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A model is developed for minimizing waste treatment costs to achieve a 

given stream standard. An optimum set of treatment Levels is calculated using 

available information about the cost of waste treatment and the effects of 

waste in different reaches with an assumed procedure for bargaining among 

waste dischargers. Each discharger is assumed to be responsible for the 

quality of water in his reach. The optimum solution suggests an optimum set 

of discharge permits and charges. However, it does not favor any one 

administrative system or distribution of costs. 

The model is run to find optimum or least-cost waste treatment levels 

for the Neuse River of North Carolina. The optimum solution has much less 

treatment than is currently being used. The costs of present waste treat- 

ment are estimated to be $3.7 million per year while the cost of the optimum 

set of treatment levels is only $1.09 million. 
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SUMMARY AND CONCLUSIONS 

The model developed i n  t h i s  s tudy minimizes the  cos t  s f  waste t rea tment  

t o  achieve c e r t a i n  d isso lved  oxygen s t anda rds ,  The model uses  the  idea  of 

barga in ing  among waste d i scha rge r s  and assumes t h a t  each i s  respons ib le  f o r  

the oxygen l e v e l  i n  h i s  ows reach,  Through the barga in ing  process ,  each waste 

d ischarger  t r i e s  t o  reduce h i s  own treatment  l e v e l  by buying t rea tment  l e v e l s  

from upstream u s e r s  un le s s  he f i n d s  i t  cheaper t o  t r e a t  h imse l f ,  I n  t h i s  way, 

a  s e t  of t reatment  l e v e l s  g iv ing  minimum c o s t s  i s  found, 

The model a l s o  makes i t  poss ib le  t o  compare the c o s t s  of optimum and non- 

optimum systems. The model i s  appl ied  t o  da t a  from the Neuse River ,  North 

Caro l ina .  I t  i s  assumed t h a t  t rea tment  c o s t s  depend only upon the  volume of 

wastewater t r e a t e d  and a r e  the  same f o r  each waste d i scha rge r ,  Out of the  17  

po in t s  of d i scharge  where wastes a r e  now being t r e a t e d  a t  a  secondary l e v e l  o r  

h ighe r ,  the optimum s o l u t i o n  recommends primary t rea tment  a t  one p o i n t ,  

secondary t reatment  a t  four  po in t s ,  and t e r t i a r y  t rea tment  a t  two po in t s .  The 

d i f f e r e n c e  i n  c o s t  between present  and optimum s e t s  of t rea tment  l e v e l s  i s  2.6 

m i l l i o n  per year  i n  1963 d o l l a r s ,  The model was run us ing  d a t a  f o r  lo -year  

%ow-flow condi t ions .  Hence, i t  g ives  a  conserva t ive  s e t  of t rea tment  l e v e l s  

t h a t  a r e  needed t o  s a t i s f y  the  d isso lved  oxygen requirements ,  

The optimum s o l u t i o n  g ives  the marginal  c o s t s  and t rea tment  l e v e l s  i n  

each reach. Assuming t h a t  each waste d i scha rge r  would remove a l l  the  wastes  

himself as long a s  h i s  marginal  c o s t  was lower than a  s t ream charge,  then the  

marginal  c o s t s  obtained from the model would a l s o  suggest  an  optimum s e t  of 

charges.  S imi l a r ly ,  r e s u l t s  of t h i s  op t imiza t ion  model can be used t o  recommend 

a  s e t  of waste t reatment  l e v e l s  ( i n p u t  s p e c i f i c a t i o n s )  o r  a s e t  of e f f l u e n t  

permits ,  

Government m y  adopt  a r b i t r a r y  r u l e s  such a s  r e q u i r i n g  secondary t reatment  

of a l l  wastes  because of lack  of good d a t a  f o r  c a l c u l a t i n g  the  e f f e c t s  of wastes  

and ob ta in ing  l e a s t - c o s t  systems f o r  managing r i v e r s ,  However, with good da t a  

and a  good op t imiza t ion  model, an  admin i s t r a to r  should be a b l e  t o  p re sc r ibe  a 

v a r i e t y  of t reatment  l e v e l s  and back-up h i s  dec i s ions .  One might expect  t h a t  

f u r t h e r  improvement of models of the  type presented here  w i l l  even tua l ly  

r e s u l t  i n  l e g i s l a t i o n  which permits  more s o p h i s t i c a t e d  systems of water q u a l i t y  

management, 





RECOMPENDAI PONS 

I n  t h e  p r e s e n t  model, many s i m p l i f y i n g  assumpt ions  a r e  m d e .  Th is  model 

can be r e f i n e d  i n  s e v e r a l  ways t o  a c h i e v e  b e t t e r  r e s u l t s :  

a .  Cur ren t  s t r e a m  s t a n d a r d s  have o t h e r  d imensions  b e s i d e s  d i s s o l v e d  

oxygen; f o r  example, c o l i f o r m  count ,  t o x i c i t y  and t u r b i d i t y ,  

I n c l u d i n g  t h e s e  o t h e r  d imensions  shou ld  l e a d  t o  a  more r e f i n e d  

and a c c e p t a b l e  s e t  of recommended t r e a t m e n t s ,  

b. Use of con t inuous  c o s t  c u r v e s  and b o t h  long-run c o s t  c u r v e s  and 

s h o r t - r a n g e  p lann ing  c u r v e s  which assume e x i s t i n g  f a c i l i t i e s  would 

make t h e  r e s u l t s  more u s e f u l  and s u g g e s t  a  f a i r e r  s e t  o f  c h a r g e s  

and t r e a t m e n t  l e v e l s .  

c ,  Other  f a c t o r s  a f f e c t i n g  oxygen, such  a s  b e n t h a l  demand and 

p h o t o s y n t h e s i s ,  could  be i n c l u d e d  t o  improve w a t e r  p r e d i c t i o n .  

d ,  The e f f e c t  o f  f l o w  augmentat ion,  r e s e r v o i r s ,  f a l l s ,  and i n - s t r e a m  

a e r a t i o n  on w a t e r  q u a l i t y  cou ld  be i n c l u d e d  i n  t h e  model. 

e .  Optimum l o c a t i o n  of new waste  t r e a t m e n t  p l a n t s  and t h e  p i p i n g  of 

t r e a t e d  w a s t e s  t o  p o i n t s  where was te  a s s i m i l a t i v e  c a p a c i t i e s  a r e  

h i g h e r  could  be inc luded .  

f .  The model could  be expanded t o  i n c l u d e  c a l c u l a t i o n  o f  how much more 

waste  could  be d i s c h a r g e d  i n t o  t h e  r i v e r  w i t h o u t  v i o l a t i n g  t h e  s t r e a m  

s t a n d a r d s .  





INTRODUCTION 

The demand f o r  h i g h e r  s t r e a m  s t a n d a r d s  i s  based upon i n c r e a s i n g  r e c r e a t i o n a l  

needs  and h i g h e r  s t a n d a r d s  of l i v i n g ,  Rapid i n d u s t r i a l  growth and i n c r e a s e s  i n  

wage r a t e s  have r e s u l t e d  i n  many waste  p roduc t s  of a  complex n a t u r e ,  Ever 

h i g h e r  l e v e l s  o f  was te  t r e a t m e n t  seem t o  be needed t o  meer t h e  h i g h e r  s t r e a m  

s t a n d a r d s ,  I t  i s  impor tan t  t o  c o n s i d e r  ways and means o f  minimizing was te  

t r e a t m e n t  c o s t s .  

Recen t ly ,  e n g i n e e r s  and economis t s ,  i n c l u d i n g  Johnson (1967) and Liebman 

and Lynn (19661, Macaulay (1970) and Thornann (1972) have become i n t e r e s t e d  i n  

t h e  q u e s t i o n  o f  d e t e r m i n i n g  optimum s t r e a m  s t a n d a r d s ,  These occur  where m a r g i n a l  

c o s t s  of was te  t r e a t m e n t  a r e  e q u a l  t o  t h e  a s s s e i a t e d  marg ina l  b e n e f i t s  t o  down- 

s t r e a m  people  o f  improved w a t e r  q u a l i t y ,  But ,  d i f f i c u l t i e s  i n  measur ing dswn- 

s t r e a m  b e n e f i t s  make i t  i m p r a c t i c a l  t o  de te rmine  optimum s t r e a m  s t a n d a r d s .  A l s o ,  

h i g h  t r a n s a c t i o n s  c o s t s  among t h e  many p a r t i e s  who a r e  u s i n g  a. r i v e r  r e n d e r  t h e  

d e t e r m i n a t i o n  of optimum l e v e l s  th rough  markers  o r  b a r g a i n i n g  u n l i k e l y ,  So, 

t h e  most common a l t e r n a t i v e  h a s  been t o  a c c e p t  s t r e a m  s t a n d a r d s  developed by 

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

The purpose of t h i s  r e p o r t  i s  t o  r e p o r t  a  model developed by A i r a n  (1973) 

which can  be used t o  f i n d  t h e  l e a s t - c o s t  combinat ion of was te  t r e a t m e n t  l e v e l s  

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

Var ious  a d m i n i s t r a t i v e  systems have been sugges ted  t o  meet predetermined 

s t ream s t a n d a r d s ,  One system i s  t o  s p e c i f y  t h e  i n p u t s  t r e a t m e n t  l e v e l s ) ,  These 

i n p u t  requ i rements  can be d i f f e r e n t  f o r  each u s e r  o r  un i fo rm f o r  everyone ,  

Uniform i n p u t  s p e c i f i c a t i o n s  have low a d m i n i s t r a t i v e  c o s t s  and may seem f a i r  

b u t ,  i n  r e a l i t y ,  they  a r e  l i k e l y  t o  be u n f a i r  t o  many and  have h igh  t o t a l  c o s t s .  

