c i a l  a p p l i c a -  
t i o n s .  The p r o j e c t s  have  been mainly  f i n a n c e d  by SITRA o r  KTM 
(E l in i s t ry  f o r  Commerce and I n d u s t r y ) ,  t h e  former  f o l l o w i n g  a  
r o y a l t y  p r i n c i p l e  w h i l e  t h e  l a t t e r  covered  up t o  50 p e r  c e n t  of 
a l l  c o s t s  i n  t h i s  k i n d  of  development work. 

For moni to r ing  and c o n t r o l  of a c t i v a t e d  s l u d g e  p r o c e s s e s  two 
f i r m s  (Labko, Ulmae lec t ro )  have developed a  microcomputer a p p l i -  
c a t i o n ,  bo th  u s i n g  an I n t e l  8080 p r o c e s s o r .  I n  b o t h  sys tems  
b a s i c  v a r i a b l e s  such a s  f l o w ,  pH, c o n d u c t i v i t y  and d i s s o l v e d  
oxygen a r e  measured. Other  o p e r a t i o n s  i n c l u d e  s i m p l e  s i g n a l  
a n a l y s i s ,  a l a r m s ,  r e p o r t i n g  and DDC c o n t r o l  l o o p s ,  of  which d i s -  
s o l v e d  oxygen c o n t r o l  i s  t h e  most i m p o r t a n t .  F i g u r e  1 shows 
t h e  d e s i g n  of  one of  t h e  sys tems.  Both sys tems  a r e  b e i n g  
developed a t  t h e  moment i n  t h e  d i r e c t i o n  o f  d i s t r i b u t e d  sys tems 
w i t h  v i d e o  m o n i t o r s .  They a r e  a l s o  marketed more wide ly  f o r  
s m a l l - s c a l e  u n i t  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  i n  i n d u s t r y .  
C u r r e n t l y  t h e r e  a r e  f o u r  sys tems  i n  o p e r a t i o n  and a  f u r t h e r  t h r e e  
a r e  b e i n g  d e l i v e r e d  t o  t r e a t m e n t  p l a n t s .  A l l  e x c e p t  one sys tem 
have been i n s t a l l e d  i n  medium- o r  l a r g e - s c a l e  p l a n t s  ( i n  F i n n i s h  
terms t h i s  means g r e a t e r  t h a n  30 000 m3/day) .  

I n  t h e  above sys tems  t h e  o n l y  advanced f e a t u r e  t h u s  f a r  h a s  
been t h e  d i s s o l v e d  oxygen c o n t r o l .  Resea rch ,  however,  is  b e i n g  
under taken t o  deve lop  methods and programs f o r  r e a l - t i m e  es t ima-  
t i o n  o f  s l u d g e  growth and t h e  i n l e t  BOD-load. Based on t h i s  
k i n d  of  i n f o r m a t i o n  t h e  o b j e c t i v e  i s  t o  improve p r o c e s s  o p e r a t i o n  
by a  more a c c u r a t e  c o n t r o l  of  s l u d g e  w a s t i n g .  The l e a d i n g  
p r i n c i p l e  i n  e s t i m a t i o n  i s  t o  u s e  t h e  whole a e r a t i o n  b a s i n  a s  a  
r e s p i r o m e t e r ,  f o r  which o n l y  an o p e r a t i o n a l  d i s s o l v e d  oxygen con- 
t r o l  i s  r e q u i r e d .  

Minicomputer sys tems  i n t e n d e d  f o r  c e n t r a l i z e d  p l a n t  moni tor -  
i n g  and c o n t r o l  have n o t  been developed o r  a p p l i e d  i n  was tewate r  
t r e a t m e n t  p l a n t s  i n  F i n l a n d .  The reason  is  probab ly  t h a t  t h e  
p l a n t s  a r e  r e l a t i v e l y  s m a l l  i n  s i z e  when compared w i t h  t h o s e  
a p p l y i n g  such  sys tems abroad .  There i s ,  however,  some i n t e r e s t  
i n  t h e s e  sys tems because  i n t e g r a t e d  m o n i t o r i n g  and c o n t r o l  of  
t h e  whole s e w e r  sys tem i n  some l a r g e r  c i t i e s ,  e s p e c i a l l y  H e l s i n k i ,  
seems f e a s i b l e  f o r  t h e  f u t u r e .  
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F i g u r e  1. The p r i n c i p l e  o f  a m i c r o p r o c e s s o r  
c o n t r o l  s y s t e m  f o r  a c t i v a t - c d  s l u d g e  
p r o c e s s  (Suomenoja r e s e a r c h  s t a t i o n )  . 



I n  s u p p l y i n g ,  t r e a t m e n t  and d i s t r i b u t i o n  o f  p u r e  w a t e r  an  
i n t e r e s t i n g  computer  a p p l i c a t i o n  h a s  been  r e c e n t l y  d e v e l o p e d  
and a p p l i e d  i n  H e l s i n k i .  With t h i s  s y s t e m  ( d e v e l o p e d  by t h e  
Outokumpu Company) w a t e r  s t o r a g e s ,  t r e a t m e n t  p r o c e s s e s  and 
d i s t r i b u t i o n  a r e  s u p e r v i s e d  and  c o n t r o l l e d  from one c e n t r a l i z e d  
c o n t r o l  s t a t i o n .  B e s i d e s  t h i s  c e n t r a l  s t a t i o n ,  t h e  s y s t e m  
i n c l u d e s  s e v e r a l  s u b s t a t i o n s  a t  t h e  t r e a t m e n t  p l a n t s  and pumping 
s t a t i o n s .  The s y s t e m  i s  b a s e d  on a  PDP 11 computer  and c o l o r  
v i d e o s  a r e  u s e d  w i t h  good e f f e c t  f o r  o p e r a t o r  communicat ion.  
Methods and programs a r e  c u r r e n t l y  b e i n g  d e v e l o p e d  t o  o p t i m i z e  
pumping p o l i c i e s  on a  d a i l y  and weekly  b a s i s  where t h e  c r i t e r i o n  
f o r  o p t i m i z a t i o n  i s  t h e  e n e r g y  c o s t  o f  pumping. Because t h e  
p r i c e  o f  e l e c t r i c i t y  v a r i e s  d u r i n g  t h e  day it i s  e x p e c t e d  t h a t  
a  c o n s i d e r a b l e  amount o f  money c a n  b e  s a v e d  by u s i n g  a n  o p t i m a l  
pumping p o 1 i c y ; a t  t h e  same t i m e  e l e c t r i c a l  l o a d  v a r i a t i o n s  c a n  
be  b a l a n c e d .  The p r i n c i p l e  f o r  s o l v i n g  t h e  problem i s  t o  u s e  
one  week a s  t h e  t i m e - p e r i o d  f o r  an  LP-problem which i s  t h e n  
s o l v e d  r e p e a t e d l y  and  s u f f i c i e n t l y  o f t e n .  The scale o f  t h e  LP- 
problem i s  v e r y  l a r g e  and  t h e  b e s t  way t o  o b t a i n  a  s o l u t i o n  i s  
c u r r e n t l y  u n d e r  i n v e s t i g a t i o n .  

3 .  AN AUTOMATIC POLLUTION LOAD M O N I T O R I N G  SYSTEM 

The N a t i o n a l  Board o f  Waters, i n  c o - o p e r a t i o n  w i t h  a  company 
( N o k i a ) ,  h a s  d e v e l o p e d  a  p o l l u t i o n  l o a d  m o n i t o r i n g  s y s t e m  t h a t  
c o n s i s t s  o f  a u t o m a t i c  measurement s t a t i o n s  c o n n e c t e d  t o  a  c e n t r a l  
computer .  The development  p r o j e c t ,  ca l led VESKU, h a s  b e e n  p a r t  
of  a  l a r g e r  p r o j e c t  ( t h e  KTV p r o j e c t )  f i n a n c e d  by t h e  World Bank 
[ 9 ] .  V a r i o u s  r e s e a r c h  programs h a v e  been  i n c l u d e d ,  f o r  i n s t a n c e ,  
t h e  deve lopment  o f  e c o l o g i c a l  models  f o r  i n l a n d  w a t e r s  and  a n  
a s s e s s m e n t  o f  t h e  i m p a c t s  o f  i n d u s t r i a l  p o l l u t i o n .  The f i r s t  
v e r s i o n  o f  t h e  p o l l u t i o n  l o a d  m o n i t o r i n g  s y s t e m  was implemented 
i n  1976  on t h e  Kokemaenjoki R i v e r .  

I n  i t s  i n i t i a l  c o n f i g u r a t i o n  ( F i g u r e  2 )  t h e  s y s t e m  compr i sed  
t h r e e  r i v e r  m o n i t o r i n g  s t a t i o n s ,  one  s i t e d  u p s t r e a m  o f  t h e  Nokia 
P u l p  and P a p e r  p l a n t ,  one  immedia t e ly  downstream and t h e  t h i r d  
a  f u r t h e r  1 0 0  km downstream. A t o t a l  o f  n i n e  measurement s t a t i o n s  
w e r e  l o c a t e d  on t h e  p l a n t  s i t e ,  f o u r  i n  t h e  sewer d i s c h a r g e s  and  
f i v e  w i t h i n  t h e  p l a n t  l i m i t s  on t h e  w a s t e  e f f l u e n t  l i n e  t o  t h e  
t r e a t m e n t  p l a n t .  The r i v e r  m o n i t o r i n g  s t a t i o n s  p e r f o r m  t h e  
f o l l o w i n g  measurements :  t e m p e r a t u r e ,  pHI c o n d u c t i v i t y ,  d i s s o l v e d  
oxygen,  t u r b i d i t y  and  f l o w - - t h i s  l a s t  measurement  a t  two s t a t i o n s  
o n l y .  The sewer s t a t i o n s  m o n i t o r  t e m p e r a t u r e ,  pH, c o n d u c t i v i t y ,  
t u r b i d i t y  and  f l o w ,  and  t h e  s t a t i o n s  w i t h i n  t h e  p l a n t  measure  
t e m p e r a t u r e ,  c o n d u c t i v i t y ,  f i b r e  c o n t e n t  and  f low.  The c e n t r a l  
computer  ( a  PDP 1 1 / 3 5 ) - - l o c a t e d  a t  t h e  t r e a t m e n t  p l a n t - - p o l l s  
e a c h  p o i n t  i n  s equence  f o r  t h e  measurement d a t a ,  compares  t h e  
v a l u e s  t o  a l a r m  l i m i t s  s t o r e d  i n  t h e  computer  memory, w r i t e s  a n  
a l a r m  r e p o r t  i f  t h e  l i m i t s  are e x c e e d e d ,  and  i s s u e s  a  s a m p l i n g  
command whenever  n e c e s s a r y .  The s y s t e m  a l s o  i n c l u d e s  a  p r i n t e r  
t e r m i n a l  l o c a t e d  a t  t h e  Tampere Water  D i s t r i c t  O f f i c e ,  which p r i n t s  
o u t  a l a r m s  a n d  t h e i r  t e r m i n a t i o n ,  t o g e t h e r  w i t h  d a i l y ,  mon th ly ,  
and  y e a r l y  r e p o r t s  showing a v e r a g e  and  e x t r e m e  v a l u e s ,  f r a c t i l e s  
and  t o t a l  d i s c h a r g e s .  





Another corresponding system was applied about a year later 
on the Kymijoki River. The central computer in this system is 
located at the Helsinki office of the National Board of Waters, 
and data transfer from the river stations takes place twice a 
day via telephone lines. 

The problematic parts of the above systems are the measure- 
ment stations. Considerable effort has been put into the develop- 
ment work but reliable operation is still a problem, especially in 
places where the water contains large amounts of suspended solids 
(as just downstream from a paper mill). At the stations (made by 
Phillips and Ulmaelectro) water has been pumped into a chamber 
where the measurement electrodes are situated (Figure 3). The 
problem has been that the chamber accumulates solids and it is 
difficult to keep it clean by automatic means. Development is 
now going on to make all the measurements in situ with submerged 
electrodes. The measurement stations usually contain their own 
microcomputer systems which handle the measurement operations, 
data storing and communication with the master computer. 

4. CONCLUSION AND DISCUSSION 

The studies and systems described here are examples of the 
methods of systems engineering that can be applied in water 
quality management at an operational level. Corresponding studies 
have been done and associated systems implemented in many countries 
during the last decade. When considering real-time management 
automated computer-based systems are essential tools. Given the 
rapid developments in micro-electronics and computer technology 
it is unlikely that even the field of water quality management 
can avoid an increasing use of such systems in the future. Our 
experiences to date seem to be quite consistent and may be 
summarized as follows: 

1.  Technical difficulties, especially problems related to 
automatic measurements are still considerable but can 
be solved in most important cases. 

2. Technical readiness to utilize more advanced monitoring 
and control systems in treatment plants is in general 
good (only the motivation is lacking). 

3. To obtain more benefits from pollution monitoring systems 
considerable effort should be made in developing methods 
and programs to analyze the data and to predict the 
effects of pollution. 

4. Compared with other industries the "water industry" uses 
automation generally to a very low degree. A basic 
reason for this is that water as a product or raw material 
either has no price at all or else price is not quality- 
dependent. This makes the profit incentive ill-defined 
except in those clear cases where direct conservation 
of energy or chemicals can be demonstrated. Another 
reason is that the people working in this field are not 
usually very accustomed to automation technology or to 
systems analytical methods and therefore are opposed to 
them ("it is better to invest in concrete than computers"). 





