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Preface 

Interest in water resources systems has been a critical part of resources 
and envirorimer~t related research at IIASA since its inception. AS countries 
undertake more and larger projects to meet their increasing water use, the 
physical limitatiolis of natural water supplies are becoming apparent. This 
in turn requires an increase ill the degree of detail and sophistication of 
analysis, including economic, social, and environmental evaluation of 
development alternatives aided by application of mathematical model- 
ling techniques to generate inputs for planning, design, and operational 
decisions. 

In the years 1976 atid 1977 IIASA initiated a concentrated research 
effort focusing on rnodtdling and forecasting of water demands. Our 
interest in this topic derivcs from the generally accepted realization that 
these fundaniental aspects of water resources management have not been 
given due consideration in the past. 

Workshop on Modelling of Water Demands, held by the Resources 
and Environment Area of IIASA (Task 1, Regional Water Demand and 
Management) from 17 to 21 January 1977, was attended by 29 people 
from 14 countries. The proceedings, after an introduction outlining the 
overall framework of IIASA's studies on modelling and forecasting of water 
demands, comprises invited papers and reviews that together provide a good 
overview of what is understood by "water demand analysis" in most of the 
IIASA NMO countries. 

The proceedings appeared during 1977 in the form of an internal 
working paper. Because of the interest the topic generated, it has been 
decided to reissue them in this form to allow for wider distribution. 

Janusz Kindler 
Task Leader 





Summary 

IIASA's interest in water demands derives from the widely accepted 
realization that water can no longer be considered a free commodity. Even 
if water withdrawals and water use are not explicitly priced, beyond a cer- 
tain level of resource development ever greater costs are generally incurred 
in developing each additional increment of water. I t  is becoming apparent 
that water should be viewed as a partly substitutable input t o  various eco- 
nomic and social activities. 

In the case of water resources, "demand" should not be considered 
simply as the relationship between price and the quantity of water de- 
manded at this price. The amount of water withdrawal and use depends as 
well on a number of other variables, including the technology involved in a 
given productive or service activity, social tastes and behavior, the nature of 
raw materials, constraints and/or charges on wastewater discharges, etc. 
Even in the market economies, the demand for water cannot be controlled 
by price mechanisms only. 

To increase understanding of water demand, and in particular t o  de- 
termine which variables have the greatest influence on that demand, indi- 
vidual water use activities must be studied in considerable detail. Water 
demand models, which describe the technology and economics of water use 
in these activities, can be used t o  show how the demand for water changes 
in response t o  various regulations, prices of raw materials, effluent stan- 
dards, technological innovations, and so on. 

The forecasting of water demands should involve forecasting the values 
of the variables that significantly affect demand levels. The water demand 
model can then be used t o  estimate future demand as a function of the 
forecasted values of these variables. However, the significance of individual 
variables may change over time. The structural and qualitative changes of 
social and economic processes cannot be fully foreseen, and the concept of 
"alternative futures" should be employed in long-term forecasts of water 
demands. 
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I N T R O D U C T I O N  

Janusz Kindler  

I n t e r n a t i o n a l  I n s t i t u t e  f o r  
Applied Systems Analys is  

Laxenburg, A u s t r i a  

When t h e  former Water P r o j e c t  of  t h e  I n t e r n a t i o n a l  I n s t i t u t e  
f o r  Applied Systems Analys is  f i r s t  decided t o  focus  i t s  a c t i v i t i e s  
i n  t h e  y e a r s  1976-1977 on m o d e l l i n g  and f o r e c a s t i n g  o f  w a t e r  de-  
mands,  t h e  o r i g i n a l  terms o f  r e f e r e n c e  f o r  t h i s  s tudy  were con- 
ce ived  a s  fo l lows  [Agreement, 13751 : 

... I n  s p i t e  of the r i s i n g  importance of  water 
resources management most of the  known s t u d i e s  have 
ignored the f a c t  t h a t  the  demand f o r  water  i s  l a r g e l y  
a f f e c t e d  by changes i n  technology, p r i c i n g  p o l i c i e s  
and wastewater regu la t ions .  Rather than assuming a 
given water requirement, water demand should be mde l led  
as a function of  several factors which a f f e c t  water with- 
drawals, water  consumption, and the amount of wastewater.  
Such an a n a l y s i s  should form a b a s i s  f o r  f o r e c a s t i n g  
under a1  t e r n a t i v e  assumptions concerning the  f u t u r e .  
I t  should a l s o  provide the  b a s i s  f o r  e v a l u a t i n g  whether 
c e r t a i n  measures r e l a t e d  t o  the  development and opera t ion  
of the water resources systems a r e  j u s t i f i e d  by t h e  
e x t e n t  of  demand f o r  water and water-related s e r v i c e s .  
The key idea underlying the above mentioned considerations 
i s  the substi tution of water f o r  o t h e r  i n p u t s  such a s  
labour,  m a t e r i a l ,  and technology. 

There i s  a number of water  demand m d e l s ,  f o r  
market a s  well  a s  f o r  c e n t r a l l y  planned economies, wi th  
d i f f e r e n t  degrees of aggregat ion.  Some of them have 
been used f o r  t h e  f o r e c a s t i n g  of  water  demand f o r  d i f f e r -  
e n t  time horizons (1990, 2000, 2020). IIASA's i n t e r -  
d i s c i p l i n a r y  c h a r a c t e r  o f f e r s  an e x c e l l e n t  oppor tun i ty  
t o  judge, compare, and r e f i n e  t h e  e x i s t i n g  water demand 
models. The models could be improved by t h e i r  i n t e g r a t i o n  
wi th  the economic growth models and an input-output 
a n a l y s i s ,  thus c r e a t i n g  a new methodology by means of 
which the  impact of general  economic po l icy  on the  manage- 
ment of water  resources  might be determined. 



Although t h e  methodology f o r  t h e  d e r i v a t i o n  o f  
w a t e r  demand f u n c t i o n s  i s  r a t h e r  g e n e r a l ,  it i s  proposed 
to concentrate on those branches o f  economy which are most 
important f o r  t he  regional  water mnagement. Those i n c l u d e  
t h e  fo l lowing :  

power g e n e r a t i o n ;  
c o a l  mining; 
chemical i n d u s t r y ,  i n c l u d i n g  pe t ro l eum r e f i n i n g ;  
m e t a l l u r g i c a l  i n d u s t r y ;  
a g r i c u l t u r e .  

The pa ramete r s  o f  t h e  demand f u n c t i o n s  s h a l l  be 
e s t i m a t e d  on t h e  b a s i s  of  t h e  a v a i l a b l e  d a t a  from s e l e c t e d  
c o u n t r i e s  and r e g i o n s .  

A  wa te r  demand s t u d y  s h a l l  be  implemented a t  IIASA i n  
cooperation wi th  a few s e  l e c t ed  na t ional  i n s t i t u t i o n s  which 
a r e  i n t e r e s t e d  i n  t h i s  problem. 

For  1976 i t  i s  p lanned to :  

c o l l e c t  i n f o r m a t i o n  on t h e  e x i s t i n g  w a t e r  demands 
models and d i s c u s s  them a t  a n  IIASA Workshop; 
develop a  g e n e r a l  methodology f o r  the  d e r i v a t i o n  
o f  wa te r  demand f u n c t i o n s .  

At t h e  same time c o l l a b o r a t i o n  w i l l  s t a r t  w i t h  t h e  
i n t e r e s t e d  r e s e a r c h  i n s  ti t u t i o n s .  

I n  1977 models o f  wa te r  demands f o r  s e l e c t e d  b ranches  
o f  t h e  economy w i l l  be developed and t h e i r  pa ramete r s  de- 
termined on t h e  b a s i s  of  d a t a  f rom s e l e c t e d  r e g i o n s .  Most 
of  t h i s  t a s k  w i l l  be c o n f e r r e d  t o  t h e  n a t i o n a l  i n s t i t u t i o n s .  
The r e s u l t s  w i l l  be d i s c u s s e d  a t  t h e  Second IIASA Workshop 
t o  be h e l d  a t  t he  end of  1977 o r  i n  e a r l y  1978.. . 

I n  economics, t h e  term demand means t h e  q u a n t i t y  o f  a  com- 
modity o r  s e r v i c e  wanted a t  a  s p e c i f i c  p r i c e  and t i m e ,  wi th  due 
c o n s i d e r a t i o n  g iven  t o  a l l  o t h e r  f a c t o r s  which i n f l u e n c e  demand. 
A s  f a r  a s  wa te r  i s  concerned,  t h i s  term is s t i l l  be ing  used 
in t e r changeab ly  w i th  n e e d s  and r e q u i r e m e n t s  which d e s c r i b e  t h e  
q u a n t i t i e s  t h a t  "people would l i k e  t o  have" i f  t hey  could  g e t  
them a t  t h e  n e g l i g i b l e  c o s t  o r  a t  a  s u b s i d i z e d  p r i c e .  The i n t e r  
changeable  use  of  demand,  n e e d s ,  and r e q u i r e m e n t s  provide  a  good 
i l l u s t r a t i o n  of  t h e  f a c t  t h a t  wa te r  is  s t i l l  o f t e n  t r e a t e d  a s  a  
f r e e  commodity. 

Our i n t e r e s t  i n  w a t e r  demands  de r ived  i t s e l f  from t h e  wide ly  
accep ted  r e a l i z a t i o n  t h a t  wa te r  cannot  be  cons ide red  a  f r e e  com- 
modity any l o n g e r .  Even i f  water  wi thdrawals  and wa te r  u se  a r e  
n o t  e x p l i c i t e l y  p r i c e d ,  beyond a  c e r t a i n  l e v e l  of  r e sou rce  de- 
velopment i n c r e a s i n g l y  g r e a t e r  c o s t s  a r e  g e n e r a l l y  i n c u r r e d  i n  
developing  each a d d i t i o n a l  increment  o f  wa te r .  These e v e r  i n -  
c r e a s i n g  c o s t s ,  c o n s i d e r a t i o n s  f o r  environmental  p r o t e c t i o n ,  and 



advancements i n  technology have a l l  gene ra t ed  an e v e r  growing 
concern throughout  t h e  world f o r  t h e  u rgen t  need t o  conse rve ,  
r e c y c l e ,  and r e u s e  o u r  l i m i t e d  water  r e s o u r c e s .  I t  i s  becoming 
i n c r e a s i n g l y  appa ren t  t h a t  wa te r  should be viewed a s  a  p a r t i a l l y  
s u b s t i t u t a b l e  i n p u t  o f  t h e  i n d u s t r i a l  and a g r i c u l t u r a l  produc t ion  
p roces se s  and t h a t  e f f o r t  should  be  made t o  f i n d  t h e  most e f f i c i e n t  
use  o f  t h i s  r e s o u r c e .  The p o s s i b i l i t i e s  of  s u b s t i t u t i n g  wa te r  f o r  
o t h e r  i n p u t s  i n  p roduc t ion  should  be ,  t h e r e f o r e ,  s t u d i e d  i n  much 
more d e t a i l .  A s  f a r  a s  munic ipa l  water  use  i s  concerned,  it has  
been found i n  many c o u n t r i e s  t h a t  t h e  q u a n t i t y  o f  wa te r  demanded 
i s  s i g n i f i c a n t l y  a f f e c t e d  by p r i c i n g  mechanisms and by v a r i o u s  
o t h e r  f a c t o r s  r e l a t e d  t o  t h e  technology o f  wa te r  use  i n  house- 
ho lds  and munic ipa l  s e r v i c e s .  A l l  t h e  fo rego ing  has  i n s p i r e d  
IIASA t o  under take  a  s tudy  o f  t h e  methods and approaches by 
which c u r r e n t  p r a c t i c e s  o f  mode l l i ng  and f o r e c a s t i n g  t h e  demand 
f o r  wa t e r  cou ld  be advanced t o  meet t h e  i n c r e a s i n g  need f o r  
e f f i c i e n t  u se  and p r o t e c t i o n  o f  wa te r  r e s o u r c e s .  

A f t e r  a  pe r iod  o f  p r e p a r a t i o n ,  assembly o f  t h e  in-house 
r e s e a r c h  team ( I .  Gouevsky, J .  Kind le r ,  D.R. Maidment), and 
fo l lowing  an  e x t e n s i v e  l i t e r a t u r e  s e a r c h ,  it was dec ided  i n  
e a r l y  f a l l  1976 t h a t  t h e  Resources and Environment Area (Task 1 ,  
"Regional  Water Demand and Managementvv--formerly p a r t  o f  t h e  
IIASA Water P r o j e c t )  would convene a  Workshop on Modell ing o f  
Water Demands w i t h  t h e  fo l lowing  o b j e c t i v e s :  

1 )  Review work t o  be done a t  IIASA i n  l i g h t  o f  t h e  
expe r i ences  i n  each  o f  t h e  Na t iona l  Member 
Organ iza t ion  (NMO) c o u n t r i e s .  

2 )  I d e n t i f y  r e s e a r c h  i n s t i t u t i o n s  w i t h  whom IIASA 
cou ld  e s t a b l i s h  c o l l a b o r a t i v e  t i e s .  

3 )  E s t a b l i s h  an  i n t e r n a t i o n a l  working group d i r e c t l y  
suppor t i ng  in-house r e s e a r c h  a t  IIASA. 

The I n t r o d u c t o r y  L e t t e r  t o  Workshop P a r t i c i p a n t s  and t h e  
proposed D e f i n i t i o n  of  Terms a r e  i nc luded  a s  Appendices I and 
I1 o f  t h e s e  Proceedings.  

I n  t h e  p roces s  o f  p r e p a r i n g  f o r  t h e  Workshop and fo l lowing  
t h e  s u g g e s t i o n  of  P ro f .  C.W. Howe from t h e  U n i v e r s i t y  o f  Colorado 
a t  Boulder ,  whose h e l p  i n  s t r u c t u r i n g  t h e  s u b j e c t  s t u d y  i s  g r a t e -  
f u l l y  acknowledged, t h e  IIASA Water Demand Group e s t a b l i s h e d  
working r e l a t i o n s  w i t h  t h e  I n d u s t r y  S t u d i e s  Program a t  t h e  
U n i v e r s i t y  o f  Houston, Texas. Economic models o f  wa te r  use  and 
was tewater  t r e a t m e n t  were developed a t  t h e  U n i v e r s i t y  o f  Houston 
t o  measure t h e  economic demands f o r  wa te r  and t h e  economic c o s t s  
o f  p o l l u t i o n  c o n t r o l  i n  pe t ro l eum r e  f i n i n g ,  e l e c t r i c  power, and 
b a s i c  chemical  i n d u s t r i e s .  T h i s  work has  been under taken  i n  
r e sponse  t o  t h e  U.S. Na t iona l  Water Commission's concern about  
t h e  e f f i c i e n c y  of  wa te r  use  i n  t h e  i n d u s t r i a l  s e c t o r  o f  t h e  
economy. One o f  t h e  primary g o a l s  was t o  e v a l u a t e  how wa te r  
use  would change i n  response  t o  water  conse rva t ion  i n c e n t i v e s ,  
envi ronmenta l  enhancement c o n s i d e r a t i o n s ,  t e c h n o l o g i c a l  develop- 
ments ,  and economic growth i n  f i n a l  demands ( s e e  f o r  a d d i t i o n a l  
d e t a i l s  t h e  paper  by R.G. Thompson inc luded  i n  t h e s e  P roceed ings ) .  



The m a t e r i a l  d i s t r i b u t e d  among t h e  p a r t i c i p a n t s  p r i o r  t o  
t h e  Workshop i n c l u d e d  two p a p e r s  o r i g i n a t i n g  from t h e  work 
c a r r i e d  o u t  a t  t h e  U n i v e r s i t y  o f  Houston, which d e s c r i b e  how 
t o  d e r i v e  t h e  demand f u n c t i o n s  f o r  w a t e r  i n  e l e c t r i c  power 
g e n e r a t i o n  [Thompson and Young, 1 9 7 3 1  and ammonia i n d u s t r i e s  
[Cal loway,  Schwar tz ,  and Thompson, 1 9 7 4 1 .  The f i r s t  o n e  o f  
t h e s e  two p a p e r s  i n c l u d e s  a  s m a l l  example o f  how demand f u n c t i o n  
f o r  w a t e r  i s  d e r i v e d  under  t h e  assumpt ion  t h a t  t h e  p r o d u c t i o n  
f u n c t i o n  i s  d i f f e r e n t i a b l e .  Moreover,  b o t h  o f  t h e s e  p a p e r s  
p r o v i d e  a  good i l l u s t r a t i o n  o f  how t h e  economic p r o c e s s  model 
c a n  b e  b u i l t  and o f  how t h e  method o f  l i n e a r  programming c a n  
b e  employed f o r  d e r i v a t i o n  o f  w a t e r  demand f u n c t i o n s  (see t h e  
p a p e r  by J . A .  Cal loway which is  a l s o  i n c l u d e d  i n  t h e s e  Proceed-  
i n g s )  . 

The Workshop Agenda and t h e  L i s t  o f  Workshop P a r t i c i p a n t s  
a r e  p r e s e n t e d  a s  Appendices 111 and I V  i n  t h e s e  P r o c e e d i n g s .  
The s i m p l e  s t r u c t u r e  o f  h a v i n g  i n v i t e d  p r e s e n t a t i o n s  f o l l o w e d  
by r e v i e w  r e p o r t s  from t h e  IIASA N a t i o n a l  Member O r g a n i z a t i o n  
c o u n t r i e s  was adopted  a s  t h e  most  s u i t a b l e  f o r  a c h i e v i n g  t h e  
a f o r e m e n t i o n e d  Workshop o b j e c t i v e s .  A c o n s i d e r a b l e  amount o f  
t i m e  was a l l o c a t e d  f o r  q u e s t i o n s ,  comments, d i s c u s s i o n ,  and 
f o r  t h e  f o r m u l a t i o n  o f  t h e  Workshop recommendat ions .  A s  opposed 
t o  some o t h e r  s e m i n a r s  and workshops,  t h e  one  r e p o r t e d  h e r e  was 
p r i m a r i l y  i n t e n d e d  t o  p l a n  in -house  i n v e s t i g a t i o n s  and t o  sti- 
m u l a t e  c o l l a b o r a t i v e  r e s e a r c h  i n  t h e  IIASA NMO c o u n t r i e s .  The 
r e a d e r  s h o u l d  t h e r e f o r e  n o t  b e  s u r p r i s e d  by t h e  d i v e r s i t y  o f  
i n d i v i d u a l  c o n t r i b u t i o n s  p u b l i s h e d  i n  t h e s e  P r o c e e d i n g s .  I n  
s p i t e  o f  o u r  e d i t o r i a l  e f f o r t s ,  t h e  manner i n  which t h e  t e r m i n -  
o l o g y  i s  used  i s  a l s o  n o t  a lways  c o n s i s t e n t .  T h i s  a p p l i e s  even 
t o  t h e  key word demand which v a r i e s  sometimes from o u r  under- 
s t a n d i n g  o f  t h e  t e rm.  The a u t h o r s  have ,  however,  done t h e i r  
b e s t  t o  p r e s e n t  t h e  m o t i v a t i o n s  and i m p l i c a t i o n s  o f  w a t e r  demand 
a n a l y s i s ,  and t h e  r e s u l t a n t  p u b l i c a t i o n  p r o v i d e s  t h e  r e a d e r  w i t h  
a n  i n t e r e s t i n g  overv iew a s  t o  what  is  u n d e r s t o o d  by w a t e r  demand 
a n a l y s i s  i n  mos t  o f  t h e  IIASA NMO c o u n t r i e s 1 .  

The i n v i t e d  p r e s e n t a t i o n s  open  w i t h  a  p a p e r  by A.C. F i s h e r  
p r o v i d i n g  a  b r i e f  e x p o s i t i o n  o f  t h e  b a s i c  c o n c e p t s  o f  demand, 
s u p p l y ,  and economic e f f i c i e n c y ,  a s  a  framework f o r  w a t e r  demand 
m o d e l l i n g .  The purpose  o f  t h i s  p a p e r  i s  t o  p r o v i d e  t h e  r e a d e r  

'Representatives from a l l  17 IIASA National Member Organizations were inv i ted  
to the Workshop. Written contributions are not  included from representatives  
o f  the Japanese Committee f o r  IIASA, and the National Research Council o f  
I t a l y .  The I t a l i a n  NMO was'represented by Prof .  Sergio Rinaldi,  whose wri t ten  
contribution to the Workshop has subsequently been released a s  an IIASA 
Research Report ("Stable Taxation Schemes i n  Regional Environmental ~anagement", 
RR-77-10). Dr. Saburo Ikeda represented the Japanese NMO, and h i s   resenta at ion 
on the Kinki Lake Project  was made rather from the perspective o f  IIASA's Man- 
agement and Technology Area where he was working and hence not  included i n  t h i s  
publication.  The Bulgarian NMO was represented by Dr. I l y a  Gouevsky from IIASA. 



w i t h  a  rudimentary acquain tance  o f  t h e  r e s o u r c e  economis t ' s  
p o i n t  o f  view and vocabulary.  The paper  r e f e r s  p r i m a r i l y  t o  
market  economies and t o  t h e  w e l f a r e  economics s e t t i n g  o f  supply/  
demand a n a l y s i s .  The subsequent  d i s c u s s i o n  po in t ed  o u t  t h e  
importance o f  p lanning  and i n s t i t u t i o n a l  arrangements  which 
i n f l u e n c e  t h e  p a t t e r n  of  r e s o u r c e  a l l o c a t i o n .  

R.G. Thompson c o n s i d e r s  t h e  importance o f  reassessment  o f  
t h e  p a s t  t r e n d s  i n  water  use and o f  an e v a l u a t i o n  a s  t o  how 
economic demands f o r  wa te r  and economic c o s t s  o f  p o l l u t i o n  con- 
t r o l  w i l l  be a f f e c t e d  by d i f f e r e n t  wa te r  c o n s e r v a t i o n  and envi -  
ronmental  enhancement p o l i c i e s .  The paper  reviews b r i e f l y  t h e  
s t u d i e s  c a r r i e d  o u t  i n  t h e  United S t a t e s  by t h e  Na t iona l  Water 
Commission and p rov ides  a  g e n e r a l  d e s c r i p t i o n  of  t h e  s t u d i e s  
a t  t h e  Un ive r s i t y  o f  Houston concerned w i t h  t h e  development o f  
economic models o f  wa te r  u se  and wastewater  t r e a t m e n t  i n  some 
o f  t h e  wa te r - in t ens ive  i n d u s t r i e s  ( p l a n t - l e v e l  a n a l y s i s )  . 

The paper  by J . A .  Calloway d e a l s  w i t h  p r o c e s s  modell ing 
us ing  l i n e a r  programming. Conceptua l ly ,  t h i s  i s  a  s t r a i g h t -  
forward e x t e n s i o n  o f  t h e  c l a s s i c a l  t heo ry  o f  t h e  f i r m  which 
wants  t o  de te rmine  such a  combinat ion of  p roduc t ion  a c t i v i t i e s  
t h a t  w i l l  minimize t h e  t o t a l  c o s t  o f  t h e  r e sou rce  i n p u t s  used 
t o  produce a  s p e c i f i e d  amount o f  t h e  f i n a l  product .  The example 
o f  ammonia product ion  a n a l y s i s  p rov ides  a  good i l l u s t r a t i o n  o f  
t h e  i s s u e s  r a i s e d .  F i n a l l y ,  it is shown how t o  use t h e  l i n e a r  
model f o r  d e r i v a t i o n  of  demand f u n c t i o n s  f o r  s c a r c e  r e s o u r c e s .  