Another a d m i n i s t r a t i v e  sys tem i s  t o  g r a n t  p e r m i t t e d  l e v e l s  of s p e c i f i c  

e f f l u e n t s  each  u s e r ,  TypicaEEy, t h e s e  p e r m i t s  a r e  based on l e v e l s  e s t a b l i s h e d  

i n  t h e  p a s t  and a r e  n o t  t r a n s f e r a b l e ,  However, u s e r s  cou ld  be a l lowed t o  

t r a n s f e r  t h e s e  p e r m i t s  which would be v a l i d  f o r  some d e f i n e d  p e r i o d  and some 

s p e c i f i e d  r e a c h  of t h e  r i v e r ,  I n i t i a l l y ,  p e r m i t s  cou ld  be g iven  t o  former 

u s e r s  and,  s u b s e q u e n t l y ,  p e r m i t s  could  be s o l d  by t h e  s t a t e  through c o m p e t i t i v e  

b i d d i n g ,  I f  t r a n s f e r s  a r e  n o t  a l lowed ,  t h e n  e f f l u e n t  p e r m i t s  would need t o  be 

d i s t r i b u t e d  on some e f f i c i e n c y  grounds,  t a k i n g  i n t o  account  t h e  o u t p u t ,  needs ,  

and expans ion  of p l a n t s .  



A t h i r d  method of r a t i o n i n g  t h e  r i v e r ' s  was te  a s s i m i l a t i v e  c a p a c i c y  i s  to 

charge  f o r  t h e  was te  d i s c h a r g e d  above p e r m i t t e d  l e v e l s  of effluents, These 

c h a r g e s  can be r a i s e d  o r  lowered i n  o r d e r  t c  a c h i e v e  t h ~  r e q u i r e d  scream s t a n -  

d a r d s ,  I f  c h a r g e s  a r e  t h e  same f o r  each r e a c h ,  t h e y  w i l l  be u n f a i r  and havs a 

h i g h e r  t o t a l  c o s t  t h a n  i s  n e c e s s a r y ,  A  f a i r e r  sys tem would be t o  charge  e v e r y -  

one a c c o r d i n g  t o  t h e  e f f e c t  of t h e i r  was te  on t h e  r i v e r ,  Johnson (196%) and 

Thomann (5972) c o n s i d e r  charges  t o  be a n  e f f i c i e n r  and low-cas t  a d m i n i s t r a t i v e  

sys tem,  Macaulay (1970) has  favored  c h a r g i n g  downstream a s  w e l l  a s  upst ream 

u s e r s  because  n e i t h e r  p a r t y  i s  r e a l l y  t o  blame f o r  t h e  i n c r e a s e d  s c a r c i t y  o f  

t h e  r i v e r ' s  was te  a s s i m i l a t i v e  c a p a c i t y ,  

S u b s i d i e s  can a l s o  be used a s  a n  i n c e n t i v e  f o r  t h e  u s e r s  t o  reduce t h e i r  

w a s t e s ,  According t o  Haskin (1970) ,  s u b s i d i e s  would be l e s s  e f f e c t i v e  and more 

expens ive  t h a n  any o t h e r  sys tem,  Here a g a i n ,  Maeaulay (1970) s u g g e s t s  t h a t  i f  

s u b s i d i e s  a r e  g i v e n  t o  downstream r e c i p i e n t s ,  t h e y  should a l s o  be  g i v e n  t o  

ups t ream u s e r s ,  

One more a d m i n i s t r a t i v e  sys tem i s  t o  hold  each  b s e r  r e s p o n s i b l e  f o r  t h e  

wa te r  q u a l i t y  i n  h i s  own r e a c h ,  Mar (1971) h a s  advocated such a sys tem w i t h  

t h e  added f e a t u r e  t h a t  downstream u s e r s  should  be f r e e  ro  b a r g a i n  wi rn  ups t ream 

u s e r s  by paying them t o  adop t  h i g h e r  s t a n d a r d s  o r  t o  t r e a t  t h e i r  wastes ~o a 

h i g h e r  Leve 1. 

A number o f  mathemat ica l  t e c h n i q u e s  have been used t o  s o l v e  t h e  problem 

of  o b t a i n i n g  l e a s t - c o s t  s e t s  of was te  t r e a t m e n t  sys tems ,  The d e c i s i o n  p r o c e s s  

i s  of a  s e q u e n t i a l  n a t u r e  s i n c e  t h e  d e c i s i o n  f u n c t i o n  i n  a  downstream r e a c n  

depends upon t h e  o u t p u t  f u n c t i o n s  o f  t h e  p r e v i o u s  r e a c h ,  Thomann ( B 9 7 2 ) ,  

P r a n k e l  (1965) ,  and Johnson (1967) used l i n e a r  programming t a  r e a c t  rhe optimum 

s o l u t i o n ,  They approximated a  n o n - l i n e a r  c o s t  f u n c t i o n  by straight-line 

segments ,  To avo id  t h e  l i n e a r  approx imat ion  of r e sponse  acd c a s e  c u r v e s ,  Bayer 

(1972) s o l v e d  t h i s  proSlem w i t h  a  n o n - l i n e a r  o b j e c c i v e  f u n c c i c n  and l i n e a r  

c o n s z r a i n t s ,  u s i n g  a d i z f e r e n t i a l  a l g o r i t h m ,  Eiebman and Lynn (1966) c s e d  

dynamic programming and d e f i n e d  c o s t  c u r v e s  i n  t a b u l a r  form. 

EXPLANATION OF THE MODEL 

The work p r e s e n t e d  h e r e  d e s c r i b e s  a  machemarical  t echn ique  s i m i l a r  ~ o  

r e a c t i v e  programming Tramel ,<%959)  f o r  s o l v i n g  c h i s  s e q u c a c i d l  problem u s i n g  

d i s c r e t e  c o s t  c u r v e s  i n  t h e  o b j e c t i v e  f u n c t i o n ,  The mod51 uses t h e  i d e a  of 

b a r g a i n i n g  ( t r a n s f e r s )  among u s e r s ,  each  s f  whom i s  r c s p o n s i b l t  f o r  s t r e a m  



s t a n d a r d s  i n  h i s  own r e a c h ,  Taking each  r e a c h  i n  t u r n ,  t h e  computer checks  a l l  

rhe  upst ream reaches  t o  f i n d  t h e  one which has  t h e  minimum c o s t  o f  i n c r e a s i n g  

d i s s o l v e d  oxygen i n  t h a t  downstream r e a c h ,  In c o c t r e s t ,  t h e  dynamic programming 

model used by Liebman and Lynn i n v e s t i g a t e s  E ~ E  cembina t ions  of t r e a t m e n t  l e v e l s  

i n  t h e  p rev ious  r e a c h  o n l y ,  

I n  r e a c t i v e  p r o g r a m i n g ,  a  form of c o n - l i n e a r  programming, one may go 

through many i t e r a t i o n s  t o  r e a c h  a n  approximate  optimpsam p o i n t  because  a  change 

i n  t h e  d e c i s i o n  f u n c t i o n  a t  any one l o c a t i o n  can change t h e  p r i c e s  a t  a l l  o t h e r  

kocar ions ,  B u t ,  i n  t h e  model be ing  p r e s e n t e d ,  a d e c r e a s e  i n  t r e a t m e n t  a t  any 

r e a c h  cannot  cause  a  v i o l a t i o n  of s t a n d a r d s  ups t ream,  T h e r e f o r e ,  t h e  compueer 

r o u t i n e  r e a c h e s  t h e  optimum s o l u t i o n  on t h e  second i t e r a t i o n ,  The f i r s t  

i t e r a t i o n  merely  u s e s  t h e  p r e s e n t  t r e a t m e n t  l e v e l s  a s  a  s t a r t i n g  s o l u t i o n  and 

c a l c u l a t e s  t h e  c e a t s  and d i s s o l v e d  oxygec l e v e l s ,  

The model cannot  r e a c h  an optimum s o l u t i o n  w i t h o u t  be ing  a b l e  t o  p r e d i c t  

t h e  e f f e c t  on wate r  q u a l i t y  downstream of any change i n  c o n c e n t r a t i o n  o f  was te  

upstream. Organic  w a s t e s  d i s c h a r g e d  i n  a  r i v e r  a f f e c ~  i t s  wa te r  q u a l i t y  by 

d e p l e t i n g  i t s  d i s s o l v e d  oxygen, DO, c o n t e n t ,  The r e d u e t i a n  i n  oxygen i s  caused 

mainly  because of t h e  e x e r t i o n  of carbonaceous b iochemica l  oxygen demand, BOD, 

and n i t r o g e c o u s  biochemical  oxygen demazd, NOD, N a t u r a l  r e a e r a e i o n  from t h e  

atmosphere i s  t h e  most impor tan t  source  of DO. 