Having these experiences in mind the realization of inte- 
grated real-time systems for regional water quality management 
seems to be a matter of the next century. Basic readiness, 
however, exists and much depends on whether problems will get 
worse in the future. Real-time management in this field 
generally needs considerable changes in attitude, because real- 
time operation means (by definition) that the action to an input 
should be fast enough to solve the problem caused by this input. 
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APPLICATION O F  COMPUTER SYSTEElS FOR REAL-TIME 
WATER QUALITY MANAGEMENT I N  J A P A N  

M .  Ohnar i  

1 . I N T R O D U C T I O N  

Almost a l l  c i t i e s  and towns i n  Japan have developed b e s i d e  
w a t e r  c o u r s e s  and t h e y  have used t h e s e  r i v e r s  a s  a  r e s o u r c e  f o r  
d r i n k i n g  w a t e r ,  i r r i g a t i o n ,  f i s h i n g ,  t r a n s p o r t a t i o n ,  and a s  
r e c r e a t i o n a l  a r e a s .  Longer-term t r e n d s  i n  w a t e r  q u a l i t y  i n  
p u b l i c - u s e  w a t e r  a r e a s  a r e  shown i n  F i g u r e  1. Although t h e  r a t e  
of  noncompliance w i t h  t h e  w a t e r  p o l l u t i o n  s t a n d a r d s  shows a 
s l i g h t  t r e n d  of improvement o v e r  t h i s  p e r i o d ,  c i t i z e n s  have 
a rgued  f o r  a  long  t i m e  i n  f a v o u r  of r e s t o r i n g  r i v e r  w a t e r  q u a l i t y .  
Both n a t i o n a l  and l o c a l  governments  have gu ided  manufac tu r ing  
i n d u s t r i e s  w i t h  r e g u l a t i o n s  and s u b s i d i e s  i n  o r d e r  t o  r educe  
was tewate r  d i s c h a r g e s  t o  r i v e r s .  

2 .  MEASURES AGAINST WATER POLLUTION I N  J A P A N  

The J a p a n e s e  Environment Agency h a s  s p e c i f i e d  measures a g a i n s t  
w a t e r  p o l l u t i o n  i n  a  White Paper  on t h e  Environment a s  f o l l o w s  
(Environment Agency, J a p a n ,  1 9 7 9 ) :  

A s  measures  a g a i n s t  w a t e r  p o l l u t i o n ,  a f t e r  t h e  enactment  
of  t h e  Water Q u a l i t y  C o n s e r v a t i o n  Law and t h e  F a c t o r y  
E f f l u e n t  C o n t r o l  Law i n  1958, problem w a t e r  a r e a s  w e r e  
i n d i v i d u a l l y  d e s i g n a t e d  and f a c t o r y  e f f l u e n t  r e g u l a -  
t i o n s  w e r e  a p p l i e d  t o  each .  I n  1970, w i t h  t h e  e n a c t -  
ment of t h e  Water P o l l u t i o n  C o n t r o l  Law, p r o v i s i o n  was 
made f o r  t h e  e s t a b l i s h m e n t  o f  uni form e f f l u e n t  s t a n d a r d s  
f o r  a l l  p u b l i c  w a t e r  b o d i e s .  The s t a n d a r d  v a l u e s  se t  
i n  1971 ( f o r  BOD, a  d a i l y  mean of 120 ppm) w e r e  d e s i g n e d  
t o  r e d u c e  t h e  p o l l u t i o n  l o a d  due t o  f a c t o r y  e f f l u e n t  by 
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Figure 1. Changes in rate of noncompliance with water 
quality standards (ratio of samples exceeding 
the standards)--after Environment Agency, 
Japan (1979) 



abou t  60 p e r  c e n t  a s  compared t o  t h e  u n t r e a t e d  c o n d i t i o n .  
I n  t h e  c a s e  o f  f a c t o r y  e f f l u e n t ,  t h e  measures began wi th  
pr imary  t r e a t m e n t  such  a s  s o l i d - l i q u i d  s e p a r a t i o n .  

For w a t e r  a r e a s  where it i s  d i f f i c u l t  t o  a t t a i n  t h e  
env i ronmenta l  s t a n d a r d s  by means o f  t h e  un i fo rm n a t i o n -  
wide s t a n d a r d s  a l o n e ,  t h e  l o c a l  government i s  empowered 
t o  set  s t r ic ter  supplementary  s t a n d a r d s  by o r d i n a n c e ,  
and such supplementary  r e g u l a t i o n s  a r e  p r e s e n t l y  i n  
e f f e c t  i n  a l l  p r e f e c t u r e s .  F u r t h e r ,  w i t h  t h e  amendment 
i n  1978 o f  t h e  Water P o l l u t i o n  C o n t r o l  Law, t h e  r e g u l a -  
t i o n  of  t o t a l  e f f l u e n t  h a s  come i n t o  e f f e c t  i n  1979. 
The r e g u l a t i o n  o f  t o t a l  e f f l u e n t  aims t o  m a i n t a i n  w a t e r  
q u a l i t y  i n  t h e  w i d e  c l o s e d  w a t e r  a r e a s  where a t  p r e s e n t  
w a t e r  i s  b a d l y  p o l l u t e d .  I t  w i l l  b e  r e a l i z e d  by 
r e d u c i n g  t o t a l  e f f l u e n t  p o l l u t i o n  l o a d  which i s  com- 
posed o f  p o l l u t a n t  from ups t ream a r e a s ,  domes t i c  
e f f l u e n t ,  e tc .  

A problem remain ing  unso lved  i n  r e c e n t  y e a r s  i s  t h a t  of  
w a t e r  p o l l u t i o n  due t o  domes t i c  e f f l u e n t  i n  a r e a s  of  
h i g h  p o p u l a t i o n  d e n s i t y .  T h i s  t y p e  of p o l l u t i o n  i s  
t y p i c a l l y  caused  by d i s c h a r g e  of  u n t r e a t e d  e f f l u e n t  i n t o  
w a t e r  b o d i e s ,  due t o  t h e  s low p r o g r e s s  of  sewer c o n s t r u c -  
t i o n ,  a s  e v i n c e d  by t h e  p o l l u t i o n  of  a g r i c u l t u r a l  w a t e r  
accompanying u r b a n i z a t i o n .  I n  o r d e r  t o  p r e v e n t  w a t e r  
p o l l u t i o n  by domes t i c  e f f l u e n t ,  t h e  impor tance  of  urban 
sewer c o n s t r u c t i o n  need h a r d l y  be emphasized.  Although 
e f f o r t s  have  been made i n  r e c e n t  y e a r s  t o  promote r a p i d  
c o n s t r u c t i o n ,  t h e  p r o g r e s s  i s  s t i l l  i n a d e q u a t e  due t o  
t h e  a b s o l u t e  inadequacy of t h e  e x i s t i n g  sewerage f a c i l i -  
t ies ;  a s  of t h e  end of FY 1976, o n l y  24 p e r  c e n t  of  t h e  
t o t a l  p o p u l a t i o n  w e r e  s u p p l i e d  w i t h  t h i s  s e r v i c e .  
Sewer c o n s t r u c t i o n  works a r e  i n  p r o g r e s s  w i t h  t h e  aim of  
r a i s i n g  t h e  sewer r e t i c u l a t i o n  r a t i o  t o  40 p e r  c e n t  by 
t h e  end  of  FY 1980. 

A f u r t h e r  i m p o r t a n t  problem i s  t h e  r e s t o r a t i o n  of  r i v e r  
f low volume by t h e  r e d u c t i o n  o f  wa te r -use  p e r  u n i t  pro-  
d u c t i o n  and i n t r o d u c t i o n  of w a t e r  p u r i f i c a t i o n .  Alkhough 
t h e  growth of t h e  volume of  i n d u s t r i a l  w a t e r  i n t a k e  h a s  
s l a c k e n e d  markedly,  w i t h  t h e  r a t i o  of  r e c y c l e d  w a t e r  t o  
t o t a l  f r e s h  w a t e r  u s e  r e a c h i n g  67 p e r  c e n t  i n  1975, t h e  
volume of w a t e r  s u p p l i e d  t o  c i t y  w a t e r  s e r v i c e s ,  e tc .  
(which a r e  c e n t e r e d  on domes t i c  u s e ) ,  c o n t i n u e s  t o  grow 
due among o t h e r  f a c t o r s  t o  t h e  i n c r e a s i n g  i n s t a l l a t i o n  
of  f l u s h  t o i l e t s .  

The r e s u l t i n g  i n t a k e  of l a r g e  volumes of  r i v e r  w a t e r  
a t  p o i n t s  ups t ream h a s  l e d  t o  impairment  of  t h e  r i v e r s '  
d i l u t i n g  and s e l f - p u r i f y i n g  c a p a c i t i e s .  R a t i o n a l i z a t i o n  
o f  w a t e r  u s e  i s  i m p o r t a n t  n o t  o n l y  from t h e  v iewpoin t  of  
w a t e r  s u p p l y  and demand i n  t h e  f u t u r e ,  b u t  a l s o  i n  p r e -  
v e n t i n g  e n v i r o n m e n t a l  e f f e c t s  such a s  ground s u b s i d e n c e  
and w a t e r  p o l l u t i o n .  



3 .  APPLICATION OF COMPUTER SYSTEMS I N  JAPAN 

I n  t h e  f i e l d  of  w a t e r  r e s o u r c e s  management, many computers  
a r e  now used i n  Japan f o r  management and c o n t r o l  ( p o l i c y  d e c i s i o n s ,  
p l a n n i n g  of f a c i l i t i e s  and o p e r a t i o n s ) .  S e v e r a l  of  t h e s e  a p p l i c a -  
t i o n s  a r e  d e s c r i b e d  below and i n  t h e  accompanying papers*  w i t h  
s p e c i a l  r e f e r e n c e  t o  w a t e r  q u a l i t y  management. 

C o n s i d e r a t i o n  of  w a t e r  q u a l i t y  i n  a  w a t e r  s ~ p p l y  c o n t r o l  
sys tem (Ilatsumoto e t  a l l  1980) .  A t o t a l  sys tem f o r  w a t e r  c o n t r o l  
i s  i n  o p e r a t i o n  i n  Yokohama C i t y .  For  t h i s  sys tem c o n t r o l  com- 
p u t e r s  a r e  used  t o  p r e d i c t  t h e  demand and s u p p l y  of d a t e r ,  t o  
p r e p a r e  a  s c h e d u l e  of  w a t e r  d i s t r i b u t i o n  and t o  c o n t r o l  t h e  f low 
and p r e s s u r e  of  w a t e r  i n  a  p i p e  network. These f u n c t i o n s  a r e  p e r -  
formed w i t h  t h e  a i d  of  a  t h r e e - l e v e l  h i e r a r c h i c a l  s c h e d u l i n g  
model. The pr imary  o b j e c t i v e s  a r e  t o  minimize t h e  c o s t s  o f  
w a t e r  t r a n s p o r t a t i o n  and chemica l  dosages .  From t h e  v i e w p o i n t  of 
w a t e r  q u a l i t y  management t h e  t o t a l  sys tem f u n c t i o n s  s o  a s  t o  t a k e  
i n  a  maximum q u a n t i t y  of  good q u a l i t y  raw w a t e r  and t o  a l l o w  t h e  
o p e r a t o r s  t o  i n t e r v e n e  a t  any l e v e l  o f  t h e  c o n t r o l  scheme i n  t h e  
c a s e  of  an  a c c i d e n t a l  c o n t a m i n a t i o n .  

Mixing and d i l u t i o n  c o n t r o l  a l g o r i t h m  f o r  sewer sys tems  
(Shioya  e t  a l l  1980) .  I n  t h e  combined t y p e  of  sewerage used mainly  
i n  Japan  sewage i n f l o w  and p o l l u t a n t  c o n c e n t r a t i o n  v a r y  wide ly  w i t h  
t i m e  depending upon t h e  l o c a l  c o n d i t i o n s  of t h e  sewer network a r e a  
i n v o l v e d  ( r e s i d e n t i a l ,  commercial o r  i n d u s t r i a l ) .  R a i n f a l l - r u n o f f  
i s  superimposed on t h e s e  s i t e - s p e c i f i c  v a r i a t i o n s  of  i n f l o w  and 
p o l l u t a n t  c o n c e n t r a t i o n s .  Some sewage t r e a t m e n t  p l a n t s  r e c e i v e  
a  l a r g e  p r o p o r t i o n  of  i n d u s t r i a l  w a s t e s  w i t h  h i g h  p o l l u t a n t  con- 
c e n t r a t i o n s  and d u r i n g  p e r i o d s  of peak l o a d i n g  t h e y  may r e c e i v e  
t o o  much sewage f o r  t h e i r  p r o p e r  f u n c t i o n i n g .  

To p r e v e n t  such s i t u a t i o n s  s e v e r a l  methods of mixing and 
d i l u t i o n  of  sewage a r e  under  development .  With in  t h e  sewer n e t -  
works it i s  u s e f u l  t o  combine raw sewage between s e w e r  l i n e s  i n  
o r d e r  t o  b a l a n c e  t h e  v a r i a t i o n s  i n  q u a l i t y  of  t h e  sewage e n t e r i n g  
t h e  t r e a t m e n t  p l a n t .  I n  an  i n d i v i d u a l  s e w e r  l i n e  h i g h l y  concen- 
t r a t e d  sewage can  be  s t o r e d  t e m p o r a r i l y  by c l o s i n g  t h e  g a t e  of a  
pumping s t a t i o n  and t h e n  d i l u t e d  by t h e  less c o n c e n t r a t e d  sewage 
t h a t  s u b s e q u e n t l y  mixes w i t h  t h e  a l r e a d y - s t o r e d  sewage. 