D.R. Maidment d i s c u s s e s  a  g e n e r a l  framework f o r  a  s y s t e m a t i c  
approach t o  t h e  a n a l y s i s  o f  a g r i c u l t u r a l  wa te r  demand. The a g r i -  
c u l t u r a l  p roduc t ion  system is cons ide red  a t  t h r e e  b a s i c  l e v e l s ,  
i . e .  farm, r e g i o n a l ,  and n a t i o n a l .  A t  each  l e v e l ,  i n p u t s ,  pro- 
d u c t i o n  system, and o u t p u t s  a r e  d i s t i n g u i s h e d  a s  t h e  major com- 
ponents  o f  t h e  a g r i c u l t u r a l  p roduc t ion  system. The mathematical  
model l ing  o f  a g r i c u l t u r a l  wa te r  demands i s  d i scus sed  from t h e  
v iewpoin t  o f  s u b s t i t u t i o n  p o s s i b i l i t i e s  i n  t h e  p roduc t ion  system 
a t  each  l e v e l .  

Although t h e  Workshop focused  on wa te r  demands, t h e  i n t e g r a -  
t i o n  o f  demand and supply  i s  t h e  u l t i m a t e  s t e p  l e a d i n g  t o  t h e  
e f f i c i e n t  u t i l i z a t i o n  o f  water  r e sou rces .  The l a s t  two i n v i t e d  
c o n t r i b u t i o n s  p r o j e c t  i n t o  t h e  f u t u r e  a r e a  o f  IIASA's wa te r  re -  
sou rces  i n v e s t i g a t i o n ~ .  I. Gouevsky i s  concerned w i t h  d e r i v a t i o n  
o f  r e g i o n a l  wa te r  supply  f u n c t i o n s .  Agains t  a  t h e o r e t i c a l  back- 
ground o f  a  c o s t  minimizat ion problem which t a k e s  i n t o  account  
a l t e r n a t i v e  sou rces  o f  wa te r  supply ,  he d e s c r i b e s  a  l i n e a r  model 
t o  be  used f o r  e s t i m a t i o n  o f  t h e  s a i d  f u n c t i o n s .  F i n a l l y ,  
W. F inde i sen  comments on demand-supply c o o r d i n a t i o n  from t h e  
p o i n t  o f  view o f  h i e r a r c h i c a l  c o n t r o l  theory .  

The review r e p o r t s  pub l i shed  he re  c o n t a i n  much in fo rma t ion  
on wa te r  demand problems i n  1 2  o f  IIASA's NMO c o u n t r i e s .  Needless  
t o  s ay ,  they  a l s o  r a i s e  a  number of  impor tan t  q u e s t i o n s  f o r  many 
o f  which no c l e a r  answers a r e  a s  y e t  a v a i l a b l e .  The review 



r e p o r t s  and t h e  consequent  unpublished d i s c u s s i o n s  l e a d  t o  
c e r t a i n  p re l imina ry  conc lus ions  which should  d e f i n i t e l y  be 
taken  i n t o  c o n s i d e r a t i o n  when proceedings  f u r t h e r  w i th  IIASA's 
wa te r  demand s tudy .  These conc lus ions  could  be summarized a s  
fo l lows:  

( 1 )  I n  t h e  c a s e  of  water  r e s o u r c e s ,  "demand" should n o t  be 
cons idered  simply a s  t h e  r e l a t i o n s h i p  between p r i c e  and 
t h e  q u a n t i t y  o f  water  demanded a t  t h i s  p r i c e .  The amount 
o f  water  withdrawal  and use depends a s  w e l l  on a  number 
o f  o t h e r  f a c t o r s  ( v a r i a b l e s )  , i n c l u d i n g  t h e  technology 
involved  i n  a  given p roduc t ive  o r  s o c i e t a l  a c t i v i t y ,  
s o c i a l  t a s t e s  and behaviour,  n a t u r e  o f  raw m a t e r i a l s ,  
c o n s t r a i n t s  and/or charges  on wastewater  d i s c h a r g e s ,  e t c .  
Even i n  t h e  market economies, t h e  demand f o r  water  canno t  
be c o n t r o l l e d  by p r i c e  mechanisms on ly .  

I t  is recognized t h a t  c o n t r o l  of  wa te r  demand i s  exceed- 
i n g l y  impor tan t ,  whether it  i s  achieved  by means o f  
r a t i o n i n g ,  market d i s t r i b u t i o n ,  c e n t r a l i z e d  p lanning ,  
o r  v a r i o u s  t ypes  of  "economic l e v e r s "  ( i n c e n t i v e s  t o  
make r a t i o n a l  economic behaviour rewarding t o  t h e  
economic a g e n t  a s  w e l l  a s  t o  t h e  s o c i e t y ) .  

( 2 )  Water demand a n a l y s i s  has  a  d i f f e r e n t  meaning depending on 
t h e  o b j e c t i v e s  o f  t h e  p a r t i c u l a r  s tudy .  I t  seems, however, 
t h a t  IIASA's i n v e s t i g a t i o n s  on wa te r  demands should  focus  
p r i m a r i l y  on i n d i v i d u a l  p roduc t ion  o r  s o c i e t a l  a c t i v i t i e s  
i nvo lv ing  consumptive use  o f  wa te r  r e s o u r c e s  ( i n d u s t r i a l ,  
a g r i c u l t u r a l ,  and municipal  a c t i v t i e s ) .  The n o t i o n  o f  a  
water use activity i s  be ing  in t roduced ,  whether  it i s  a n  
i n d u s t r i a l  p l a n t ,  i n d i v i d u a l  farm, a g r i c u l t u r a l  r e g i o n ,  
c i t y  o r  munic ipa l  agglomera t ion .  

( 3 )  To i n c r e a s e  o u r  unders tanding  o f  water  demand, i n  p a r t i c u l a r  
t o  de te rmine  which v a r i a b l e s  have t h e  most s i g n i f i c a n t  i n -  
f l u e n c e  on t h a t  demand, it i s  neces sa ry  t o  s tudy  t h e  i n d i v i d u a l  
wa te r  use a c t i v i t k e s  i n  c o n s i d e r a b l e  d e t a i l .  Water demand 
models,  which d e s c r i b e  t h e  technology and economics o f  wa te r  
use i n  t h e s e  a c t i v i t i e s ,  can be used t o  show how t h e  demand 
f o r  wa te r  changes i n  response  t o  v a r i o u s  r e g u l a t i o n s ,  p r i c e s  
o f  raw m a t e r i a l s ,  e f f l u e n t  s t a n d a r d s ,  t e c h n o l o g i c a l  innova- 
t i o n s ,  and s o  on. 

I n  most o f  t h e  IIASA NMO c o u n t r i e s ,  water use coefficients 
a r e  be ing  widely employed ( e s p e c i a l l y  i n  country-wide p lan-  
n i n g  s t u d i e s ) .  Water demand models may s e r v e  a s  a  v e r y  
u s e f u l  t o o l  f o r  b e t t e r  e s t i m a t i o n  o f  t h e s e  c o e f f i c i e n t s  
and f o r  r e l a t i n g  them e x p l i c i t e l y  t o  c e r t a i n  assumptions 
concern ing  t h e  v a r i a b l e s  de te rmining  demand. 

(5) The importance of  i n s t i t u t i o n a l  arrangements  f o r  e f f e c t i v e  
c o n t r o l  o f  water  demands was s t r e s s e d  by many Workshop 
p a r t i c i p a n t s .  I t  i s  an  open q u e s t i o n  a s  t o  what e x t e n t  
and how t h e s e  arrangements  can be r e p r e s e n t e d  i n  wa te r  
demand models. 



( 6 )  One o f  t h e  s e r i o u s  d i f f i c u l t i e s  which must v e r y  o f t e n  be  
f a c e d  i n  m o d e l l i n g  o f  w a t e r  demands, i s  t h e  l a c k  o f  a  
s u f f i c i e n t  d a t a  b a s e .  T h i s  may c a l l  f o r  c o n s i d e r a b l e  re- 
o r i e n t a t i o n  o f  w a t e r - o r i e n t e d  d a t a  c o l l e c t i o n  programs.  
I n  t h e  d o c u m e n t a t i o n  o f  any  w a t e r  demand model ,  s p e c i a l  
emphas i s  s h o u l d  b e  p l a c e d  on  t h e  p rob lems  p e r t a i n i n g  t o  
t h e  c o l l e c t i o n  o f  b a s i c  d a t a  and t h e i r  p r o c e s s i n g  f o r  
f u r t h e r  u s e  i n  t h e  m o d e l l i n g  e f f o r t .  

( 7 )  I n t e g r a t i o n  o f  w a t e r  demand and w a t e r  s u p p l y  a n a l y s e s  is  
t h e  u l t i m a t e  s t e p  f o r  t h e  f o r m u l a t i o n  o f  e f f i c i e n t  s o l u t i o n s  
i n  w a t e r  r e s o u r c e s  management. For  example ,  w a t e r  demand 
models  c o u l d  b e  used  f o r  d e t e r m i n i n g  w h e t h e r  c h a r g e s  b a s e d  
on  t h e  c o s t s  o f  m e e t i n g  t h e  l a s t  i n c r e m e n t  i n  demand would 
a c t u a l l y  r e d u c e  demand a n d  t h e r e b y  r e n d e r  new s u p p l y  works  
u n n e c e s s a r y .  

( 8 )  T h e r e  was a  g e n e r a l  ag reement  among t h e  Workshop p a r t i c i p a n t s  
t h a t ,  s o  f a r ,  w a t e r  demand f o r e c a s t i n g  h a s  been c o n f i n e d  
l a r g e l y  t o  t h e  f i t t i n g  o f  t r e n d s  t o  t h e  d a t a  o n  p a s t  demands. 
The r e s u l t s  a r e  o f t e n  n o t  s a t i s f a c t o r y ,  e s p e c i a l l y  i n  l i g h t  
o f  phenomena o b s e r v e d  i n  t h e  l a s t  d e c a d e  ( e n e r g y  cr is is ,  
e n f o r c e m e n t  o f  e n v i r o n m e n t a l  p r o t e c t i o n  r e g u l a t i o n s ,  e tc .  ) 
F o r  example ,  w a t e r  u s e  by Swedish i n d u s t r y  h a s  d e c r e a d e d  by 
o n e  t h i r d  i n  t h e  l a s t  t h r e e  y e a r s .  

( 9 )  The f o r e c a s t i n g  o f  w a t e r  demands s h o u l d  i n v o l v e  f o r e c a s t i n g  
t h e  v a l u e s  o f  t h e  v a r i a b l e s  which s i g n i f i c a n t l y  a f f e c t  demand 
l e v e l s .  The w a t e r  demand model c a n  t h e n  b e  used  t o  e s t i m a t e  
f u t u r e  demand a s  a  f u n c t i o n  o f  t h e  f o r e c a s t  v a l u e s  o f  t h e s e  
v a r i a b l e s .  I t  was s t r e s s e d ,  however ,  t h a t  t h e  s i g n i f i c a n c e  
o f  i n d i v i d u a l  v a r i a b l e s  may change  o v e r  t i m e .  The s t r u c t u r a l  
and q u a l i t a t i v e  changes  o f  s o c i a l  and economic p r o c e s s e s  can-  
n o t  b e  f u l l y  f o r e s e e n ,  and t h e  c o n c e p t  o f  " a l t e r n a t i v e  f u t u r e s "  
s h o u l d  b e  employed i n  t h e  long- te rm f o r e c a s t s  o f  w a t e r  demands. 

A t  t h e  end  o f  t h e  Workshop, t h e  p a r t i c i p a n t s  a g r e e d  on  a  
C o u r s e  o f  A c t i o n  (see Appendix V ) ,  which d e l i n e a t e d  a l l  m a j o r  
s t e p s  t o  b e  t a k e n  toward t h e  n e x t  Workshop on  M o d e l l i n g  o f  Water  
Demands and  toward  c o m p l e t i o n  o f  t h e  s t u d y .  Because  o f  a  heavy 
stress on  t h e  c o l l a b o r a t i v e  a r r a n g e m e n t s ,  t h e  P r o c e e d i n g s  c l o s e  
w i t h  a  copy  o f  t h e  memorandum by which a l l  Workshop p a r t i c i p a n t s  
were  r e q u e s t e d  t o  p r o v i d e  IIASA w i t h  a  r e p o r t  on  t h e  e x p e r i e n c e s  
a n d  t h e  methods which a r e  used  i n  t h e i r  r e s p e c t i v e  c o u n t r i e s  f o r  
a n a l y s i s  and  f o r e c a s t i n g  o f  w a t e r  demands (see Appendix V I ) .  

A s  p o i n t e d  o u t  p r e v i o u s l y ,  it was s t r o n g l y  f e l t  by  a  m a j o r i t y  
o f  t h e  p a r t i c i p a n t s  a t  t h e  Workshop, t h a t  t h e  demand s i d e  o f  w a t e r  
r e s o u r c e s  management d e s e r v e s  much more a t t e n t i o n  t h a n  g i v e n  i n  
t h e  p a s t .  I n  t h i s  c o n t e x t ,  I IASA's  i n t e n t i o n  t o  c o n c e n t r a t e  on  
m o d e l l i n g  and  f o r e c a s t i n g  o f  w a t e r  demands i n  t h e  y e a r  t o  come 
m e t  w i t h  c o m p l e t e  s u p p o r t  o f  t h e  Workshop p a r t i c i p a n t s .  I t  was 
made c l e a r ,  however,  t h a t  t h e  knowledge o f  t h e  s u b j e c t  p rob lems  
i s  o n l y  p a r t i a l  and l i m i t e d .  The f i e l d  i s  open  f o r  a  v a s t  amount 
o f  r e s e a r c h .  
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I. I n t r o d u c t i o n  

The purpose o f  t h i s  paper  i s  t o  p rov ide  a  b r i e f  e x p o s i t i o n  
of t h e  concepts  o f  demand, supply ,  and economic e f f i c i e n c y ,  a s  
a  framework f o r  water  demand modell ing.  I t  w i l l  be e lementary  
from t h e  economis t ' s  p o i n t  o f  view, b u t  it is  add res sed  t o  eng i -  
n e e r s  and o t h e r s ,  b e s i d e s  economis ts ,  concerned wi th  t h e  model- 
l i n g  and management o f  wa te r  r e sou rce  systems.  The main p o i n t  
o f  t h e  d i s c u s s i o n  w i l l  be t h a t  demand model l ing  p l a y s  a  c r u c i a l  
r o l e  i n  t h e  e f f i c i e n t  development and management of  a  r e g i o n ' s  
wa te r  r e s o u r c e s .  Below I i n d i c a t e  j u s t  why t h i s  may be a  r e l e -  
v a n t  c o n s i d e r a t i o n  t o  decisionmakers--and what is  meant by 
e f f i c i e n t  management. 

11. Demand and Supply 

L e t  me begin  by d e f i n i n g  t h e  te rms  "demand" and "supply"  
a s  t h e y  a r e  unders tood  by economis ts .  By wa te r  demand, we mean 
a f u n c t i o n a l  r e l a t i o n s h i p  between t h e  p r i c e  o r  c o s t  o f  water  t o  
u s e r s  and t h e  q u a n t i t y  t h a t  they  purchase .  I n  o t h e r  words, 
a s s o c i a t e d  w i t h  each ( h y p o t h e t i c a l )  c o s t  o r  p r i c e  is a q u a n t i t y  
purchased ,  o r  demanded. Note t h a t  i n  p r i n c i p l e  t h i s  d e f i n i t i o n  
i n c l u d e s  t h e  c a s e  i n  which wa te r  i s  n o t  p r i c e d ,  i . e .  is g iven  
a ze ro  p r i c e .  Both economic t h e o r y  and e m p i r i c a l  o b s e r v a t i o n  
l e a d  u s  t o  expec t  t h a t  t h e  r e l a t i o n s h i p  between p r i c e  and q u a n t i t y  
w i l l  be nega t ive :  t h e  h i g h e r  t h e  p r i c e ,  t h e  l e s s  water  demanded, 
t h e  lower t h e  p r i c e ,  t h e  more demanded--at l e a s t  a f t e r  a l l owing  
s u f f i c i e n t  t i m e  f o r  ad jus tmen t s  i n  water-using equipment and 
p r a c t i c e s .  

By supply  we mean a f u n c t i o n a l  r e l a t i o n s h i p  between t h e  
p r i c e  o f  a  commodity and t h e  q u a n t i t y  s u p p l i e d  by compe t i t i ve  
p roduce r s ,  where t h e  commodity is i n  f a c t  produced and s o l d  on 
compe t i t i ve  markets .  The supply  r e l a t i o n s h i p  is  o r d i n a r i l y  



positive: the higher the price the more supplied, the lower 
the price the less supplied. But as we all know, even in 
market economies the development of water supply resources, 
and often also the provision of water to users, is carried out 
not by large numbers of competitive producers, but by govern- 
ments. Provision may be by the private sector, but a govern- 
ment-regulated monopoly rather than competitive firms. However, 
as I show in the next section, the competitive supply curve is 
nothing other than the marginal  or i n c r e m e n t a l  cost curve for 
producing a commodity. That is, it is equally a functional 
relationship between the quantity produced or made available 
and the incremental cost of production. In this way, we can 
speak of a marginal cost or supply function for water, even 
where this commodity is supplied by a government agency. 

All of this may be grasped more readily with the aid of a 
diagram. Since both demand and supply are relationships between 
price or cost and quantity, they may be represented in the same 
two-dimensional format, as in Figure 1. The demand curve slopes 
downward, to reflect the reduced quantities that will be taken 
at higher prices, and the supply curve slopes upward to reflect 
the higher incremental costs of supplying more water.' 

Cost, Marginalt, 
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Figure 1. Water demand and supply. 



What is the significance of the intersection of demand and 
supply, point E in the diagram? In a market system this rep- 
resents the equilibrium price and output. At price PE the 
quantitites supplied and demanded are just equal, there is no 
pressure on price due to excess demand, hence no net tendency 
to change: in short, the system is in equilibrium. 

111. Demand, Supply, and Welfare 

The relationship of this point to the "welfare" produced 
by the system is an interesting and complicated one, and the 
subject of a vast literature.' Ignoring the complications and 
the subtleties, we can very briefly and loosely characterize 
the welfare implications of a competitive equilibrium in the 
following way. At the equilibrium point, the sacrifices 
required to obtain another unit of the good, as measured by 
the incremental cost, are just equal to the willin ness of 
consumers to pay for it, as measured by the price.' At lower 
levels of output, the cost of expansion is less than the 
willingness to pay for it, so these outputs are i n e f f i c i e n t  
in the sense that i t  would be p o s s i b l e  t o  make some people  
b e t t e r  o f f  w i t h o u t  harming o t h e r s .  There is some "slack" 
in the system: additional net benefits can be obtained by 
some reallocation of resources to production of the good in 
question. Of course, actual price and output changes typically 
do harm some people, and a very knotty problem in welfare 
economics is how to evaluate changes that harm some and benefit 
 other^.^ But the weaker efficiency condition that is satisfied 
by a market equilibrium says only that an allocation is 
e f f i c i e n t  if i t  i s  n o t  p o s s i b l e  t o  make a  change t h a t  harms no 
one ( w h i l e  b e n e f i t i n g  s o m e ) ,  as might be accomplished through 
income transfers from the gainers to the losers. On this 
definition higher levels of output (than at E), as well as 
lower, are seen to be inefficient, since the incremental cost 
of obtaining them exceeds the willingness to pay. Only the 
equilibrium point, E, is effi~ient.~ 

What are the implications of efficiency, in the sense we 
have defined it, of a market equilibrium for a nonmarket 
economy, or for that matter for the nonmarket provision of 
water supplies typical of most market economies? One way of 
characterizing the equilibrium point is to say that it rep- 
resents an output for which price equals incremental or marginal 
cost. This condition, namely that price equals marginal cost, 
has in turn been proposed as a guide to resource allocation in 
centrally planned econ~mies.~ The proposal is simply that the 
planning agency give the firm or plant manager a price for his 
product, along with instructions to produce up to the point 
where marginal cost equals price. The idea is presumably that 
this can achieve efficiency in resource allocation, as would a 
perfectly competitive market system, but in a manner that is 
not inconsistent with other planning objectives. Here, by the 
way, is the explanation of the equivalence of marginal 



cost and sup ly. The marginal cost of producing any given out- 
m P put say n - Year of water, is just the extra cost involved in 

going from (n-I) to n units of output. But in a competitive 
equilibrium, as we have just seen, price will be equal to 
marginal cost. So the supply curve, which relates output to 
price, coincides with the marginal cost curve. 

The demand-supply equilibrium can be characterized in 
another way, that leads to the efficiency criterion employed 
in water resource and other public sector benefit-cost analysis 
in market economies. We have defined demand as a function 
relating quantity purchased to price. But we have also spoken 
of price as the consumer's willingness-to-pay for or marginal 
valuation of the good or service in question. Thus we can 
write (PI as a function of quantity (Q) : 

The area under this marginal valuation curve between zero and 
the quantity consumed, Q, is then the total valuation of, or 
benefit from, the good. Analytically, it is represented as 

Let us represent the marginal cost (MC) curve as 

and total cost as the area under it, or 

Once again ignoring the many additional complications and 
subtleties, the idea of benefit-cost analysis is simply to 
compare (2) and (4) ; if (2) > (4) , the project in question 
yields net benefits and o n  efficiency grounds ought to be 
undertaken. The significance of the equilibrium point in this 
analysis is that it represents the most profitable size or out- 
put level for the project, i.e. the one for which net benefits 



are maximum. If the shapes of the curves are known, and there 
is no resource or budgetary constraint that prevents it, this 
is the output that, again on efficiency grounds, ought to be 
chosen. 

IV. Concluding Remarks 

To sum up, information about the demand for water is 
important because without it, efficiency in the development 
and use of a region's water resources is not possible--even 
with the best technical and engineering information in the 
world. This conclusion of course depends on the definition 
of efficiency presented above, namely that an allocation is 
efficient if it is not possible to re-allocate resources in 
such a way as to make at least one person better off while 
harming no one else--i.e. if it is not possible to increase 
the net returns to economic activity. 

Demand is a relationship between price and quantity 
purchased, and supply is a relationship between quantity 
produced and incremental cost. Where the quantity demanded 
equals the quantity supplied, the willingness of users to pay 
for another unit of the commodity, as measured by the price, 
is just equal to the sacrifices required to obtain it, as 
measured by the incremental cost. This point is efficient, 
and to determine it requires a knowledge of demand. 



F o o t n o t e s  

1 .  F o r  some commodit ies ,  e s p e c i a l l y  w a t e r ,  economies o f  
s c a l e  i n  p r o d u c t i o n  may l e a d  t o  a  n e g a t i v e l y  s l o p e d  
s u p p l y  c u r v e  o v e r  low r a n g e s  o f  o u t p u t .  But even- 
t u a l l y ,  a s  o u t p u t  i s  expanded,  and h i g h e r  c o s t  
s o u r c e s  must b e  drawn o n ,  c o s t s  o f  w a t e r  s u p p l y  
s h o u l d  r i s e .  

2. The r e l a t i o n s h i p  between e q u i l i b r i u m  i n  a n  economic 
sys tem and  w e l f a r e  c r i t e r i a  i s  t h e  h e a r t  o f  t h e o r e t i c a l  
w e l f a r e  economics.  A good i d e a  o f  t h e  r a n g e  o f  i s s u e s  
h e r e  can be a o t t e n  f rom t h e  American Economic Assoc.  
volume, ~ e a d i n ~ s  i n  W e l f a r e  Economics, e d i t e d  by Arrow 
and Sci towsky ( 1 9 6 9 ) .  