A d i s s o l v e d  oxygen p r o f i l e  of t h e  r i v e r  i s  p r e d i c t e d  by u s i n g  t h e  r e k a t i o n -  

s h i p  between p o l l u t a n t s  and s t r e a m  environment g iven  by S t r e e t e r  and PhePps 

( 1 9 2 5 ) .  They expressed  t h e  n e t  change i n  DO d e f i c i t  a s  

where D = d i s s o l v e d  oxygen s a t u r a t i o n  d e f i c i t  ( C  - G) a t  any t ime i n  p a r t s  
S per  m i l l i o n ,  ppm, 

C - d i s s o l v e d  oxygen s a t u r a t i o n  Level i n  ppm, 
s 

C - d i s s o l v e d  oxygen c o n c e n t r a t i o n  i n  ppm, 

La = u l t i m a t e  carbonaceous  b iochemica l  oxygen demand i n  ppm, 

Da = d i s s o l v e d  oxygen d e f i c i t  i n  rhe  beg inn ing  of a r e a c h ,  

K1 - deoxygenat ion c o e f f i c i e n t  t o  t h e  base  e ,  day-', and 
- l 

2 
= r e a e r a t i o n  c o e f f i c i e n t  t o  t h e  base  e ,  day 

Equa t ion  (11, e x p l a i n e d  by S t r e e t r r  and FheEps, does  n o t  i n c l u d e  t h e  NOD 

r e a c t i o n  term,  -K N T h i s  term i s  added ts e q u a t i o n  (1 )  t o  g e t  n e t  r a t e  of 
3 a "  

change ic DO d e f i c i t  a s  a  sum of deoxygenat ion due- t o  BOD and NOD and t o  r e a e r a t i o n ,  



I n t e g r a t i n g  e q u a t i o n  (1)  augmented and s o l v i n g  a t  t h e  beg inn ing  of t h e  

r e a c h  where t-0, and a t  t h e  end of t h e  r e a c h  where t-t, one can o b t a i 9  

where Da = d i s s o l v e d  oxygen d e f i c i t  i n  t h e  beg inn ing  s f  t h e  r e a c h  i n  ppm, 

Db = d i s s o l v e d  oxygen d e f i c i t  a t  t h e  end of t h e  r e a c h  i n  ppm, 

La 
= u l t i m a t e  BOD c o n c e n t r a t i o n  i n  t h e  beg inn ing  of  t h e  r e a c h  i n  ppm, 

N* = NOD c o n c e n t r a t i o n  i n  t h e  beg inn ing  of t h e  r e a c h  i n  ppm, 
a  

K l  = deoxygena t ion  r a t e  f o r  ca rbonac ious  biochemirical oxygen demand 
t o  t h e  base  e  per  day ,  

K 2  = r e a e r a t i o n  c o e f f i c i e n t  t o  t h e  base  e  pe r  day ,  and 

K3 = deoxygenat ion r a t e  f o r  n i t r o g e n o u s  b iochemica l  oxygen demand t o  
t h e  base  e  per  day. 

A t y p i c a l  DO s a g  curve  i s  shown i n  F i g u r e  l o  

BOD and NOD a t  t h e  en.d of each  r e a c h  a r e  c a l c u l a t e d  from t h e  fs l i lowing 

i n t e g r a t e d  forms of r a t e  of deoxygenat ion o f  BOD, Logd, - K LB and r a t e  of 
1 

desxygena t i o n  o f  NOD, -K3N 

where L u l t i m a t e  BOD c o n c e n t r a t i o n  a t  t h e  end of a r e a c h  i n  ppm, and 
b 

N,, = NOD c o n c e n t r a t i o n  a t  t h e  end of a  r e a c h  i n  ppm. 

I n  t h e  p r e s e n t  model, e q u a t i o n s  ( 2 ) ,  ( 3 1 ,  and ( 4 )  a r e  changed t o  t h e  

l o g a r i t h m i c  base  l o ,  
The r i v e r  i s  d i v i d e d  i n t o  d i f f e r e n t  r e a c h e s  i n  such a way t h a t  was te  i s  

d i s c h a r g e d  o n l y  a t  t h e  head of each  reach .  Users  a r e  p r o h i b i t e d  from p i p i n g  

t h e i r  w a s t e s  t o  t h e  n e x t  r each .  Each was te  d i s c h a r g e r  i s  r e s p o n s i b l e  f o r  t h e  

wa te r  q u a l i t y  i n  h i s  whole r e a c h  and h a s  two a l t e r n a t i v e  ways o f  do ing  i t ,  He 

can change h i s  own t r e a t m e n t  l e v e l  o r  a s k  ( o r  b r i b e )  some ups t ream d i s c h a r g e r  

t o  i n c r e a s e  h i s  t r e a t m e n t  l e v e l ,  I n  t h e  S t h  r e a c h ,  f o r  example, i f  t h e  w a t e r  

q u a l i t y  c o n s t r a i n t  i s  n o t  met,  t h e r e  w i l l  be a n  i n v e s t i g a t i o n  s o  a s  t o  f i n d  

which upst ream r e a c h  h a s  t h e  minimum m a r g i n a l  c o s t  of i n c r e a s i n g  t h e  DO l e v e l  

i n  r e a c h  S. To c a l c u l a t e  t h i s  m a r g i n a l  c o s t ,  one needs t o  know t h e  i n c r e a s e  



Oxygen supplied 
by reaeration 

Da = initial deficit 

Dc = critical deficit 

Di * inYlrction deficit 
tc a critical time 

ti = inflection time 

Time, days 

Figure 1. The dissolved-oxygen sag and its components: 
deoxygenation and reaeration 



i n  t o t a l  c o s t  of t h a t  upst ream r e a c h  a s s o c i a t e d  w i t h  a n  i n c r e a s e  i n  i t s  t r e a t -  

ment l e v e l ,  Leg,, 

d S (L) 
d T r t  (L) 

L) - t o t a l  c a s t  t o  reach  L, snd  

T r t ( L )  = t r e a t m e n t  l e v e r  i n  r e a c h  L o  

An i n c r e a s e  i n  t h e  t r ea tmenr  l e v e l  would r e s u l t  i n  i n c r e a s e  removal of NOD 

a s  w e l l  a s  u l t i m a t e  BOD, DO s a g  computat ions  a r e  used t o  c a l c u l a t e  t h e  change 

i n  DO l e v e l  i n  r e a c h  S w i t h  r e s p e c t  t o  pe r  u n i t  change i n  t r e a t m e n t  l e v e l  i n  

t h e  ups t ream r e a c h ,  L, Log., 

dDOC (S) 
dTr  t ( L )  

where DOC(S) - d i s s o l v e d  oxygen c o n c e n t r a t i o n  i n  r e a c h  S i n  ppm, The change 

i n  t o t a l  c o s t  i n  r e a c h  E w i t h  r e s p e c t  t o  pe r  u n i t  change i n  DO i n  r e a c h  S i s  

c a l c u l a t e d  a s  n 

The " b a r g a i n i n g  approach" o n l y  means t h a t  r e a c h  S may a s k  a n  ups t ream 

r e a c h  t o  i n c r e a s e  i t s  t r e a t m e n t  l e v e l  perhaps  f o r  some mutua l ly  a g r e e a b l e  p r i c e .  

Presumably,  t h i s  p r i c e  w i l l  be l e s s  t h a n  h i s  m a r g i n a l  c o s t  of a d d i t i o n a l  t r e a t -  

ment i n  r e a c h  S o  

F i g u r e  2 p r o v i d e s  a  s i m p l i f i e d  f low c h a r t  of t h e  computat ions .  Among 

o t h e r  t h i n g s ,  t h e  computer program r e s u l t s  show how much e a c h  i n d u s t r y  c a n  

d i s c h a r g e  and what t h e  m a r g i n a l  c o s t  w i l l  be a t  t h e  d i s c h a r g e  p o i n t .  Such 

f a c t s  c a n  be used i n  t h e  a d m i n i s t r a t i o n  of sys tems of r i g h t s  o r  c h a r g e s ,  Th i s  

b a r g a i n i n g  approach t o  a  l e a s t - c o s t  s o l u t i o n  may seem cumbersome compared t o  

o t h e r  t y p e s  o f  programming, b u t  i t  i s  a c t u a l l y  r a p i d  and economical ,  A r i v e r ,  

w i t h  20 p o t e n t i a l  t r e a t m e n t  s i t e s  and 4 l e v e l s  o f  t r e a t m e n t  a t  e a c h ,  h a s  many 

p o s s i b l e  combinat ions  (80 t h i n g s  t a k e n  20 a t  a  t ime) .  The b a r g a i n i n g  approach  

o n l y  checks  a s m a l l  f r a c t i o n  o f  t h i s  number of p o s s i b l e  s o l u t i o n s ,  The o n l y  

o p t i o n s  a l lowed  i n  t h e  checking p r o c e s s  a r e  r e d u c t i o n s  of t r e a t m e n t  l e v e l s  i n  

t h e  S t h  r e a c h  and i n c r e a s e s  i n  t r e a t m e n t  a t  r e a c h  L = I . . . S o  One pass  

rhrough t h e  r e a c h e s  S l . . . N i s  s u f f i c i e n t .  A d e t a i l e d  f low c h a r t  and 

l i s t i n g  of t h e  computer program a r e  p r e s e n t e d  i n  Appendices B and C. 



Set NBEST = 0 

1 
Ask subroutine DO SAG I1 

to  calculate DOC(S) 
I 

i n  DOC@) due t o  a change i n  
treatment l eve l  i n  L 

calculate marginal cost of increasing 
a treatment l eve l  to discharger i n  L I 

increasing DOC(S) by increasing 
a treatment level  in  L ,  I.=. , 
MCC(L,S) = DMC(L)/+DDOC(L,S) 

l eve l s ,  oxygen leve l s  at  end 
of each reach, l i s t  of r e s t r i c t h e  

reaches, l i s t  MCC(L) for 

Figure 2. Simplified flow chart sf bargaining steps 



Figure 2 (continued) 

Definitions of Variables in Flow Chart 

There are N reaches, I = 1 .... N. S is the number of the reach currently 

being checked, L - E .... S, 
NBEST = number sf that reach for which marginal cost of added treatment is 

minimal, 

K = iteration number, K = I ,,,. 2, 

I(1) = M - treatment level in reach I, (There are four levels sf treatment,) 

T(I,K) = set of treatments at the end of the Kth iteration. 

Input data include the flows of incoming tributaries and discharges of 

waste treatment plants, their DO, BOD, and NOD concentrations, marginal costs 

per million gallons per day, mgd, for increasing treatment levels in each 

reach, existing treatment levels, dissolved oxygen concentrations allowed, 

velocity, area and width, 

The dissolved oxygen sag routine, DO Sag 11, calculates: 

DOC(%) = dissolved oxygen concentration in re,ach S, 

DDQC(L,S) = change in the dissolved oxygen concentration of reach S due to 
a change in the treatment level in reach L o  

DMC(L) = marginal cost of increasing treatment level to discharger in E. 