Water q u a l i t y  c o n t r o l  i n  a  was tewate r  t r e a t m e n t  p l a n t  
(Tanuma, 1980) .  A h i e r a r c h i c a l  w a t e r  q u a l i t y  c o n t r o l  sys tem f o r  
a  wastewater  t r e a t m e n t  p l a n t  h a s  been developed.  I n  t h i s  sys tem 
mixed l i q u o r  suspended s o l i d s  (MLSS) and d i s s o l v e d  oxygen (DO) 
c o n t r o l l e r s  a t  t h e  l o w e s t  l e v e l  a r e  c o - o r d i n a t e d  f o r  s t a b i l i z i n g  
t h e  a c t i v a t e d  s l u d g e  p r o c e s s .  A t o t a l  s l u d g e  q u a n t i t y  c o n t r o l  
f u n c t i o n  a t  t h e  middle l e v e l  c o n t r o l s  t h e  s l u d g e  q u a n t i t y  i n  t h e  
whole p r o c e s s  and e n s u r e s  p r o c e s s  s t a b i l i t y  i n  t h e  l o n g e r  term. 
An o p e r a t i n g - g u i d e  f u n c t i o n  a t  t h e  h i g h e s t  l e v e l  of  t h e  c o n t r o l l e r  
a s s i s t s  o p e r a t o r s  i n  s e a r c h i n g  f o r  optimum o p e r a t i n g  c o n d i t i o n s  
by u s i n g  mathemat ica l  models.  

* F u j i t a  and Ozaki ,  1980; :latsumoto e t  a l l  1980; ~ h i o y a  e t  a l l  
1980; Tanuma, 1980. 



The DO controller consists of a DO control loop and aeration 
rate control loops. The former computes desired values of the 
aeration rate based on the deviation of the measured values from 
the desired value of DO. Aeration rate is controlled by adjusting 
valve openings at the exit sides of blowers or suction valves. 

Two types of MLSS control are under investigation, return 
sludge control and dynamic sludge reserving control. In the , 

return sludge control, return sludge flow-rate is regulated such I 

that the amount of suspended solids that flows from the aeration 
tank equals the amount supplied to the tank. Dynamic sludge 
reserving control uses a gate installed in the upstream part of 
the aeration tank for regulating the flow-rate of sewage to the 
head of the tank as the input control variable. When sewage 
flow-rate decreases and MLSS becomes high,so the controller closes 
the control gate and stores return sludge at the head of the 
aeration tank. When sewage flow-rate increases,the controller 
opens the gate and releases the stored sludge downstream in order 
to prevent changes in MLSS. 

From the results of analyses of activated sludge process 
dynamics, it is found that the control of waste sludge flow-rate 
plays a very important role. Total sludge quantity control con- 
sists therefore of three functions: calculation of the desired 
value of total sludge quantity from the selected index for sludge 
quantity (for example, sludge age, or F/M ratio); estimation of 
the present value of sludge quantity based on measured MLSS, 
measured sludge blanket level, and so on; and adjustment of 
waste sludge flow-rate based on the deviation of sludge quantity 
from the desired value. 

The operating-guide system, which can predict variations in 
water quality by using mathematical models is very effective for 
the operation of the activated sludge process whose responses 
to process inputs are very slow. 

On-line water quality monitoring system (Fujita and Ozaki, 
1980). Monitorinq of rivers and pollution sources, such as 
factories and sewage treatment plants is essential-for implement- 
ing the regulation of total effluent discharges. The on-line 
water quality monitoring system discussed here monitors auto- 
matically water quality and effluent qua.ntity, obtains continuous 
data on pollution conditions, and computes the effluent pollu- 
tion load. 
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TOTAL SYSTEM FOR WATER 
SUPPLY CONTROL 

K .  Matsumoto,  S.  K iyaoka ,  M.  O h n a r i ,  
K .  Yamanaka, and  T. Kanbayashi  

1. INTRODUCTION 

Owing t o  t h e  g rowth  of  t h e  J a p a n e s e  economy and  t h e  i n c r e a s e  
i n  t h e  n a t i o n ' s  s t a n d a r d  of  l i v i n g ,  t h e  demand f o r  w a t e r  w i l l  
c o n t i n u e  t o  i n c r e a s e .  I n  f a c t ,  it w i l l  i n c r e a s e  so much t h a t  
s h o r t a g e s  i n  t h e  t o t a l  volume o f  w a t e r  a r e  p r e d i c t e d  f o r  t h e  long-  
t e r m  f u t u r e .  The q u a l i t y  o f  r i v e r  w a t e r  h a s  g r a d u a l l y  been  
improved ,  b u t  o v e r a l l  p o l l u t i o n  l e v e l s  h a v e  n o t  y e t  b e e n  r e d u c e d  
s u f f i c i e n t l y .  I n  o r d e r  f o r  t h e  w a t e r  a u t h o r i t y  t o  p e r f o r m  
s u c c e s s f u l l y ,  t h a t  i s ,  i n  s u p p l y i n g  w a t e r  of good q u a l i t y  when- 
e v e r  needed  i n  t h e  r e q u i r e d  q u a n t i t y  and  a t  t h e  r e q u i r e d  p r e s s u r e ,  
it i s  n e c e s s a r y  t o  e x e r t  comprehens ive  management and  c o n t r o l  by 
t r e a t i n g  t h e  s u p p l y  and  demand c h a r a c t e r i s t i c s  o f  w a t e r  s u p p l y  
i n  a dynamic manner a n d  by r e g u l a t i n g  demand a c c o r d i n g l y .  Such 
a t o t a l  c o n t r o l  s y s t e m  c a n  o n l y  b e  r e a l i z e d  t h r o u g h  t h e  i n t e g r a -  
t i o n  o f  a p p l i c a t i o n s  s o f t w a r e  fo r  w a t e r  o p e r a t i o n s  and  w i t h  t h e  
u s e  o f  compu te r s  f o r  s u p e r v i s o r y  c o n t r o l .  Yokohama C i t y  Water- 
works Bureau w a s  t h e  f i r s t  i n  J a p a n  t o  i n t r o d u c e  a t o t a l  s y s t e m  
f o r  w a t e r  s u p p l y  c o n t r o l  o f  t h i s  k i n d .  

The p r i m a r y  o b j e c t i v e  of  t h e  t o t a l  c o n t r o l  s y s t e m  i s  t o  
manage w a t e r  q u a n t i t y .  I n  t h i s  p a p e r ,  however ,  w e  s h a l l  f o c u s  
on  t h e  o n - l i n e  s c h e d u l i n g  model f rom t h e  v i e w p o i n t  o f  water 
q u a l i t y  management. T h i s  model  p l a y s  a n  i m p o r t a n t  r o l e  i n  t h e  
sys t em.  The water s y s t e m  o f  Yokohama h a s  t h r e e  i n t a k e  p o i n t s ;  
t h e  r a w  w a t e r  q u a l i t y  a t  e a c h  p o i n t  depends  on  i t s  l o c a t i o n  
a l o n g  t h e  r i v e r .  I n  o r d e r  t o  p r o d u c e  w a t e r  o f  good q u a l i t y  a t  
a  l o w  cost ,  it i s  n e c e s s a r y  t o  u t i l i z e  a  l a r g e r  volume o f  water 
from t h a t  i n t a k e  p o i n t  which  s u p p l i e s  t h e  b e s t  q u a l i t y  r a w  
water. I n  a d d i t i o n  t o  t h e  a v e r a g e  d i f f e r e n c e s  i n  w a t e r  q u a l i t y  
a t  e a c h  i n t a k e  p o i n t  a c c i d e n t a l  c o n t a m i n a t i o n  o f  t h e  r a w  w a t e r  



may occur  because  o f  a l g a l  growth o r  t h e  d i s c h a r g e  of  t o x i c  
subs t ances  t o  t h e  r i v e r .  

I n  an on - l i ne  s c h e d u l i n g  model it is  neces sa ry  t o  c o n s i d e r  
t h e  q u a l i t y  of  t h e  wa t e r  a s  w e l l  a s  i t s  q u a n t i t y  and p r e s s u r e .  
I n  t h e  model used f o r  Yokohama C i t y  t h e  d i f f e r e n c e  o f  wa t e r  
q u a l i t y  a t  each i n t a k e  p o i n t  i s  exp re s sed  a s  a  d i f f e r e n c e  i n  
c o s t ;  it i s  t h u s  p o s s i b l e  t o  use  a  c o s t  min imiza t ion  method f o r  
t h e  network f low s o  t h a t  raw wa te r  o f  good q u a l i t y  can  be used 
e f f i c i e n t l y .  I n  o r d e r  t o  cope w i th  a c c i d e n t a l  con tamina t ion  
t h e  model i s  des igned  t o  a l l ow  man-machine i n t e r a c t i o n  s o  t h a t  
o p e r a t o r s  can make s u i t a b l e  d e c i s i o n s  e a s i l y  whenever such 
a c c i d e n t s  occur .  

2 .  ON-LINE SCHEDULING MODELS FOR A LARGE WATER SUPPLY SYSTEM 

I n  o r d e r  t o  have an  optimum o p e r a t i n g  s chedu l e  f o r  a  l a r g e  
wa te r  supp ly  sys tem t h e  o b j e c t i v e s  l i s t e d  below must be  con- 
s i d e r e d :  

(i) To secure  s u f f i c i e n t  volume o f  wa ter .  The most impor- 
t a n t  r o l e  of  t h e  s y s t e m  i s  t o  t a k e  i n  raw w a t e r  and t o  
d i s t r i b u t e  wa t e r  ove r  a  wide a r e a  i n  o r d e r  t o  
s a t i s f y  t h e  g iven  demand. 

(ii) To use-raw water  o f  good q u a l i t y  e f f e c t i v e l y .  The c o s t  
o f  chemical  dosage i n  wa t e r  t r e a t m e n t  p l a n t s  w i l l  
i n c r e a s e ,  i f  t h e  q u a l i t y  of  raw wa te r  d e t e r i o r a t e s .  
The re fo r e ,  it  i s  nece s sa ry  t o  maximize t h e  i n t a k e  amount 
of good q u a l i t y  w a t e r  i n  o r d e r  t o  reduce  t h e s e  c o s t s .  

(iii) To use  wa ter  t r a n s p o r t e d  by g r a v i t y  e f f e c t i v e l y .  Trans- 
p o r t a t i o n  c o s t s  can  be  reduced i f  t h e  wa t e r  i s  t r a n s -  
p o r t e d  n o t  by pumping b u t  by g r a v i t y .  

( i v )  S t a b l e  c o n t r o l  o f  f a c i l i t i e s .  Reducing f r e q u e n t  changes 
of  o p e r a t i o n s  a t  i n t a k e  s t a t i o n s  and wa t e r  t r e a t m e n t  
p l a n t s  makes it p o s s i b l e  t o  c o n t r o l  t h e  sys tem e a s i l y  
and t o  p ro long  t h e  l i f e  of  t h e  c o n t r o l  equipment.  

(v )  E f f i c i e n t  and s a f e  o p e r a t i o n  o f  r e s e r v o i r s .  R e s e r v o i r s  
must be  used t o  ab so rb  demand f l u c t u a t i o n s ;  a t  t h e  same 
t i m e  any s t o r a g e  imbalance  among r e s e r v o i r s  must be p re -  
ven ted  f o r  s e c u r i t y  r e a sons .  

( v i )  To m a i n t a i n  s e r v i c e  p r e s s u r e .  Maintenance o f  t h e  p r e s -  
s u r e  a t  demand nodes a t  an adequa te  l e v e l  i s  nece s sa ry  
f o r  t h e  s e r v i c i n g  o f  u s e r s .  

( v i i )  Reduct ion  of  wa ter  l eakage .  I n  o r d e r  t o  reduce  wa t e r  
l eakage  p r e s s u r e  i n  a  p i p e  network must be k e p t  lower 
t h a n  i t s  d e s i g n  l e v e l .  

( v i i i )  S e c u r i t y  c o n t r o l  a g a i n s t  c o n t i n g e n c i e s .  I t  i s  nece s sa ry  
t o  cope w i t h  c o n t i n g e n c i e s  such a s  a c c i d e n t a l  contamina- 
t i o n  and f a i l u r e  of  f a c i l i t i e s .  

I f  w e  w e r e  t o  deve lop  a s i n g l e - l e v e l  s chedu l i ng  model t h a t  
would s a t i s f y  a l l  t h e  o b j e c t i v e s  g iven  above,  such a model would 
s u r e l y  be  very  l a r g e  and compl ica ted ;  it would a l s o  be  d i f f i c u l t  
f o r  o p e r a t o r s  t o  judge whether  t h e  s chedu l e  d e r i v e d  from t h e  
model would be  adequa te  o r  t o  make c o r r e c t i o n s  i f  nece s sa ry .  