3 .  When we t a l k  a b o u t  t h e  w i l l i n g n e s s  o f  consumers t o  pay 
f o r  someth ing ,  w e  r e c o g n i z e  t h a t  t h i s  depends on a  g i v e n  
d i s t r i b u t i o n  o f  income among them. I f  t h e  d i s t r i b u t i o n  
changes ,  i n  g e n e r a l  s o  would w i l l i n g n e s s - t o - p a y ,  a n d  
p r i c e s .  But  t h e  r e s u l t i n g  e q u i l i b r u i m  would s t i l l  have 
t h e  d e s i r a b l e  p r o p e r t y  n o t e d  i n  t h e  t e x t .  

4 .  I m p o r t a n t  c o n t r i b u t i o n s  t o  t h e  d e b a t e  a b o u t  a  s o l u t i o n  
t o  t h i s  problem can  b e  found i n  t h e  Read ings  volume 
c i t e d  i n  f o o t n o t e  2 .  I n  p a r t i c u l a r ,  s e e  Kaldor ,  Hicks ,  
a n d  S c i t o v s k y .  

5.  Al though I have promised t o  i g n o r e  t h e  many q u a l i f i c a t i o n s  
t o  t h i s  p r o p o s i t i o n ,  one  t h a t  is  o f t e n  p a r t i c u l a r l y  impor- 
t a n t  where w a t e r  and o t h e r  n a t u r a l  r e s o u r c e s  a r e  concerned  
r e a l l y  must b e  ment ioned.  I t  i s  t h e  p o s s i b l e  d e v i a t i o n  o f  
p r i v a t e  f rom s o c i a l  c o s t s  o f  o b t a i n i n g  t h e  r e s o u r c e .  I f  
f o r  example,  t h e  d i v e r s i o n  o f  w a t e r  by ups t ream u s e r s  
r e s u l t s  i n  an i n c r e a s e  i n  s a l i n i t y  - o r  o t h e r  p o l l u t i o n  - 
i n  t h e  w a t e r  a v a i l a b l e  t o  downstream u s e r s ,  t h e  ups t ream 
u s e r s '  m a r g i n a l  c o s t  c u r v e  w i l l  be " t o o  low", and  t h e  
marke t  a l l o c a t i o n  o f  w a t e r  t o  them t o o  g r e a t .  What i s  
r e q u i r e d  f o r  s o c i a l  e f f i c i e n c y ,  a s  a  number o f  t h e  con- 
t r i b u t i o n s  t o  t h e  Readings volume p o i n t  o u t ,  i s  t h a t  t h e  
e x t e r n a l  c o s t s  o f  ups t ream u s e  be i n t e r n a l i z e d  t o  t h e  
u s e r s ,  p e r h a p s  th rough  some s o r t  o f  government p o l i c y  
t o  accompl i sh  t h i s ,  such  a s  a  t a x  on  p o l l u t i o n  o r  w a t e r  
u s e .  

6 .  The c l a s s i c  work h e r e  i s  by Lange (1952) . 
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Abstract 

Increasing scarcity of water resources requires a re- 
assessment of past trends in water use and an evaluation of 
how major changes in policy will result in new trends in 
water use. Evaluating the economic, resource, and technology 
consequences of different water policies requires a synthesis 
of relevant technical information into a comprehensive economic 
framework. This framework is needed to evaluate how the 
economic demands for water and the economic costs of pollution 
control will be affected by different water conservation and 
environmental enchancement policies. Also, this framework is 
needed to evaluate the interactive effects of a wide range of 
policies on the economic demands for water, the economic costs 
of pollution control, the economic demands for energy, and the 
economic demands for resource recovery. 

Introduction 

Increasing scarcity of natural and environmental resources 
is requiring virtually every nation to reassess its past trends 
in resource use and to evaluate how its future trends in 
resource use will differ from historical experience in a period 
of great policy change. Water is one of the key resources 
involved in this reassessment and evaluation because of its 
necessity for biological activity, its universal use in main- 
taining cleanliness, and its economic value in agricultural, 
industrial, and recreational activities. 

Addressing water issues in both market and non-market 
economies immediately takes the analyst into the public policy 
arena. With regard to water use, vast expenditures of money 
are generally required to develop water resources, and uses 
of these water supplies are commonly sensitive to the prices 
charged. With regard to water quality, restrictive wastewater 
treatment requirements must be enforced by government effluent 
standards (or charges); and the determination of effluent 
standards involves a tradeoff between control costs to the 
water user and detriment costs to society. 



Beyond a certain level of resource development, increasingly 
greater costs are generally incurred in developing each addition- 
al increment of water. Incremental costs of supplying larger 
quantities of water from a given water basin typically increase 
at an increasing rate; see, for example, Figure 1. 

Since World War 11, the costs of developing additional 
water supplies has been a subject of continual public concern 
in the United States. This public debate has been particularly 
intense with regard to proposed investments to transfer water 
from one basin to another. One plan called the Texas Water Plan 
involved the building of a huge reservoir system on the Mississippi 
River to insure an adequate flow of water for an interbasin 
transfer system from the Mississippi River below New Orleans to 
the High Plains Area in northwest Texas. This transfer system 
was visualized as essential for maintaining irrigated agricultural 
productivity in the High Plains, because of the depletion of 
underground water supplies. Initial costs of the proposed 
Project to lift immense volumes of water 3 to 4 thousand feet 
over a distance of around 1,000 miles were in excess of $10 
billion. 

An even larger scale project of close to $100 billion was 
proposed in the sixties to transfer water from the Yukon River 
through Canada to the central United States. 

The National Water Commission Study 

In response to public concern about the wisdom of these 
large proposed interbasin transfers, the Congress created the 
National Water Commission in the late 1960's to assess the 
national needs for additional water resource development and to 
recommend alternative ways of fulfilling these needs. This 
Commission, following appointment by the President, was given a 
budget of $5 million and a five year period to make its report 
to the President and the Congress. 

Fulfillment of the Commission's mandate required an 
evaluation of how water use would change in response to water 
conservation incentives, environmental enhancement consider- 
ations, technology developments, and economic growth in final 
demands. This evaluation, which differed fundamentally from 
previous trend extrapolations, was needed to (1) identify the 
significant policy levers available to modify the demands for 
water, (2) show how the use of water would change in response 
to these policy modifications, and (3) evaluate the economic 
justifiability of additional water resource development. 

Sound measures of the economic demands for water were 
fundamental to making these evaluations, because the economic 
demand schedule shows how the use of water will vary in response 
to the price charged for water, the prices paid for alternative 
inputs, the technological configuration used in production, the 
wastewater standards imposed for pollutants, and consumer 



requirements for final goods and services. Heavy emphasis was 
directed by the Commission to measuring the economic demand 
for water in irrigated agriculture to show the public how 
selected policy changes would modify the future trends in 
water use in the water scarce areas of the western United 
States. 

Heady's linear programming model of U.S. agriculture 
(Heady and Nichol, 1976) (developed at Iowa State University) 
was used as the basis for measuring the economic demand for 
water in irrigated agriculture. This model represented a 
sound means of evaluating how farmers would substitute the use 
of alternative inputs for water in irrigated agriculture, how 
farmers would shift the pattern of land use between dryland 
and irrigated production of different crops, and how farmers 
in areas where irrigation was not needed would develop compara- 
tive economic advantages at higher prices of water. 

A base solution in the year 2000 was computed for low 
existing water prices and specified land availabilities, 
water supplies, and food and fiber requirements. Higher water 
prices were charged in repeated solutions to determine how 
farmers would decrease water use in response to these price 
increases. Consumptive use of water in the 17 western states 
of the nation decreased from 53 million acre feet at a price of 
$7.50 per acre foot to 16 million acre feet at a price of 
$30 per acre foot, see Figure 2. Heady and Nichol (1976) 
reported "...the increase in the water price ... has a more 
important effect on water use in the 17 western states than 
does change in the other parameters considered." 

Univeristy of Houston Studies 

With support of the National Science Foundation, economic 
models of water use and wastewater treatment were developed at 
the University of Houston to measure the economic demands for 
water and the economic costs of pollution control in the 
petroleum refining, electric power, and basic chemical 
industries. One of the first results of their study was the 
development of an analytical model for electric power generation 
(Thompson and Young, 1973) to show clearly how technical 
information needs to be synthesized into an economic framework 
for modelling of demand functions. This model was used to 
derive the economic demand for water withdrawals in an existing 
power plant without a cooling tower option and in an electric 
power plant with a cooling tower option; see Figures 3 and 4. 
Also, this model was used to show how the economic demand for 
water withdrawals may be altered at the design stage by choice 
of condenser size and level of thermal efficiency; see Figure 5. 

Another result of the University of Houston study, follow- 
ing a lead of Russell (1973) was to approximate demand functions 
for water use in the petroleum refining, electric power, and 
basic chemicals industries. This approximation method is based 



on an identification of the process alternatives, the inputs 
used, the outputs produced, the pollutants generated, and the 
resources recovered; see Figure 6. This identification provides 
the framework for estimating the quantity of each input used 
and each output produced (including wastes) by each production, 
resource recovery, and waste treatment process. Specification 
of the resource availabilities, product requirements, effluent 
standards, and unit costs completes the tableau for the L.P. 
problem; see Table 1. Solution of the model gives the least- 
cost program for producing the product requirements within the 
limitations of available resources and effluent standards. 
Repeating this solution process for each water price considered 
provides an estimate of the economic demand schedule for water 
withdrawals. Such an estimate is shown in Figure 7 for a 
representative fossil-fueled electric power model in the United 
States. Wet-tower cooling reduces water withdrawals in Figure 
7 by more than 90 percent at a relatively low water price. 

An important by-product of the industry modelling effort is 
a sound basis to estimate the economic costs of pollution abate- 
ment. This basis is needed in the United States to (1) evaluate 
the feasibility of the national goal to eliminate the discharge 
of all pollutants to the waterways by 1985 (PL 92-500) and (2) 
determine the costs of implementing the interim steps needed 
to accomplish total water recycle by the mid-1980's. 

Accomplishment of total water recycle requires zero dis- 
charge of all inorganic as well as all organic pollutants; 
thus, total removal of dissolved solids from the wastewater is 
a necessity. Figure 8 shows how process adjustments would be 
made in an ammonia plant at the design stage to accomplish 
zero discharge of total dissolved solids. Recycle of the cool- 
ing water, demineralization and reuse in the boilers, and 
finally evaporation and recovery of the water from the brine 
streams are the technical options used in the ammonia model to 
achieve total recycle. 

Similar process adjustments are shown in Figure 9 for 
the removal of mercury from the wastewaters of a chlor-alkali 
plant at the design stage. The interesting phenomenon in this 
case is that accomplishment of zero discharge requires a switch 
in the production process from a mercury to a diaphragm cell. 
Surprisingly, the model indicates the zero discharge goal would 
stimulate use of a lower cost production process. 

Olefins production differs from that of ammonia and 
chlor-alkali production in that both organic and inorganic 
pollutants are discharged. Modelling of organic treatment 
processes requires special supporting methods to evaluate the 
non-additivities in the system. For example, higher removal 
of Biological Oxygen Demand (BOD) induces higher removal of 
Chemical Oxygen Demand (COD). This problem was handled in the 
U of H effort by developing a nonlinear simulation model to 
adjust the factor proportions and cost coefficients in the 
linear model. Zero discharge was accomplished in the model at 
a cost increase of 7.1 percent. As shown in Figure 10, around 
63 percent of this increase (or a 4.5 percent independent cost 
effect) resulted from a switchover to wet-cycle cooling towers. 
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Another by-product of the modelling effort is a sound means 
to estimate the costs of air emission control and the inter- 
actions between restrictive control of both air and water 
pollutants. For different levels of wastewater treatment, 
Figure 1 1  shows the increasing costs of decreasing sulfur 
dioxide discharges (SO ) from a level of virtually no control 
to a level of maximum $ethnological removal. Costs are estimated 
for an integrated production complex producing the nation's 
1985 forecast requirements for petroleum products, electricity, 
and basic chemicals. Increasingly greater costs of accomplish- 
ing more restrictive levels of SO2 control are shown for each 
level of wastewater treatment. Also, increasingly greater costs 
of accomplishing more restrictive levels of wastewater treatment 
are shown for each level of SO2 control. 

Still another by-product of the modelling effort is a 
sound means to estimate the economic demands for energy inputs 
at different levels of environmental control. With no air 
emission control, Figure 12 shows how the use of crude oil 
decreases as the price of crude oil increases in U.S. production 
of petroleum products and basic chemicals (zero discharge to 
water). Also, Figure 12 shows how restrictive air emission 
controls for sulfur dioxide and particulates expand the economic 
demand curve for crude oil at prices from $6 to $12 per barrel 
(no untreated effluent). Total recycle of water is required in 
both estimates. 



Figure 1.  Supply curves for water in selected water resource regions of 
the llnited States, 98% availability. 

Source: R.G. Thompson, J.W. McFarland, M.L. Hyatt, and H.P. Young, 
Forecasting Water Demands, National Technical Information 
Service, Nov., 1971, PB 206491, p. 38. 
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Figure 2. Agricultural demand for water in the 17 Western 
States as generated by the model. 
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Figure 4. Imputed demand curve with cooling tower option 
(p, = 30C/106 Btu, p3 = 0). 
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Figure 5. Shifts in the water demand curve due to changes 
in closest approach A and steam cycle efficiency r. 
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Figure 9. Comparison of percent cost increase vs. percent removal of 
mercury for mercury cell and combined mercury cellldiaphragm 
cell chlorine-caustic plant. 
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PROCESS MODELLING USING LINEAR PROGRAMMING 

by 
James A. Calloway 

University of Houston 
Houston, Texas, USA 

The primary objective of this exercise is to produce a 
mathematical model of an industrial, agricultural, or other 
process which has specific structural and economic properties. 
It is desired that the model should determine the best or optimal 
subset of production processes from the complete set of alter- 
natives provided in the model. Further, the model should be 
capable of producing derived demand schedules for scarce resources. 

Linear programming is a mathematical modelling technique 
which possesses the desired characteristics listed above. 
Specifically, the technique deals with the problem of allocat- 
ing limited resources among competing activities in an optimal 
manner. Solution of the linear programming model (1) identifies 
the optimal sub-set of process alternatives (i.e., the production 
configuration), (2) the optimum levels of operation for each 
process selected, (3) the total optimal cost of achieving a 
desired level of production, and (4) the marginal values of 
limited resources. 

Linear programming models are formulated in matrix form where 
the columns of the matrix describe the processes being modelled 
and are called column activities. The rows of the matrix de- 
scribe resources and material transfers and are called row 
activities or simply rows. Once formulated, the model consists 
of a set of linear equations which take on the matrix form 
illustrated in Figure 1. The component parts are i) the 

COEFFICIENT 

MATR I X 

OBJECTIVE FUNCTION I 
Figure 1. Matrix configuration of a linear programming model. 



coefficient matrix which identifies the inputs and outputs of 
the processes being modelled and their relative magnitudes, 
ii) the right hand sides (RHS) of the linear equations (constants) 
expressed by the rows of the matrix, iii) the objective function 
or cost function describing the relative variable operating costs 
of each of the column activities, and iv) the value of the ob- 
jective function (c) which controls the direction the solution 
must proceed to achieve optimality. 

The linear equations are solved simultaneously for values 
of t.he activity levels (operating levels of the process variables) 
but since there are usually more variables than equations, many 
solutions exist. Thus, the objective function value is checked 
for each solution of the equations to insure that each successive 
solution is better than the previous one. Mathematically, the 
model can be expressed as: 

Min C = PX 

subject to: 

where, 

C = objective function value, 

P = vector of cost or price coefficients in 
the objective function, 

X = vector of column activities, 

A = coefficient matrix, and 

B = vector of right hand side constants. 

MODEL STRUCTURE 

Each column in the matrix is independent of every other 
column; that is, it is not necessary to know in advance which 
activities are to be modelled before describing a particular 
activity. Neither is it necessary to have full engineering 
knowledge of the intimate details of the process being modelled. 
However, the modelling effort proceeds most efficiently if the 
following steps are followed. 

First, a flow diagram is prepared which identifies not only 
the basic system components necessary to accomplish the specific 
task but a full range of process alternatives. This diagram 
establishes both the configuration and level of detail to be 



medelled, and explicitly indicates linkages and interrelationships 
which exist among system components. A finite subset of the 
alternatives listed constitutes the desired optimal solution. 

Next, each system component is identified separately and 
described in terms of its resource input requirements and product 
outputs. At this point, the level of engineering knowledge 
required depends upon the predetermined level of detail desired 
in the model. At a minimum, the modeller must identify the inputs 
and outputs and their relative magnitudes. 

Finally, when all inputs (negative) and outputs (posit! ve) 
have been identified, the individual components are fitted lnto 
the structure of the linear programming technique. Each system 
component becomes a column (activity) in the linear programming 
matrix; each distinct input or output becomes a row (resource) 
in the matrix (coefficient matrix). 

MODEL DEVELOPMENT 

Sup~~ose, for example, that you live in a country which has 
previously had no ammonia supply but now wishes to obtain one. 
You must now develop a production process which has ammonia (NH3) 
as an output. There may be other outputs as well but ammonia is 
of prime concern. The simplest process is one where money is the 
input and ammonia is the output. ~iagrammatically, this can be 
represented as shown in Fiqure 2. This means of production is 
of course called imports. This process may or nay not be the 
most economical means of obtaining the product thus additional 
alternatives need to be evaluated. 

Figure 2.  Ammonia production from imports. 

As the alternatives are considered, the flow diagram for the 
model becomes more and more complex. For example, there are 
several different constructors of ammonia plants, each using a 
slightly different type of manufacturing process, requiring 
different resource inputs, and having different operating costs. 
For each alternative to be considered, one or more additional 
blocks are needed in the flow diagram. This is illustrated in 
Figure 3. The diagram depicts differences in constructclrs, 
feedstock, input requirements, and product outputs. There may 

> > PRODUCTION 
PROCESS 



NATURAL GAS NH3 
PLAi'YT 

WATER TYPE #1 3. 
(NATURAL GAS 

FUEL -4 FEEDSTOCK) 

v 
NAPHTHA IUH3 

TYPE #1 

FUEL (NAPHTHA 
FEEDSTOCK) WASTE 

NATURAL GAS PLANT 
TYPE #2 

WATER WASTE 

FEEDSTOCK 

COAL ]el 
TYPE # 3  

WATER (COAL WASTE 
FEEDSTOCK) 

Figure 3. Alternatives for obtaining ammonia. 



also be significant differences in the relative magnitudes of 
inputs and outputs which are not reflected in the flow diagram. 
Still further complexity is added when it is desired to extend 
the model to include alternative sources of raw materials or 
alternative means of treating waste discharges. Each of the 
alternatives must be identified and their interrelationships 
illustrated. Such a diagram is shown in Figure 4. Visualizing 
that the block labeled "ammonia plant" could be representative 
of either a single type of plant or several types of plants, 
the diagram illustrates the level of detail to which one might 
desire to model production from a single ammonia plant. 

The next step in the modelling process is to determine the 
relative magnitudes of the inputs and outputs for each block 
shown in the flow diagram. At this point some engineering data 
must be collected from sources processing detailed knowledge 
of the particular processes being modelled. For example, if we 
wish merely to model imports we simply identify the vendors 
willing to supply ammonia and extract from them a price. The 
model of this activity then becomes: 

OBJ ($cost) 150 .00  

AMMONIA (ton) 1 . O O  

The import activity may be the simplest but not necessarily 
the most economical means of obtaining ammonia. To model one of 
the more complex alternatives shown in Figure 3 requires 
additional engineering information. Using arbitrarily chosen 
data for illustrative purposes, the remaining four blocks in 
Figure 3 could become the columnar data shown in Table 1. Each 
of the values shown in the respective columns represent the 
relative magnitudes of inputs and outputs based on the production 
of one metric ton of ammonia. 

Aside from expanding this relatively simple model to include 
the desired level of detail, the only remaining task is to provide 
supply activities for the resources and specify the right hand 
sides; that is to specify the maximum availability of resources 
and the minimum output level of product. The supply activities 
are illustrated in Table 2, assuming no restrictions on the 
availability of resources. Resource restrictions can be accomplished 
by placing upper bounds on the resource supply activities. The 
complete mathematical formulation is given in equations 1 through 10. 
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T a b l e  1 .  Models o f  a l t e r n a t i v e  ammonia p r o d u c t i o n  a c t i v i t i e s .  

RESOURCES 

c o s t  ( $ 1  
N a t u r a l  G a s  ( J x 1 0 9 )  

Naphtha ( Jx10  9 ,  

C o a l  ( J x 1 0 9 )  

F u e l  ( J x 1 0 9 )  

C l e a n  Water (cu.m. 

Ammonia ( m e t r i c  t o n s )  

Carbon D i o x i d e  (kg)  

Wastewater  ( c u . ~ .  ) 

P l a n t  #1 
(Gas) 

30.0 

-20.0 

P l a n t  #1 
(Naphtha)  

35.0 
- 

-20.8 

P l a n t  #2 
( G a s )  

31.0 

-22.0 

P l a n t  # 3  
(Coal  ) 

28.0 

T a b l e  2. Resource  s u p p l y  a c t i v i t i e s .  

Gas Naphtha C o a l  F u e l  Water  
RESOURCES Supply  Supply  Supply Supply  S u p p l y  

C o s t  ( $ 1  1.422 2.085 1.688 0.566 3.00 
N a t u r a l  G a s  ( J x l o S )  1  . O  

Naphtha ( J x 1  0  ) 1.0 

C o a l  ( J x 1 0 9 )  1.0 

F u e l  ( ~ ~ 1 0 ~ )  1 .0  

Clean  Water  (cu.m.1 



Min C = 30X1 + 35X2 + 31X3 + 28X4 + 1422X5 

S u b j e c t  t o :  

90X1 + 40X2 d FREE ( 8 )  

0.09X1 + 0.09X2 + 0.11X3 + 3.2X4 5 LARGE ( 9 )  

S i n c e  c a r b o n  d i o x i d e  i s  a  byproduc t  o f  ammonia p r o d u c t i o n  
and h a s  no economic v a l u e  a s  t h e  model i s  c u r r e n t l y  f o r m u l a t e d ,  
e q u a t i o n  8  i s  l i s t e d  a s  a  f r e e  row which m e r e l y  a c c o u n t s  f o r  
t h e  amount of C02 t h a t  i s  produced .  E q u a t i o n  9  a c c o u n t s  f o r  
w a s t e  p r o d u c t i o n .  The r i g h t  hand s i d e  v a l u e  i s  made a r b i t r a r i l y  
l a r g e  t o  i n d i c a t e  no r e s t r i c t i o n  on t h e  p r o d u c t i o n  of w a s t e s .  
S o l u t i o n  o f  t h e  model can  now proceed  w i t h  t h e  o b j e c t  b e i n g  t o  
minimize t h e  v a l u e  o f  t h e  o b j e c t i v e  f u n c t i o n ,  e q u a t i o n  1 .  
F i g u r e  5  i l l u s t r a t e s  c r e a t i o n  o f  t h e  d a t a  m a t r i x  d e s c r i b e d  i n  
F i g u r e  1  f o r  t h e  r e l a t i v e l y  complex sys tem shown i n  F i g u r e  4. 
Along t h e  t o p  and l e f t  s i d e  o f  t h e  f i g u r e ,  column names and row 
names a r e  p r o v i d e d  t o  i d e n t i f y  t h e  column and row a c t i v i t i e s .  
The o b j e c t i v e  f u n c t i o n  i s  g j v e n  by t h e  f i r s t  row (TCOST) and t h e  
r e m a i n i n g  rows d e s c r i b e  t h e  c o e f f i c i e n t  m a t r i x .  The r i g h t  hand 
s i d e  is  g i v e n  by column *B1. I n d i v i d u a l  c o e f f i c i e n t s  a r e  i n d i c a t e d  
by l e t te rs ;  t h e  r e l a t i v e  magni tude o f  e a c h  l e t t e r  i s  i n d i c a t e d  a t  
t h e  bo t tom of  t h e  t a b l e .  
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Abstract 

A framework for a systematic approach to the analysis of 
agricultural water demand is presented in which the factors 
involved are considered on three levels: the farm level, 
the regional level, and the national level. The agricultural 
production system at each level is regarded as having three 
components: the inputs, the production process, and the outputs 
The mathematical modelling of agricultural water demand is 
discussed from the viewpoint of the substitution possibilities 
in the production system at each level. 