MGC(L,S) = marginal cost of increasing DOC(S) by increasing treatment level 
in L, 

APPLICATION OF THE MODEL TO THE NEUSE RIVER 

The optimization model developed and presented here has been applied to 

the Neuse River of North Carolina, The Neuse River is formed by the junction 

of the Ens and the P l a t  Rivers near Durham, North Carolina; it then flows 

towards the southeast to a point below New Bern, and then northeastward to 

Padico Sound and the Atlantic Ocean. The upper third of the river lies in 

rhe Piedmont Region of North Carolina where steeper terrain makes the river flow 

rapidly, The lower two-thirds, below Smithfiebd, flows through the Coastal 

Plains Region where the river becomes a sluggish coastal stream. A number of 

important agricultural areas, large cities, and big industries lie on or near 

she Neuse River. For example, the river receives domestic and industrial wastes 

from Durham, Smithfield, Burlington Industries, Raleigh, Goldsboro, and 

Kinston (North Carolina Stream Sanitation Committee, 1959). 
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I, 11, . . . . V = segments of the  Neuse River 
1, 2 ,  . . . . 23 = reaches  along t h e  r i v e r  

A, B = reaches  along t h e  t r ibu ta r ie :  
I N  = incoming flow from the  

previous reach 
OUT = outflow of t h e  reach o r  

incoming flow f o r  t h e  next 
reach 

T = flow from t h e  t r i b u t a r i e s  
W  = flow from the  i n d u s t r i e s  

F i g u r e  4,  E x p l a n a t i o n  s f  the  s t r u c t u r e  o f  r e a c h e s  



Data Anafvs i s  

Data f o r  t h e  upper two- th i rd  s t r e t c h  of t h e  r i v e r  above Kins ton  have been 

used t o  r u n  t h e  model, F i g u r e  3  shows t h a t  t h i s  155-mile s t r e t c h  o f  t h e  r i v e r  

i s  d i v i d e d  i n t o  f i v e  main segments a c c o r d i n g  t o  s t r e a m  c l a s s i f i c a t i o n .  AS 

shown i n  Table 1 and F i g u r e  3  each segment i s  d i v i d e d  f u r t h e r  i n t o  s m a l l  r e a c h e s  

s o  t h a t  t h e r e  i s  a  source  of was te  d i s c h a r g e  a n d / o r  a  t r i b u t a r y  a t  t h e  head of 

each  r e a c h .  I f  t h e r e  a r e  more than  one waste  d i s c h a r g e r  i n  one r e a c h ,  t h e i r  

w a s t e s  a r e  t aken  a s  one waste  b a d .  The t o t a l  f l o w  i n  a  r e a c h  i s  t h e  f low 

f r m  t h e  t r i b u t a r y ,  t h e  i n d u s t r y ,  and t h e  p r e v i o u s  r e a c h ,  a s  shown i n  F i g u r e  4.  

Waste m a t t e r  from t h e  s o u r c e s  l o c a t e d  on long t r i b u t a r i e s  t r a v e l s  q u i t e  some 

d i s t a n c e  b e f o r e  e n t e r i n g  t h e  r i v e r .  As a  r e s u l t ,  i t  g e t s  t r e a t e d  by r e a e r a t i o n  

from t h e  a tmosphere ,  T h e r e f o r e ,  l e f t o v e r  BOD, NOD, and d i s s o l v e d  oxygen 

d e f i c i t ,  D03, a r e  c a l c u l a t e d  f o r  t h e  w a s t e s  coming from C r a b t r e e  Creek and L i t t l e  

R iver  which e n t e r  t h e  r i v e r  at t h e  head of r e a c h e s  P l  and 19,  r e s p e c t i v e l y .  

(See F i g u r e  4 , )  

The model i s  r u n  f o r  s e v e r e  d r a u g h t  c o n d i t i o n s  r e p r e s e n t e d  by t h e  7-day, 

10-year  low f low,  Pnformat ion abou t  was te  d i s c h a r g e  of d i f f e r e n t  s o u r c e s  i n  

t h e  upper Neuse River  b a s i n ,  expressed  i n  p o p u l a t i o n  e q u i v a l e n t s ,  was o b t a i n e d  

f r ~ m  t h e  North  C a r o l i n a  Department of Water and A i r  Resources  f o r  t h e  y e a r s  

1968 and 1972, According t o  a n  Environmental  P r o t e c t i o n  Agency (1971) r e p o r t ,  

a t y p i c a l  munic ipa l  was te  c o n t a i n s  abou t  0.23 and 0 .12 pounds per  c a p i t a  pe r  

day s f  ~ E t i m a t e  carbonaceous  and n i t r o g e n o u s  BOD, r e s p e c t i v e l y .  T h e r e f o r e ,  

t h e  c o n c e n t r a t i o n s  of BOD and NOD d i s c h a r g e d  by e a c h  s o u r c e  i s  c a l c u l a t e d  a s :  

BOD = PEW x  0.23/(QW x C x  C2) 1. 
NOD = PEW x O . ~ ~ / ( Q W  x C1 x C2) 

where PEW = p o p u l a t i o n  e q u i v a l e n t ,  

BOD = u l t i m a t e  BOD i n  ppm, 

NOD = u l t i m a t e  NOD i n  ppm, 

QW - f low from was te  source  i n  c u b i c  f e e t  pe r  seconds ,  c f s ,  

= 0,646 m i l l i o n  g a l l o n s  per  day per  c f s ,  and 

C2 
= 8.34 pounds per  m i l l i o n  g a l l o n  per  ppm, 

I t  i s  assumed t h a t  each  was te  s o u r c e  i s  measur ing i t s  u l t i m a t e  BOD. 

Tab le  2  shows t h a t  some was te  d i s c h a r g e r s  i n c r e a s e d  t h e i r  was tes  from 1968 

t o  1972 w h i l e  o t h e r s  d e c r e a s e d  t h e i r s ,  I t  i s  assumed t h a t  l , 5  ppm BOD and no 

NOD ceme from t h e  n a t u r a l  s o u r c e s  on t r i b u t a r i e s  and t h a t  t h e r e  a r e  no o t h e r  



s i n k s  o r  s o u r c e s  of d i s s o l v e d  oxygen i n  t h e  r i v e r ,  Data about  f low,  a r e a  and 

o t h e r  h y d r o l o g i c a l  c o n d i t i o n s  were t a k e n  from d i f f e r e n t  s o u r c e s ,  which caused 

some i n c o n s i s t e n c y .  Some a d j u s t m e n t s  were made i n  t h e  d a t a  and t h e s e  a r e  

e x p l a i n e d  i n  Appendix A ,  

Table  I .  I d e n t i f i c a t i o n  of r e a c h e s  

no,  Reach 

Eno River  

Knap of Reeds 

E l l e r b e  Creek 

L i t t l e  L i c k  Creek 

Beaverdam Creek 

Bar ton  Creek 

Riehland Creek 

B u r l i n g t o n  I n d u s t r i e s  

Smith Creek 

Peep les  Creek 

C r a b t r e e  Creek 

Walnut Creek 

P o p l a r  Creek 

M i l l  Creek 

S w i f t  Creek 

Black Creek 

Hanna Creek 

18 Beaverdam Creek 

V 19 L i t t l e  R iver  

20 Stony Creek 

2 1 Bear Creek 

2 2 F a l l i n g  Creek 

2 3 Kins t o n  

Knap of Reeds 

E l l e r b e  Creek 

L i t t l e  L i c k  Creek 

Beaverdam Creek 

Bar ton  Creek 

Rich land  Creek 

B u r l i n g t o n  I n d ,  

Smith Creek 

P e e p l e s  Creek 

C r a b t r e e  Creek 

4% . 13 Ra Ee i g h  

51.13 Popla r  Creek 

69 ,63  Se lma 

74 ,63  Smithf i e l d  

77.13 Black Creek 

95.63 Hanna Creek 

101.13 Beaverdam Creek 

108.13 Cherry  H o s p i t a l  

l 1 0 , 8 8  GoEdsboro 

130.38 Bear Creek 

140.88 F a l l i n g  Creek 

146.88 Kins t o n  

153.38 E. I ,  Dupont Znd, 
p l a n t  





Table 2, (continued). 

Pine Lake Mobile Home Park WTP 

Starmount Shopping Center WTP 

City of Raleigh WTP 

Jesse Jones Sausage Co. 's WTP 

Bullock's Mobile Home Park WTP 

Poplar Creek 

Gulf Oil Co. Terminal's WTP 

Selma ' s WTP 
Clayton's WTP 

Town of Apex WTP 

Smithf ie ld ' s WTP 
Carolina Packing Coo's WTP 

Black Creek 

Bensonss Waste Lagoons 

Week's Abbatoir WTP 

Town of Princeton's WTP 

Town of Wendell's WTP 

Nello L. Teer Quarry 

Solar-Basic Industries' WTP 

Cherry Hospital WTP 

Kenlyss WTP 

0 

0 

16-00 

0.12 

0.01 

No waste 

0.00 

0.40 

0.16 

0.30 

0.85 

0.03 

No waste 

0.25 

0.002 

0.008 

0.1.8 

0.00 

0. oa 
1.00 

0,l.O 





DO Sag Computations 

The model u s e s  e q u a t i o n s  10,  11 and 12 t o  c a l c u l a t e  t h e  DO p r o f i l e  a l o n g  

t h e  r i v e r  and BOD and NOD a t  t h e  end of t h e  r e a c h .  A s imple  mass b a l a n c e  i s  

performed t o  f i n d  DO d e f i c i t ,  BOD and NOD i n  t h e  beg inn ing  o f  each  r e a c h .  