W e  have ,  t h e r e f o r e ,  d i v i d e d  a l l  t h e  f u n c t i o n s  n e c e s s a r y  f o r  t h e  
s c h e d u l i n g  model i n t o  t h r e e  l e v e l s  and have developed a  h i e r a r -  
c h i c a l  model a s  shown i n  F i g u r e  1 .  

A t  t h e  f i r s t  l e v e l  i n t a k e  s c h e d u l e s  a r e  de te rmined ;  a t  t h e  
second l e v e l  o p e r a t i o n  s c h e d u l e s  f o r  w a t e r  t r e a t m e n t  p l a n t s  a r e  
de te rmined ;  and a t  t h e  t h i r d  l e v e l  o p e r a t i o n  s c h e d u l e s  f o r  
r e s e r v o i r s  a r e  de te rmined .  From t h e  v iewpoin t  of  w a t e r  q u a l i t y  
management ,objec t ive  (ii) above,  "To u s e  raw w a t e r  of  good 
q u a l i t y  e f f e c t i v e l y " ,  i s  r e a l i z e d  a t  t h e  second l e v e l .  I f  an 
a c c i d e n t a l  c o n t a m i n a t i o n  i s  d e t e c t e d ,  a  counter -measure  can  be  
t a k e n  immedia te ly  by e x p l o i t i n g  t h e  c h a r a c t e r i s t i c s  o f  t h e  model 
f o r  man-machine i n t e r a c t i o n .  Each l e v e l  h a s  t h e  f o l l o w i n g  
f u n c t i o n s :  

1 .  F i r s t  l e v e l :  p l a n n i n g  of  a b s t r a c t i o n s  a t  i n t a k e s  basea  
on t h e  p r e d i c t e d  demand f o r  w a t e r  o v e r  t h e  whole a r e a .  

2 .  Second l e v e l :  p l a n n i n g  of w a t e r  t r e a t m e n t  p l a n t  opera -  
t i o n  based on t h e  p r e d i c t e d  demand a t  e a c h  t r e a t m e n t  
p l a n t .  A t  t h i s  l e v e l  t h e  whole a r e a  i s  d i v i d e d  i n t o  
s e v e r a l  z o n e s ,  e a c h  o f  which i n c l u d e s  a  w a t e r  t r e a t m e n t  
p l a n t  and s e v e r a l  r e s e r v o i r s .  Zones a r e  connec ted  t o  
each  o t h e r  by p i p e s .  The zone network o f  Yokohama C i t y  
i s  shown i n  F i g u r e  2 .  The minimum c o s t  f low f o r  t h e  
zone network i s  c a l c u l a t e d  by an  o p t i m i z a t i o n  t e c h n i q u e  
f o r  network f lows  c a l l e d  t h e  p r ima l -dua l  method. The 
s c h e d u l e  i s  made i n  o r d e r  t o  r educe  f r e q u e n t  changes  of  
o p e r a t i o n  a t  t r e a t m e n t  p l a n t s  t o g e t h e r  w i t h  a  r e d u c t i o n  
o f  c o s t s .  

3 .  T h i r d  l e v e l :  p l a n n i n g  of  r e s e r v o i r  o p e r a t i o n  b a s e d , o n  
t h e  p r e d i c t e d  demand a t  each  r e s e r v o i r .  T h i s  l e v e l  h a s  
many t y p e s  of  f a c i l i t y  c o n f i g u r a t i o n  f o r  p u r i f i e d  w a t e r  
t r a n s p o r t a t i o n .  To overcome t h i s  problem o f  v a r i e t y  a  
c o n c e p t  of m o d u l a r i t y  i s  i n t r o d u c e d .  C a l c u l a t i o n  mod- 
u l e s  f o r  p u r i f i e d  w a t e r  t r a n s p o r t a t i o n  sys tems  have  been 
d e s i g n e d  t o  i n c l u d e  t h e  n o n - l i n e a r  c h a r a c t e r i s t i c s  o f  
t h e  f low and p r e s s u r e  r e l a t i o n s h i p .  A l l  t h e  modules 
r e q u i r e d  t o  d e s c r i b e  t h e  sys tems a r e  shown i n  F i g u r e  3 ;  
u s i n g  t h e s e  modules s c h e d u l e s  can be  p r e p a r e d  f o r  any 
s p e c i f i c  w a t e r  t r a n s p o r t a t i o n  sys tem.  

The s c h e d u l i n g  i s  c a r r i e d  o u t  s e q u e n t i a l l y  from t h e  f i r s t  l e v e l  
down t o  t h e  t h i r d  l e v e l ,  where t h e  r e s u l t s  of a  h i g h e r  l e v e l  a r e  
c o n s i d e r e d  a s  c o n s t r a i n t s  f o r  any lower l e v e l .  O p e r a t o r s  can  
i n t e r v e n e  i n  t h e  c a l c u l a t i o n  p rocedure  t h r o u g h  a  CRT d i s p l a y  a t  
any l e v e l  and whenever n e c e s s a r y .  

With r e g a r d  t o  c o m p u t a t i o n a l  t i m e  r e q u i r e m e n t s ,  it u s u a l l y  
t a k e s  less t h a n  1 0  minu tes  t o  o b t a i n  a  s c h e d u l e  from t h e  model 
on a  HIDIC 700  ( H i t a c h i  c o n t r o l  computer)  and t h i s  i s  t h e r e f o r e  
s u i t a b l e  f o r  r e a l - t i m e  o p e r a t i o n s  w i t h  t h e  sys tem.  







F i g u r e  3. C a l c u l a t i o n  Modules  f o r  a Wate r  
T r a n s p o r t a t i o n  Sys t em 
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3 .  CONCLUSIONS 

W e  have d e s c r i b e d  t h e  t o t a l  sys tem f o r  w a t e r  s u p p l y  c o n t r o l  
i n  Yokohama C i t y ;  t h e  main aim of t h e  sys tem i s  t o  s e c u r e  a  
s u f f i c i e n t  volume of  w a t e r .  T h i s  i s  t h e  f i r s t  such  sys tem t o  be 
o p e r a t e d  i n  p r a c t i c e  i n  Japan .  

Fron t h e  p o i n t  of view of  w a t e r  q u a l i t y  management t h e  t o t a l  
sys tem f u n c t i o n s  s o  a s  t o  t a k e  i n  a  maximum q u a n t i t y  of  good 
q u a l i t y  raw w a t e r  and t o  a l l o w  o p e r a t o r s  t o  i n t e r a c t  w i t h  t h e  
computer a t  any l e v e l  and a t  any t i m e .  I n  t h e  c a s e  of  t o x i c  
s p i l l a g e s ,  t h e  sys tem i s  r e q u i r e d  t o  p r o h i b i t  immedia te ly  t h e  
a b s t r a c t i o n  o f  p o l l u t e d  raw w a t e r ,  t o  i n c r e a s e  t h e  amount o f  
w a t e r  a b s t r a c t e d  a t  o t h e r  p o i n t s ,  and t o  convey t h i s  w a t e r  t o  
t h e  zone where a b s t r a c t i o n  h a s  been p r o h i b i t e d .  Such an  emer- 
gency a c t i o n  can  b e  t a k e n  by o p e r a t o r s  communicating th rough  a  
CRT d i s p l a y  w i t h  t h e  s c h e d u l i n g  models o f t h e  computer  system. 
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DEVELOPMENT OF A M I X I N G  AND D I L U T I O N  
CONTROL ALGORITHM FOR SEWER SYSTEMS 

M. Sh ioya ,  M.  Ohnar i ,  and S. Shimauchi 

1. INTRODUCTION 

The amount and q u a l i t y  of raw sewage i n  a sewer main vary  
w i t h  t h e  t i m e  of day and w i t h  t h e  t y p e  of  a r e a  s e r v e d ,  t h a t  i s ,  
a r e s i d e n t i a l ,  commercial ,  o r  i n d u s t r i a l  a r e a .  Some t r e a t m e n t  
p l a n t s  t h e r e f o r e  r e c e i v e  a h i g h  p r o p o r t i o n  of  i n d u s t r i a l  w a s t e s  
w i t h  a h i g h  p o l l u t a n t  c o n c e n t r a t i o n ;  i n d e e d  d u r i n g  p e r i o d s  of  
peak l o a d  t h e  t r e a t m e n t  p l a n t  may r e c e i v e  t o o  much sewage f o r  a 
p r o p e r  f u n c t i o n i n g  and t h e  q u a l i t y  of t h e  d i s c h a r g e d  w a t e r  i s  
lowered.  To p r e v e n t  t h e s e  s i t u a t i o n s  o f  o v e r l o a d  it i s  neces-  
s a r y  t o  combine raw sewage between mains i n  o r d e r  t o  even o u t  
v a r i a t i o n s  i n  t h e  q u a l i t y  o f  t h e  sewage e n t e r i n g  t h e  t r e a t m e n t  
p l a n t  and t o  a t t e n u a t e  t h e  peak l o a d s .  I n  t h i s  p a p e r  w e  p r e s e n t  
a mixing and d i l u t i o n  a l g o r i t h m  f o r  sewer sys tems  t o g e t h e r  w i t h  
an  example o f  i t s  a p p l i c a t i o n .  

2 .  MIXTURE D I L U T I O N  

2 . 1  Algor i thm 

For  mixing and d i l u t i o n  c o n t r o l  d i l u e n t  w a t e r  o r  h i g h l y  
c o n c e n t r a t e d  raw sewage i s  s t o r e d  a t  a pump s t a t i o n  o r  bypass  
p i p e  where t h e  f low c a n  b e  c o n t r o l l e d .  The mixing and d i l u t i o n  
t a k e s  p l a c e  d u r i n g  s t o r a g e  o f  t h e  d i l u e n t ,  a f t e r  which t h e  mix- 
t u r e  i s  r e l e a s e d .  Another  method i s  t o  r e l e a s e  t h e  sewage i n  a 
c a r e f u l l y  t imed sequence  and t h e n  t o  d i l u t e  it downstream a t  t h e  
p o i n t  where it meets a n o t h e r  main l i n e .  There a r e  s i x  d i f f e r e n t  
methods o f  mixing and d i l u t i o n  c o n t r o l ;  t h e s e  d i f f e r  a c c o r d i n g  
t o  t h e  p l a c e  of  d i l u t i o n ,  t o  t h e  s u b s t a n c e  t e m p o r a r i l y  s t o r e d  
p r i o r  t o  d i l u t i o n ,  and t o  t h e  u s e  o r  non-use o f  a bypass  p i p e .  
The methods a r e  l i s t e d  i n  T a b l e  1 .  
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Tab le  1 .  Types of  mixing and d i l u t i o n  c o n t r o l  methods. 
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s t o r a g e  c a p a c i t y  of  t h e  sewer l i n e  i s  i n s u f f i c i e n t .  Extreme 
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T a b l e  2 .  Advantages  and  d i s a d v a n t a g e s  of  mix ing  and  
d i l u t i o n  methods.  
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Method 2 .  P r i o r  s t o r a g e  of d i l u e n t  w a t e r  

When a n  i n f l u x  of h i g h l y  c o n c e n t r a t e d  sewage i s  e x p e c t e d ,  
t h e  c o n c e n t r a t i o n  and r a t e  o f  f low may be computed and t h e  neces-  
s a r y  amount of  d i l u e n t  w a t e r  t h e n  s t o r e d  a t  a  downstream pumping 
s t a t i o n .  S i n c e  t h e  d i l u e n t  w a t e r  may b e  accumula ted  g r a d u a l l y  
w i t h o u t  s t o p p i n g  a l t o g e t h e r  t h e  f low of w a t e r  from t h e  pumping 
s t a t i o n ,  changes  i n  f l o w - r a t e  and l o a d  can  b e  c o n t r o l l e d  t o  a  
l i m i t e d  e x t e n t .  T h i s  method can  a l s o  be  used t o  smooth o u t  t h e  
f l o w - r a t e  under  normal c o n d i t i o n s .  However, a s  w i t h  t h e  f i r s t  
method, it i s  d i f f i c u l t  t o  o b t a i n  a  uni form d i l u t i o n  of  w a t e r  and 
t h i s  method i s  n o t  w e l l  s u i t e d  t o  cop ing  w i t h  a c c i d e n t s  o r  emer- 
g e n c i e s .  F u r t h e r ,  i n  s tormy wea the r  it i s  n e c e s s a r y  t o  s t o r e  
less d i l u e n t  w a t e r  t h a n  nominal ly  computed i n  o r d e r  t o  p r e v e n t  
an  over f low a t  t h e  pumping s t a t i o n .  

Method 3. C o n t r o l  of h i g h l y  c o n c e n t r a t e d  sewagevolume 

Highly c o n c e n t r a t e d  sewage i s  s t o r e d  a t  t h e  i n t a k e  of  t h e  
pumping s t a t i o n  and a t  t h e  same t i m e  d i l u e n t  w a t e r  i s  s t o r e d  i n  
a n o t h e r  l i n e .  A t  t h e  a p p r o p r i a t e  t i m e  w a t e r  i s  r e l e a s e d  from 
b o t h  s i d e s  f o r  d i l u t i o n  t o  t a k e  p l a c e  a t  t h e  j u n c t i o n .  Mixing 
and d i l u t i o n  i s  un i fo rm and ,  l i k e  method (11,  t h i s  method i s  w e l l  
s u i t e d  t o  h a n d l i n g  a c c i d e n t s .  I t  i s  n e c e s s a r y ,  however, t o  c a l -  
c u l a t e  t h e  d e s i r e d  t i m i n g  f o r  r e l e a s e  o f  t h e  c o n c e n t r a t e d  sewage 
and t h e  d i l u e n t ;  t h e r e  i s  a l s o  a  p o s s i b i l i t y  of ex t reme  changes  
i n  f l o w - r a t e  and l o a d .  