Introduction 

The objective of this paper is to provide a systematic 
framework for the analysis of the factors affecting agricultural 
water demand. This framework is intended to act as a basis for 
further discussion on the mathematical modelling of agricultural 
water demand from the viewpoint of a "scenario" or "alternative 
futures" approach. The aim of such an approach to the forecast- 
ing of future agricultural water demands is to avoid some of the 
dangers of forecasting these demands merely by the method of 
projecting their historically observed trends. Instead, within 
a set of assumptions about external factors such as population 
and economic growth, and government policy, a mathematical model 
of the agricultural production system is formulated to simulate 
the response of this system to different future policies. In 
this way, a number of "scenarios" or "alternative futures" are 
generated, each of which expresses the consequences of alternative 
policy assumptions. Thus, the output of such a modelling effort 
is not a single number for the amount demanded at some future time, 
but rather a range of numbers which might prevail given different 
circumstances. 



A t  the  n a t i o n a l  l e v e l ,  a  good example of  t h e  mathematical  
modell ing of  a g r i c u l t u r a l  water  demand i s  provided  by t h e  
comprehensive s tudy  of  t h e  wa te r  a s e  i n  a g r i c u l t u r e  i n  t h e  
United S t a t e s  which was c a r r i e d  o u t  by E.O. Heady and h i s  
a s s o c i a t e s  a t  Iowa S t a t e  U n i v e r s i t y  f o r  t h e  U.S. Na t iona l  Water 
Commission (Heady e t  a l . ,  1972; U.S. Na t iona l  Water Commission, 
1973; Nicol  and Heady, 1 9 7 5 ) .  I n  t h i s  s t u d y ,  a l i n e a r  program- 
ming model i s  formula ted  t o  account  f o r  a l l  wa te r  u se  i n  a g r i c u l -  
t u r e ,  a g r i c u l t u r a l  p roduc t ion ,  and t h e  consumption of  a g r i c u l t u r a l  
o u t p u t  i n  t h e  United S t a t e s .  The o b j e c t i v e  of  t h e  s tudy  i s  t o  
f o r e c a s t  a g r i c u l t u r a l  wa te r  demand i n  t h e  United S t a t e s  i n  t h e  
yea r  2000 under v a r i o u s  assumptions about  popu la t i on  l e v e l ,  farm 
p o l i c y ,  wa te r  p r i c e ,  l e v e l  of  e x p o r t s ,  and r a t e  of t e c h n o l o g i c a l  
advance. The b a s i c  v a r i a b l e  i n v e s t i g a t e d  i s  t h e  s u b s t i t u t i o n  f o r  
wa te r  u se  i n  i r r i g a t i o n  i n  t h e  Western S t a t e s  by dry- land  farming 
i n  t h e  o t h e r  S t a t e s .  

The impact on n a t i o n a l  economic development and envi ronmenta l  
q u a l i t y  of  government inves tments  i n  i r r i g a t i o n  developments must 
be i n v e s t i g a t e d  a t  t h e  n a t i o n a l  l e v e l  s o  t h a t  t h e  a c t u a l  c o s t s  
and b e n e f i t s  t o  t h e  n a t i o n  of  such  developments a r e  d i s t i n g u i s h e d  
from t h e  c o s t s  and b e n e f i t s  r e s u l t i n g  from t h e  t r a n s f e r  of  
a c t i v i t i e s  from one r e g i o n  t o  ano the r  (Howe, 1976) .  The e f f e c t  
of  i r r i g a t i o n  i n  s t a b i l i z i n g  a g r i c u l t u r a l  p roduc t ion  and t h e  
r e s u l t i n g  commodity marke ts  i s  a l s o  impor tan t  a t  t h e  n a t i o n a l  
l e v e l ,  p a r t i c u l a r l y  i n  t h e  ca se  of deve loping  c o u n t r i e s  which 
have few s t o r a g e  f a c i l i t i e s  t o  r e t a i n  s u r p l u s  p roduc t ion  f o r  
t imes  of need. 

A t  t he  r e g i o n a l  l e v e l ,  t h e  decision-makers  a r e  commonly 
charged  w i t h  g r a n t i n g  t h e  r i g h t s  f o r  wa te r  wi thdrawals  and 
was tewater  d i s c h a r g e s  s o  t h a t  t h e  supply  and t h e  demand f o r  
wa te r  a r e  ba lanced .  Various f a c t o r s  a f f e c t i n g  a g r i c u l t u r a l  
wa te r  demand a t  t h i s  l e v e l  a r e  l i s t e d  i n  F igu re  2. A number 
of mathematical  models of a g r i c u l t u r a l  wa te r  demand have been 
formula ted  a t  t h e  r e g i o n a l  l e v e l .  To e s t i m a t e  f a rmer s '  response  
t o  f a l l i n g  l e v e l s  i n  t h e i r  groundwater supply  f o r  i r r i g a t i o n  
i n  an a r e a  of  Arizona,  Burdak (1970) coupled  a  l i n e a r  programm- 
i n g  model f o r  t h e  farm management i n  t h e  r e g i o n  t o  an ana log  
computer model of  t h e  groundwater b a s i n ,  s o l v i n g  t h e  l i n e a r  
programming model i n  10 yea r  t ime s t e p s  t o  produce pumping 
schedu le s  t hen  us ing  t h e  ana log  model t o  f o r e c a s t  t h e  r e s u l t i n g  
d e c l i n e  i n  wa te r  l e v e l s .  The i n c r e a s e s  i n  pumping c o s t s  due t o  
t h e  groundwater d e c l i n e  a r e  f e d  back i n t o  t h e  l i n e a r  programming 
a s  new c o s t  c o e f f i c i e n t s  f o r  t h e  nex t  t ime s t e p .  Dean e t  a l .  
(1973) used a  mu l t i pe r iod  l i n e a r  programming model t o  i n v e s t i g a t e  
t h e  economic and f i n a n c i a l  f e a s i b i l i t y  of  i r r i g a t i o n  development 
i n  t h e  San Joaquin  Val ley ,  C a l i f o r n i a .  Again u s ing  l i n e a r  
programming, Onish i  and Swanson (1974) e v a l u a t e d  t h e  e f f e c t  on 
c r o p  product ion  of l i m i t i n g  t h e  use of  n i t r o g e n  f e r t i l i z e r s  and 
c o n s t r a i n i n g  t h e  amount of sediment produced i n  t h e  watershed  
of a  planned r e c r e a t i o n a l  r e s e r v o i r .  

A t  the  farm l e v e l ,  t h e  d e c i s i o n s  a r e  made concern ing  t h e  
t e c h n o l o g i c a l  a s p e c t s  of  a g r i c u l t u r a l  p roduc t ion :  c ropping  
p a t t e r n ,  t i l l a g e  p r a c t i c e ,  f e r t i l i z e r  and wa te r  a p p l i c a t i o n s ,  
F igu re  2. These a s p e c t s  a r e  examined i n  s t u d i e s  l i s t e d  by 
Meredith (1973) .  



The Modelling o f  A g r i c u l t u r a l  Water Demands 

For t h e  purposes  of modell ing a g r i c u l t u r a l  water  dzmands, 
it is  u s e f u l  t o  cons ide r  t h e  a g r i c u l t u r a l  p roduc t ion  system a s  
be ing  made up of  t h r e e  components: t h e  i n p u t s ,  t h e  product ion  
p r o c e s s e s  and t h e  o u t p u t s ,  F igu re  3. S ince  wa te r  i s  one o f  
t h e  i n p u t s ,  t h e  demand f o r  wa te r  must be d e r i v e d  from t h e  demand 
f o r  t h e  o u t p u t s  through t h e  l i nkage  of  t h e  p roduc t ion  p roces se s .  
Thus, t o  de te rmine  how much wa te r  i s  needed on a  g iven  farm i n  
a  g iven  y e a r ,  t h e  c ropping  p a t t e r n  and t h e  schedule  of  i r r i g a t i o n  
f o r  each  c rop  must be dec ided ,  t h e n  t h e  t o t a l  wa te r  demanded on t h e  
farm and i t s  d e l i v e r y  schedule  may be found a s  t h e  sum of t h e  de- 
mands of t h e  v a r i o u s  c rops .  

Commonly i n  a g r i c u l t u r e ,  t h e  supply  o f  wa te r  i s  s p a t i a l l y  
i n t e g r a t e d  wi th  t h e  demand a t  t h e  farm l e v e l  i n  t h a t  t h e  wa te r  
i s  pumped by t h e  farmer from nearby groundwater o r  s u r f a c e  wa te r  
sou rces .  I n  t h i s  c a s e ,  an approach t o  model l ing  t h e  water  supply  
and demands such a s  t h a t  of  Burdak (1970) i s  a p p r o p r i a t e ,  i n  which 
t h e  supply  and t h e  demand a r e  ba lanced  on a  farm-by-farm b a s i s .  
A l t e r n a t i v e l y ,  it may be d e s i r e d  t o  develop  a  r e g i o n a l  demand 
schedu le  f o r  wa te r  from some sou rce  e x t e r n a l  t o  t h e  fa rms ,  such 
a s  from a  r e s e r v o i r  o r  major d i v e r s i o n  from a  r i v e r .  Th i s  demand 
schedule  i s  a  r e l a t i o n s h i p  showing t h e  margina l  r e t u r n  from each  
u n i t  o f  wa te r  withdrawn a s  a  f u n c t i o n  o f  t h e  number o f  u n i t s ,  o r  
q u a n t i t y  withdrawn. 

To develop  such a  r e g i o n a l  a g r i c u l t u r a l  wa te r  demand schedu le ,  
assume t h a t  t h e  q u a n t i t i e s  of  o u t p u t s  o f  t h e  r e g i o n a l  a g r i c u l t u r a l  
p roduc t ion  system have been s p e c i f i e d .  By us ing  a  l i n e a r  program- 
ming model of  t h e  p roduc t ion  system a t  t h e  farm l e v e l ,  t h e  s o l u t i o n  
f o r  t h e  l e a s t - c o s t  combinat ion of i n p u t s  and p roduc t ion  p r o c e s s e s  
can  be found f o r  each  f e a s i b l e  l e v e l  of  t h e  amount of  i n p u t  wa te r .  
A t  each  such l e v e l  of  i n p u t  w a t e r ,  t h e  margina l  r e t u r n  from having 
an a d d i t i o n a l  u n i t  o f  water  may t h e n  be computed a s  t h e  d i f f e r e n c e  
between t h e  l e a s t - c o s t  s o l u t i o ~  a t  t h a t  l e v e l  of  i n p u t  and t h e  
s o l u t i o n  when one more u n i t  o f  water  i s  a v a i l a b l e  ( t h e  assumption 
is  imp l i ed  t h a t  having more wa te r  r educes  t h e  o v e r a l l  c o s t s  of  
p r o d u c t i o n ) .  The r e g i o n a l  water  demand schedu le  can t h e n  be de- 
veloped by agg rega t ion  of t h e  fa rm- leve l  denand s c l ~ e d u l e s .  

The key concept  h e r e  i s  t h a t  a s  wa te r  becomes i n c r e a s i n g l y  
s c a r c e ,  o t h e r  i n p u t s  a r e  s u b s t i t u t e d  f o r  it, o r  o t h e r  p roduc t ion  
p r o c e s s e s  a r e  used. A number of  such i n p u t  s u b s t i t u t i o n  p o s s i -  
b i l i t i e s  e x i s t  i n  a g r i c u l t u r e :  

(1) S u b s t i t u t i o n  of  l a b o r  f o r  water  th rough more f r e q u e n t  
and b e t t e r  c o n t r o l l e d  a p p l i c a t i o n  of i r r i g a t i o n  wa te r .  

( 2 )  S u b s t i t u t i o n  of c a p i t a l  f o r  water  by l i n i n g  c a n a l s  
and us ing  s p r i n k l e r s  o r  t r i c k l e  i r r i g a t i o n  i n s t e a d  
o f  f l o o d  i r r i g a t i o n .  

( 3 )  S u b s t i t u t i o n  of f e r t i l i z e r  f o r  water  u s i n g  t h e  comple- 
mentary r e l a t i o n  which e x i s t s  between them, an  example 
of  which i s  shown i n  F igu re  4 .  



(4) Substitution of land for water by reducing the area 
irrigated and growing the substitute crops without 
irrigation (this requires more land since yields 
are lower with dry-land farming). 

Changes in the production process in response to decreasing 
water availability include the following: 

(1) Alteration of the crop-mix and crop rotation towards 
less water-intensive crops. 

(2) Reduction in tillage to conserve water in the topsoil. 

The consideration of the quality of the wastewater is also 
important particularly with regard to the following: the build-up 
of salts in the soil, perhaps because of inadequate drainage; 
erosion, and sediment carried with surface runoff; and the leach- 
ing of fertilizers into natural water bodies, particularly nitro- 
gen and phosphorous compounds. 

For those familiar with industrial water demand modelling 
as described by Thompson, and Young (1973); and Calloway, Schwartz, 
and Thompson (1974); the previous discussion illustrates the 
similarities between this modelling and that for agricultural 
water demands. However, there are some important differences 
between these two types of water demands which should be noted: 

(1) Spatial location is critical in agriculture since soil 
fertility exhibits wide variations even within local areas. 
Industrial production processes are less affected by spatial 
location. 

(2) Random factors such as weather are much more important 
in agriculture than in industry. In general, agricultural pro- 
duction is less under human control than is industrial production. 

(3) Consumptive use is high in agriculture; there are few 
recycling possibilities compared with those in industry. 

( 4 )  Agricultural water demand is dispersed over large areas 
at relatively low rates of use per unit are while industrial water 
demand is concentrated at point locations with high rates of water 
use per unit area. 

(5) The timing of water application is important in agricul- 
ture. By contrast, industry usually requires relatively constant 
flow rates of water over long periods of timc. 



Summarv and C o n c l u s i o n s  

The o b j e c t i v e  o f  t h i s  p a p e r  i s  t o  p r o v i d e  a s y s t e m a t i c  
framework f o r  t h e  a n a l y s i s  of  t h e  f a c t o r s  a f f e c t i n g  a g r i c u l t u r a l  
w a t e r  demand. The t y p e s  o f  a g r i c u l t u r a l  w a t e r  demand a r e  
d e s c r i b e d  and t h e  f a c t o r s  a f f e c t i n g  t h e  demand a r e  s e p a r a t e d  
i n t o  t h r e e  sets c o r r e s p o n d i n g  t o  n a t i o n a l ,  r e g i o n a l ,  and fa rm 
l e v e l s .  Mathemat ica l  m o d e l l i n g  s t u d i e s  a l r e a d y  c a r r i e d  o u t  a t  
t h e s e  l e v e l s  a r e  d i s c u s s e d .  The m o d e l l i n g  o f  a g r i c u l t u r a l  w a t e r  
demand i s  c o n s i d e r e d  from t h e  v i e w p o i n t  o f  a n  a g r i c u l t u r a l  p ro-  
d u c t i o n  sys tem compr i s ing  t h r e e  components:  i n p u t s ,  p r o d u c t i o n  
p r o c e s s e s ,  and o u t p u t s .  A p r o c e d u r e  s i m i l a r  t o  t h a t  f o r  i n d u s -  
t r i a l  w a t e r  demands i s  deve loped  f o r  d e r i v i n g  r e g i o n a l  a g r i c u l -  
t u r a l  w a t e r  demand s c h e d u l e s .  T h i s  p r o c e d u r e  re l ies  on t h e  
c o n c e p t  o f  t h e  s u b s t i t u t i o n  o f  o t h e r  i n p u t s  a n d  p r o d u c t i o n  
p r o c e s s e s  a s  w a t e r  becomes i n c r e a s i n g l y  s c a r c e .  S e v e r a l  impor- 
t a n t  d i f f e r e n c e s  between a g r i c u l t u r a l  and i n d u s t r i a l  w a t e r  
demands a r e  n o t e d .  

I t  i s  conc luded  t h a t  on a g l o b a l  b a s i s  a t  t h e  p r e s e n t  t i m e ,  
a g r i c u l t u r a l  w a t e r  demand, p r i m a r i l y  f o r  i r r i g a t i o n ,  i s  t h e  
dominant  component of  t o t a l  w a t e r  w i t h d r a w a l s  and consumpt ive  
u s e .  I t  seems most a p p r o p r i a t e  t o  c o n s i d e r  t h e  b a l a n c e  between 
t h e  s u p p l y  and t h e  demand f o r  a g r i c u l t u r a l  w a t e r  a t  t h e  r e g i o n a l  
l e v e l ,  t h e  demands b e i n g  mode l led  a t  t h e  fa rm l e v e l  u s i n g  l i n e a r  
programming t h e n  a g g r e g a t e d  t o  f i n d  t h e  r e g i o n a l  l e v e l  demand 
s c h e d u l e s .  Al though,  i n  p r i n c i p l e ,  t h e  methodology used  i n  
d e v e l o p i n g  i n d u s t r i a l  w a t e r  demand s c h e d u l e s  i s  a l s o  a p p l i c a b l e  
t o  a g r i c u l t u r a l  w a t e r  demand, due  a c c o u n t  must b e  t a k e n  o f  t h e  
d i f f e r e n c e s  between a g r i c u l t u r a l  and i n d u s t r i a l  p r o d u c t i o n  pro-  
c e s s e s ,  p a r t i c u l a r l y  w i t h  r e g a r d  t o  t h e  s p a t i a l  a s p e c t s  of  
a g r i c u l t u r a l  p r o d u c t i o n .  
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Figure 1.  Types of agricultural water demand. 
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1 INPUTS 

LAND: LABOR: 
C A P I T A L  STOCK 
(BUILDINGS, 
MACH I NERY, ETC)  ; 
WATER: F E R T I L I Z E R :  
SEEDS: WEATHER 

PRODUCTIO!I 
PROCESSES 

FARM MANAGEMENT 
PROGRAM: T I  L L A G E  
P R A C T I C E :  CROP 
ROTAT I ON; 
E F F I C I E N C Y  OF 
WATER TRANSPORT:  
METHOD O F  I R R I -  
G A T I O N :  

1 OUTPUTS 1 
G R A I N S :  HAY: SMALL 
SEEDS:  F A T T E N E D  

P O L L U T A N T S  E , G m  
S A L T S ,  N I T R O G E N ,  
PHOS HORLIS, S E D I -  
MENT 7 

Figure 3. The agricultural production system. 



Ni t rogen  200 
F e r t i l i z e r  

( l b s  N lac re )  

Figure 4 .  Nitrogen fertilizer vs. water for corn production. 

Source: Heady et al. (1972)? Table 1.4 
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I n t e r n a t i o n a l  I n s t i t u t e  f o r  
Appl ied  Systems A n a l y s i s  

Laxenburg,  A u s t r i a  

I .  I n t r o d u c t i o n  

The o b j e c t i v e  o f  t h i s  s t u d y  i s  t o  e l a b o r a t e  a  method t o  
e v a l u a t e  w a t e r  s u p p l y  a l t e r n a t i v e s  i n  a  r e g i o n ,  and combine them 
i n  some a p p r o p r i a t e  f a s h i o n  t o  m e e t  p r o j e c t e d  w a t e r  d e m a n d s .  W e  
t h i n k  t h i s  may b e  u s e f u l  f o r  s e v e r a l  r e a s o n s .  F i r s t ,  p e o p l e  who 
have t o  make d e c i s i o n s  a b o u t  w a t e r  s u p p l y  o u g h t  t o  know whether  it 
i s  i n  f a c t  f e a s i b l e  t o  m e e t  p r o j e c t e d  f u t u r e  demands. Second,  
t h e y  ought  t o  know t h e  c o s t  of  d o i n g  s o .  What a r e  t h e  s a c r i f i c e s  
r e q u i r e d  t o  o b t a i n  s p e c i f i e d  a d d i t i o n a l  q u a n t i t i e s  of  w a t e r ?  
T h i r d ,  we assume t h e y  wish  t o  o b t a i n  t h e s e  q u a n t i t i e s  i n  a n  e f f i c -  
i e n t ,  i . e .  cos t -min imiz ing ,  f a s h i o n .  T h i s  i s  what  we mean by 
combining s u p p l y  a l t e r n a t i v e s  i n  an " a p p r o p r i a t e "  f a s h i o n .  

A t y p i c a l  approach  i n  p a s t  s t u d i e s  o f  w a t e r  s u p p l y  (see 
Wollman and  Bonem [19711) h a s  been  t o  measure  r e l e v a n t  p h y s i c a l  
sys tem c h a r a c t e r i s t i c s  o f  a  r e g i o n ,  such  a s  p r e c i p i t a t i o n  and 
r u n o f f ,  p l o t  t h e s e  a n n u a l l y ,  and t h e n  draw some i n f e r e n c e s  a b o u t  
how much w a t e r  w i l l  b e  a v a i l a b l e  i n  t h e  r e g i o n  o v e r  a  g i v e n  f u t u r e  
p e r i o d .  Because of  u n c e r t a i n i t i e s  i n  p r e c i p i t a t i o n  and s t r e a m  
f l o w ,  s t a t e m e n t s  a b o u t  a v a i l a b i l i t y  must o r d i n a r i l y  b e  made i n  
p r o b a b i l i s t i c  t e r m s ,  e . g . ,  "minimum f l o w  a v a i l a b l e  98 p e r c e n t  o f  
t h e  t i m e "  (L6f and Hard i son  [ 1 9 6 6 ] ) .  But i n  any e v e n t ,  a n  i m p o r t a n t  
f e a t u r e  o f  t h i s  approach  i s  t h a t  it a t t e m p t s  t o  come u p  w i t h  a  
p o i n t  e s t i m a t e  of  w a t e r  s u p p l y .  T h a t  i s ,  it a t t e m p t s  t o  s a y  
e x a c t l y  how much w a t e r  w i l l  b e  a v a i l a b l e  ( w i t h  p r o b a b i l i t y  p )  a t  
a  g i v e n  t i m e  and p l a c e .  

A v e r y  u s e f u l  e x t e n s i o n  o f  t h e  p h y s i c a l  sys tem a n a l y s i s  h a s  
been  t h e  s p e c i f i c a t i o n  and e s t i m a t i o n  of  what  t h e  economis t  c a l k s  
w a t e r  s u p p l y  f u n c t i o n s .  The s u p p l y  f u n c t i o n  f o r  w a t e r  g i v e s  t h e  
amounts of w a t e r  t h a t  c o u l d  b e  made a v a i l a b l e  ( w i t h i n  a  g i v e n  
t i m e  f rame)  a t  v a r i o u s  c o s t  i n c r e m e n t s ,  o r  t h a t  would presumably 
b e  made a v a i l a b l e  a t  t h e  c o r r e s p o n d i n g  p r i c e s  under  a  reg ime  o f  
d e c e n t r a l i z e d ,  p r o f i t - m a x i m i z i n g  s u p p l i e r s 2 .  Wollman and Bonem 

"The a u t h o r  i s  i n d e b t e d  t o  A .  F i s h e r  f o r  many v a l u a b l e  comments and 
s u g g e s t i o n s  made i n  t h e  c o u r s e  o f  t h i s  s t u d y .  