Deoxygenation c o e f f i c i e n t s  f o r  b iochemica l  oxygen demand, ( k l ) ,  and n i t r o g e n o u s  

oxygen demand, ( k 3 ) ,  a r e  t a k e n  from l i t e r a t u r e  r e l a t i n g  t o  s i m i l a r  r i v e r  

c o n d i t i o n s  where k  i s  assumed t o  be .14 and k  v a r i e s  from 0 , 0 0  t o  0.07. 
l 3  

R e a e r a t i o n  c o e f f i c i e n t s ,  ( k 2 ) ,  were c a l c u l a t e d  a c c o r d i n g  t o  t h e  

formula g iven  by Langbein and Durum (1967) ,  The e q u a t i o n  i s :  

0 
where (k2)20  = r e a e r a t i o n  c o e f f i c i e n t  t o  t h e  base  10 a t  20 C e n t i g r a d e ,  day -1, 

V = v e l o c i t y  i n  f e e t  per  second,  and 

H = d e p t h  s f  t h e  r i v e r  i n  f e e t .  

I n c r e a s i n g  t empera tu re  c a u s e s  a n  i n c r e a s e  i n  r e a e r a t i o n  c o e f f i c i e n t s ,  

C o e f f i c i e n t s  a r e  a d j u s t e d  t o  v a r y i n g  t e m p e r a t u r e s  a c c o r d i n g  t o  t h e  f o l l o w i n g  

f  orslagla : 

where T s t a n d s  f o r  t empera tu re  i n  d e g r e e s  C e n t r i g r a d e .  

R e a e r a t i o n  c o e f f i c i e n t s  c a l c u l a t e d  from t h i s  formula were v e r y  h i g h .  

T h e r e f o r e ,  c o e f f i c i e n t s  c a l c u l a t e d  by t h e  same e q u a t i o n  a r e  d i v i d e d  by a  

f a c t o r  of 6  which makes t h e  weighted average  of t h e  Lagbe in  and Durum k  v a l u e s  
2  

f o r  t h e  whole r i v e r  approx imate ly  e q u a l  t o  t h e  same weighted average  of v a l u e s  

c a l c u l a t e d  by Wagner (1973) .  These c o e f f i c i e n t s  a r e  compared w i t h  Langbein  

and Durum k  v a l u e s ;  Langbein and Durum k  v a l u e s ,  d i v i d e d  by two; and 
2  

1 weighted a v e r a g e s  s f  k v a l u e s  g i v e n  by Wagner . These c o e f f i c i e n t s  a r e  
2  

shown i n  Tab le  3 ,  I n  o r d e r  t o  choose among t h e  r e a e r a t i o n  c o e f f i c i e n t s ,  

d i s s o l v e d  oxygen p r e d i c t i o n s  were compared w i t h  observed oxygen l e v e l s  a t  

18 p o i n t s  on t h e  r i v e r  o b t a i n e d  from t h e  North  C a r o l i n a  Department of Water 

' lagner  used t h e  e q u a t i o n  g i v e n  by Ts ivog lou  and Wallace (1972) based upon 
channe l  s l o p e ,  r a t h e r  t h a n  v e l o c i t y ,  t o  c a l c u l a t e  r e a e r a t i o n  c o e f f i c i e n t s  
f o r  t h e  Neuse R i v e r ,  





and A i r  Resources .  Observed DO l e v e l s  were o b t a i n e d  f o r  t h e  p e r i o d  August 

1970 t o  September 1970 because f lows d u r i n g  t h a t  pe r iod  were low and d i d  n o t  

change d r a s t i c a l l y .  Waste d i s c h a r g e d  by d i f f e r e n t  s o u r c e s  a l s o  d i d  n o t  change 

m c h  from 1968 t o  $970, The r e s u l t s  o f  comparison a r e  g iven  i n  Table  4 ,  

Colum ( 2 )  i n  Table  4 shows t h a t  t h e  DO l e v e l s  p r e d i c t e d  by r e a e r a t i o n  

c o e f f i c i e n t s  which a r e  g i v e n  by Langbein and Durum's e q u a t i o n ,  reduced t o  h a l f  

had t h e  lowest  average  a b s o l u t e  pe rcen tage  e r r o r  of 17.79 p e r c e n t .  T h e r e f o r e ,  

t h e s e  r e a e r a t i o n  c o e f f i c i e n t s  a r e  used t o  c a l c u l a t e  t h e  DO l e v e l s  a l o n g  t h e  

r i v e r .  

Values of DO d e f i c i t  i n  e a c h  r e a c h  a r e  c a l c u l a t e d  a f t e r  a  t ime i n t e r v a l  

of n e a r l y  a n  hour .  The h i g h e s t  o f  t h e s e  v a l u e s  g i v e s  t h e  maximum d e f i c i t  i n  

t h a t  r e a c h .  

To compare d i f f e r e n t  a l t e r n a t i v e s ,  t h e  m a r g i n a l  c o s t s  of waste  t r e a t m e n t  

a r e  c a l c u l a t e d  from t h e  t o t a l  a n n u a l  c o s t s  of  BOD removal,  T o r a l  a n n u a l  

c o s t s ,  g iven  by F r a n k e l  (1965) a s  con t inuous  c o s t  c u r v e s ,  a r e  used t o  g e t  

s t epped  c o s t  c u r v e s  f o r  d i s c r e t e  t r e a t m e n t  l e v e l s ,  Marginal  c o s t s  a r e  

c a l c u l a t e d  f o r  t h e s e  s t e p s  and t h e s e  a r e  l i s t e d  i n  Table  5. C o s t s  a r e  expressed  

per  m i l l i o n  g a l l o n s  of f low per  day ,  mgd, f o r  two s i z e s  of p l a n t s ,  These 

c o s t s  a r e  based on p l a n t s  w i t h  a  l i f e  expectancyof  25 y e a r s  and a  r e a l  i n t e r e s t  

r a t e  o f  4 p e r c e n t ,  Cos t s  a r e  expressed  i n  1963 d o l l a ~ s  and a r e  based on a n  

ENR c o n s t r u c t i o n  c o s t  index  of 900.00. These t o t a l  c o s t s  cover  t h e  t o t a l  

i n i t i a l  c a p i t a l  inves tment  p l u s  t h e  a n n u a l  o p e r a t i o n  and maintenance c o s t s  

o f  t h e  t r e a t m e n t  p l a n t .  The primary t r e a t m e n t  l e v e l  i n v o l v e s  a  l a r g e  i n i t i a l  

investrrkent. I n c r e a s i n g  r e t u r n s  a r e  r e a l i z e d  i n  going t o  secondary t r e a t m e n t ,  

Economics of s i z e  a r e  a l s o  r e a l i z e d  i n  going t o  a  h i g h e r  t r e a t m e n t ,  As 

c o s t s  per  u n i t  a r e  h i g h e r  f o r  s m a l l e r  p l a n t s  t h a n  f o r  l a r g e r  p l a n t s ,  t h e  

p r e s e n t  model might  be expec ted  t o  recommend h i g h  t r e a t m e n t  l e v e l s  a t  a  few 

b i g  p l a n t s  r a t h e r  t h a n  low t r e a t m e n t  l e v e l s  a t  many s m a l l  p l a n t s .  The 

d i s c r e ~ e n e s s  of t h e  t r e a t m e n t s  added might a l s o  c o n t r i b u t e  t o  such a  r e s u l t ,  

The model cou ld  be modif ied t o  use  a  con t inuous  c o s t  curve and t h e r e b y  g e t  

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

The o p t i m i z a t i o n  model s u g g e s t s  t r e a t m e n t  a t  o n l y  7 of t h e  17 p o i n t s  

where was tes  a r e  now be ing  d i s c h a r g e d  and t r e a t e d .  (See Table 6 )  The r e s u l t s  

make i t  c l e a r  t h a t  some upst ream r e a c h  might a f f e c t  t h e  wa te r  q u a l i t y  of a  





downstream r e a c h  more t h a n  i t s  own w a s t e ,  For  example rbach b a s k s  r e a c h  2 

t o  go from primary t o  secondary t r e a t m e n t ,  No t r e a t m e n t  would be n e c e s s a r y  

i n  r e a c h e s  2 and 3 i f  t h e  s t r e a m  s t a n d a r d s  d i d  n o t  i n c r e a s e  a t  t h e  beg inn ing  

of r e a c h  4. (See F i g u r e  5 , )  

Tab le  5,  Marg ina l  c o s t  of was te  t r e a t m e n t  pe r  m i l l i o n  g a l l o n s  o f  
was tewate r  f o r  going t o  a h i g h e r  l e v e l  of t r e a t m e n t a  

No t r e a t m e n t  Pr imary t r e a t m e n t  Secondary t r e a  tmene 

a  
A l l  f i g u r e s  i n  1963 d o l l a r s ,  

b 
S i z e  g i v e n  as  a v e r a g e  d a i l y  sewage f low.  

c  
Pr imary t r e a t m e n t  i s  assumed t o  r e s u l t  i n  t h e  removal s f  

38 p e r c e n t  of BOD and 10 p e r c e n t  of NOD, 

d  
Secondary t r e a t m e n t  i s  assumed t o  r e s u l t  i n  a d d i t i o n a l  

removal of 52 p e r c e n t  of BOD and 40 p e r c e n t  s f  NOD 
o r  a  t o t a l  removal of 90 p e r c e n t  s f  BOD and 50 
p e r c e n t  of NOD, 

e  T e r t i a r y  t r e a t m e n t  i s  assumed t o  r e s u l t  i n  a d d i t i o n a l  
removal s f  9  p e r c e n t  of BOD and 45 p e r c e n t  of NOD 
o r  a  t o t a l  removal of 99 p e r c e n t  o f  BOD and 95 
p e r c e n t  of NOD, 

Source:  F r a n k e l ,  R ,  J ,  (1965)"  
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Treatment in only 7 reaches, compared to I 7  reaches, is now possible 

because the solution suggests discharge of untreated wastes at points where 

waste assimilative capacity sf the river is high, such as at reaches 11 and 

15-23, Reach 9 is affected more by waste from reach 8 than from its own waste. 