Method 4 .  C o n t r o l  of d i l u e n t  watervolume 

The d i l u e n t  w a t e r  i s  s t o r e d  a t  t h e  pump s t a t i o n  i n t a k e  and 
r e l e a s e d  w i t h  t h e  p r o p e r  t i m i n g  t o  m e e t  and d i l u t e  was tewate r  
from a n o t h e r  l i n e  a t  t h e  j u n c t i o n .  C l a r i f i e d  w a t e r ,  r i v e r  w a t e r ,  
o r  w e l l  w a t e r  may b e  used a s  d i l u e n t .  With t h i s  method t o o  
uni form mixing i s  p o s s i b l e  a n d ,  i f  some d i l u e n t  w a t e r  i s  always 
s t o r e d ,  a c c i d e n t s  can  b e  handled .  A s  w i t h  method ( 2 ) ,  t h e  l o a d  
can b e  smoothed under normal c o n d i t i o n s .  However, a s  w i t h  method 
( 3 ) ,  t i m i n g  c o n t r o l  i s  n e c e s s a r y  and changes  i n  f l o w - r a t e  due t o  
d i l u t i o n  c o n t r o l  can  be  ext reme.  I n  a d d i t i o n , b o t h  methods ( 3 )  
and ( 4 )  r e q u i r e  t h e  u s e  o f  mains w i t h o u t  a  f low of c o n c e n t r a t e d  
sewage i n  which t o  s t o r e  t h e  d i l u e n t ;  t h i s  may n o t  be  p o s s i b l e  i n  
some c a s e s .  

Method 5 .  S t o r a g e  i n  bypass  p i p e  

Highly c o n c e n t r a t e d  sewage i s  s t o r e d  i n  a  bypass  p i p e  and 
t h e  g a t e  i s  opened and c l o s e d  t o  mix t h i s  sewage w i t h  d i l u t i n g  
w a t e r  f lowing  a l o n g  t h e  main l i n e .  T h i s  i s  an  e a s y  method of 
c o n t r o l ,  a l t h o u g h  t h e  a b s o l u t e  volume of p o s s i b l e  d i l u t i o n  i s  
l i m i t e d  by t h e  bypass  p i p e  c a p a c i t y  and e x t r a  c o n s t r u c t i o n  c o s t s  
a r e  n e c e s s a r y  f o r  l a y i n g  t h e  bypass  p i p e .  



Method 6. C o n t r o l  by r e r o u t i n g  t h e  f low 

Two l i n e s  a r e  j o i n e d  by a  bypass  p i p e  and when c o n c e n t r a t e d  
sewage f lows i n t o  one l i n e  it i s  d i v e r t e d  t o  t h e  o t h e r  and t h e r e -  
by d i l u t e d .  Like  method ( 5 )  t h i s  method p e r m i t s  e a s y  c o n t r o l  b u t  
r e q u i r e s  a d d i t i o n a l  c o n s t r u c t i o n  c o s t s .  

2 . 2  Study of  A c t u a l  A p p l i c a t i o n  

Now l e t  u s  c o n s i d e r  an  a p p l i c a t i o n  o f  t h e  methods. For  t h i s  
example, methods ( 5 )  and ( 6 )  a r e  exc luded  from c o n s i d e r a t i o n  
because  of t h e  c o s t  needed f o r  l a y i n g  t h e  bypass  p i p e .  Methods 
( 3 )  and ( 4 )  , which make u s e  of  t h e  f low from a n o t h e r  l i n e ,  a r e  
more s u i t a b l e  because  t h e y  can  o b t a i n  u n i f o r m i t y  of  d i l u t i o n .  
However, t h e r e  a r e  few l i n e s  i n  a  sewer sys tem i n  which t h e r e  i s  
s u f f i c i e n t  w a t e r  w i t h  a  low enough c o n c e n t r a t i o n  of  p o l l u t a n t s  t o  
s e r v e  a s  a  d i l u e n t .  I n  comparing methods ( 1 ) and ( 2 )  , which use  
t h e  w a t e r  i n  o n l y  one l i n e ,  method ( 2 )  h a s  more f l e x i b i l i t y  f o r  
d i l u t i o n  c o n t r o l  i n  d a i l y  u s e  because  t h e  d i l u e n t  w a t e r  i s  always 
a v a i l a b l e  f o r  u s e .  W e  w i l l  t h e r e f o r e  examine method ( 2 ) .  

W e  must c o n s i d e r  f i r s t  t h e  problems a s s o c i a t e d  w i t h  t h i s  
method: over f low due t o  r a i n  w a t e r ;  uneven mixing and d i l u t i o n ;  
and poor  r e s p o n s e  t o  sudden a c c i d e n t s .  I f  t h e r e  i s  p r e c i p i t a t i o n  
w h i l e  d i l u e n t  w a t e r  i s  b e i n g  s t o r e d ,  it w i l l  b e  n e c e s s a r y  t o  d i s -  
c h a r g e  t h e  s t o r e d  w a t e r  b e f o r e  t h e  r a i n f a l l  runof f  e n t e r s ;  t h i s  
w i l l  be  n e c e s s a r y  even i f  t h e  l i n e  e n t e r i n g  t h e  pumping s t a t i o n  
and t h e  r a i n w a t e r  pump have a  l a r g e  c a p a c i t y .  Incoming runof f  
h a s  a  l a r g e  p o l l u t a n t  l o a d  a t  t h e  beg inn ing  of t h e  s t o r m  and 
p r e d i c t i o n  of runof f  f low s h o u l d  b e  used e f f e c t i v e l y  t o  p r e v e n t  
d i s c h a r g e  of t h i s  w a t e r  t o  r i v e r s  and s t r e a m s .  Supplementary 
d i l u t i o n  a t  a  downstream j u n c t i o n  (method ( 3 ) )  i s  one way of  
making t h e  mixing and d i l u t i o n  uniform. Simul taneous  u s e  of  
d i l u t i o n  a t  a  j u n c t i o n  a l s o  a s s i s t s  i n  o b t a i n i n g  s u f f i c i e n t  s t o r -  
age  c a p a c i t y  a t  t h e  pumping s t a t i o n  i n t a k e .  Th i s  i s  a l s o  he lp -  
f u l  i n  d e a l i n g  w i t h  a c c i d e n t s  and i n  s t o r i n g  d i l u e n t  w a t e r  below 
t h e  p o i n t  where abnormal w a t e r  q u a l i t y  r e s u l t i n g  from t h e  a c c i d e n t  
i s  d e t e c t e d .  I n  g e n e r a l ,  maximum d i l u t i o n  s h o u l d  b e  c a r r i e d  o u t  
a t  each  pumping s t a t i o n .  S p e c i a l  c o n s i d e r a t i o n  s h o u l d  t h e n  be  
g i v e n  t o  t h o s e  s t a t i o n s  and t i m e  p e r i o d s  where a c c e p t a b l e  concen- 
t r a t i o n s  a r e  exceeded and t h o s e  s t a t i o n s  and t i m e  p e r i o d s  f o r  
which c o n c e n t r a t i o n s  a r e  low. By r e l e a s i n g  w a t e r  from c e r t a i n  
s t a t i o n s  w i t h  t h e  c o r r e c t  t i m i n g  t h e  o v e r a l l  c o n c e n t r a t i o n  can  
be c o n t r o l l e d  w i t h i n  a c c e p t a b l e  l i m i t s .  

3 .  CONCLUSION 

An a l g o r i t h m  h a s  been developed f o r  mixing and d i l u t i o n  of  
sewage i n  and between mains i n  a  sewer sys tem.  The o b j e c t i v e  of 
t h e  c o n t r o l  i s  t o  minimize i n t e r f e r e n c e  w i t h  t h e  r e c e i v i n g  sewage 
t r e a t m e n t  p l a n t  and t o  p r e v e n t  lower ing  of t h e  q u a l i t y  of w a t e r  
d i s c h a r g e d  due t o  t h e  i n f l o w  of  h i g h l y  c o n c e n t r a t e d  sewage. 
S i x  methods a r e  i n c l u d e d  i n  t h e  a l g o r i t h m  w i t h  v a r i a t i o n s  i n  (i) 
t h e  p l a c e  where d i l u t i o n  o c c u r s  (pumping s t a t i o n  i n t a k e ,  j u n c t i o n  



w i t h  a n o t h e r  l i n e )  , (ii) t h e  s u b s t a n c e  s t o r e d  ( c o n c e n t r a t e d  
sewage, d i l u e n t ) ,  and (iii) t h e  u s e  of  a  bypass  p i p e .  

W e  examined t h e  p o s s i b l e  a p p l i c a t i o n  o f  one of  t h e s e ,  t h e  
" d i l u e n t  p r i o r  s t o r a g e "  method, t o  an  a c t u a l  sewer sys tem.  I n  
t h i s  method, t h e  w a t e r  f lowing  i n  a  p a r t i c u l a r  l i n e  i s  s t o r e d  a t  
a  pumping s t a t i o n  i n t a k e  and s u b s e q u e n t l y  mixed w i t h  h i g h l y  con- 
c e n t r a t e d  i n f l o w i n g  sewage. 

I n  t h e  e v e n t  o f  a n  a c c i d e n t a l  s p i l l a g e  o f  t o x i c  m a t e r i a l  
t h i s  sys tem f o r  mixing and d i l u t i n g  h i g h l y  c o n c e n t r a t e d  sewage 
i n  one o r  between two sewer l i n e s  can  b e  used t o  keep t h e  concen- 
t r a t i o n  o f  sewage w i t h i n  a c c e p t a b l e  l i m i t s  f o r  p r o t e c t i n g ,  f o r  
example, t h e  a c t i v a t e d  s l u d g e  p r o c e s s .  The t r e a t m e n t  p l a n t  can  
c o n t i n u e  t o  o p e r a t e  w i t h o u t  i n t e r r u p t i o n  and w i t h  no  s i g n i f i c a n t  
d e c r e a s e  i n  t h e  q u a l i t y  o f  t h e  e f f l u e n t  d i s c h a r g e d .  T h i s  method 
can a l s o  b e  used  t o  even o u t  t h e  f low and q u a l i t y  of  w a t e r  
e n t e r i n g  t h e  t r e a t m e n t  p l a n t  and t o  a t t e n u a t e  peak l o a d s ,  t h u s  
i n c r e a s i n g  t h e  e f f e c t i v e  a v e r a g e  p l a n t  c a p a c i t y .  I n  a d d i t i o n ,  
such c o n t r o l  c o u l d  s e r v e  i n  t h e  f u t u r e  a s  an  i m p o r t a n t  e l ement  
i n  a  comprehensive t o t a l  sys tem f o r  c o n t r o l  of  t h e  e n t i r e  sewer 
sys tem,  a s  shown i n  F i g u r e  2 .  
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dATER QUALITY MANAGEMENT I N  A 
WASTENATER TREATMENT 

fi1. Tanuma 

1 .  INTRODUCTION 

Recen t ly  many was tewate r  t r e a t m e n t  p l a n t s  have been con- 
s t r u c t e d  i n  Japan  under  t h e  4 th  sewer c o n s t r u c t i o n  p l a n  o f  t h e  
M i n i s t r y  of  C o n s t r u c t i o n .  A t  t h e  same t i m e  r e g u l a t i o n s  l i m i t i n g  
t h e  o r g a n i c  m a t t e r  c o n t e n t  o f  e f f l u e n t  d i s c h a r a e s  from t r e a t m e n t  
p l a n t s  have been s t r e n g t h e n e d .  These measures have  improved t h e  
w a t e r  q u a l i t y  of  r i v e r s  and c o a s t a l  a r e a s  b u t  t h e r e  a r e  s t i l l  
some problems,  such  a s  a  s h o r t a g e  of  s k i l l e d  o p e r a t o r s ,  an  
i n c r e a s e  i n  l a b o r  c o s t s ,  an  i n c r e a s e  of t r e a t m e n t  c o s t s  i n  g e n e r a l ,  
and s o  on.  I n  o r d e r  t o  s o l v e  t h e s e  problems a  computer c o n t r o l  
sys tem h a s  been developed f o r  a n  a c t i v a t e d  s l u d g e  p r o c e s s  and 
h a s  been used f o r  pump c o n t r o l ,  p r o c e s s  m o n i t o r i n g  and d a t a  log-  
g ing .  

I n  t h i s  p a p e r  c o n t r o l  a l g o r i t h m s  and some e x p e r i e n c e s  of 
p r a c t i c a l  a p p l i c a t i o n s  of  a  c o n t r o l  sys tem f o r  was tewate r  t r e a t -  
ment (developed by H i t a c h i  L t d . )  a r e  p r e s e n t e d .  