2More d e t a i l s  a b o u t  supp ly  f u n c t i o n s  can b e  found i n  A .  F i s h e r ' s  paper  
"Demand, Supply,  and Economic Ef ficienc.y" i n  t h i s  P roceed ings .  



present some good examples o f  the incremental cost-output relat ion-  
ship for  surface stream flow and storage i n  a  number o f  water 
resource regions i n  the  U . S .  Costs (and b e n e f i t s )  o f  another 
supply a l ternat ive ,  interbasin t rans f e r s  o f  water,  are studied 
by Howe and Easter (1971) for  t he  U . S .  and by Cumnings (1974) 
for  Mexico. What we intend t o  do i s  t o  take t h i s  sort  o f  supply 
analysis a  step further  by looking a t  a  range o f  a l ternat ives  
for  a  (hypothet ical)  region, and developing a method tha t  com- 
bines them i n  cost-minimizing fashion t o  generate a  regional 
water supply curve. 

11. Water Supply Alternatives 

We f i r s t  consider the  problem o f  developing a general scheme 
for  water supply i n  a  particular region. By  a  general scheme we 
mean one tha t  abstracts from considerations o f  the  locat ion o f  
sources, the  topographical determination o f  stream f low,  e t c .  
Such a general scheme i s  represented i n  Figure 1 .  

D = demand point P S  = pumping s ta t ion  
WS = water source S R  = small reservoir  

I N F  = intake f a c i l i t i e s  TF = t rans f e r  f a c i l i t i e s  
T P  = treatment plant (channels, r i v e r s )  

Figure 1 .  

I n  t h i s  scheme a given point,  D ,  i n  region  i is t o  be supplied 
with water from some water source W S .  The l a t t e r  requires intake 
f a c i l i t i e s  I N F ,  and eventually a  small ( aux i l i a ry )  reservoir S R I .  
Before being transferred t o  D ,  t he  water has t o  be puri f ied by 
t he  treatment plant T P 1 .  Treatment might be desirable i f ,  for  
example,atpoint  A other users are supplied or i f  t rans f e r  
f a c i l i t i e s  TF are used also for  other purposes, such as recrea- 
t i o n ,  t ha t  would require water o f  a  standard qua l i t y .  O f  course, 
the  s p e c i f i c  locat ion o f  these various f a c i l i t i e s ,  and t h e i r  s i z e ,  
w i l l  depend on the region's  available water sources, i t s  topo- 
graphy, and the  qual i ty  and quant i ty  o f  water being transferred 
t o  point D .  

To derive a supply funct ion for  D we have t o  i d e n t i f y  a l l  o f  
the feas ib le  water sources or supply a l t e rna t i ve s ,  which could 
be represented as i n  Figure 1 .  In contemporary water supply the 
following a l ternat ives  are employed: 



1 .  R i v e r  Water 

T h i s  i s  p r o b a b l y  t h e  l e a s t  c o s t  a l t e r n a t i v e  and  i s  o r d i n a r i l y  
t h e  f i r s t  one  which i s  employed i n  a  g i v e n  r i v e r  b a s i n .  However, 
t h e r e  a r e  two d i f f i c u l t i e s  which p r e v e n t  w i d e r  u t i l i z a t i o n  of 
t h i s  w a t e r  s o u r c e :  p o l l u t i o n  ( t h e r e  i s  t y p i c a l l y  a  need f o r  i n -  
t e n s i v e  t r e a t m e n t  o f  t h e  w a t e r )  , and low d e p e n d a b i l i t y  of  f l o w .  

2 .  R e s e r v o i r  Water 

T h i s  a l t e r n a t i v e  i s  a n  improvement o v e r  t h e  f i r s t  i n  b o t h  
r e s p e c t s .  P o l l u t i o n  may b e  l e s s  due  t o  t h e  s e d i m e n t a t i o n  of  
s o l i d s  i n  t h e  r e s e r v o i r s ,  and t h e  d e p e n d a b i l i t y  of  s u p p l i e s  
i n c r e a s e s  s u b s t a n t i a l l y  due t o  t h e  p o s s i b i l i t i e s  f o r  r e g u l a t i n g  
t h e  s t r e a m  f l o w .  

3 .  Groundwater 

" A l l  w a t e r  t h a t  e x i s t s  below t h e  s u r f a c e  of  t h e  e a r t h  i n  t h e  
i n t e r s t i c e s  o f  s o i l  and  r o c k  may b e  c a l l e d  s u b s u r f a c e  w a t e r ;  t h a t  
p a r t  o f  s u b s u r f a c e  w a t e r  i n  i n t e r s t i c e s  c o m p l e t e l y  s a t u r a t e d  w i t h  
w a t e r  i s  c a l l e d  g roundwate r"  (Water  P o l i c i e s  f o r  t h e  F u t u r e ,  [ 1 9 7 3 ] ) .  
As a n  a l t e r n a t i v e  s o u r c e  of  w a t e r  it is r e a d i l y  a c c e s s i b l e  i n  
many r e g i o n s ,  o f t e n  where s u r f a c e  s u p p l i e s  a r e  becoming d i f f i c u l t  
and c o s t l y  t o  expand.  Groundwater a l s o  h a s  two v e r y  i m p o r t a n t  
c h a r a c t e r i s t i c s :  it does  n o t  r e q u i r e  c o n s t r u c t i o n  of  dams, a n d  
it i s  o f t e n  of good q u a l i t y .  However, i t  s h o u l d  b e  n o t e d  t h a t  
o v e r u s e  can  l e a d  t o  a  d e t e r i o r a t i o n  i n  t h e  q u a l i t y  o f  t h e  ground-  
w a t e r  and  can  a l s o  lower  t h e  w a t e r  t a b l e .  

4.  I n t e r - B a s i n  T r a n s f e r  

T h i s  a l t e r n a t i v e  p r o v i d e s  f o r  a  s u b s t a n t i a l  augment ing o f  
s u p p l y  by t r a n s f e r r i n g  w a t e r  f rom one w a t e r s h e d  t o  a n o t h e r .  The 
r e g i o n  r e c e i v i n g  w a t e r  g a i n s  w h i l e  t h e  r e g i o n  t h a t  d o n a t e s  w a t e r  
l o s e s .  T h i s  means t h a t  i n  s t u d y i n g  t h i s  a l t e r n a t i v e  one  s h o u l d  
t a k e  i n t o  a c c o u n t  problems which p e r t a i n  t o  b o t h  r e g i o n s ,  u n l e s s  
t h e  d o n a t i n g  r e g i o n  h a s  an  e x c e s s  s u p p l y  a t  a  z e r o  p r i c e  f o r  t h e  
f o r e s e e a b l e  f u t u r e .  

5. D e s a l t i n g  o f  Sea  Water 

T h i s  a l t e r n a t i v e  h a s  a lways  been  a  c h a l l e n g e  t o  s c i e n t i s t s  
and  p r a c t i t i o n e r s  b u t  u n t i l  r e c e n t l y ,  it was n o t  t e c h n i c a l l y  
f e a s i b l e  t o  c o n v e r t  meaningfu l  amounts  of  e i t h e r  s e a  w a t e r  o r  
b r a c k i s h  w a t e r  i n t o  f r e s h  w a t e r .  Today, t h e  t e c h n o l o g y  f o r  l a r g e -  
s c a l e  d e s a l t i n g  i s  a t  hand.  I n  f a c t ,  a s  o f  1971,  t h e r e  were some 
745 p l a n t s  i n  o p e r a t i o n  i n  v a r i o u s  p a r t s  o f  t h e  w o r l d ,  p roduc ing  
o v e r  300 m i l l i o n  g a l l o n s / d a y  ( =  1  . I 3 6  m i l l i o n  m3/day) o f  w a t e r  
(Wate r  P o l i c i e s  f o r  t h e  F u t u r e ,  [ 1 9 7 3 ] ) .  T h e r e  a r e  p rob lems ,  
however.  C o s t s  a r e  s t i l l  r e l a t i v e l y  h i g h  and t h e  e n v i r o n m e n t a l  
impac t  can  b e  s u b s t a n t i a l .  F u r t h e r  c o s t  r e d u c t i o n  w i l l  p r o b a b l y  
come from r e d u c t i o n  i n  t h e  c o s t  o f  e n e r g y  u s e d  i n  t h e  p r o c e s s ,  o r  
more l i k e l y  from more e f f i c i e n t  u s e  o f  t h e  e n e r g y .  One p o s s i b i l i t y  
h e r e  would b e  t o  combine power g e n e r a t i o n  w i t h  d e s a l i n a t i o n .  The 



envi ronmenta l  problem i s  t h a t  t h e  volume of  b r i n e  e f f l u e n t  from 
a  s e a  w a t e r  convers ion  p l a n t  i s  about  50 p e r c e n t  o f  t h e  t o t a l  
volume t r e a t e d .  A s  i n d i c a t e d  i n  (Water P o l i c i e s  f o r  t h e  F u t u r e ,  
[ 1 9 7 3 ] ) ,  " t h e  e f f l u e n t  from a  1 0  m.g.d. (37854 m3/day) p l a n t  w i l l  
c o n t a i n  2000 t o n s  o f  s a l t  r e s i d u e  d a i l y " .  

These a r e  t h e  a l t e r n a t i v e s  c o n s i d e r e d  i n  o u r  i l l u s t r a t i v e  
example of a  r e g i o n a l  w a t e r  s u p p l y  f u n c t i o n  i n  s e c t i o n  I V  below. 
There  a r e  however a  number o f  o t h e r s  such  a s  r e c l a m a t i o n  of 
w a s t e  w a t e r  e f f l u e n t ,  l a n d  management, m o d i f i c a t i o n  o f  p r e c i p i t a -  
t i o n ,  e tc .  which a r e  more s o p h i s t i c a t e d  and t h e r e f o r e  r e q u i r e  
c o n s i d e r a b l e  i n v e s t m e n t s .  

111. A Derived Supply Func t ion :  S t r u c t u r e  and D e s c r i p t i o n  

o f  t h e  Model 

The key i d e a  i n  d e r i v i n g  a  s u p p l y  f u n c t i o n  f o r  p o i n t  D i n  
r e g i o n  R i s  t h a t  d i f f e r e n t  s u p p l y  a l t e r n a t i v e s ,  and t h e  r e s o u r c e  
i n p u t s  r e q u i r e d  f o r  e a c h ,  c a n  be s u b s t i t u t e d  f o r  each  o t h e r  u n t i l  
t h e  l e a s t  c o s t  combina t ion  f o r  producing any d e s i r e d  amount o f  
w a t e r  i s  found.  I n  t h i s  s e c t i o n  we i n d i c a t e  f o r m a l l y  how t h i s  
p r o c e s s  ought  t o  work. 

I t  i s  assumed t h a t  t h e  r e g i o n a l  w a t e r  s u p p l y  agency wishes  
t o  minimize t h e  c o s t  of making a v a i l a b l e  a  g i v e n  q u a n t i t y  of 
w a t e r ,  Y D ,  t o  m e e t  p r o j e c t e d  demand a t  t h e  p r e v a i l i n g  p r i c e .  
Water c a n  b e  s u p p l i e d  from any of  n  s o u r c e s ,  X l ,  X 2 ,  ..., X n ,  

n  
where 1 Xi = Y D .  To g e t  w a t e r  from e i t h e r  s o u r c e  r e q u i r e s  two 

i = l  
k i n d s  o f  p r o d u c t i o n  i n p u t s ,  L1 and K1 f o r  X I ,  L2 and K 2  f o r  X 2 , . . . ,  
Ln and K f o r  X n .  

n  

The i n p u t s  of L  and Ki can  be combined t o  y i e l d  a  g i v e n  
q u a n t i t y  of X i  accorAing t o  t h e  p r o d u c t i o n  f u n c t i o n  f i  (L. , K i )  = X i .  
I n  t h e  p r o d u c t i o n  f u n c t i o n  we can  a l s o  r e a d i l y  i n c o r p o r a t e  e n v i r o n -  
m e n t a l  q u a l i t y  c o n s i d e r a t i o n s .  For  example,  t h e  w a s t e  a s s i m i l a -  
t i v e  c a p a c i t y  o f  a  w a t e r  c o u r s e  migh t  be r e p r e s e n t e d  a s  a  s c a r c e  
i n p u t ,  l i k e  L  o r  K .  

The a g e n c y ' s  p l a n n i n g  problem can  be s t a t e d  f o r m a l l y  a s ,  

minimize 

s u b j e c t  t o  t h e  c o n s t r a i n t  



and t h e  non-negat iv i ty  r e s t r i c t i o n s  

where PL i s  t h e  p r i c e  of  i n p u t s  of t y p e  L, and Pk i s  t h e  p r i c e  of 
i n p u t s  of t y p e  K .  

The Lagrange f u n c t i o n  is 

Assuming t h e  product ion  f u n c t i o n s  f i ( L i r  , i = I ,  ..., n 
a r e  concave i n  both  arguments ,  t h e  Kuhn-Tucke?&-T) c o n d i t i o n s  
f o r  t h i s  n o n l i n e a r  program a r e  necessary  and s u f f i c i e n t  f o r  a  
minimum. Furthermore,  assuming p o s i t i v e  v a l u e s  f o r  a l l  t h e  
s o l u t i o n  v a r i a b l e s ,  t h e  K-T c o n d i t i o n s  can be w r i t t e n  

Inpu t  Demand and Marginal Cos t  

From t h e  c o n d i t i o n s  ( 4 )  t h e  s t anda rd  formulae f o r  i n p u t  
af . af . 
1 

demand can  be  deduced, f o r  example PL = h , o r  Pk 
1 = A p ,  

i i aKi  

i = 1 ,  ..., n.  These i n d i c a t e  s imply t h a t  an  i n p u t  i w i l l  be 
purchased up t o  t h e  p o i n t  where i t s  p r i c e  P f o r  Li, e q u a l s  t h e  

a i, L 

v a l u e  of i t s  margina l  product ,  X 2 . Thi s  exp re s s ion  i s  i n  t u r n  aLi 
- 

t h e  product  of t h e  shadow p r i c e  of w a t e r ,  X ,  and t h e  margina l  
a f i  p roduct  of L, - . 
aL, 

Note a l s o ,  i n  an  op t ima l  o r  c o s t  minimizing program, t h e  
va lue  of  a n  i n p u t ' s  margina l  product  must be  t h e  same i n  a l l  
a l t e r n a t i v e s  because it i s  used i n  a l l  of them t o  t h e  p o i n t  where 
i t s  v a l u e  i s  e q u a l  t o  t h e  common i n p u t  p r i c e .  That  i s ,  we have 
f o r  L, 



F u r t h e r ,  s i n c e  t h e  shadow p r i c e  o f  w a t e r ,  A ,  i s  o b v i o u s l y  t h e  
same, w e  have  

T h i s  means t h a t  t h e  m a r g i n a l  p r o d u c t  i s  t h e  same i n  a l l  
a l t e r n a t i v e s .  T h i s  r e s u l t  w i l l  b e  u s e f u l  i n  d e r i v i n g  t h e  m a r g i n a l  
c o s t ,  o r  s u p p l y  f u n c t i o n .  

The m a r g i n a l  c o s t  of  s u p p l y i n g  w a t e r  from a l t e r n a t i v e  i i s  

L Pk 

a f i  
O r  T I  i = 1 .  .... n ,  ( e a c h  of  them = A )  . 

- - a~~ aKi  

The m a r g i n a l  c o s t s  o f  e a c h  of  t h e  a l t e r n a t i v e s  must  b e  t h e  
same, f o r  i f  t h e y  a r e  n o t ,  t h e  c o s t  o f  s u p p l y i n g  a  g i v e n  q u a n t i t y  
o f  w a t e r  c a n  b e  reduced  by s h i f t i n g  i n p u t s  f rom t h e  h i g h e r  c o s t  
a l t e r n a t i v e  t o  t h e  lower .  The m a r g i n a l  c o s t  of  w a t e r  s u p p l y  i s  
t h e n  j u s t  t h e  m a r g i n a l  c o s t  o f  any of  t h e  a l t e r n a t i v e s  - a t  t h e  
t o t a l  cos t -min imiz ing  s o l u t i o n ,  o f  c o u r s e .  To show t h a t  t h e  
a l t e r n a t i v e  m a r g i n a l  c o s t s  a r e  t h e  same, w e  o b s e r v e  from ( 7 )  t h a t  
PL = PL (working w i t h  L) and 

s o  t h a t  

The e x p r e s s i o n  ( 9 )  i s  t h e  m a r g i n a l  c o s t  a s s o c i a t e d  w i t h  a  g i v e n  
q u a n t i t y  of  w a t e r ,  s a y  Y 

D' 

What h a s  a l l  o f  t h i s  t o  do w i t h  t h e  d e r i v a t i o n  o f  a  m a r g i n a l  
c o s t  o r  s u p p l y  f u n c t i o n ,  which i s  t h e  p o i n t  o f  t h i s  s e c t i o n ?  As 
e x p l a i n e d  i n  t h e  I n t r o d u c t i o n ,  t h e  m a r g i n a l  c o s t  a s s o c i a t e d  w i t h  
any g i v e n  l e v e l  o f  o u t p u t ,  Y p ,  i s  c a l c u l a t e d  by t r e a t i n g  YD a s  a  
p a r a m e t e r ,  i .e .  by v a r y i n g  it and c a l c u l a t i n g  t h e  m a r g i n a l  c o s t  



a t  t h e  new l e v e l s  of t h e  s o l u t i o n  v a r i a b l e s .  Of cour se ,  t h i s  
procedure y i e l d s  on ly  a  s c a t t e r  of p o i n t s ,  each r e p r e s e n t i n g  an 
o u t p u t ,  c o s t  p a i r .  But it i s  s t i l l  p o s s i b l e  t o  c a l c u l a t e  s l o p e s  
and e l a s t i c i t i e s  a t  each p o i n t  of t h e  supply curve.  

I V .  The L inea r  Case: S p e c i f i c a t i o n  and Economic I m p l i c a t i o n s  

The preceeding s e c t i o n  p rov ides  a  methodologica l  framework 
f o r  d e r i v i n g  wa te r  supply f u n c t i o n s  through a  non l inea r  program. 
I n  many p r a c t i c a l  s i t u a t i o n s  it i s  reasonab le  t o  have t h e  app l i ca -  
t i o n  of  t h e  methodology i n  t h e  form of a  l i n e a r  programming (LP) 
problem. Although t h e  main r eason  f o r  adopt ing  t h i s  t echn ique  
i s  i t s  advantage i n  ~ ~ m p ~ t a t i ~ n ,  no te  t h a t  t h e  o b j e c t i v e  f u n c t i o n ,  
equa t ion  ( 1 1 ,  i s  a l r eady  l i n e a r .  The on ly  remaining s impl i fy ing  
assumption,  t o  conve r t  t h e  problem desc r ibed  by equa t ions  (1 ) - ( 3 )  
t o  an  LP one,  i s  t h a t  t h e  product ion  c o n s t r a i n t s  should  a l s o  be 
l i n e a r .  But t o  r e p r e s e n t  them i n  l i n e a r  form, it w i l l  be  h e l p f u l  
t o  view them s l i g h t l y  d i f f e r e n t l y .  

Thus f a r  we have cons idered  how d i f f e r e n t  i n p u t s  Li and K i  
a r e  combined t o  produce water  i n  a  p a r t i c u l a r  p rocess ,  such a s  
Xi according  t o  t h e  product ion  r e l a t i o n  £ . ( I , . ,  K . )  = X But it i ' is a l s o  p o s s i b l e  t o  cons ide r  how a  s i n g l e l ( s & a r c & )  i n p u t ,  say  L, 
i s  used t o  produce water  i n  n  d i f f e r e n t  ways, X I ,  X , ..., Xn.  I n  
g e n e r a l  non l inea r  form, t h e  c o n s t r a i n t  might be  w r i z t e n  

where L i s  t h e  l i m i t e d  amount of L  a v a i l a b l e  t o  t h e  r e g i o n a l  
water  supply agency. 

I n  l i n e a r  form, t h e  c o n s t r a i n t  (10) becomes 

where a l l  i s  t h e  amount of L  used  i n  t h e  product ion  of one u n i t  
of X I ,  a12  i s  t h e  amount of  L  used i n  t h e  product ion  of one u n i t  
of X 2 ,  e t c .  Then f o r  c o n s t r a i n t  ( 2 )  we might  s u b s t i t u t e  something 
l i k e  

and 



Of cou r se ,  i n  t h e  g e n e r a l  c a s e  we can have m c o n s t r a i n t s  
of t h e  t y p e  (1 2) , (1 3) , (1 4) i f  more i n p u t s  of  t y p e  L and K a r e  
cons ide red .  

The o b j e c t i v e  f u n c t i o n i s  a l s o  s p e c i f i e d  a  b i t  d i f f e r e n t l y ,  
i n  te rms  of t h e  c o s t s  of t h e  a l t e r n a t i v e  p r o c e s s e s ,  i n s t e a d  of 
t h e  p roces s  i n p u t s .  That i s ,  assuming n  a l t e r n a t i v e s  X 1 ,  ..., X n ,  
t h e  o b j e c t i v e  i s  t o  minimize 

where C i  is t h e  u n i t  c o s t  of X i ,  s u b j e c t  t o  c o n s t r a i n t s  (121,  (13)  
on i n p u t s ,  (14) on o u t p u t s ,  and t h e  u s u a l  n o n n e g a t i v i t y  r e s t r i c t i o n s .  

Of c o u r s e ,  it d o e s n ' t  r e a l l y  m a t t e r  whether  we r e a d  t h e  
c o n s t r a i n t s  "down" column a c t i v i t i e s ,  a s  b e f o r e ,  o r  " ac ros s "  row 
i n p u t s ,  a s  i n  (12) and ( 1 3 ) .  But t h e  assumption of l i n e a r i t y  i n  
p roduc t ion  does  m a t t e r .  I n  economic t e rms ,  l i n e a r i t y  means t h a t  
p roduc t ion  is s u b j e c t  t o  c o n s t a n t  r e t u r n s  t o  s c a l e .  That  i s ,  i f  
each i n p u t  i s  i n c r e a s e d  by k  p e r c e n t ,  o u t p u t  i s  a l s o  i n c r e a s e d  
by k  p e r c e n t ,  r e g a r d l e s s  of t h e  s i z e  of k. Th i s  may b e  a  r e a l -  
i s t i c  d e s c r i p t i o n  of some p r o c e s s e s ,  b u t  t h e n  a g a i n  it may no t .  
I n  p a r t i c u l a r ,  some l i m i t i n g  f a c t o r s ,  o f t e n  overlooked i n  t h e  
s p e c i f i c a t i o n  of t h e  p roduc t ion  technology,  l i k e  manager ia l  i n p u t ,  
w i l l  t y p i c a l l y  prevent  t h e  i n d e f i n i t e  r e a l i z a t i o n  of c o n s t a n t  
r e t u r n s  t o  s c a l e .  Th i s  sugges t s  t h a t  t h e  way t o  i n t e r p r e t  t h e  
l i n e a r  format  which we adopt  f o r  e a s e  i n  computat ion i s  t o  
r ecogn ize  t h a t  it may b e  a  good approximation t o  t h e  workings of  
a  p r o c e s s  f o r  producing wa te r  o n l y  up t o  some p o i n t .  