The results of the model show that with some act of treatment levels upstream, 

primary treatment at reach 8 and secondary treatment at reach 9, the change 

of DO level of reach 9 due to the increase in treatment level in reach 8 is 

2,237 ppm, At the same time, an increase in the treatment level in reach 9 

would only increase the DO level at the end of reach 9 by 0,03 ppm. The 

marginal costs of increasing DO by one ppm in reach 9 is $12,993 for reach 8 

and $126,571 for reach 9, 

The main difference between the present and the proposed optimum solutions 

is cost, (See Table 61,  The present system costs approximately $3.7 million 

while an optimum system would cost only $l,09 million, according to the model, 

APPLICATION OF RESULTS 

The optimization model does not favor any one administrative system. Any 

one of several different systems could be used to attain given water quality 

standards, However, the model gives the marginal cost of treatment, allowable 

waste loads, and water quality levels for each reach, 

Table 3 presents the implications of four alternative systems of water 

quality management, assuming that the 1968 waste loads before treatment are 

the maximum loads that the dischargers would want to discharge, 

One administrative system consists of specifying a set of treatment 

levels for all the reaches, These treatment levels, or input requirements 

(column 21, satisfy the water quality constraint in each reach. This is the 

least costly set of treatment levels to maintain the water quality of the river, 

Another suggested alternative system is to give effluent permits, as 

shown in column 3, As rnentlonedearlier, these are not the maximum discharge 

permits because the stream standards are overfulfilled at many places. In 

order to make full allocation of the river's waste assimilative capacity, 

more wastes can be discharged in the river, But, the effluent permits in 

column 3 at reaches 2, 3, 7 ,  8, 12, l8,and 20 are liiuiting and important to 

the attainment of downstream standards, 

With respect to charges, it is assumed that each waste discharger would 

discharge untreated wastes to the river unless the charges per pound of BOD 



Table 7 ,  D i f f e r e n t  optimum admin i s t r a t i ve  systems t o  achieve given 
s t ream s tandards  

and barga in ing  

a  
0  = no t rea tment  l e v e l .  

1 = primary t rea tment  l e v e l  o r  38 percent  removal of BOD and 
10 percent  removal of NOD 

2 = secondary t reatment  l e v e l  o r  90 percent  removal of BOD 
and 50 percent  removal of NOD,  

3 = t e r t i a r y  t rea tment  l e v e l  o r  99 percent  removal of BOD 
and 95 percent  removal of NOD. 

b~~~ = u l t i m a t e  biochemical oxygen demand i n  ppm. 

C 
TOD = t o t a l  oxygen demand. 



a r e  such t h a t  i t  i s  cheaper  t o  t r e a t  them, T h e r e f o r e ,  t h e  m a r g i n a l  c o s t  f o r  

each r e a c h  would be t h e  optimum s e t  of c h a r g e s ,  Charges a r e  c a l c u l a t e d  f o r  

r o t a l  oxygen demand, TOD, i n c l u d i n g  b o t h  NOD and u l t i m a t e  BOD because  t h e i r  

t r e a t m e n t  i s  accomplished j o i n t l y .  Column 4 shows t h a t  t h e s e  c h a r g e s  v a r y  a  

g r e a t  d e a l  and t h i s  o b v i o u s l y  s u g g e s t s  q u e s t i o n s  o f  e q u i t y .  

Another p o s s i b l e  sys tem of w a t e r  q u a l i t y  management would be t o  f i x  

s t r e a m  s t a n d a r d s  (column 5) and make t h e  waste  d i s c h a r g e r s  r e s p o n s i b l e  f o r  

t h e  s t r e a m  s t a n d a r d s  i n  t h e i r  own reach .  Waste d i s c h a r g e r s  would be a l lowed 

t o  b a r g a i n  among themselves  i n  o r d e r  t o  f u l f i l l  t h e i r  w a t e r  q u a l i t y  c o n s t r a i n t s .  

Th i s  would be t h e  same a s  t r a n s f e r a b l e  r i g h t s  a s  sugges ted  by Mar (199%) .  

Thus, a 1 1  o f  t h e s e  sys tems could  r e s u l t  i n  t h e  same t r e a t m e n t  c o s t s  b u t  

t h e i r  a d m i n i s t r a t i v e  c o s t s  and income r e d i s t r i b u t i o n s  would be d i f f e r e n t ,  and 

t h e s e  would be impor tan t  f a c t o r s  i n  s e l e c t i n g  among them. 

The above s u g g e s t i o n s  a r e  based on a  DO s a g  r e l a t i o n s h i p  which h a s  a n  

average  a b s o l u t e  e r r o r  o f  19.7% i n  DO p r e d i c t i o n .  T h i s  must be improved 

upon b e f o r e  t h e r e  a r e  any grounds f o r  s t a t i n g  t h a t  t h e s e  sys tems can  be pu t  

i n t o  p r a c t i c e  w i t h o u t  f e a r  of c o n t r a v e n i n g  t h e  e x i s t i n g  s t a n d a r d s .  

A n o t e  of c a u t i o n  t h a t  was sounded a t  t h e  o u t s e t  shou ld  be r e p e a t e d  

h e r e .  C u r r e n t  s t r e a m  s t a n d a r d s  have o t h e r  d imensions  b e s i d e s  d i s s o l v e d  oxygen; 

f a r  example, c o l i f o r m  c o u n t ,  t o x i c i t y  and t u r b i d i t y .  I f  and when i t  i s  

p o s s i b l e  t o  i n c l u d e  t h e s e  o t h e r  d imensions  i n  models such  a s  t h e  one developed 

h e r e ,  t h e n  more a c c e p t a b l e  recommendations w i l l  be o b t a i n e d .  
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Appendix A.  Data Adjustment 

Flow d a t a  used a r e  t h e  ninimum 7-day d i s c h a r g e s  h a v i n g  a  r e c u r r e n c e  of 

20 y e a r s  (U. S o  Department of t h e  I n t e r i o r ,  1964).  But t h e s e  d a t a  a r e  n o t  

g iven  f o r  a l l  r e a c h e s  s o  t h e  remaining i n f o r m a t i o n  a b o u t  d i s c h a r g e  i s  t aken  

from t h e  wate r  q u a n t i t y  r e p o r t  by t h e  U .  S. G e o l o g i c a l  Survey f o r  t h e  y e a r s  

1968 and 1970 (U. S. Department o f  t h e  I n t e r i o r ,  1968-1990). h7ater wi thdrawals  

from t h e  r i v e r  a r e  assumed t o  be z e r o  a s  a r e  i n f l o w s  of wa te r  from o t h e r  n a t u r a l  

s o u r c e s ,  Data f o r  t h e  f lows from s o u r c e s  of waste  a r e  r e c e i v e d  from t h e  

Deparement of Mater and A i r  Resources  f o r  t h e  y e a r  1968. Because o f  d i f f e r e n t  

s o u r c e s  of d a t a ,  some i n c o n s i s t e n c y  e n t e r e d  t h e  d a t a .  

I t  i s  assumed t h a t  i n  t h e  beg inn ing  of a  r e a c h ,  f l o w  i s  e n t e r i n g  from t h e  

p rev ious  r e a c h ,  t r i b b t a r i e s ,  and s o u r c e s  of was te .  So t o t a l  f l o w  i n  t h e  r e a c h  

i s  t h e  sum s f  t h e  f lows from t h e  p rev ious  r e a c h ,  s o u r c e s  o f  w a s t e ,  and 

t r i b u t a r i e s .  I n  o t h e r  words: 

where QTOTQN) - t o t a l  f low i n  t h e  r e a c h ,  

BIN@) = f low coming i n  Nth r e a c h  from (N-l)  r e a c h ,  

QW(N) = f low from t h e  s o u r c e s  of was te ,  and 

f l o w  from t h e  t r i b u t a r y .  

Th is  means t h a t  t h e  f o l l o w i n g  shou ld  be t r u e :  

But because of d i f f e r e n t  s o u r c e s  o f  f low d a t a ,  i n  some r e a c h e s  t h e  

d i f f e r e n c e  between t o t a l  observed f low and t h e  incoming f l o w  [QTOT(N) - QIN(N)] 

i n  t h e  r e a c h  i s  l e s s  t h a n  t h e  f low from s o u r c e s  o f  was te  [QW(N)],  a s  i s  c l e a r  

$rsm t h e  Appendix A Table  1, So i n  t h o s e  r e a c h e s ,  f l o w  from t r i b u t a r i e s  i s  

assumed t o  be z e r o  and t o t a l  f low i s  i n c r e a s e d  s o  t h a t  QTOT(N) - QIN(N) i s  

equal  t o  QWCN). And i n  a l l  o t h e r  r e a c h e s ,  f low from t h e  t r i b u t a r y  i s  t a k e n  

a s  r e s i d u a l s  (&.go,  t h e  d i f f e r e n c e  between t o t a l  observed f low and t h e  f lows 

from s o u r c e s  o f  was te  and p rev ious  r e a c h ) :  

'observed m e a l  f low.  



Data about a r e a ,  width, and v e l o c i t y  a r e  a v a i l a b l e  f o r  only seven p laces  

on the r i v e r  from the U, S. Geological  Survey. They measure width and depth 

and c a l c u l a t e  a r e a  a s  Area = Width x Depth, They a l s o  c a l c u l a t e  v e l o c i t y  

and g e t  t he  d ischarge  a s  Discharge - Area x Veloci ty.  

The ad jus t ed  10-year low flow d a t a  a r e  matched wi th  the  U. % ,  Geological  

Survey d a t a  f o r  recorded low flows i n  e i t h e r  1968 o r  1978, and then  f o r  t h a t  

d i scharge  the corresponding v e l o c i t y  and width a r e  taken and the  a r e a  and 

depth a r e  c a l c u l a t e d .  For the whole segment, the  same v e l o c i t y ,  a r e a ,  width,  

and depth a r e  used except  i n  the f o u r t h  segment, which i s  r e l a t i v e l y  l a r g e ,  

so th ree  va lues  a r e  taken f o r  each v a r i a b l e ,  Temperature i s  assumed t o  be 

26' Centigrade a l l  a long the  r i v e r .  