2 .  OUTLINE OF THE CONTROL SYSTEM 

2 . 1  C o n t r o l  System of  a  H i e r a r c h i c a l  Type 

A s c h e m a t i c  d iagram of  t h e  was tewate r  t r e a t m e n t  p r o c e s s e s  t o  
be  c o n s i d e r e d  i n  t h i s  p a p e r  i s  shown i n  F i g u r e  1 .  Althouyh t h e s e  
p r o c e s s e s  a r e  managed i n  o r d e r  t o  m a i n t a i n  a  good q u a l i t y  e f f l u e n t ,  
it may s t i l l  o c c u r  t h a t  o r g a n i c  m a t t e r  c o n c e n t r a t i o n  (BOD) i n  t h e  
d i s c h a r g e  exceeds  t h e  l i m i t  v a l u e .  Such d e t e r i o r a t i o n  of  w a t e r  
q u a l i t y  can  be  c l a s s i f i e d  roughly  i n t o  two t y p e s  a c c o r d i n g  t o  
whether  t h e  d e t e r i o r a t i o n  o c c u r s  o v e r  a  s h o r t  p e r i o d  o r  o v e r  a  
long p e r i o d  of t i m e .  Shor t - t e rm d e t e r i o r a t i o n  may b e  caused  by 
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d i u r n a l  v a r i a t i o n s  i n  t h e  f low-ra te  and o r g a n i c  n a t t e r  concen t ra -  
t i o n  of t h e  i n f l u e n t  sewage. I n  t h i s  c a s e  t h e  q u a l i t y  of t h e  
e f f l u e n t  can be  main ta ined  by keeping p roces s  v a r i a b l e s  such a s  
MLSS (Mixed Liquor Suspended S o l i d s ) ,  DO (Disso lved  Oxygen) and 
s o  on,  a t  c o n s t a n t  v a l u e s  and by having c o n t r o l l e r s  f o r  t h e s e  
purposes  a v a i l a b l e .  On t h e  o t h e r  hand, d e t e r i o r a t i o n  i n  p e r f o r -  
mance i n  t h e  long-term i s  caused by i n a p p r o p r i a t e  management of 
t h e  p roces s .  I n  t h i s  c a s e  improvements u s i n g  an au toma t i c  con- 
t r o l l e r  a r e  l i m i t e d  because  t h e  r e l a t i o n  between e f f l u e n t  q u a l i t y  
and o t h e r  p r o c e s s  v a r i a b l e s  i s  n o t  w e l l  unders tood a t  p r e s e n t .  

Based on t h e s e  c o n s i d e r a t i o n s  a  h i e r a r c h i c a l  c o n t r o l  sys tem,  
shown i n  F igu re  2 ,  h a s  been developed by H i t a c h i  Ltd .  An MLSS 
c o n t r o l l e r  and a  DO c o n t r o l l e r  a t  t h e  lowes t  l e v e l  a s s i s t  i n  
s t a b i l i z i n g  t h e  p r o c e s s .  T o t a l  s l udge  q u a n t i t y  c o n t r o l t a t  t h e  
middle l e v e l ,  r e g u l a t e s  t h e  amount of  s l u d g e  i n  t h e  whole p roces s  
and e n s u r e s  p r o c e s s  s t a b i l i t y  i n  t h e  long t e r m .  An o p e r a t i n g  
gu ide  system a t  t h e  t o p  l e v e l  a s s i s t s  o p e r a t o r s  i n  f i n d i n g  
optimum o p e r a t i n g  c o n d i t i o n s  w i th  t h e  a i d  of  mathemat ica l  models.  
Th i s  h i e r a r c h i c a l  c o n t r o l  system has  many advan tages ,  i n  p a r t i c -  
u l a r ,  a  h igh  deg ree  o f  f l e x i b i l i t y  and r e l i a b i l i t y .  

2 . 2  Sensors  used f o r  Con t ro l  

A l i s t  of s e n s o r s  used f o r  c o n t r o l  i s  shown i n  Table  1 .  
Flow meters a r e  i n s t a l l e d  i n  a l l  p l a n t s  s i n c e  t h e  q u a n t i t y  of  
sewage t r e a t e d  must be r e p o r t e d  t o  t h e  M i n i s t r y  of  Cons t ruc t i on .  
The number of  p l a n t s  i n s t a l l i n g  s e n s o r s  f o r  wa t e r  q u a l i t y  ha s  
i n c r e a s e d  i n  t h e  l a s t  few y e a r s .  For example, DO meters and 
r e t u r n  s l udge  c o n c e n t r a t i o n  meters a r e  used i n  more t han  60 p e r  
c e n t  of  t h e  wastewater  t r e a t m e n t  p l a n t s ;  PlLSS and t u r b i d i t y  
meters a r e  used i n  more t h a n  30 p e r  c e n t  of t h e  p l a n t s .  However, 
TOC o r  UV ( u l t r a  v i o l e t )  meters t h a t  can measure o r g a n i c  m a t t e r  
c o n c e n t r a t i o n  a r e  used i n  very  few p l a n t s ,  s i n c e  t h e s e  meters 
have problems of  r e l i a b i l i t y .  Th i s  p r e v e n t s  bo th  t h e  develop- 
ment o f  s o p h i s t i c a t e d  c o n t r o l  sys tems and t h e  development of  
mathemat ica l  models f o r  t h e  a c t i v a t e d  s l u d g e  p r o c e s s .  Neverthe- 
less,  it can b e  expec ted  t h a t  t h e  r e g u l a t i o n  o f  t h e  t o t a l  q u a n t i t y  
o f  o r g a n i c  m a t t e r  i n  t h e  e f f l u e n t  d i s c h a r g e  w i l l  be a  s t r o n g  
mo t iva t i on  f o r  improving t h e  r e l i a b i l i t y  of  r e l a t e d  s e n s o r s .  

3 .  DO CONTROL SYSTEM 

A schemat ic  diagram of t h e  system f o r  DO c o n t r o l  a t  a  s p e c i -  
f i c  p o i n t  i n  t h e  a e r a t i o n  t ank  i s  shown i n  F igu re  3 .  The sys tem 
c o n s i s t s  of  a  DO c o n t r o l  loop and a i r  d i s c h a r g e  c o n t r o l  loops .  
The DO c o n t r o l  loop  computes d e s i r e d  v a l u e s  of a i r  d i s c h a r g e  t o  
t h e  a e r a t i o n  t a n k s  based on t h e  d e v i a t i o n  of t h e  measured v a l u e  
of  DO from i t s  d e s i r e d  va lue .  There a r e  two ways of  c o n t r o l l i n g  
a i r  d i s c h a r g e ,  e i t h e r  by a d j u s t i n g  v a l v e  openings  a t  t h e  e x i t  
s i d e  of  t h e  blowers o r  by a d j u s t i n g  s u c t i o n  v a l v e s .  I n  J apan ,  
t h e  former i s  more popu la r .  When o u t l e t  c o n t r o l  v a l v e s  a r e  used,  
c o n t r o l  l oops  f o r  d i s c h a r g e  p r e s s u r e  a r e  needed. 
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Table 1 .  L i s t  of sensors  used fo r  water qua l i t y  cont ro l  

( + TOC o r  Ultra violet ) 

all plants 

many plants 

a few plants 

very few plants 

s e n s o r s  

Flow ra te  meter 

Influent discharge 

Return sludge 

Wasted sludge 

A i r  discharge 

P H  meter 

Thermometer 

DO meter 

SS meter 

Mixed Liquor in Aeration 
Tank 

Return sludge 

Effluent discharge 

Sludge blanket level meter 

(Final sedimentation tank) 

Sludge volume index meter 

Organic matter 

concentration 

me t e P  

Influent discharge 

Effluent discharge 



d e s i r e d  value  

P (desired va lue )  

DO : D i s s o l v e d  oxygen 

P : P r e s s u r e  

@ : D e t e c t o r  

9 : V a l v e m o t o r  

F i g u r e  3. Block diagram of DO control 



Analog o r  d i g i t a l  equipment  c a n  b e  used  f o r  t h e  hardware  of  
t h e  DO c o n t r o l  sys tem.  From o u r  e x p e r i e n c e  it c a n  b e  s a i d  t h a t  
t h e  d i g i t a l  c o n t r o l l e r  i s  s u p e r i o r  t o  t h e  a n a l o g  c o n t r o l l e r  sirice 
t h e  fo rmer  p r o v i d e s  t h e  f o l l o w i n g  a d v a n t a g e s :  

( i) n o i s e  i n  t h e  measured d a t a  c a n  be  e a s i l y  removed by a 
d i g i t a l  f i l t e r ;  

(ii) n o n l i n e a r i t i e s  e x i s t i n g  i n  t h e  r e l a t i o n s  between v a l v e  
open ing  and  a i r  f l o w - r a t e  c a n  be  compensated by u s i n g  a  
n o n l i n e a r  f u n c t i o n  i n  a  microcomputer .  

C o n t r o l  r e s u l t s  o f  a DDC (Direct D i g i t a l  C o n t r o l )  s y s t e m  
are shown i n  F i g u r e  4, where it i s  found t h a t  t h e  DO c o n t r o l l e r  
c o n t r i b u t e s  t o  s t a b i l i z i n g  t h e  a e r a t i o n  t a n k  b e h a v i o u r  s i n c e  
d e v i a t i o n  o f  t h e  DO from i t s  r e f e r e n c e  v a l u e  i s  r e d u c e d  t o  
+ 0.5 mg/l. I t  i s  e x p e c t e d  t h a t  t h e  DO c o n t r o l l e r  c a n  c o n t r i b u t e  
t o  ene rgy  s a v i n g s  as w e l l  as t o  improvement o f  e f f l u e n t  q u a l i t y .  
An a n a l y s i s  o f  t h r e e  m o n t h s ' d a t a  is summarized i n  F i g u r e  5 ,  which 
shows t h a t  t h e  r e d u c t i o n  i n  a i r  f l o w - r a t e  ( f o r  a u t o m a t i c  a s  com- 
p a r e d  t o  manual o p e r a t i o n )  i s  10 p e r  c e n t  when DO is  k e p t  a t  
4  mg/l. T h i s  r e d u c t i o n  o f  a i r  f l o w  b r i n g s  a b o u t  a 5  p e r  c e n t  
c o s t  s a v i n g .  

Although i m p l e m e n t a t i o n  o f  DO c o n t r o l  i s  r e l a t i v e l y  e a s y ,  
problems c a n  a r i s e  from a  nar row r a n g e  o f  v a r i a t i o n  f o r  a i r  f low- 
r a t e  i n  a  b lower  and from t h e  pe r fo rmance  of  t h e  DO meter. 

4. MLSS CONTROL 

4.1 MLSS/Return S ludge  C o n t r o l  System 

F i g u r e  6 p r e s e n t s  a  b l o c k  d iag ram of  a n  MLSS c o n t r o l  s y s t e m  
u s i n g  r e t u r n  s l u d g e  f l o w - r a t e  f o r  m a i n t a i n i n g  MLSS a t  a  c o n s t a n t  
l e v e l .  I n  t h i s  s y s t e m  r e t u r n  s l u d g e  f l o w - r a t e  i s  a d j u s t e d  
a c c o r d i n g  t o  

3  where Q i s  t h e  r e t u r n  sludcje f l o w  r a t e  ( m  / h ) ,  .? i s  t h e  d e s i r e d  
v a l u e  o f  ~ L S S  ( m g / l )  , SR i s  t h e  r e t u r n  s l u d g e  c o n c e n t r a t i o n  (mg/l)  , 
Qo i s  t h e  sewage f l o w  r a t e  (m3/h) ,  and  So i s  t h e  sewage suspended 
s o l i d s  c o n c e n t r a t i o n  ( m g / l ) .  T h i s  e q u a t i o n  i s  d e r i v e d  from a m a s s  
b a l a n c e  e q u a t i o n ,  i n  which t h e  amount o f  suspended  s o l i d s  s u p p l i e d  
t o  t h e  a e r a t i o n  t a n k  e q u a l s  t h e  amount t h a t  f l o w s  from t h e  t a n k .  

I n  e x p e r i m e n t s  of  r e t u r n  s l u d g e  c o n t r o l  a t  a  l a r g e  p l a n t ,  
t h e  c o n t r o l l e r  c a n  r e d u c e  v a r i a t i o n s  i n  MLSS t o  50 p e r  c e n t  of 
t h e  v a r i a t i o n s  under  manual o p e r a t i o n ,  t h a t  i s ,  a b o u t  + 500  mg/l. 
These r e s u l t s  are worse  t h a n  e x p e c t e d .  A s t u d y  o f  t h e  e x p e r i -  
m e n t a l  d a t a  r e v e a l s  t h a t  a  s u f f i c i e n t l y  v a r i a b l e  r a n g e  of  r e t u r n  
s l u d g e  f l o w - r a t e  f o r  MLSS c o n t r o l  c a n n o t  b e  o b t a i n e d  b e c a u s e  
runn ing  g u t t e r  s i p h o n s  a r e  i n s t a l l e d  i n  t h e  s e c o n d a r y  sed imen ta -  
t i o n  t a n k s  t o  remove s l u d g e .  Thus,  it c a n  b e  s a i d  t h a t  c a r e f u l  
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p r i o r  s t u d i e s  of t h e  f e a s i b i l i t y  of r e t u r n  s l u d g e  c o n t r o l  i n  a  
f u l l - s c a l e  p r o c e s s  a r e  needed. 

4.2 MLSS/Dynamic Sludge Reserving Con t ro l  System 

C o n s t r u c t i o n  of  a  s l udge  r e s e r v i n g  t ank  r e s o l v e s  t h e  problem 
of a  s h o r t a g e  o r  e x c e s s  of  r e t u r n  s l udge  i n  MLSS c o n t r o l .  How- 
e v e r ,  many c o s t s  and c o n s i d e r a b l e  space  a r e  needed f o r  t h e  s l u d g e  
r e s e r v i n g  t ank  and may make it i m p r a c t i c a l  t o  c o n s t r u c t  t h e  t ank .  