Another p rope r ty  of  t h e  p roduc t ion  s t r u c t u r e  s p e c i f i e d  i n  
(12) and (13)  i s  t h a t  t h e  i n p u t s  L and K a r e  combined i n  f i x e d  
p r o p o r t a i o n s  t o  produce water  i n  a  g i v e n  a l t e r n a t i v e .  T h i s  i s  
obvious ly  more r e s t r i c t i v e  t h a n  t h e  p roduc t ion  f u n c t i o n  we 
e a r l i e r  s p e c i f i e d ,  which a l l ows  f o r  va ry ing  i n p u t  p r o p o r t i o n s .  
But t h e  appa ren t  r e s t r i c t i o n  need no t  cause  any d i f f i c u l t i e s  i n  
p r a c t i c e ,  because  d i f f e r e n t  p r o p o r t i o n s ,  and even d i f f e r e n t  
p roduc t ion  t echn iques ,  t h a t  might b e  used t o  supply  wa te r  from 
a  g i v e n  sou rce ,  say  groundwater ,  a r e  e a s i l y  r e p r e s e n t e d  a s  sep- 
a r a t e  a l t e r n a t i v e s .  

The methodology d e s c r i b e d  above has  been a p p l i e d  t o  a  hypo- 
t h e t i c a l  r eg ion  which may b e  s u p p l i e d  w i th  water  from f i v e  a l t e r n a -  
t i v e  sou rces :  r i v e r  wa te r ,  groundwater ,  r e s e r v o i r s ,  i n t e r b a s i n  
t r a n s f e r  from t h e  a d j a c e n t  r e g i o n s ,  and d e s a l i n a t i o n  (Gouevsky, 
F i s h e r ,  1977) .  The r e s u t l s  ob t a ined  i n  t h i s  s tudy  enab le  DM t o  
i d e n t i f y  v a r i o u s  p a t t e r n s  of meeting t h e  r e q u i r e d  supply  yn. T h i s  
can  b e  i l l u s t r a t e d  by, t h e  ob t a ined  supply  cu rve  shown i n  F ig .  2. 
I t  can  b e  s een  from t h e  f i g u r e  t h a t  i n  t h e  i n t e r v a l  10 x 10" yD 2 2 0 x 1 0 ~  
t h e  e l a s t i c i t y  of  supply  curve  i s  r a t h e r  sma l l  and t h e r e f o r e  
p r i c e  i n c r e a s e s  would have r e l a t i v e l y  l i t t l e  e f f e c t  on t h e  q u a n t i t y  
of wa te r  supp l i ed .  T h i s  s o r t  of r e s u l t  c an  b e  e s p e c i a l l y  u s e f u l  
i n  d i r e c t i n g  t h e  a t t e n t i o n  of t h e  wa te r  r e s o u r c e  p l anne r s  t o  



Marginal Cost 
of  Supply Mcs 

Explanation o f  Regions o f  Supply Curve 

A-A1 u s i n g  o n l y  r i v e r  water 
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management of demand, rather than supply. That is, if it will 
be very costly to increase the production of water beyond some 
point, then measures to restrict demand, rather than augment 
supply, might be warranted. 

It appears that work in this area could benefit from con- 
sidering how to introduce nonlinearities, especially those 
resulting from economies of scale, in as painless a fashion as 
possible. The water quality dimension might also be explicitly 
introduced. Finally, the dynamics of water supply ought to be 
considered. Withdrawals from reservoirs or groundwater pools 
necessarily involve dynamic considerations, and the construction 
of supply facilities takes time. 
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1. The overall problem 

I 
Demand 

I 

I 
L - - - - - - - - - - - -  A 

Consider system as in figure, where: 

Qd water demand (water withdrawal) 

Qs water supply 

c1 decisions determining how Qs 

will be produced, Us = f(cl) 

c2 decisions determining how Qd 

will be used. 

Assume an overall utility function U has been agreed upon; 

then the task is 

maximize U 

w.r.t. cl, c2. An optimal value 6s = Bd = 6 results from 
A A 

C1 rc2. 

Note, that (1) could be performed in two stages 

where Q would be a parameter for the optimization problem [ - I .  



We are unable to separate "supply problem" from the 

"demand problem" unless some assumptions about the function U 

are made. 

2. Separate "supply problem" and "demand problem" with direct 

coordination 

Assume U can be expressed as U = Y(U1,U2), where U1 is 

determind by cl and U2 is determined by c2, Qd and Y ( - 1  is a 

strictly order-preserving function. Then 

maximize U = Y (U1 ,U2) 

w.r.t. c1,c2 can be performed as follows 

rnax [ rnax y (ul ,u2)] = m;x [. (max ul , rnax u2) . I (3 
Q c1,c2 1 C2 

Note that rnax U2 means maximization of demand utility U2 

2 
w.r.t. c2 with Qd = Q given as parameter. Similarly, rnax U1 

1 
is subject to Qs = Q. 

An optimal value Q has to be determined by the coordinator 

(the overall planner). He would actually perform 

since "local" results depend on Q. We call it "direct coordi- 

nation". 

3. Separate "supply problem" and "demand problem" with price 

coordination 

Assume U can be expressed as U = U1 + U2. Let us introduce 

the Lagrangian 



The overall problem solutions , ;2 , Q~ , i )  are known to be 
such, that 

.. A 

(i) c ~ , c ~ , Q ~  maximize L(-) for any p: 

~ ( 5 ~  1221Qdl~) = max L(.,p) 
c1 tc2tQd 

(ii) 6 is such, that 

Performing (6) can be split into two subproblems 

max L(.,p) =max (U1 +pQs) + max (u2 - P Q ~ )  . (8) 
C1 tc2tQd 1 '21Qd 

The first part is "optimization on the supply side"; for 

given p it gives an optimal value Q . Varying p we get "supply 
A 

S 
function" Qs(p). If reversed, p(Qs), it will be the "supply 

law" . 

The second part is "optimization on the demand side"; for 

varying p it gives "demand function" id(P). 

Note that ultimately the price p has to be set at p = 6 ,  
the equilibrium price. 

It is known, besides of (7), that (under additional 

assumptions connected with inequality constraints) 

where the partial derviatives are marginal utility at water 

supply side and marginal utility at water demand side. 



. 
Determining p by using (9) is the classical way. 

4. Pitfalls in using price coordination 

(i) You are not supposed to use price coordination if U is 

not U, + U2 

(ii) You cannot practically use price coordination if a sub- 

problem fails to have unique solution, for example Qd, 

at p = 6. This happens very often in linear problems, 

where it may be that: 

.. A - the overall, correct solution QsrQd is single-valued at 

P = P  

- but the subproblem defines optimal Qd as Q, < Qd 2 Q2. 

The danger is real; the subproblem decisions are lawful 

if they choose any Qd€ (Q1,Q2). For example the subsystem 

designer may require Qd = Q, and it will fail to be optimal 

from the overall point of view! 

5. The case of no common utility function 

If no overall U can be reasonably assumed, we are bound 

to consider vector optimization on (U1,U2). We still have 

Qs = Qd (supply has to match the demand). 

The subproblems can be formulated: 

maximize U1, maximize U 2 
1 2 

with their results depending on Qs = Qd = Q: 



A curve in the (U1,U2) plane with Q as parameter could be 

drawn (Pareto optimality). The choice of the ultimate value 

of Q is not supplied by the model and has to be made by other 

means. 

Note that you could still formulate "demand problem" as 

maximize [U2 - pQd] 
'21Qd 

where the price p is used merely as an instrument to induce 

the local decision maker to choose a value id(p). 

6. Conclusions relating to demand models 

From the previous sections it follows that we may have 

two principal kinds of the demand models. 

The p r i c e  m o d e l s  have the form ad(p) where this function 

results from performing max [U2 - pQd] for a given p. 

In the case of price models the particular value fi set 
by the coordinator is expected to induce a value Gd(fi). 

It is worth noting that if the local decision maker has 

a different model, he may make another choice of Qd and dis- 

appoint the coordinator (appart from the property that solution 

od(b) may be non-unique, as mentioned in section 4). 

The d i r e c t  m o d e l s  have the form c2 (Q) where this function 
results from performing maxU2 for a given Q. 

In the case of these demand models the coordinator, knowing 

the value U2 which would result, is left the choice of allo- 

cating Q according to common utility or to other criteria 

(see section 5). 
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A BRIEF ACCOUNT OF METHODS USED FOR ESTIMATING WATER 

REQUIREMENTS IN THE USSR 

by 
G.V. Voropaev and A.L. Velikanov 

Institute of Water Problems 
USSR Academy of Sciences, Moscow, USSR 

Development of modern society and the resulting rapid 
growth of industry and agriculture as well as improvement of 
life conditions have led to an unprecedented increase in 
water consumption. The problem of rational use of water 
resources for the benefit of man and environmental conservation 
has become one of the important problems of today's science and 
practice. 

Determination of water requirements in various spheres of 
man's activity and for environmental conservation is one of the 
major components of the problem of rational use of water 
resources. There are three basic levels of estimating water 
requirements. 

The first level--planning water use when industrial enter- 
prises and other productive systems are under operation. 
Methods for estimating water requirements vary depending on the 
probabilistic Or deterministic nature of these requirements and 
on the ratio between the amount of water required and the 
capacity of a water source. For enterprises whose water needs 
depend little or does not depend at all on hydro-meteorological 
conditions (for example, industrial enterprises), planning water 
use under operational conditions implies meeting water require- 
ments estimated while designing a given enterprise. 

The problem is more complicated when water requirements 
vary depending on different factors which are of a probabilistic 
nature. Here, the method of successive correction of a water- 
use plan is applied. 

Finally, the most complicated from the methodological and 
practical viewpoint is water use planning when water needs 
cannot be fully met due to water source (supply) fluctuations. 
In this case, the problem of optimization of water use arises. 

Optimization of water use in irrigation systems has been 
discussed by G.V. Voropaev (1973). The essence of the problem 
is the following. An irrigation system is fed from a river 
whose discharges vary within a wide range and in a number of 
cases are insufficient to meet full water requirments, estimated 



for the optimal operational conditions of the irrigation system. 
It is necessary to find such a water use plan, which would maxi- 
mize profit from the irrigation system under irregular water 
supply conditions depending on water source fluctuations. To 
solve this problem, various volumes of water which may be 
supplied to the irrigation system in years with different water 
availability are considered, and an optimal crop pattern together 
with the best distribution of water between separate fields are 
selected. A set of constraints describing various economic and 
social aspects of systems' operation is imposed. 

G.V. Voropaev (1973) discussed the following constraints: 
the guaranteed targets of agricultural production, water 
resources constraints, labour resources constraints, and con- 
straints associated with insufficient area for a certain crop 
rotation pattern. Though the G.V. Voropaev's paper is written 
in terms somewhat differing from the water use modelling, in 
fact it solves the problem of constructing a functional relation- 
ship between water use and the maximum production efficiency. 
In this case, dual (marginal) estimates of various resources 
participating in production may be obtained by solving a dual 
problem of linear programing. 

The problem discussed above has been solved as applied to 
operational conditions of an existing irrigation system. 
However, similar problems appear also at the second l e v e l ,  
namely, a t  t h e  d e s i g n  o f  water  r e source s  i n s t a l l a t i o n s  and 
s y s t ems .  At the design stage, however, parameters and above 
all the production capacity of water users, are not determined. 
There are two possible cases of water demand estimation. If a 
water user is located in a region where water availability does 
not limit the development of its production capacity, the most 
effective water supply pattern is selected at the design stage, 
and water requirements are estimated depending on the techno- 
logical system adopted. 

Contrary is the case when water resources in their natural 
state are insufficient for meeting water needs which are optimal 
for the irrigation system under consideration. The problem is 
that to establish a water resources system, an hydraulically 
related system of water supply sources, means for water trans- 
formation and transportation, and of the water users. 

Determination of water requirements is considered to be 
one of the elements of the water resources system design. While 
designing water resources systems, water requirements in the 
Soviet Union are mainly estimated on the basis of the Design 
Standards prepared and published by the state authorities. 
Similar standards exist also for wastewater discharges, and 
they are used for the design of sewerage systems. These 
standards are set up for all branches of the national economy 
and they take into account particularities of each production 
branch. 



Water requirements for irrigation are based on irrigation 
rates, that is, on the amount of water required for irrigation 
of one hectare of land with a certain crop rotation pattern. 
Irrigation rates are determined in the course of designing 
irrigation systems using both Design Standards and economical- 
mathematical models, which are being increasingly applied. 
Such models are discussed by G.V. Voropaev (1973) and 
O.P. Kisarov (1972). However, as was noted above, while designing 
water resources systems, the problem of determining water 
requirements cannot be considered separately from the water 
supply problem and from the problems of other water users 
composing a given water resources system. T h i s  i s  one o f  t h e  
b a s i c  p r i n c i p l e s  o f  d e s i g n i n g  i n t e g r a t e d  w a t e r  r e s o u r c e s  s y s t e m s  
i n  t h e  S o v i e t  Union.  Using such an approach, water requirements 
of each water user (component of a water resources system) are 
characterized not only by the amount of water required, but 
also by the reliability (in a probabilistic sense) of meeting 
these requirements. The reliability estimate of meeting water 
requirements is an index, called estimated reliability, that is 
the probability of supplying a given water user with not less 
than the amount required. The estimated reliability reflects 
the system of priorities employed for distribution of water 
resources. The estimated reliability of meeting water require- 
ments of different water users is based on special investigations 
aided by economic and mathematical models, which take into 
account both the benefits from increasing water supply to a 
given water user and damage from interruption in normal water 
supply (Kritsky and Menkel, 1969; Velikanov, 1973). 

An example of solving the problem of determination of the 
estimated reliability is the paper by A.L. Velikanov (19631, 
where an attempt is made to find the optimal capacity of a 
hydropower plant, a typical in-stream water user, and therefore 
to find its water requirements. The problem is formulated as a 
dynamic one; it takes into account the variability in the 
efficiency of water use for hydropower production. The problem 
formulated as a nonlinear one is solved by means of the dynamic 
programing. 

Until recently industry has not been considered to be a 
major water user. However, the growth of water requirements, 
and in particular, the problem of wastewater disposal, called 
for the development of certain methods and models for 
optimization of water management in the individual industrial 
plants and in the industrial complexes. The purpose of these 
models is to find the relationships between the amount of water 
required by and wastewater discharged from in industrial plant, 
and the costs of constructing the necessary water supply system 
(Tyutkov, 1977). Similar investigations have been carried out 
for establishing the navigation requirements (Fedorov, 1975). 

The t h i r d  l e v e l  o f d e t e r m i n i n g w a t e r  r e q u i r e m e n t s  i s  t o  
make p e r s p e c t i v e  w a t e r  b a l a n c e s  o f  w a t e r  r e s o u r c e s .  Extended 
standards for water use rates and wastewater discharges (1973) 



are used for the solution of such problems. These standards 
are a generalization of a broad experience in designing, con- 
struction and operation of water supply systems for a whole 
range of industrial enterprises both in the Soviet Union and 
in member-s.tates of the Council for Mutual Economic Aid. 
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WATER DEMAND MODELLING--AN ECOLOGICAL PERSPECTIVE 

by 
Alan Chambers 

Institute of Animal Resource Ecology 
University of British Columbia 

Vancouver, Canada 

Because many of the presentations to this workshop have 
dealt with problems of the distribution of water to various 
user groups, problems of pollution, uncertain supplies, and 
techniques for reducing consumption in the industrial and 
urban sectors, to dwell on the Canadian experience in these 
areas would add little that is new or interesting. Instead, 
I propose to deal briefly with problems at the intake end 
of water supply systems, as to reinforce the importance 
of understanding the nature of water demand functions. 

As an ecologist-resource manager, I have dealt primarily 
with the ecosystem as the basic production unit of a wide 
variety of goods and services that our society demands. 
Although basic productivity varies from one watershed to 
another, and from one ecosystem to another, each of these 
units is capable of providing a range of goods and services, 
the individual production functions for which are closely 
linked. For example, a decision to harvest a particular forest 
contains implicit decision to modify the quality and quantity 
of water within a watershed, and to modify the distribution of 
this yield of water through time. This modification to the 
aquatic environment, in turn may curtail or enhance the pro- 
duction of fish. Too, the forest harvesting operation may have 
a significant impact on the basic productivity of the land, it 
will almost certainly affect the size and distribution of 
animal populations, and will have a significant effect on 
recreational values. The point really is that the costs of 
harvesting activities for any one resource are widely dis- 
tributed among the users of other resources. 

Although resource managers work with systems capable of 
producing many goods and services, they almost invariably work 
within institutions instructed to deliver a single product to 
society be it hydro-electricity, wood, water, wildlife, 
recreation, or some other value. This single resource focus 
is in itself, a very severe constraint when attempting to 
identify the true cost or value of a resource, because many 
costs are externalized, and therefore not taken into account. 
Perhaps more important, however, has been the basic premise 
upon which such institutions have operated, namely that it is 



necessary to satisfy completely unconstrained demand. The 
result has been to magnify resource problems considerably. 
By increasing the supply of hydro-electric power, for example, 
other values not accounted for have been pre-empted. By 
reducing supplies of these "other" products, their price or 
apparent value increases, often to the point that prompts 
political demonstration. 

Two notions flow from this experience that I think should 
be of interest to this workshop. The first is that effective-- 
or efficient--resource management requires the ability to 
constrain demands for particular resources. Whether constraints 
take the form of rationing, market distribution, or some other 
form, they are exceedingly important. While many of us have 
known that this information is badly required, little work has 
been done to identify the various policies to which demand is 
sensitive. The IIASA initiative is therefore both timely and 
of critical importance. 

The second notion that flows from the experience of 
resource managers is perhaps best expressed in the form of a 
question--"optimize what?" There are existing allocations of 
various resources, existing patterns of use, etc. Rather than 
searching for the "best" solution, particularly when we know 
that demand patterns, as expressed in the market or elsewhere 
are in constant flux, we should be searching to identify those 
policies which can be used to manipulate those patterns of 
demand--to improve if you like, resource allocations from time 
to time. 

To summarize my discussion I would like to note the 
following points as those most significant to managers at the 
"intake" end of water distribution systems: 

1) The single product focus of most resource management 
institutions results in externalized costs that are 
not accounted for, and therefore are not reflected in 
market price; 

2) The total value of resources produced from a given 
ecosystem may be much higher in a management framework 
which does not "optimize" particular resource values; 

3) The nature of the decision process is, at least in 
Canada, political. Many examples may be cited. The 
defeat of the Texas Water Plan which Professor 
Thompson mentioned on the first day of our workshop 
is perhaps most illustrative here. 

4 )  The nature of the planning process is to articulate 
alternatives. In this regard, I sense that work is 
progressing on the "supply" side more rapidly than 
it is on the "demand" side of the equation. In our 
event two questions emerge which IIASA might address. 



The first relates to the nature of institutions for 
planning resource development, the second relates to 
the techniques that are available. 

With  r e f e r e n c e  t o  t h e  Canadian e x p e r i e n c e ,  demand for  w a t e r  
i n  b o t h  t h e  community and i n d u s t r i a l  s e c t o r s  i s  s e n s i t i v e  t o  
p r i c e ,  t o  t e c h n o l o g y ,  t o  p o p u l a t i o n  d i s t r i b u t i o n ,  and c o s t  d i s -  
t r i b u t i o n .  Much work must be done, however, to document these 
sensitivities and others more completely. For that reason, I 
would encourage the IIASA water group to: 

1) Document those elements or policies to which water 
demands are sensitive in the community, industrial, 
and agricultural sectors. 

2) Study the institutional structures within which water 
resources are managed within IIASA member countries, 
with particular emphasis on methods, which are used 
to resolve conflicts (for example, the Swedish Water 
Courts) - 

3) If models are to be built, they might well take the 
form of a series of "nested" models, since control is 
exercised by policies at several levels of government 
(local, regional, and national). 
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SOME REMARKS ON MODELLING OF WATER DEMANDS IN CZECHOSLOVAKIA 

by 
Quido Part1 

Research Institute for Water Management 
Prague, CSSR 

At the very beginning of my brief presentation, I would 
like to express my thanks to the organizers of this Workshop 
for having given me the opportunity to participate in these 
interesting and useful deliberations as a representative of 
Czechoslovak water managers. 

The work of the International Institute for Applied Systems 
Analysis is highly appreciated in my country; your publications 
from the field of water management are followed with attention 
by Czechoslovak specialists. 

We can constantly see that countries the world over have 
quite similar problems in their efforts to meet the ever 
increasing water demands; consequently, research coordination 
in this field and mutual exchange of experience appear to be 
extremely useful. 

Now to the topic of your deliberations. I welcomed all 
the texts and materials sent beforehand as well as the informa- 
tive letter by the Task Leader Dr. J. Kindler. These materials 
allowed us to get a good orientation within the problems to be 
dealt with. This was very important, since the solution of the 
task Regional Water Demand and Management is conceived in an 
original way. 

Complying with the wish expressed in the letter of the 
Task Leader, I shall try to structure my contribution according 
to the three main objectives mentioned: Review work to be done 
at IIASA in light of the experiences in each of the NMO countries: 

The reasons given when recommending to transfer attention 
from supply-oriented extensive approach to demand-oriented 
intensive approach are quite convincing and very useful. I 
firmly believe that the intensive approach could help us to 
reveal important water resources reserves and could save quite 
considerable capital investment means. During the solution of 
our water management problems--not at all easy due to our 
unfavorable hydrological and geographical conditions--we too 
were excessiveZy oriented at the ertensive approach. 

I was much interested in the three enclosed studies 
written by R.G. Thompson, H.P. Young, J.A. Calloway and 
A.K. Schwartz. The application of demand functions seems to 



be very promising in the perspective. The presentation of 
possibilities of useful analytical and programing methods 
application represents an important contribution as well. 

Further on I was interested in the assumption that this 
task should be completed, in its substantial part, already 
during this year 1977. I think that the range of the work to 
be done is extremely large. It will require a highly demanding 
and time-consuming cooperation of technologists and economists 
from various industrial fields and the acquisition of economic 
data. To make the cooperation with foreign institutes smooth 
and functioning will probably also require some time. For t h a t  
r e a s o n  I am r a t h e r  i n c l i n e d  t o  b e l i e v e  t h a t  t h e  f u l f i l l m e n t  
o f  t h e  t a s k  w i l l  t a k e  a  somewhat l o n g e r  t i m e .  

I would also like to express my view regarding another 
aspect of our problem. When solving the questions of water 
supply for the society we are constantly obliged to pay attention 
to the future, very often to quite a distant future. In some 
cases it is quite obvious: if we want to determine the capacity 
of a water reservoir to be built, say, in 10 years and to serve 
usefully for another dozen years, we have tossolve the 
question of future water demands; we have also to have an 
idea how the human community will look like in several dozens 
of years. I am afraid that the procedures used up to now could 
give us absolutely false results. Several basic changes of a 
qualitative aspect can occur which we, the water managers, 
cannot foresee. To put it briefly, I am in favor of serious 
prognostic research capable of analyzing the development of 
society in connection with water demands. I would like to 
know if the water management program of IIASA will cover this 
problem as well. 

Now to the second objective: Identify research institutions 
with whom we can establish collaborative ties. 

Different problems of complex use of water resources and, 
consequently, problems of regional water demand management are 
studied at our Research Institute of Water Management. Depart- 
ment of Water Management in Prague (Czech address: Vgzkumng 
dstav vodohospoddfsk~, dsek Vgzkum hospodaPenf s vodou, Praha 6, 
Podbabskd 30). Working contacts can be established with this 
institute. 