Appendix A Table 1. Observed and ad jus t ed  flows 

previous reach  

a 
Minimum 7-day d ischarges  having a recur rence  of 10 years .  

b 
T o t a l  f low i n  the  previous reach i s  incoming flow f o r  t he  next  reach. 

c 
Where d i f f e r e n c e  between t o t a l  observed f low and in.coming flow i n  the  reach  i s  no t  equa l  t o  even 

t h e  flow from sources of waste ,  flow from t r i b u t a r i e s  i s  assumed t o  be zero  and a t  o the r  
p l aces  f low from the t r i b u t a r y  i s  taken a s  t he  d i f f e r e n c e  between t o t a l  observed flow and 
the  flows from sources of wastes  and previous reach ,  

d 
Calcu la ted  t o t a l  flow i s  a sum of t he  flows from the  previous reach,  t r i b u t a r i e s  and sources of waste,  

Sources: U. S. G e o h g i c a i  Su,rvey (U. S .  Department of the  I n t e r i o r ,  1964, 1968 - 1970); 
d a t a  from the  Department s f  Water and A i r  Resources f o r  the  year 1968, 



Appendix B.  Deta i led  Plow Chart of the  Model 

Def in i t i ons  of the  Var iab les  i n  the Program 

Var iab le  name 

AREA 

BMCC 

BODA 

BODB 

BODEA 

BODIN 

BODL 

BODN 

BODT 

BODW 

CDIST 

COMPU 

CN 

CD 

COST 

CTIME 

DDODT 

DEPTH 

D e f i n i t i o n  

Cross-sec t iona l  a r e a  of the  s t ream 

Best (minimum) marginal  c o s t  c o e f f i c i e n t  

Carbonaceous biochemical oxygen 
demand a t  head of a reach (u l t ima te )  

Cerbonaceous biochemical oxygen 
demand a t  end of a reach  

Carbonaceous biochemical oxygen demand 
i n  each (small)  p a r t  of a reach 

Carbonaceous biochemical oxygen demand 
i n  incoming flow t o  a reach 

Carbonaceous biochemical oxygen demand 
of waste i n  loading u n i t s  

Carbonaceous biochemical oxygen demand 
from n a t u r a l  sources i n  reach 

Carbonaceous biochemical oxygen demand 
from t r i b u t a r y  a t  head of reach 

Carbonaceous biochemical oxygen demand 
i n  waste a t  head of reach 

Coef f i c i en t  of r e a e r a t i o n  t o  the  base 10 

Coef f i c i en t  of r e a e r a t i o n  a t  20 degrees 
Centigrade 

Cumulative d i s t a n c e  up t o  the end of 
a reach  

Computes r e a e r a t i o n  c o e f f i c i e n t s  and 
BOD and NOD f o r  d i f f e r e n t  l e v e l s  of 
t rea tment  f o r  given d a t a  

Coe f f i c i en t  of deoxygenation f o r  NOD 
t o  the base EO 

C o e f f i c i e n t  of deoxygenation f o r  BOD 
t o  the  base l O  

The annual  c o s t  of t rea tment  f o r  
the reach  s p e c i f i e d  

Cumulative time up t o  the end of a reach 

Decrease i n  d isso lved  oxygen d e f i c i t  
i n  the l a s t  reach wi th  a h igher  l e v e l  of 
t rea tment  i n  given reach 

Depth of the  s t ream 

Uni t s  

square f e e t  

Ib s  , /day 

mi l e s  

days 

P Pm 

f e e t  



Appendix B ( con t inued)  

V a r i a b l e  name D e f i n i t i o n  U n i t s  

m i l e s  D I  ST D i s t a n c e  o f  t r a v e l  i n  r e a c h  
( l e n g t h  of r e a c h )  

DMC T o t a l  i n c r e a s e  i n  m a r g i n a l  c o s t  
pe r  y e a r  w i t h  a  h i g h e r  l e v e l  of 
t r e a t m e n t  f o r  a  source  o f  was te  

DMCQ I n c r e a s e  i n  marg ina l  c o s t  w i t h  a  
h i g h e r  l e v e l  of t r e a t m e n t  per  
m i l l i o n  g a l l o n s  o f  was te  w a t e r  

Disso lved  oxygen c o n c e n t r a t i o n  a t  
t h e  head of r e a c h  

DOCA 

DOCB 

DOCIN 

D06M 

DOCMA 

DOCS 

DOCT 

DOCW 

Disso lved  oxygen c o n c e n t r a t i o n  a t  
t h e  end of r e a c h  

Disso lved  oxygen c o n c e n t r a t i o n  i n  
incoming f l o w  t o  a  r e a c h  

Disso lved  oxygen c o n c e n t r a t i o n  
minimum i n  t h e  r e a c h  

Disso lved  oxygen c o n c e n t r a t i o n  
minimum al lowed i n  a  r e a c h  

Disso lved  oxygen c o n c e n t r a t i o n  
s a t u r a t i o n  v a l u e  

Disso lved  oxygen c o n c e n t r a t i o n  from 
t r i b u t a r y  a t  head o f  r e a c h  

Disso lved  oxygen c o n c e n t r a t i o n  i n  
was te  a t  head of r e a c h  

DODA Disso lved  oxygen d e f i c i t  a t  t h e  head 
of r e a c h  

Disso lved  oxygen d e f i c i t  a t  t h e  end 
o f  r e a c h  

DODB 

DOD 

DODEA 

Disso lved  oxygen d e f i c i t  

Disso lved  oxygen d e f i c i t  i n  each p a r t  
of a  r e a c h  

Disso lved  oxygen d e f i c i t  i n  incoming 
f low t o  a  r e a c h  

DODIN 

Disso lved  oxygen d e f i c i t  maximum v a l u e  
i n  r e a c h  

DODMA Disso lved  oxygen d e f i c i t  maximum 
al lowed i n  r e a c h  

DODMO Disso lved  oxygen d e f i c i t  maximum o l d  
v a l u e ,  t h a t  i s ,  b e f o r e  t r e a t m e n t  i s  
i n c r e a s e d  i n  any ups t ream r e a c h  



Appendix B (con t inued)  

D e f i n i t i o n  

Disso lved  oxygen d e f i c i t  from 
t r i b u t a r y  a t  head of r e a c h  

U n i t s  

P  Pm 

V a r i a b l e  name 

DODT 

Disso lved  oxygen d e f i c i t  i n  was te  a t  P Pm 
head of r e a c h  

DBDW 

The a r r a y  of t r e a t m e n t  l e v e l s  i n  any - 
round s f  computat ions  

DO SAG 

FLOW R e p r e s e n t a t i v e  d i s c h a r g e  i n  a  segment c f  s  
o f  r i v e r  c o v e r i n g  a  number of r e a c h e s  
a s  d e f i n e d  i n  t h e  program 

I t e r a t i o n  number - 

Margina l  c o s t  c o e f f i c i e n t  f o r  $/year/ppm 
s o u r c e  of was te  (DMC/DDODT) 

S tands  f o r  number of r e a c h  on Neuse - 
River  o r  t r i b u t a r y  

Number of r e a c h  where t h e r e  i s  - 
minimum marg ina l  c o s t  

NBE ST 

Nit rogenous oxygen demand a t  t h e  P Pm 
head of r e a c h  

NODA 

Ni t rogenous oxygen demand a t  t h e  P Pm 
end of r e a c h  

NODB 

Ni t rogenous oxygen demand i n  each  
p a r t  of t h e  r e a c h  

NODEA 

Nitrogenous oxygen demand i n  P Pm 
incoming f low t o  a  r e a c h  

NODIN - 

Nit rogenous  oxygen demand i n  was te  I b s  . /day 
a t  head of r e a c h  i n  l o a d i n g  u n i t s  

Ni t rogenous oxygen demand from P Pm 
n a t u r a l  s o u r c e s  i n  a  r e a c h  

NODN 

Ni t rogenous  oxygen demand from P Pm 
t r i b u t a r y  a t  head of r e a c h  

NODT 

NODW 

PEW 

Nit rogenous oxygen demand i n  was te  P Pm 
a t  head of reach  

P o p u l a t i o n  e q u i v a l e n t  o f  raw-waste - 
from s o u r c e s  of t h e  was te  

Incoming f low from prev ious  r e a c h  c f  s  

Incoming f low from t r i b u t a r y  a t  c f  s  
head s f  r e a c h  

T o t a l  f low i n  a reach  c f s  QTOT 

Q w Volume of waste  a t  head of r e a c h  c f s  



Appendix B (con t inued)  

V a r i a b l e  name D e f i n i t i o n  U n i t s  - 
SAG1 Computes DO p r o f i l e  f o r  t h e  t r i b u t a r i e s  - 
SAG11 Computes DO p r o f i l e  a l o n g  t h e  r i v e r  - 
SAGIP Computes and p o i n t s  DO p r o f i l e  f o r  - 

t h e  r i v e r  

TEMP 

TIME 

v 
VEL 

S tands  f o r  t h e  l e v e l  of t r e a t m e n t  
s u b s c r i p t s  1, 2 ,  3 ,  4 a r e  f o r  no 
t r e a t m e n t ,  pr imary,  secondary and 
t e r t i a r y  t r e a t m e n t  

T o t a l  c o s t  of was te  t r e a t m e n t  f o r  $ 
a l l  r e a c h e s  of Neuse R i v e r  

Computes t h e  t o t a l  c o s t  t o  i n d i v i d u a l  $ 
waste  s o u r c e s  and t o t a l  c o s t  of t h e  
whole sys tem 

Temperature i n  t h e  s t r e a m  i n  d e g r e e s  d e g r e e s  
C e n t i g r a d e  