A b lock  diagram of  a  new MLSS c o n t r o l  system--the dynamic 
s l udge  r e s e r v i n g  sys tem which s t o r e s  r e t u r n  s l u d g e  i n  a  p a r t  of 
a e r a t i o n  t ank - - i s  shown i n  F igu re  7 .  T h i s  MLSS c o n t r o l  sys tem 
use s  a  g a t e  f o r  r e g u l a t i n g  t h e  f l ow- ra t e  of  sewage t o  t h e  head 
o f  t h e  a e r a t i o n  t a n k  a s  a  man ipu l a t i ng  v a r i a b l e .  When sewage 
f l ow- ra t e  d e c r e a s e s  and MLSS becomes h i g h ,  t h e  c o n t r o l  sys tem 
c l o s e s  t h e  c o n t r o l  g a t e  and s t o r e s  r e t u r n  s l u d g e  i n  t h e  head o f  
t h e  t ank .  When sewage f l ow- ra t e  i n c r e a s e s ,  t h e  c o n t r o l  sys tem 
opens t h e  g a t e  and sheds  t h e  s t o r e d  s l u d g e  downstream i n  o r d e r  
t o  p r e v e n t  ElLSS changes.  I n  p r a c t i c e  t h e  dynamic s l udge  r e s e r v -  
i n g  sys tem p r o v i d e s  a  feedback c o n t r o l  f u n c t i o n  t h a t  a d j u s t s  t h e  
opening of  t h e  g a t e  a cco rd ing  t o  t h e  d e v i a t i o n  of  t h e  measure 
MLSS from i t s  d e s i r e d  va lue .  One o f  t h e  advan tages  of  t h i s  con- 
t r o l  sys tem i s  t h a t  it can  be implemented merely  by i n s t a l l i n g  
a  s m a l l  motor f o r  t h e  c o n t r o l  g a t e .  

Experiments  w i th  t h e  dynamic s l udge  r e s e r v i n g  sys tem have 
been performed i n  l a r g e  o p e r a t i o n a l  p l a n t s  and s a t i s f a c t o r y  
r e s u l t s  o b t a i n e d .  - A s  shown i n  Tab le  2, v a r i a t i o n s  i n  MLSS under  
such c o n t r o l  a r e  less than  1 0  p e r  c e n t  of t h e  v a r i a t i o n s  under 
manual o p e r a t i o n .  MLSS s t a b i l i z a t i o n  a l s o  b r i n g s  an  improvement 
o f  some 2 mg/l i n  t h e  e f f l u e n t  COD. 

5 .  TOTAL SLUDGE QUANTITY CONTROL SYSTEM 

C o n t r o l l i n g  t h e  q u a n t i t y  of t o t a l  s l udge  i n  t h e  u n i t ,  a s  
w e l l  a s  s t a b i l i z i n g  d i u r n a l  MLSS v a r i a t i o n s ,  i s  a l s o  ve ry  impor- 
t a n t  f o r  m a i n t a i n i n g  a  h igh  w a t e r  q u a l i t y .  For  example, when 
t h e  s e t t l i n g  c h a r a c t e r i s t i c s  of  t h e  a c t i v a t e d  s l udge  d e t e r i o r a t e  
because  of o r g a n i c  ove r load ing ,  t h e  most impor t an t  t h i n g  is  t o  
i n c r e a s e  s l u d g e  q u a n t i t y  i n  t h e  u n i t .  T h i s  can  b e  accomplished 
on ly  by r educ ing  wasted  s l udge  f l ow- ra t e .  

From t h e  r e s u l t s  of  a  dynamic a n a l y s i s  f o r  t h e  a c t i v a t e d  
s l u d g e  p r o c e s s  and from s t u d i e s  of  o p e r a t i o n  a t  a c t u a l  p l a n t s ,  it 
is  found t h a t  c o n t r o l  o f  t h e  wasted  s l u d g e  f l o w - r a t e  p l a y s  a  
very  impor t an t  r o l e .  Based on t h e s e  s t u d i e s  t h e  t o t a l  s l u d g e  
q u a n t i t y  c o n t r o l  sys tem shown i n  F igu re  8 h a s  been proposed.  
Th i s  sys tem c o n s i s t s  of t h r e e  c o n t r o l  f u n c t i o n s :  t h e  f u n c t j o n  
of  c a l c u l a t i n g  t h e  d e s i r e d  v a l u e  of  t o t a l  s l udge  q u a n t i t y  (ST) 
from t h e  s e l e c t e d  i ndex  f o r  s l u d g e  q u a n t i t y  ( s l u d g e  age ,  F/M, 
f o r  example ) ;  t h e  f u n c t i o n  o f  e s t i m a t i n g  t h e  p r e s e n t  v a l u e  of  
s l udge  q u a n t i t y  based  on t h e  measured MLSS, t h e  measured s l udge  
b l a n k e t  l e v e l  and s o  on; and t h e  f u n c t i o n  of  a d j u s t i n g  wasted  
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sludge flow-rate based on the deviation of sludge quantity from 
its desired value. The advantages of this control system are as 
follows: 

(i) problems of organic overloading can be avoided by con- 
trolling sludge quantity and this brings improvement in 
the settling properties of the activated sludge; 

(ii) the system can be widely applied and several types of 
sludge control, such as sludge age control, F/M control 
and so on, can be effected without changing the structure 
of the controller. 

6.  OPERATING GUIDE SYSTEM 

The operating guide system, which can predict variations 
in water quality by using mathematical models, is very effective 
for operation of the activated sludge process since the response 
of this process to input disturbances is very slow. In this 
section the development of mathematical models for computer con- 
trol and an operating guide system are presented briefly. 

6 . 1  Mathematical Model Development: Data Collection 

From June 1 9 7 5  to December 1 9 7 6  process data were logged 
with a computer at a large-scale wastewater treatment plant under 
the control of the Sewage Bureau of the Tokyo Metropolitan 
Government. Figure 9  illustrates the computer system used for 
data logging. A HIDIC-500 control computer (with a 24k word core) 
processed 25 sets of analog data and 48 sets of digital data at 
Intervals of five minutes through the process 1/0 and stored 
them on magnetic tape (M/T). The data on the M/T were then trans- 
ferred to a master tape by means of a large computer and sub- 
sequently analyzed by the large computer. 

The following data were logged for the purposes of developing 
mathematical models. The sewage flow-rate, MLSS, DO, water 
temperature and pH were measured at the aeration tank outlet. 
The return sludge concentration and wasted sludge flow-rate were 
measured automatically at the final clarifier and the air 
discharge-rate for aeration was also measured. Chemical oxygen 
demand (COD) and transparency of the influent and effluent were 
measured manually. For logging data in wastewater treatment pro- 
cesses the following should be considered: 

(i) Water quality data should be gathered continuously for a 
long period of time because of the slow dynamic components 
of the activated sludge process. 

(ii) The difficulty of obtaining data concerning organic 
matter concentration of the influent and effluent obstructs 
the development of mathematical models. In our study COD 
was measured manually once every two hours for one day 
in each month; problems of analysis may occur because of 
this small amount of data. Sensors that can measure 





organic matter concentration and turbidity in sewage 
would therefore be very useful in developing accurate 
mathematical models. 

(iii) Data showing the distribution of variables such as DO, 
MLSS, and COD in the aeration tank, are important for 
examining process behaviour. 

6.2 The Model 

The aeration tank and the final clarifier are integral com- 
ponents of the plant. As shown in Figure 10, we studied mathe- 
matical models for the aeration tank that allow representation 
of the variations in MLSS, DO and COD, and we studied models for 
the final clarifier that allow representation of the variations 
in COD discharged from the clarifier. An on-line mathematical 
model has been developed with particular reference to the 
following: 

(i) The submodels shown in Figure 10, that is the MLSS model, 
the DO model and so on, may be developed individually. 
One of the reasons for this is that water quality data 
are not ;lomogeneous (for example, MLSS is measured con- 
tinuously while COD is measured intermittently) and this 
makes the simultaneous construction of two models very 
difficult. 

(ii) A simplified model that can predict water quality on the 
basis of easily measured process variables should be 
developed. 

From simulation results, it is found that sewage quality in the 
activated sludge process can be predicted with an error of less 
than 15 per cent. 

6.3 Operating Guide System 

The computer introduced for plant operation incorporates 
rather simple functions, such as data logging and process monitor- 
ing. However, the development of mathematical models enables 
the computer to offer a more sophisticated control function. 

A schematic diagram of the operating guide system is shown 
in Figure 11. The mathematical models are used to predict the 
quality of the effluent discharge one week in advance; this is 
achieved on the basis of historical sewage data and values chosen 
for the process manipulating variables by the operator. The 
results of predicted quality variations are displayed to the 
operator on a cathode ray tube (CRT) and if the predicted values 
do not satisfy the water quality standards, the manipulating 
variables are reselected and the simulation is repeated. By 
this process of iteration the optimum operating conditions can 
thus be determined. 







7. CONCLUDING REMARKS 

The current status of a wastewater treatment control system 
is reported here. So far we can conclude that the approach has 
passed from the basic research stage to a stage of more practical 
development. Based upon our experience it can be said that the 
following are required for further progress: 

(i) More data should be gathered for the analysis of process 
characteristics. Data and the development of a general 
mathematical model, whose effectiveness can be demon- 
strated by reference to the data, are very important for 
future control applications. 

(ii) Making the activated sludge process controllable is also 
necessary. From the point of view of process automation, 
the wastewater treatment plant suffers from problems 
arising from the structure of unit processes that were 
designed without consideration of automation. It is 
necessary to establish procedures for design that give 
consideration to the possibility of future automation. 



O N - L I N E  WATER QUALITY M O N I T O R I N G  
SYSTEM AND ITS APPLICATION I N  OSAKA 

M. F u j i t a ,  and PI. Ozaki 

1. I N T R O D U C T I O N  

The q u a l i t y  of w a t e r  i n  Japanese  r i v e r s  and o t h e r  p u b l i c  
w a t e r  a r e a s  h a s  improved s i n c e  t h e  mid-1970's f o l l o w i n g  t h e  
implementa t ion  of  e f f l u e n t  s t a n d a r d s  and p o l l u t i o n  c o n t r o l  
measures.  However, c o n c e n t r a t i o n s  of  p o l l u t a n t s  r e l a t e d  t o  t h e  
l i v i n g  o r g a n i c  envi ronment  (BOD, COD, and s o  f o r t h )  s t i l l  exceed 
t h e  env i ronmenta l  q u a l i t y  s t a n d a r d s  i n  r i v e r s  f lowing  th rough  
urban a r e a s  of  h i g h  p o p u l a t i o n  d e n s i t y  and i n  l a r q e  e n c l o s e d  
b o d i e s  o f  w a t e r  t h a t  have l i t t l e  i n t e r a c t i o n  w i t h  t h e  open s e a .  
T h i s  i s  mainly  because  c o n t r o l s o n  p e r m i s s i b l e  p o l l u t a n t  concen- 
t r a t i o n s  a t  e f f l u e n t  o u t l e t s  were imposed i n  1970 a s  a  measure 
a g a i n s t  w a t e r  p o l l u t i o n  and t h e s e  c o n t r o l s  have s u f f e r e d  from 
t h e  f o l l o w i n g  l i m i t a t i o n s :  

(i) They a t t e m p t  t o  m a i n t a i n  env i ronmenta l  q u a l i t y  s t a n d a r d s  
i n  t h e  c o a s t a l  w a t e r  a r e a s  o f  e a c h  p r e f e c t u r e  s e p a r a t e l y .  
T h e r e f o r e ,  t h e y  c a n n o t  e f f e c t i v e l y  d e a l  w i t h  e i t h e r  wide 
a r e a s  o f  w a t e r  c o v e r i n g  s e v e r a l  p r e f e c t u r e s  o r  p o l l u t i o n  
g e n e r a t e d  from t h e  p r e f e c t u r e s  where t h e  headwate r s  a r e  
l o c a t e d .  

(ii) P r e v i o u s  s t a n d a r d s  r e g u l a t e  f a c t o r i e s  and b u s i n e s s  e n t i -  
t i e s  and do n o t  have s u f f i c i e n t  i n f l u e n c e  on t h o s e  
domes t i c  e f f l u e n t s  which may c r e a t e  e x c e s s i v e  l o a d i n g  of  
t h e  e x i s t i n g  (and i n a d e q u a t e )  sewage t r e a t m e n t  f a c i l i t i e s .  

(iii) C o n c e n t r a t i o n  s t a n d a r d s  can  be  m e t  by d i l u t i n g  t h e  e f f l u e n t  
b u t  w i t h o u t  r e d u c i n g  t h e  o v e r a l l  l o a d  of  p o l l u t i o n .  