To characterize the work of this Institute I might add 
that recently this Institute has completed a very large and 
detailed document called the Guide-lines of Water Management 
Plan of the Czech Socialist Republic solving the development 
of our water management till the year 2000. 

The interest of our Research Institute of Water Hanage- 
ment in the problems of complex use of water resources can be 
documented also by the fact that the Institute organizes regular 
symposia on water resources systems with participation from 
abroad. To provide some information I have brought here the 
1st volume of Proceedings from our latest symposium held in this 
last year. 



A s  f a r  a s  t h e  t h i r d  o b j e c t i v e  i s  concerned,  i . e .  t h e  
e s t a b l i s h m e n t  o f  an  i n t e r n a t i o n a l  working group d i r e c t l y  
suppor t i ng  in-house r e s e a r c h  a t  IIASA, p l e a s e  a l l o w  me t o  
e x p r e s s  my view i n  t h e  cou r se  o f  t h e  d e l i b e r a t i o n s ,  when I 
have become b e t t e r  acqua in t ed  w i t h  t h e  whole range  o f  problems. 
I f  o u r  coope ra t ion  appears  a s  u s e f u l ,  I can  a s s u r e  you t h a t  
from o u r  p a r t  we a r e  s i n c e r e l y  i n t e r e s t e d  i n  it. 





SOME GENERAL REMARKS ON MODELING OF WATER DEMANDS 
I N  TIIE GERMAN DEMOCRATIC REPUBLIC 

by 
S i e g f r i e d  Dyck 

Techn i ca l  U n i v e r s i t y  
Dresden,  GDR 

Water Resources  and Water U t i l i z a t i o n  I n t e n s i t y  

The run-of f  formed by p r e c i p i t a t i o n  f a l l i n g  on t h e  
t e r r i t o r y  of  t h e  GDR and W e s t  B e r l i n  i s  f o r  t h e  p e r i o d  
1901-1970 R = 17,4  km3 p e r  yea r .  I f  t h e  s u r f a c e  run-off  %, 
which main ly  a r i s e s  i n  form o f  f l o o d  wa t e r  i s  s e p a r a t e d  from 
t h i s  p o t e n t i a l  wa t e r  r e s o u r c e ,  t h e n  a basef low o f  Rs = 8 , 7  km3 
p e r  y e a r  i s  o b t a i n e d ,  which i s  c a l l e d  r e a l  o r  s t a b l e  wa t e r  
r e s o u r c e .  The s t a b l e  wa t e r  r e s o u r c e s  a r e  augmented d u r i n g  
low w a t e r  p e r i o d s  by means o f  a d d i t i o n a l  w a t e r  r e l e a s e d  from 
r e s e r v o i r s  and r e g u l a t e d  l a k e s .  The r e g u l a t e d  wa t e r  r e s o u r c e  
is app rox ima te ly  Rr = 2 km3 p e r  y e a r .  

For  comparison t h e  r e s u l t i n g  s p e c i f i c  w a t e r  r e s o u r c e s  f o r  
t h e  GDR i n c l u d i n g  West B e r l i n  a r e  g iven :  

P o t e n t i a l  w a t e r  r e s o u r c e  ( R )  : 915 m 3  p e r  pe r son  and y e a r  
S t a b l e  w a t e r  r e s o u r c e  ( R s )  : 458 I1  I, 

Regula ted  w a t e r  r e s o u r c e  ( R r )  : 105 I t  11 

A s s e r t i o n s  a b o u t  t h e  i n t e n s i t y  of w a t e r  u t i l i z a t i o n  i n  a 
t e r r i t o r y  may, however, o n l y  be  d e r i v e d  f o l l o w i n g  b a l a n c e s  o f  
wa t e r  r e s o u r c e s  and w a t e r  demands. I n  o r d e r  t o  roughly  d e r i v e  
t h e  wa t e r  u t i l i z a t i o n  i n t e n s i t y  i n  t h e  c o u r s e  o f  a n  a v e r a g e  
y e a r  w e  u s e  t h e  

d e g r e e  o f  u t i l i z a t i o n  = wate rdemand  * 

wate r  r e s o u r c e s  

R e l a t e d  t o  t h e  wa t e r  r e s o u r c e s  g iven  above w e  o b t a i n  t h e  
f o l l o w i n g  deg ree  of  u t i l i z a t i o n :  

I f ,  i n  a d d i t i o n  t h e  i n f l o w  from abroad  by means of  t h e  
E lbe  of  R '  = 10 km3 p e r  y e a r  i s  t a k e n  i n t o  a c c o u n t ,  t h e n  a 
s p e c i f i c  p o t e n t i a l  wa t e r  r e s o u r c e  (R)of  1440 m3 p e r  pe r son  and 
yea r  i s  o b t a i n e d .  T h i s  co r r e sponds  t o  a d e g r e e  o f  u t i l i z a t i o n  
o f  29%. 



These results indicate the GDR has limited water resources 
and has already attained a high intensity of water utilization. 
As all the figures illustrate average data they only provide 
a general survey. Balance computations showed for low run-off 
months an average degree of utilization of 200% for the whole 
Elbe area of the GDR and of 300-400% in the densely populated 
areas in which some 40% of the GDR population lives and in 
which 50% of GDR gross industrial production is turned out. 
The unfavorable balance of water resources and needs and the 
high level of water resource development require consequent 
planning and water management giving due consideration to all 
possibilities of water management (operational, legal, technolo- 
gical, etc. ) . 

The General Planning Process 

The assessment  and m o d e l l i n g o  f  w a t e r  demands is done 
according to the political, economic and geographical conditions. 
I n  a  planned economy i t  i s  par t  o f  t h e  genera l  planning process  
in which systems analysis plays a major role. 

A first concern of system analysis is to take adequate 
account of objective social relations, the selection of goals, 
and the choice of appropriate means for attaining these goals. 
The central decision is the choice of a strategic orientation 
for the development of the whole system. Its realization requires 
a large number of interrelated decisions. The very complicated 
planning and decision process is an iterative one. It has to 
be done on different levels in different scales or dimensions 
according to space and time ranging from national to local 
problems and for different time horizons. 

The planning system that also is followed for the assess- 
ment of the water demand has the following main components: 

- Forecasts of social processes, particularly socio- 
economic and socio-political ones, and of scientific- 
technical problems. 

- Long-term planning that acts as strategic instrument of 
the State for national social development. 

- Five-year planning as the main instrument for the 
continuous balancing of all branches of the national 
economy as well as of the regions. 

- Annual planning that updates the five-year plan in 
accordance with the results of the past period and on 
the basis of new findings, and that serves as the direct 
means of realizing the objectives. 

- Selection of possible solutions based on forecasts which 
is the cardinal problem of planning. The findings from 
forecasts must be transformed into statements that can be 
quantified, subject to national economic standards and 
restrictions. 



Special programs are drawn up for those targets that have 
a high degree of economic interdependence and are of strategic 
importance for developing the working and living conditions 
of the people such as housing, assuring adequate energy fuels 
and raw materials, agriculture, especially irrigation and 
industrial livestock breeding. 

These programs have a major influence on water demand 
and enable predictions of the water demand. The housing 
program (it is planned that 750 000 dwellings will be built 
or reconstructed in 1976 to 1980) results in an i n c r e a s e  o f  
r e s i d e n t i a l  wa ter  demand by  n e a r l y  4 %  per  year  f o r  t h e  coming 
10-15 y e a r s ,  t h e n  a r r i v i n g  a t  a  s a t u r a t i o n  l e v e l .  

The irrigation program provides for doubling of the 
irrigated area in the coming 5 years. The resulting increase 
of water use has to be taken into account in regional balances 
and in balances of the branches of national economy. These 
balances are the base of economic balances from which decisions 
and directions result regarding the policy of water management. 
One o f  t h e s e  d i r e c t i o n s  i s ,  f o r  i n s t a n c e ,  a  20% d e c r e a s e  o f  i n -  
d u s t r i a l  w a t e r  w i t h d r a w a l s  by  i n - p l a n t  measures  t o  be  a c h i e v e d  
d u r i n g  t h e  coming 5  y e a r s .  Nevertheless, the industrial water 
demand will increase according to the development of industry. 
To r e a l i z e  t h i s  "20% d e c r e a s e  d i r e c t i o n "  procedures  a r e  t o  be 
a p p l i e d  s i m i l a r  t o  t h o s e  d e m o n s t r a t e d  y e s t e r d a y  w i t h  t h e  
ammonia-mode 2 .  

Water Demand Standards and Functions 

As I already mentioned in our discussion on definition of 
terms o u r  d e f i n i t i o n  o f  t h e  t e r m  " w a t e r  demand" d i f f e r s  somewhat 
from t h a t  g i v e n  i n  t h e  c o n f e r e n c e  m a t e r i a l .  Water  demand i s  
d e f i n e d  a s  t h e  t o t a l i t y  o f  q u a n t i t a t i v e  and qua Z i t a t i v e  r e q u i r e -  
men t s  o f  w a t e r  by w a t e r  u s e r s  a t  d e f i n i t e  t i m e s  and s i t e s  t h a t  
a r e  acknowledged by  t h e  s o c i e t y .  The w a t e r  demand i s  s t a t e d  
by s t a n d a r d s  and f u n c t i o n s  v a l i d  f o r  a  l i m i t e d  p e r i o d  o f  t i m e .  
T h a t  means t h e y  have t o  b e  upda ted  c o n t i n u o u s l y .  

Demand functions are relations between the water demand 
of different water users and factors of main influence upon 
that demand. Only one o f  t h e s e  f a c t o r s  i s  t h e  c o s t  o r  p r i c e .  
The basic idea of this conception is that the development rate 
of several parameters of the national economy can be determined 
more reliably than the development of the water demand. The 
index figures of the water demand take into consideration the 
time dependence of the water demand. The influencing factors 
are obtained systematically by statistical and other investi- 
gations. The calculated water demand is the base of systematic 
technical, technological and economic investigations. 

After having answered the question: what will be the 
evolving pattern of demand?, we have to investigate on the 
other side the questions: 



- What resources are available to satisfy the demand? 

- Which are the optimal water supply functions or w a t e r  
demand-supply  c o o r d i n a t i o n ?  

Our Water Law provides that withdrawal and release of 
water must be approved by the professional authorities. 
Approvals are given on the base of economic water balances, 
that means balances of water resources and demands. For 
compiling economic water balances for a region different methods 
of modellingand optimization are used. For most of our river 
basins we apply the dynamic approach: stochastic streamflow 
generation to describe the water resource and water demand for 
different time horizons (Monte Carlo Method). Of course, better 
prediction of water demand would automatically increase the 
accuracy in balances or in any optimization analysis and in 
decision making for various water resources problems. 

A greater effort in collecting the appropriate data and 
in estimating various parameters of mathematical models of the 
water demand time series may provide for much better regional 
or national standards and more realistic prediction of future 
water demands. 

May I m e n t i o n  o n l y  t h a t  i n  t h e  GDR w a t e r  and w a s t e w a t e r  
c h a r g e s  have b e e n  i n t r o d u c e d ,  different for residential and 
industrial water use and for surface and groundwater supply for 
industry. Penalties are inflicted if given standards for waste 
water release are violated by the water user. 

Let me now respond to the three major objectives mentioned 
in the invitation letter: 

1. I think that we can agree in general upon the structure 
and content of the planned study outlined by Dr. Kindler 
A l t h o u g h  t h e  main  goa l  i s  r e g i o n a l  w a t e r  management,  
p l a n t - l e v e l  c a s e  s t u d i e s  o f  an i l l u s t r a t i v e  c h a r a c t e r  
seem u s e f u l  t o  me. Therefore the models developed in 
Houston are a good starting point. As similar models 
have been compiled in other NMO-countries let us 
collect them and give them to IIASA for comparison. 
We would a p p r e c i a t e  t h e  d e v e l o p m e n t  and c o l l e c t i o n  o f  
s i m i l a r  mode l s  i n  a g r i c u l t u r e .  

2. The Institute for Water Resources Research is ready to 
cooperate in this project for modellingthe water demand 
and to coordinate the activities within the country. 

3. We are also ready to support in-house research at 
IIASA in the framework of an international working 
group. 
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General situation 

A forecast of water demands for the Federal Republic of 
Germany is given in Table 1 below: 

Table 1. Expected development of water demands in the FRG for 
four user groups in the years 1974, 1980, 1985, and 
2000 (Battelle-Institute, Frankfurt/Main, 1976). 
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m3/a % 
-. 

Private households 2 .8  9 . 1  

Private trade, pub1 i c  
i n s t i t u t i o n s  8 agencies ,  
agr icu l tura l  i r r i g a t i o n  1 . 2  3 . 8  

Industry (without 
energy production 
f o r  public  use) 11.7 37.7 

Energy production 
(for public  use) 15 .3  49 .4  30.5 64.9 49.0 73.4 48.6 69.7 



I t  can be  seen from t h i s  Table  t h a t  t h e  energy  product ion  
f o r  p u b l i c  use  and i n d u s t r y  a r e  t h e  major  components o f  t o t a l  
wa te r  demands and t h a t  problems o f  a g r i c u l t u r a l  i r r i g a t i o n  
( n e a r l y  0 . 7 %  o f  t h e  t o t a l  wa te r  demands) a r e  r e l a t i v e l y  un- 
impor tan t  ( o m i t t i n g  c e r t a i n  r e g i o n s  w i t h  much a g r i c u l t u r a l  
p roduct ion  and sma l l  a v a i l a b l e  water  r e s o u r c e s )  . 

The h igh  use  o f  wa te r  by t h e  energy p roduc t ion  s e c t o r  and 
by i n d u s t r y  i s  s t r o n g l y  l i n k e d  wi th  t h e  problem o f  wa te r  q u a l i t y .  
Water q u a l i t y  i s ,  t h e r e f o r e ,  a  major problem i n  t h e  FRG and it 
very  o f t e n  l i m i t s  t h e  i n c r e a s e  of wa te r  demands. The wa te r  
q u a l i t y  i n  s t reams i s  o f t e n  s o  bad t h a t  t h e  h igh  c o s t s  o f  wa te r  
t r e a t m e n t  l i m i t  t h e  i n c r e a s e  o f  wa te r  use .  Also,  an impor t an t  
wa te r  q u a l i t y  f a c t o r  i s  t h e  h e a t i n g  o f  s u r f a c e  w a t e r s  by c o o l i n g  
w a t e r  d i s c h a r g e s  from power p l a n t s .  There a r e  s t a n d a r d s  f o r  t h e  
maximum a l lowab le  tempera tures  o f  s t r eam wa te r s  s e t  up from t h e  
e c o l o g i c a l  and environmental  p o i n t  o f  view and t h e s e  s t a n d a r d s  
l i m i t  t h e  unbounded i n c r e a s e  o f  demand f o r  c o o l i n g  wa te r .  
The re fo re ,  i n  de te rmining  c o o l i n g  wa te r  demands f o r  energy 
p roduc t ion ,  q u e s t i o n s  o f  h e a t i n g  o f  s u r f a c e  w a t e r s  musk be  
cons ide red .  

2 .  I n v e s t i a a t i o n s  i n  de t e rmin ina  water  demands 

There a r e  many i n s t i t u t i o n s  i n  t h e  FRG d e a l i n g  w i t h  q u e s t i o n s  
o f  t h e  de t e rmina t ion  o f  wa te r  demands. These a r e  f o r  i n s t a n c e :  

a )  Governmental a u t h o r i t i e s  ( t h e  Min i s t ry  o f  t h e  I n t e r i o r  
and t h e  Min i s t ry  o f  Research and Technology charge  
c e r t a i n  i n s t i t u t i o n s  w i t h  i n v e s t i g a t i o n s  on wa te r  
demands [ s e e  e )  1; t h e  a c t i v i t i e s  of  t h e  Fede ra l  Council 
o f  S t a t i s t i c s  should  a l s o  be n o t e d ) .  

b )  Fede ra l  S t a t e  A u t h o r i t i e s  ( a c t i v i t i e s  o f  t h e  S t a t e  
Counci l  o f  S t a t i s t i c s  and o f  t h e  w a t e r  management 
a u t h o r i t i e s  i n  f e d e r a l  s t a t e s  be ing  r e s p o n s i b l e  f o r  
p r e p a r a t i o n  o f  g e n e r a l  p l a n s  f o r  wa te r  management). 

C )  Assoc i a t i ons  and wa te r  supply  works (p l ann ing  of  
t h e i r  c a p a c i t i e s  and i n v e s t m e n t s ) .  

d )  I n d u s t r y  ( t h e r e  a r e  many a c t i v i t i e s  i n  t h e  i n d i v i d u a l  
i n d u s t r i a l  g roups ,  e .g.  i n  energy  i n d u s t r y )  . 

e )  I n s t i t u t i o n s  charged and f inanced  by governmental 
a u t h o r i t i e s  o r  i n d u s t r i a l  groups t o  i n v e s t i g a t e  
v a r i o u s  t y p e s  o f  wa te r  demand problems. A few 
examples o f  t h e s e  i n v e s t i g a t i o n s  fo l low.  

The Ministry of the Interior charged BatteZZe-Institut, 
Frankfurt/Main, to carry out investigations for determinating 
and forecasting water demands in the FRG. Three analyses 
have been completed thus far: 

1. Wasserbedarfsentwicklung in Industrie, Haushalten, 
Gewerbe, gffentlichen Einrichtungen und Landwirtschaft - 
Prognose des Wasserbedarfs in der Bundesrepublik bis 
zum Jahre 2000. ~attelle-Institut, FrankfurtlMain (1972), 



[Development of Water Demands i n  Indus t ry ,  Households, 
P r i v a t e  Trade, Publ ic  Agencies and I n s t i t u t i o n s ,  and 
Agr icu l tu re  - Forecas t  of Water Demands i n  the  Federal 
Republic u n t i l  20001 . 

2. Prognose des Wasserbedarfs i n  d e r  Bundesrepublik Deutsch- 
land b i s  zum J a h r  2000 - Z e i t s t a n d s b e r i c h t .  B a t t e l l e -  
I n s t i t u t e ,  F r a n k f u r t l ~ a i n  (1976),  oreca cast of Water 
Demands i n  the  Federal  Republic of Germany u n t i l  20001. 

3. Analyse der  E i n f l d f a k t o r e n  des Trinkwasserbedarfs d e r  
p r i v a t e n  Haushalte i n  d e r  Bundesrepublik Deutschland und 
Prognose b i s  zum Jahre  2000. B a t t e l l e - I n s t i t u t ,  F rankfur t /  
Main (1976), [Analysis o f  Fac tors  In f luenc ing  Drinking 
Water Demands f o r  P r i v a t e  Households i n  t h e  Federal  Re- 
p u b l i c  of Germany and Forecast  u n t i l  20001. 

The Ministry of Research and Technology has charged the  I n s t i t u t  
f;r W a s s e w i r t s c h a f t ,  Hydrologie und landwir t schaf t l i chen  Wasserbau 
of t h e  Technische ~ n i v e r s i t z t ,  Hannover, t o  w r i t e  computer software 
f o r  genera l  planning of  water  management ( p r o j e c t :  "Computer- 
Oriented Water Resources Management"). This p r o j e c t  w i l l  be f i n i s h -  
ed by t h e  end of 1977 and computer programs, inc lud ing  documenta- 
t i o n ,  w i l l  then be a v a i l a b l e .  

In  the framework of  cons t ruc t ing  a  "World-Model f o r  Water Resources 
Management" many worldwide i n s t i t u t i o n s  work toge ther ,  and among o t h e r  
matters, ques t ions  of water  demand and f o r e c a s t i n g  a r e  being s t u d i e d .  
The Wassewirtschaftsinstitut of t h e  Technische ~ n i v e r s i t ' a ' t ,  
Hannover, i s  supported i n  i t s  work by t h e  "Deutsche Forschungs- 
gemeinschaft" (DFG). I n  these  s t u d i e s ,  ques t ions  of  water  demand 
a r e  r e l a t e d  t o  l a r g e  reg ions ,  e .g .  p a r t s  of con t inen ts .  

3. B a s i s  f o r  de te rmining  and f o r e c a s t i n g  wa te r  demands 

The b a s i s  f o r  de te rmining  water  demands a r e  f o r e c a s t s  o f :  

- popu la t i on  i n c r e a s e ;  
- development o f  i r r i g a t i o n  p r o j e c t s ;  
- development o f  i n d u s t r i a l  p roduc t ion ;  and 
- development of  energy  p roduc t ion .  

The f i r s t  two f o r e c a s t s  a r e  r e l a t i v e l y  ea sy  t o  make b u t  t h e  
two o t h e r  f o r e c a s t s  a r e  very  d i f f i c u l t  and u s u a l l y  n o t  p r e c i s e .  
Examples o f  t h e  economic development i n  t h e  l a s t  t e n  y e a r s  demon- 
s t r a t e  t h i s  s t a t emen t  e f f e c t i v e l y .  The energy  program o f  t h e  
Fede ra l  Government was, a t  t h e  end o f  t h e  1960 ' s  and a t  t h e  
beginning  o f  t h e  1 9 7 0 ' ~ ~  based on t h e  assumption o f  a  very  h igh  
r a t e  o f  energy product ion  i n  t h e  o i l  burn ing  power p l a n t s .  On 
t h i s  b a s i s ,  t h e  de t e rmina t ion  and f o r e c a s t  o f  w a t e r  demands f o r  
energy  p roduc t ion  was made. I n  1972-73, d u r i n g  t h e  worldwide 
o i l  crisis,  t h e  Fede ra l  Government worked o u t  a  new energy  pro-  
gram w i t h  more emphasis on energy  p roduc t ion  by n u c l e a r  power 
p l a n t s .  The consequent  de t e rmina t ion  and f o r e c a s t  o f  wa te r  de- 
mands d i f f e r  s t r o n g l y  from t h e  e a r l i e r  f o r e c a s t  because  t h e  
s p e c i f i c  wa te r  demands p e r  Kwh depends on t h e  technology o f  



energy  p roduc t ion .  The f o r e c a s t  o f  wa te r  demands f o r  energy 
p roduc t ion ,  g iven  i n  Table  1 ,  i s  based on t h e  energy program 
developed a f t e r  t h e  o i l  c r i s i s .  But now we have a  new s i t u a t i o n  
i n  t h e  FRG; l a r g e  groups o f  t he  German popu la t i on  a r e  p r o t e s t i n g  
a g a i n s t  t h e  c o n s t r u c t i o n  o f  new n u c l e a r  power p l a n t s .  These 
p r o t e s t s  may f o r c e  t h e  Fede ra l  Government t o  r e d i r e c t  t h e  energy 
program. And t h i s  would mean t h a t  t h e  b a s i s  f o r  de te rmining  
and f o r e c a s t i n g  wa te r  demands w i l l  p robably  have t o  change a g a i n .  
There a r e  s i m i l a r  d i f f i c u l t i e s  i n  t h e  d e t e r m i n a t i o n  and f o r e -  
c a s t i n g  o f  wa te r  demands i n  a l l  o t h e r  i n d u s t r i a l  s e c t o r s ,  whereby 
q u e s t i o n s  o f  wa te r  t r ea tmen t  c o s t s  and was tewater  d i s p o s a l  w i l l  
be more and more o f  a  d e c i s i v e  c h a r a c t e r .  