Time of t r a v e l  i n  each p a r t  of a  
r e a c h  

days  

Time of t r a v e l  i n  r e a c h  days  

V e l o c i t y  of r i v e r  f p s  

V e l o c i t y  of r i v e r  i n  m i l e s  pe r  m i l e s  /day 

day 

WIDTH S u r f a c e  wid th  o f  t h e  s t r e a m  f e e t  



Flow Chart 

The Bargaining Approaeb for Programming 
Least-Cost Waste Treatment Levels a long the  Neuse River 

DO SAG Analysis  f o r  Neuse River  T r i b u t a r i e s  

Input  d a t a  about t h e  flow i n  t h e  
t r i b u t a r y  and from i n d u s t r i e s  and creeks  

[ PEW (N) , QW(N) ,DOCW (N> , 
T (N) , QT (N) p BoDT (N) , DoCT (N) 9 

FLOW (N) , WIDTH (N) , TEMP ( N )  , Q I N  (N), 
v (N) , DIST (N) , BODIN (N) , NODIN (N) , 

DOC I N  (N) . NODT (M , N) I 
I I 





Data f o r  DO Sag A n a l y s ~ a  in Neuse River 

Input  d a t a  about the flow i n  the  river 
and from i n d u s t r i e s  and t r i b u t a r i e s ,  

% ~ ~ w ( l > ,  Qw(1) ,Docw(l? 
DMCQ(M,I) , T ( J )  ,CN(I):QT(I) ,NODT(M,I), 

BODT (M, I) ,DOC T (M, I) : BOD IN ( 3 ) ,  
NODIN (3) , DOCIN (3) , Q l N  (S) : 

'DOCS (I) ,DOCMB(I),V(I), DLST(1) , 
TEHP(1) ,FLOW(I) ,WTDTH(I) 3 

f i c i t  of waste, 
incoming f l o w  t o  t h e  reach 
and maximum allowed, h . ~ ,  : 



DO Sag Analysis in t he  Neuse River 
f o r  Existing Treatment  Levels 



The Bargaining Approach 

Yes 
To begin, a s s ign  a very high 

number a s  minimum c o s t  
and t h e  reach  wi th  t h a t  c o s t  a s  0, 

Foe. ,  BMCC = 975, NBEST = 0. 
I + 

Assign DO maximum d e f i c i t  i n  reach  S 
a s  o l d  va lue  of DO maximum d e f i c i t ,  
i .g., t h e  va lue  be fo re  an inc rease  - 

i n  t rea tment  l e v e l ,  
DODMO(S) = DODM(M,S) 

I 

l e v e l  i n  L 
a l r eady  h ighes t ,  
.%., i s  T(L) = 

Increase  t h e  t rea tment  l e v e l  i n  L by 1 
T(L) = T(L) 9 1. 

I 



I Calcula te  DO sag curve. I 
I 

i n  reach S a s  a r e s u l t  o f  an increase  
i n  treatment l e v e l  i n  upstream reach L, 

t h i s  change i n  
DOD maximum i n  

reach S more than 

Is MCC (L) 
higher than BMCC? BMCC = MCC(L) 

T Yes 
1 Reduce treatment -1- 



- - -  
and a l l  upstream 1 Increase the  t:eatment level )  I - - - - - * - A -  t he  DO con- 

so high t h a t  even 
a f t e r  maximun poss ib le  
treatment i n  reach S 
and a l l  upstream 
reaches, the  DO con- by 1 i n  the  reach where MC 

is minimum, &.go, 

maxrmum an 
aximum allowed DOD a f t  

ODM(M, S)  > D O D M  

treatment l e v e l  

I 



I Calcula te  BOD in l b s  1 

I Ca lcula te  NOD i n  ppm 
I f o r  d i f f e r e n t  l e v e l s  of treatment 



I SUBROUTINE SAGI(N) I 

Compute DO d e f i c i t ,  BOD and NOD 
a t  t h e  head of t h e  reach  

and a t  t h e  end of t,he reach  o r  compute 
DODW(M,N),DODT(M,N), 

DODIN (N) , VEL (N) , TIME (N) , 
BoDA(M,N),NoDA(M,N), 
DODA(M,N),DODB(M,N), 
BODB(M,N) ,NODB(M,N) 



(2) BOD, NOD, DOD a t  t he  
head of  t h e  reach,  & , g o ,  compuk 

QTOT (I) , BODAQM, I) DODA(M, I) , 

To c a l c u l a t e  DOD a t  equal  i n t e r v a l s ,  
s t a r t  wi th  a new v a r i a b l e ,  TIMA = 0.00 

and pu t  DO d e f i c i t  i n  t h e  beginning 
of t h e  reach a s  maximum d e f i c i t  up t o  now, 

Put TIMA = 0.00 

t r a v e l  i n  t h a t  reach?  

i n  every small  p a r t  of t h e  reach,  
i .s., compute 

E l ( I ) ,  E Z ( ~ ,  E 3 ( I ) ,  DODEA(M,I), 



def f c i t  up 
t,o n o w  m o r e  

than d e f i c i t  
i n  the p r e s e n t  m a x i m u m  d e f i c i t  

p a r t  o f  the r e a c h ?  
IS DODM(M,I) 2 

C h e c k  

i n  the present I G o  t o  J80 I f 
4 N o  

reach has P u t  
already been u s e d ,  DODM(M, I)=DODEA(M, I) 

QI Yes 
A s s i g n  DOD, BOD, NOD and t o t a l  f l o w  

a t  the end of the reach as i n c o m i n g  f l o w  
f o r  the  next reach, &.go, put  

BODB(M, I) = DODEA(M, I) 
NODB(M,I) = NODEA(M,I) 
BODIN (I+l) = BODB(1)  
N O D I N ( I + l ) =  NODB(M, I )  

QIN(I+I)= QTOT(I) 
DODIN (1+1) = DODB(M, I) 

I 
G o  t o  next reach * 



Calcu la t e  
t o t a l  c o s t  
t o  i nd iv idua l  
source of 
waste 

Ca lcu la t e  
t o t a l  c o s t  
of a l l  t h e  
sources  of 
waste 

Compute 
COST ( J )  COST (I) 
+ DMC J I h 



- -- 

Appendix C, Computer Program Listing Q £  the Model 

N STANDS FOR NUMBER OF R E A C H  ON NEUSE R I V E R  OR T R I B U T A R Y  
DOCA = D I S S O L V E D  OXYGEN CONCENTRATION A T  THE H E A D  OF REACHIPPM 

WHERE PPM 
DOC8 = D I S S O L V E D  
DOCS = D I S S O L V E D  
DOCW = D I S S O L V E D  
D O C t  = D I S S O L V E D  
D O C I N = D I S S O L V E D  
DOCMA=D I S S O L V E D  
DODA = D I S S O L V E D  
DOC9 = D I S S O L V E D  
DODM = D I S S O L V E D  
OODW = D I S S O L V E D  
DODT = D I S S O L V E D  
D O D I N = D I S S O L V E D  
DODMA=DISSOLVED 
DOCEA=DIS$OLVED 

STANDS FOR P A R T S  PER M I L L I O N  OR M I L L I G R I M S  PER L I T E R  
OXYGEN C O N C E N T R A T I O N  A T  THE E N D  OF REACHIPPM 
OXYGEN CONCENTRATIONv  S A T U R A T I O N  VALUE I N  P P P  
OXYGEN C O N C E N T R A T I O N  I N  WASTE A T  HEAD OF REACH? PPM 
OXYGEN C O N C E N T R A T I O N  FROM T R I B U T A R Y  AT H E A D  OF REACH 
OXYGEN C O N C E N T R A T I O N  I N  I N C O M I N G  FLOW T O  A R E A C H t P P M  
OXYGEN CONCENTRATION,MI N I  MUM ALLOWED I N  REACH*  PPM 
OXYGEN D E F I C I T  A T  THE HEAD OF REACHTPPM 
OXYGEN D E F I C I T  A T  THE END OF REACHIPPP 
OXYGEN D E F I C l  TIMAXI MUM VALUE I N  REACHIPPM 
OXYGEN D E F I C I T  I N  WASTE A T  HEAD OF REACHIPPM 
OXYGEN D E F  I C  I T FROM T R I B U T A R Y  A T  HEAD O F  REACH*  PPM 
OXYGEN D E F I C I T  I N  I N C O M I N G  F L O H  TO A REACHIPPM 
OXYGEY D E F  I C I  TIMAXI MUM ALLOWED I N  REACHIPPM 
OXYGEN D E F I C I T  I N  E A C H  SESMENT OF A REACHIPPM 

WHERE A SEGMENT I S  OF A M I L E  OR L E S S  D I S T A N C E  
BODA = U L T I M A T E  CARBONACEOUS R I O C H E M I C A L  OXYGEN DEMAND A T  HEAD OF A REACHIPPM 
BOOB = U L T I M A T E  CARBONACEOUS B I O C H E M I C A L  OXYGEN DEMAND AT END OF A REACHIPPM 
BODL = U L T I M A T E  CARBONACEOUS B I O C H E M I C A L  OXYGEY DECAND OF WASTE I N  L O A C I N G  

UN I T S * L B S / D A Y  
BODW = U L T I M A T E  CARBONACEOUS B I O C H E M I C A L  OXYGEV DEMAND I N  WASTE AT H E A D  OF 

REACHIPPM 
BOOT = U L T I M A T E  CARBf lNACEOUS B I O C H E M I C A L  OXYGEN DEMAND FROM T R I B U T A R Y  AT H E A D  

O F  REACHIPPM 
BOON = U L T I M A T E  CARBONACEOUS B I O C H E M I C A L  OXYGEN DEMAND FROM NATURAL SOURCES 

I N  REACHIPPM 
B B D I N = U L T I M A T E  CARBONACEOUS B I O C H E M I C A L  OXYGEN DEMAND I N  I N C O M I N G  FLOW TO A 

REACHoPPM 






