2 .  REVISION OF WATER POLLUTION CONTROL LAW FOR REGULATION 
O F  TOTAL EFFLUENT 

I n  o r d e r  t o  m a i n t a i n  w a t e r  q u a l i t y  i n  l a r g e  e n c l o s e d  w a t e r  
a r e a s ,  a  p a r t i a l  r e v i s i o n  o f  t h e  Water P o l l u t i o n  C o n t r o l  Law was 
made i n  J u n e ,  1978. T h i s  i n t r o d u c e d  t o t a l  e f f l u e n t  c o n t r o l s  f o r  
r e d u c t i o n  o f  t h e  t o t a l  p o l l u t i o n  l o a d  from a l l  s o u r c e s  i n  i n l a n d  
and  c o a s t a l  p r e f e c t u r e s .  T h i s  r e v i s i o n  wen t  i n t o  e f f e c t  i n  J u n e ,  
1979. 

T h i s  i s  a  r e g u l a t i o n  o f  t h e  a c t u a l  amount o f  p o l l u t a n t s  
e n t e r i n g  p u b l i c  w a t e r  a r e a s .  F o r  t h e  p r e s e n t  t h i s  r e g u l a t i o n  
c o v e r s  t h r e e  main w a t e r  a r e a s  i n  which  t h e r e  i s  a  l i m i t e d  c i r c u -  
l a t i o n  o f  w a t e r  t o  and  f rom t h e  open  s e a .  They a r e  Tokyo Bay, 
Ise Bay, and  t h e  S e t o  I n l a n d  Sea  ( a l s o  r e g u l a t e d  by t h e  S e t o  
I n l a n d  Sea  C o n s e r v a t i o n  Law). COD i s  u s e d  a s  a  p o l l u t i o n  i n d e x .  
The s c h e d u l e  f o r  i m p l e m e n t a t i o n  o f  t h e  r e g u l a t i o n  o f  t o t a l  
e f f l u e n t  i s  g i v e n  i n  F i g u r e  1 .  

3. WATER QUALITY M O N I T O R I N G  SYSTEM 

M o n i t o r i n g  o f  r i v e r s  and  p o l l u t i o n  s o u r c e s  s u c h  as f a c t o r i e s  
and  sewage t r e a t m e n t  p l a n t s  i s  e s s e n t i a l  f o r  imp lemen t ing  t h e  
r e g u l a t i o n  o f  t o t a l  e f f l u e n t .  The r e q u i r e d  s y s t e m  s h o u l d  a u t o -  
m a t i c a l l y  m o n i t o r  w a t e r  q u a l i t y  and  e f f l u e n t  q u a n t i t y ,  o b t a i n  
c o n t i n u o u s  d a t a  on p o l l u t i o n  c o n d i t i o n s  24 h o u r s  a d a y ,  and  t r a n s -  
m i t  t h i s  d a t a  t o  a  c e n t r a l  m o n i t o r i n g  s t a t i o n  by means o f  a 
t e l e m e t r y  ne twork .  A t  t h e  c e n t r a l  s t a t i o n ,  h o u r l y ,  d a i l y ,  a n d  
month ly  r e p o r t s  s h o u l d  b e  p roduced  o n - l i n e  by computer  and  a l l  
t y p e s  o f  d a t a  would have  t o  b e  p r o c e s s e d  t o  p r o v i d e  i m p o r t a n t  
i n f o r m a t i o n  f o r  r e d u c i n g  t h e  p o l l u t i o n  l o a d .  The Envi ronment  
Agency o f  J a p a n  h a s  announced a p o l i c y  o f  a s s i s t i n g  t h e  local  
governments  ( p r e f e c t u r e s  and  d e s i g n a t e d  c i t i e s )  a f f e c t e d  by t h e  
r e g u l a t i o n  o f  t o t a l  e f f l u e n t  i n  imp lemen t ing  water q u a l i t y  moni- 
t o r i n g  s y s t e m s .  C o - o p e r a t i o n  a n d  a  s u b s i d y  w e r e  g i v e n  t o  Osaka 
C i t y  i n  1978 as a  model p rogram and  w i l l  b e  o f f e r e d  t o  a  number 
o f  o t h e r  d i s t r i c t s  f rom 1979 onwards.  

4 .  THE OSAKA WATER QUALITY M O N I T O R I N G  SYSTEM 

4 . 1  P r o c e s s  o f  I m p l e m e n t a t i o n  

Osaka o b t a i n e d  a  s u b s i d y  f rom t h e  Environment  Agency o f  
J a p a n  i n  1978 t o  i n t r o d u c e  a  w a t e r  q u a l i t y  m o n i t o r i n g  s y s t e m .  
The s y s t e m  w a s  c o n s t r u c t e d  by  H i t a c h i ,  L t d . ,  and  a c t u a l  o p e r a t i o n  
began i n  A p r i l ,  1979. Osaka is  t h e  c e n t r a l  c i t y  of  w e s t e r n  
J a p a n  w i t h  a  p o p u l a t i o n  o f  2 ,700 ,000;  it c o n t a i n s  a v a r i e t y  o f  
i n d u s t r i e s  l o c a t e d  b o t h  i n l a n d  and  a l o n g s i d e  t h e  ocean .  The 
c i t y  i n s t i t u t e d  a  "C lean  Water  P l a n "  i n  1973 f o r  r e s t o r a t i o n  o f  
t h e  w a t e r s  o f  t h e  a d j a c e n t  r i v e r s  and  c o a s t a l  zones  t o  p r e v e n t  
f u r t h e r  d e t e r i o r a t i o n  o f  water q u a l i t y .  Osaka now h a s  t h e  
h i g h e s t  sewer r e t i c u l a t i o n  r a t i o  i n  J a p a n  (97 .3  p e r  c e n t  as o f  
A p r i l ,  1974) and  h a s  t a k e n  many o t h e r  p o l l u t i o n  c o n t r o l  m e a s u r e s .  
I t  i s  t h i s  background t h a t  e n c o u r a g e d  a n d  s t i m u l a t e d  t h e  c o n s t r u c -  
t i o n  o f  t h e  f i r s t  s u c h  water q u a l i t y  m o n i t o r i n g  ne twork  i n  J a p a n .  



J
u

n
e

 1
9

7
6

 
J

u
n

e
 1

3
7

9
 

J
u

n
e

 1
3

8
1

 

In
te

ri
m

 
T

a
rg

e
t 

Y
e

a
r 

J
u

n
e

 1
3

3
ll

 

F
in

a
l 

T
a

rg
e

t 
Y

e
a

r 

T
h

re
e

 Y
e

a
rs

 

o
 

A 
I 

I 
W

a
te

r 
p

o
ll

u
ti

o
n

 R
e

v
is

e
d

 w
a

te
r 

c
o

n
tr

o
l 

la
w

 
p

o
ll

u
ti

o
n

 c
o

n
tr

o
l 

re
v

is
e

d
 

la
w

 
e

f
f

e
c

ti
v

e
 

I )C
o

m
p

le
te

 i
n

s
ta

ll
a

-
 

C
o

m
p

le
te

 
in

s
ta

ll
a

ti
o

n
 

ti
o

n
 o

f
 ,

p
o

ll
u

ti
o

n
 

I o
f

 
p

o
ll

u
ti

o
n

 c
o

n
tr

o
l 

lo
a

d
 m

e
a

s
u

ri
n

g
 

e
q

u
ip

m
e

n
t 

e
q

u
ip

m
e

n
t 

&
-

-
 

L
A

 
b
 

O
S

p
e

c
if

 i
c

 w
a

te
r 

R
e

g
u

la
ti

o
n

 o
f

 
t

o
t

a
l

 e
f

f
lu

e
n

t 

r
 
- 

C
o

m
p

le
te

 
te

le
m

e
tr

y
 e

q
u

ip
m

e
c

t 

a
r

e
a

 d
e

s
ig

n
a

te
d

 

7
 

F
F

q
u

re
 

1
. 

S
c

h
e

d
u

le
 f

o
r

 i
m

p
le

m
e

n
ta

ti
o

n
 o

f
 

th
e

 r
e

g
u

la
ti

o
n

 o
f

 
t

o
t

a
l

 e
f

f
lu

e
n

t 

e
f

f
e

c
ti

v
e

 f
o

r
 a

l
l

 e
x

is
ti

n
g

 
b

u
s

in
e

s
s

 e
n

t
i

t
i

e
s

 



4.2  S t r u c t u r e  and F u n c t i o n s  o f  t h e  System 

The s t r u c t u r e  o f  t h e  sys t em i s  shown i n  F i g u r e  2.  Automat ic  
m o n i t o r i n g  o f  t h e  v a r i a b l e s  l i s t e d  i n  T a b l e  1  i s  c a r r i e d  o u t  a t  
f a c t o r y  m o n i t o r i n g  s t a t i o n s ,  sewage t r e a t m e n t  p l a n t  m o n i t o r i n g  
s t a t i o n s ,  and  r i v e r  and s t r e a m  m o n i t o r i n g  s t a t i o n s .  The d a t a  a r e  
t r a n s m i t t e d  by t e l e m e t r y  equipment  a t  e a c h  b r a n c h  s t a t i o n  t o  t h e  
c e n t r a l  m o n i t o r i n g  s t a t i o n  where a  computer  ( c o m p l e t e  w i t h  memory 
and o u t p u t  t e r m i n a l s )  d i s p l a y s  p o l l u t i o n  d a t a  f rom a l l  t h e  moni- 
t o r i n g  s t a t i o n s  on a  d a t a  d i s p l a y  p a n e l .  O n - l i n e ,  real-time 
p r o c e s s i n g  and  b a t c h  p r o c e s s i n g  of t h e  d a t a  are a l s o  p r o v i d e d .  
The sys t em h a s  t h e  f o l l o w i n g  f u n c t i o n s :  

( ii) 
(iii) 

( i v )  
( v )  

( v i )  

( v i i )  
( v i i i )  

Automat ic  a n a l y s i s  o f  w a t e r  q u a l i t y  and m o n i t o r i n g  of  
e f f l u e n t  q u a n t i t y ;  
Computat ion o f  e f f l u e n t  p o l l u t i o n  l o a d ;  
C o l l e c t i o n  o f  d a t a  w i t h  t e l e m e t r y  equ ipmen t ;  
P r e p a r a t i o n  o f  v a r i o u s  t y p e s  of r e p o r t s ;  
Data  d i s p l a y ;  
G r a p h i c  r e p r e s e n t a t i o n  of d a t a  ( w i t h  X-Y p l o t t e r  and 
CRT d i s p l a y )  ; 
C o m p i l a t i o n  of  d a t a  and  s t a t i s t i c a l  a n a l y s i s ;  
T r a n s m i s s i o n  o f  d a t a  t o  r e l a t e d  i n s t i t u t i o n s .  

The l o c a t i o n s  o f  t h e  b r a n c h  and  c e n t r a l  m o n i t o r i n g  s t a t i o n s  a r e  
shown i n  F i g u r e  3. 

4.3 E f f e c t  o f  Implement ing  t h e  System 

The m o n i t o r i n g  equipment  i n  t h e  s y s t e m  had  a h i g h  r a t e  o f  
r e l i a b l e  o p e r a t i o n  and  p r o v i d e d  c o n t i n u o u s  and e f f e c t i v e  mon i to r -  
i n g .  The r e s u l t s  o b t a i n e d  w i t h  t h e  COD and  UV meters had  a  v e r y  
h i g h  c o r r e l a t i o n  w i t h  t h e  COD v a l u e  o b t a i n e d  manual ly  by t h e  J I S  
s t a n d a r d  method o f  a n a l y s i s ,  which s e r v e s  as t h e  i n d e x  f o r  t h e  
r e g u l a t i o n  o f  t o t a l  e f f l u e n t .  

The d a t a  measured and compi l ed  (COD, COD l o a d )  i s  p r i n t e d  
o u t  i n  t h e  form o f  d a i l y  t o t a l s ,  w e i g h t e d  a v e r a g e s  and  maximum 
and minimum v a l u e s .  Thus it i s  e a s y  t o  o b s e r v e  t h e  amount o f  
p o l l u t i o n  produced  e a c h  day by e a c h  f a c t o r y .  It i s  a l s o  
e a s y  t o  check  w h e t h e r  measurements  a t  any l o c a t i o n  h a v e  been  
o m i t t e d .  Approximate ly  30,000 b u s i n e s s  e n t i t i e s  i n  t h e  c i t y  of  
Osaka d i s c h a r g e  e f f l u e n t  i n t o  t h e  sewer sys t em.  The re  a r e  o n l y  
120 f a c t o r i e s  t h a t  d i s c h a r g e  t h e i r  e f f l u e n t s  d i r e c t l y  t o  r i v e r s  
o r  t h e  ocean  and  t h u s  come unde r  t h e  e f f l u e n t  r e g u l a t i o n s  f o r  
p u b l i c  w a t e r  a r e a s .  Among t h e s e ,  t h e r e  a r e  10 f a c t o r i e s  whose 
e f f l u e n t  d i s c h a r g e  r a t e  e x c e e d s  1 ,000  m3day''. The government  
assumes t h a t  by e s t a b l i s h i n g  m o n i t o r i n g  s t a t i o n s  a t  t h e s e  
f a c t o r i e s  and  a t  t h e  13 sewage t r e a t m e n t  p l a n t s  i n  Osaka,  t h e  
ma jo r  p o r t i o n  o f  t h e  p o l l u t i o n  l o a d  p roduced  i n  t h e  c i t y  c a n  b e  
m o n i t o r e d  e f f e c t i v e l y .  
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JAPAN 

A :  Factory monitoring station 

( : established 0 : to be established ) 

Figure  3 .  Locat ion o f  branch and c e n t r a l  monitoring 
s t a t i o n s  i n  t h e  Osaka network 
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