I n  t h i s  connec t ion ,  de t e rmina t ion  o f  economic water  demands 
f o r  improvement o f  water  q u a l i t y  by low-flow augmentat ion i s  a  
major problem ( c o n s t r u c t i o n  and o p e r a t i o n  o f  r e s e r v o i r s ) .  The 
s o l u t i o n s o f  such  problems a r e  a i d e d  by u s i n g  mathematical  models 
( d e c i s i o n  t h e o r y  and s i m u l a t i o n  models) . S e v e r a l  t ypes  o f  such  
models a r e  be ing  developed p r e s e n t l y .  
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I. Recommended Strategy in the Project 

A major shortcoming in the literature on water resources 
management is a good statement of the principles and procedures 
on which supply and demand elements of a river basin are to be 
pulled together to determine desired (or "optimal") river basin 
plans and operating procedures. It is really only when demand 
functions are placed within this longer setting that their 
usefulness becomes obvious. 

T h e r e f o r e ,  i t  i s  p roposed  t h a t  t h e  I I A S A  s t a f f ,  o v e r  t h e  
n e x t  few mon ths  w h i l e  t h e  s t a f f  members a r e  a l l  s t i l l  h e r e ,  
work t o g e t h e r  o n  a  s t a t e m e n t  o f  p r i n c i p l e s  and p r o c e d u r e s  w h i c h  
a r e  a d e q u a t e  f o r  a s s u r i n g  t h a t  r i v e r  b a s i n  p l a n n i n g  p r o c e d u r e s  
t a k e  i n t o  a c c o u n t  a l l  r e l e v a n t  s u p p l y  and demand f a c t o r s .  This 
statement should be at a level understandable to the professional 
river basin or river authority planner. 

It could take the form of a formal planning model of general 
applicability, but probably would be more useful if stated as a 
sequence of steps of data collection, analyses, and final ben- 
efit-cost comparisons which could be carried out without 
benefit of a formal computerized model. 

I t  i s  f u r t h e r  recommended t h a t  c a s e  s t u d i e s  b e  c o n t r i b u t e d  
b y  t h e  NMO's and n o t  b e  a t t e m p t e d  b y  t h e  I I A S A  s t a f f .  Involve- 
ment in data problems would not be an efficient use of their 
time. Almost all case studies, I would guess, have to be drawn 
from past or current studies already underway--hopefully written 
in such a way as to emphasize the role and nature of demand 
studies. 

It is recommended that the work described above be compre- 
hensive in covering (at the level of principles and procedures) 
agricultural, industrial, urban and in situ water used. While 
models are transferable with approprstdata modifications, 
it is not clear that they can be made "more transferable" or 
"more general" by anything the IIASA staff can do within the 
year or so. If a "library" function of program storage and 
documentation is desired, one well qualified staff person should 
be hireg for that purpose. 



11. The US Arrangements for Water Resources Planning and 

Management of Demand Studies 

A.  Planning and Management Institutions 

There exists a hierarchy of water agencies in the US from 
federal to state levels. ~t the top, the federal Water Resources 
Council is charged with two major functions: 

1) undertaking a periodic "national assessment" of water 
supply and demand conditions; and 

2) coordinating water planning and management among 
agencies at lower levels. 

The second escheton of agencies consists of the river 
basin commissions, defined along major basin boundaries. The 
commissions, like the Water Resources Council above them, are 
charged with coordinating the actions of all agencies below 
them: state and local units, private industry, and the federal 
construction agencies which build and manage major projects-- 
the Bureau of Reclamation, the Corps of Engineers, and the Soil 
Conservation Service. The commissions are also charged with 
developing a "comprehensive river basin plan" in cooperation 
and with the consent of the states and localities in the basin. 

It must be pointed out that the Water Resources Council 
and the River Basin Commissions haveno authority to build or 
manage projects or systems and that their planning and 
coordination really rely on persuasion and cooperation rather 
than authoritytoorder other agencies to undertake certain 
actions. 

The third level of agencies consists of the states which 
control the "water rights" systems which allocate scarce water. 
The states also have primary responsibility for developing 
water quality plans under the supervision of the federal 
Environmental Protection Agency. While states' actions and 
plans are to be coordinated (in a voluntary sense) by the 
River Basin Commissions, the states in fact have substantial 
political power to initiate projects and to gain the assistance 
of the federal construction agencies in building the projects 
they want. 

B. Role of the "National Assessment" and the Comprehensive 

River Basin Plans 

The "national assessment" is carried out periodically by 
the Water Resources Council with the assistance of the states 
and the river basin commissions. Region by region (there are 
21 water resource regions compared to 8 river basins with 
established commissions) supply and demand conditions are 



evaluated in aggregated terms, nonetheless giving fairly 
detailed consideration to industrial, agricultural, and metro- 
politan composition of the region. Detailed demand models are 
not used in these studies, but trends are incorporated in the 
water use coefficients employed, and alternative scenarios are 
analyzed, especially when water demands are felt to be sensitive 
to possible policy changes. Information from micro studies like 
the ammonia model is incorporated at this point. 

The river basin commissions are required to maintain up- 
to-date comprehensive plans for the management and future 
development of the water resources of the basin. While such 
plans identify possible future projects and discuss possible 
problems of water allocation and water quality, they usually 
are not construed within an optimizing framework nor derived 
from any formal models. The use of formal optimization schemes 
is confined to the development and management of subareas of 
river basins such as sequences of dams and reservoirs which 
are operated for water supply and power purposes by a single 
agency such as the federal Bureau of Reclamation 

C. An Example of the Use of Demand Studies in River Basin 

Management: The Colorado River Basin 

The Colorado River Basin covers approximately 1.02,000 
square miles (260, 000km2 ) in the southwestern United States, 
rising in the Rocky Mountains of Colorado, then passing through 
mostly semi-arid land in the US and Mexico and into the Gulf of 
California. The annual flow of approximately 13 x lo6 acre- 
feet per year is fully utilized, with practically no flow 
reaching the Gulf of California. A legal arrangement divides 
the basin into an upper and a lower basin for purposes of water 
allocation. The lower basin was developed earlier than the 
upper, and is presently consuming more water than can be legally 
claimed. The upper basin uses large quantities of water for 
irrigation, and the return flows carry large quantities of salt 
into the river. As a result, salinity levels in the lower basin 
have risen to a point (850 mg/L) where damage to irrigated crops 
is occurring. Thus when the upper basin increases its water use, 
it takes water from current uses in the lower basin and adds to 
salinity damage there. 

.The river serves small municipal and industrial uses, but 
the greatest use is agriculture (and & S& power uses). Since 
agriculture is both the dominant water user and the economically 
marginal water, demand studies can concentrate on the agricul- 
tural sectors of the two basins since any reallocations should 
take place from marginal agriculture to higher valued uses. 

These demand studies have shown that practically all 
agricultural uses in the upper basin have a lower marginal 
value than the agricultural uses in the lower basin. Thus, 



for economic efficiency nearly all agricultural water should 
be used in the lower basin. This is in conflict with the legal 
allocation of water between the basins referred to earlier. 

Further, there is no administrative mechanism for requiring 
that further developments in the upper basin take account of 
either the opportunity cost of the water they will consume (the 
net value of marginal agricultural output in the lower basin) 
or the additional salinity damage they will cause. 

It follows that the estimated water demand functions for 
the upper basin, indicating the willingness to pay for water, 
lie above the true marginal benefits function for the system 
as a whole. Similarly, the estimated demand functions for the 
lower basin lie below the true marginal benefit functions which 
would exist if an optimal level of salinity were achieved in 
the basin. Another way of stating these observations is that 
if the demand functions were derived from a basin-wide 
optimization model, they would be below and above the currently 
estimated functions for the upper and lower basins respectively. 

Finally, it must be observed that Mexico uses water from 
the river. Current treaty safeguards guarantee minimum levels 
of water quantity and quality to Mexico, but there is no 
assurance that the quantities or the techniques used to assure 
quality are even near the optimum from the overall international 
river basin viewpoint. 

These o b s e r v a t i o n s  emphasize  n o t  o n l y  t h e  impor tance  o f  
t h e  a p p r o p r i a t e  s  s tems s e t t i n g  f o r  demand s t u d i e s  b u t  a l s o  
t h e  impor tance  o h n s t i t u t i o n a l  arrangements  f o r  w a t e ~  
p lanning  and management. 
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In order to create appropriate conditions for Poland's 
economic and social development after World War 11, it was 
necessary to undertake studies (initiated in the 1950's) in 
the field of a comprehensive use of water resources. 

The first long-term comprehensive plan of water resources 
development in the whole country was elaborated by the Water 
Resources Committee of the Polish Academy of Sciences in 1957. 
This plan was based on hypotheses of economic and demographic 
development forecasted until 1975. 

The successive stages of the water planning studies were 
carried out between 1958 and 1962 (regional plans of water 
management) and between 1960 and 1963, when the second national 
long-term water resources development plan was completed by 
the Institute of Water Management, for the period up to 1980. A 
successive revision of this plan was prepared in 1968, extend- 
ing the forecasted time horizon to 1985. It should be 
emphasized that water use forecasts included in these studies 
were based on the general economic and social development plans 
of the country. No special consideration was given to the 
establishment of interrelationships between water demands and 
the costs of water supply. One can say that in preparing these 
first water resources development plans, a typical "maximum 
supply" orientated approach was applied. 

In recent years, Poland's water resaurces have been 
confronted with the more dynamic development of the country. 
Industrial and agricultural production and the growth of 
urban aglomerations have created a demand for a guaranteed 
supply of water whose quality must be suitable for individual 
users. 

This situation, in the long run, leads to the problem of 
how to deal with quantitative and qualitative shortages of 



water resources (water deficits), a problem which has already 
appeared in certain regions of Poland. 

It was necessary to work out and implement in water 
resources planning a new methodology and advanced computational 
techniques, which would allow formulation of a rational invest- 
ment program for water resources development, ensuring fulfill- 
ment of water management's long-term targets (time horizon 
1985 - 2000). 

The elaboration by "Hydroprojekt" of the studies known as 
the "Vistula Project" (completed in 1974) and "Odra Project" 
(completed in 1975) resulted in a comprehensive national water 
resources development plan which was approved by the Polish 
Government in 1976. In these studies water supplies are 
considered subordinate to the development of the national 
economy, which is the primary objective. The main tasks of 
water management taken into account are as follows: 

- Water supply for municipal, agricultural and 
industrial uses; 

- Assurance of the minimum acceptable flow; 
- Water pollution control; 
- Reduction of losses due to floods; 
- Development of navigation, recreation and hydropower 
generation. 

The analysis encompasses various engineering schemes of 
water supply, using a simulation model for optimization of 
water reservoirs operation; for water resources allocation, 
the system of "weights" is used. This system of "weights" 
describes the general priorities of water use in the system, 
taking into account social and economic objectives. The choice 
of the optimal solution is based on the economic analysis 
(minimization of investment and operation costs of the water 
management system, considering additional economic effects). 

The water use rates introduced into the model are based 
on the special studies undertaken by several branches of the 
national economy. The forecasts of water use are based on a 
hypothesis of future socio-economic situation and the future 
changes in production technology. This hypothesis was elabor- 
ated with the cooperation of the National Planning Authorities. 

The current works concentrate on applying the already 
developed methodology of water resources management planning 
to particular regions of Poland, where intensive economic 
growth creates a need for more detailed analysis which takes 
into account newly introduced economic factors resulting from 
regional development. 

In these regional analyses we also try to introduce other 
approaches to the evaluation of future water uses and develop- 
ment of water resources. 



One approach  i s  t h e  a n a l y s i s  o f  d e p e n d a b l e  w a t e r  r e s o u r c e s  
i n  t h e  c o n s e c u t i v e  subsys tems  o f  a  r e g i o n .  T h i s  a n a l y s i s  t a k e s  
i n t o  a c c o u n t  a  number o f  h y p o t h e s e s  f o r  w a t e r  u s e  and consump- 
t i v e  l o s s e s  i n  a l l  b r a n c h e s  o f  t h e  n a t i o n a l  economy and i n  a l l  
subsys tems  a f f e c t i n g  dependable  w a t e r  r e s o u r c e s  i n  t h e  subsys tem 
a n a l y z e d .  

The a n a l y s i s  i s  made s e p a r a t e l y  f o r  e a c h  v a r i a n t  o r  s t e p  
o f  i n v e s t m e n t  program which i n c r e a s i n g l y  augments t h e  d e p e n d a b l e  
w a t e r  r e s o u r c e s .  

W e  s t a r t  w i t h  t h e  "non-investment  v a r i a n t "  ( t h e  u s e  o f  
l o c a l  n a t u r a l  r e s o u r c e s ) ,  and t h e  n e x t  c o n s e c u t i v e  s t e p s  a r e  
r e s e r v o i r  c o n s t r u c t i o n ,  i n t e r - b a s i n  w a t e r  t r a n s f e r s ,  r e c l a m a t i o n  
o f  w a s t e w a t e r  by advanced t r e a t m e n t  and i n  some c a s e s  r e c i r c u l a -  
t i o n  o f  a p a r t  o f  r i v e r  f l o w  i n s i d e  t h e  system.  T h i s  r e c i r c u l a -  
t i o n  i s  a lways  connec ted  w i t h  t h e  advanced t r e a t m e n t  p r o c e s s e s .  

As a  r e s u l t  o f  such  a n a l y s e s  we hope t o  a c h i e v e  a n  e v a l u a -  
t i o n  o f  t h e  d e p e n d a b i l i t y  of  r e g i o n a l  w a t e r  r e s o u r c e s  a s  a  
f u n c t i o n  o f  a l t e r n a t i v e  f u t u r e s  f o r  e a c h  c o n s e c u t i v e  s t e p  o f  
measures  i n c r e a s i n g  dependable  w a t e r  r e s o u r c e s .  

T u r n i n g  back t o  t h e  main s u b j e c t  o f  t h i s  Workshop, we 
s h o u l d  s a y  t h a t  fo rmer  approach  t o  w a t e r  management i n  Po land  
was t r a d i t i o n a l  and e x t e n s i v e .  W e  t r i e d  t o  m e e t  a l l  w a t e r  
needs  by i n c r e a s i n g  t h e  w a t e r  s u p p l y .  However, t h i s  method 
became i m p o s s i b l e  i n  a  r a p i d l y  d e v e l o p i n g  c o u n t r y  w i t h  s c a r c e  
w a t e r  r e s o u r c e s .  Now w e  a r e  t r y i n g  t o  f o r c e  w a t e r  u s e r s ,  
e s p e c i a l l y  i n  i n d u s t r y ,  t o  d i m i n i s h  t h e i r  w a t e r  demands by 
means of  economic i n c e n t i v e s .  

The f i r s t  s t e p  i n  t h i s  d i r e c t i o n  was t a k e n  l a s t  y e a r  when 
w e  i n t r o d u c e d  a  p r i c e  f o r  w a t e r  used  i n  t h e  i n d u s t r y ,  i .e .  
s u r f a c e  and ground w a t e r  withdrawn by i n d u s t r y  from i t s  own 
i n t a k e s .  The p r i c e  o f  w a t e r  i s  b a s e d  upon t h e  a v e r a g e  c o s t s  
o f  a u g m e n t i n g  d e p e n d a b l e  w a t e r  r e s o u r c e s .  I n  most deve loped  
r e g i o n s  where  w a t e r  u s e  i s  h i g h  and  r e s o u r c e s  s c a r c e ,  t h e  p r i c e  
is  h i g h e r  and v a r i e s  f rom 20 t o  50 g r o s z y  ( 1 - 2 . 5  U S  c e n t s )  p e r  
1 m 3 .  The t h e r m a l  power s t a t i o n s  pay o n l y  f o r  t h e  consumpt ive  
u s e  o f  w a t e r .  

A f t e r  o n e  y e a r ' s  e x p e r i e n c e  we have  o b s e r v e d  t h a t  t h e  
p r i c e  i s  t o o  low;  i t  d o e s  n o t  s u f f i c i e n t l y  d e c r e a s e  i n d u s t r i a l  
w a t e r  u s e .  T h e r e f o r e ,  w e  a r e  l o o k i n g  f o r  a n o t h e r  b a s i s  f o r  
p r i c i n g  w a t e r .  W e  c o n s i d e r  two 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  b a s e d  on f u t u r e  i n v e s t m e n t  o r  c o s t s  o f  w a t e r  s u b s t i t u t i o n  
p o s s i b . i l i t i e s  i n  w a t e r  i n t e n s i v e  i n d u s t r i e s .  I n  a n  a t t e m p t  t o  
a v o i d  a n  i n c r e a s e  i n  t h e  i n d u s t r y  p r o d u c t i o n  c o s t s ,  w e  u s e  
"shadow prices", t h a t  w i l l  b e  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  and 
p r o j e c t i n g  t e c h n o l o g y  o f  p r o d u c t i o n  and c o o l i n g  s y s t e m s  i n  new 
o r  modernized p l a n t s .  

I n  a d d i t i o n  t o  t h e  p r i c e  o f  w a t e r ,  w e  have  a l s o  i n t r o d u c e d  
c h a r g e s  f o r  w a s t e  d i s c h a r g e s - - n o t  f o r  a l l  p o l l u t a n t s  b u t  o n l y  



BOD, COD and suspended solids. These charges are calculated on 
the basis of the average cost of removing pollutants in the 
waste treatment processes; charges vary according to the 
required water quality in the receiving streams. For example, 
charges for pollutants discharged into waters of first class 
quality (the drinking water resource) are 40 percent higher 
than charges for pollutants discharged into the third class 
waters. The aim of introducing charges was to compel water 
users to treat wastes and to limit the quantity of pollutants 
discharged into water bodies. For other pollutants (dissolved 
solids, phenols, ammonia, etc.) we apply penalties when the 
quantity of pollutants exceeds the state standards. 

Another problem is thermal pollution. As we develop the 
energy resources of our country we are building typical 
thermal power stations with installed capacities of 3000 MW 
with closed or combined cooling systems. In this last system 
we are constructing cooling towers which sometimes operate 
only under extreme conditions, for instance in summer, when 
river flows are low and temperatures high. The reason for 
constructing cooling towers is due not to economic incentives, 
but to the official standards of the maximum acceptable 
temperature of water bodies. 

The studies on water management and water development 
planning are carried out in Poland mainly by two institutions: 

1) Hydroprojekt, Consulting Engineers Bureau; 
2 )  Institute for Meteorology and Water Management. 

We would like to stress, that both the above mentioned 
institutions will greatly appreciate further collaboration 
with IIASA and its National Member Organizations in the field 
of modelling water demands. 

As an example of possible application of water demand 
models similar to those presented at this Workshop by the 
University of Houston we would like to mention the need for a 
detailed analysis of water demands of a chemical complex 
situated in southern Poland, a region where quantitative and 
qualitative water deficits already exist. In this case, 
evaluation of water demands and production costs as a function 
of water supply costs (connected with the increase of regional 
dependable water resources), could contribute greatly to the 
optimization of a regional water development plan. 

IIASA's help in modelling economic water demands would 
be very useful for our water management, not only for establish- 
ing water prices and charges for waste discharges, but also for 
determining possible ways of decreasing water demands. The aim 
of water management in Poland is to cover water demands by 
augmenting dependable water resources and by partially de- 
creasing water demands. In our opinion, the optimal economic 
solution is to minimize the total costs of increasing water 
supply and of diminishing water demands by substitution. 
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In England and Wales there are, in total, ten multi-purpose 
Water Authorities, each responsible for water supply, conser- 
vation, drainage, recreation and effluent disposal within its 
area, which is either a single river basin or a group of river 
basins. About two fifths of the water abstracted from surface 
waters and aquifers is taken for distribution through the public 
water supply. The remaining three fifths is taken directly by 
the Central Electricity Generating Board, other industrial 
concerns or agriculture. Of the water distributed through the 
public water supply about one third goes to metered consumers, 
which are primarily industrialists but which include some hotels, 
schools, offices and shops. Two thirds is unmetered, and this 
includes virtually all domestic consumption, all leakage, some 
commercial use, (in hotels, schools, offices and shops etc.) 
and water used for mains flushing and fire fighting. 

In preparing demand forecasts the industry has tradition- 
ally used very simple extrapolative techniques, and therefore 
demand r n c d e l l i n y  h a s  been  c o n f i n e d  l a r g e l y  t o  t h e  f i t t i n g  o f  
t r e n d s  t o  p a s t  demands. Because of the many amalgamations of 
small water undertakings which took place during the 1950's 
many records of past consumption have been lost. Consequently 
it has been possible to construct a consistent series of data 
at the national level only since 1961. 

The past trend in per capita unmetered consumption, shown 
in Figure 1, reveals a remarkable level of consistency. The 
trend is very nearly linear and the high demands in 1963 and 
1975 were attributable to weather conditions. In 1975 there 
was a very good summer while in the early part of 1963 severe 
winter weather resulted in a substantial volume of water being 
lost because of bursts. However fitting a trend equation is 
not as simple as it may appear. In practice either a linear or 
a semi-logarithmic equation would fit the series equally well. 
Even where longer series of data are available it has proved 
no easier to determine the form of the underlying time trend. 
If the identification of the trend were straightforward there 
would still be some anxiety as to whether past trends would 
continue into the future. T h e r e f o r e  o v e r  t h e  p a s t  y e a r  o r  two 
a t t e m p t s  have been  made t o  i n c r e a s e  o u r  u n d e r s t a n d i n g  o f  w a t e r  
demands, i n  p a r t i c u l a r  t o  d e t e r m i n e  which  v a r i a b l e s  have t h e  
mos t  i n f l u e n c e  on w a t e r  consumpt ion .  
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One approach has involved regression analysis to relate 
annual figures of per capita unmetered consumption to a number 
of social and economic variables. It seems that the most 
significant explanatory variables are average household size, 
summer rainfall, and the numbers employed in service industries 
(which frequently receive unmetered supplies). Average house- 
hold size has in the past been correlated with average dispos- 
able income, and this explains why there was no income variable 
included in the "best" equation. 

A few Water Authorities are now conducting experiments 
which involve metering a number of individual domestic 
properties, the aim being to improve our understanding of how 
water is used within the home at the present time. Information 
on annual household consumption in two small areas is available 
from earlier research, and regression analysis was used in an 
attempt to establish the relationship between household con- 
sumption and the ownership of various water using appliances 
and amenities. The results were not very satisfactory, because 
it became clear that those households with more appliances also 
tended to use more water for basic purposes such as washing and 
cleaning. In the regression analysis this additional basic use 
was attributed to particular appliances and amenities, such as 
dishwashers and motor cars. The more recent experiments there- 
fore involve the use of diaries, in which households are 
requested to keep records of their water using activities. On 
the whole I feel that the research being undertaken on household 
water consumption is adequate in the light of present needs for 
demand forecasts. 

Figure 2 shows that the trend in metered consumption has 
not been as consistent as that in per capita unmetered consump- 
tion. In particular, in 1975 consumption was no higher than in 
1969, whereas during the 1960's consumption rose consistently. 
Since 1970 industrial production has not risen as fast as it 
did previously, but it has risen. Therefore the change in trend 
in metered water consumption cannot be attributed wholly to a 
change in trend in industrial production. Clearly trend analy- 
sis is a totally inadequate method of providing demand forecasts 
in this situation and therefore regression analysis was used in 
an attempt to explain the past trends better than did time alone. 
The most significant explanatory variables proved to be Gross 
Domestic Product and the numbers employed in service industries. 
However, it must be emphasized that correlation does not prove 
causation, and it could be mere coincidence that the trend in 
employment in the service sector changed in about 1970. 

There is clearly a need to examine metered consumption 
further, for example to establish which industries account 
for the apparent change in trend. The need to examine which 
industries are the most important water users is even greater 
in the case of the direct abstractions because records of the 
volumes abstracted were not collected until the late 1 9 6 0 ' ~ ~  
and there are no worthwhile statistics at the national level 
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