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I. INTRODUCTION 

I n  a recent  Departmental  Discussion Paper,' emphasis was placed  on 
methods o f  addressing  the  growing  imbalance o f  water  supply and 
djmand i n  a number o f  regions i n  Canada.  The paper out l ined  the 

need fo r  In land Waters Directorate t o  develop programs t o   f a c i l i t a t e  
water management and po l i c i es  aimed at   resolv ing water  shortages. A 

number o f  nat ional  and regional  programs are now being developed i n  

order t o  meet t h i s  need. One o f  these programs i n  Paci f ic  and  Yukon 
Rzgion i s  the- development o f  a  water  use optimization model.' This 

model will provide  a framework for  analyzing  current and future 

water  supply and demand within a r i v e r  basin. It will i d e n t i f y  

water use conf l ic ts ,   opt imal  use o f   ava i lab le  supply and  economic 
values  associated with increasing or decreasing  water  supply. As 

such, the model will provide  informat ion  useful   for  water management 
and planning and f o r  water demand forecasting. The basic problems, 

concepts and methodology used i n  developing the model are  described 
i n  t h i s  paper. 

A re la ted program, aimed I a t   p red ic t i on  o f  water  .shortages, i s  the 

development o f  a national-regional water  use forecasting model. The 
bas ic   s t ruc tu re   . fo r  a forecasting model has been developed  by 

headquarters  personnel and i t  i s  now proposed tha t   reg iona l   s ta f f  
par t i c ipa te  i n  t h e   a p p l i c a t i o n   o f   t h i s  model ' t o   r i v e r  basins i n  

their  respective  regions. Data requirements f o r '  thi's forecasting 

exercise will, f o r  a large  part ,   over lap the  requirements fo r   t he  

water use opt imizat ion model.  Thus, development and appl icat ion  o f  
both.   the  forecast ing and optimization models can take ' place 

concurrently. It should  also be noted  that  the  objectives o f  the 

1 
ttDiscussion Paper; Towards a  Federal  Freshwater  Strategy"  Environment 
Canada, In land Waters Directorate. November '1982 (Draft).  
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two t y p e s  of  models are complimentary. The f o r e c a s t i n g  model is 
aimed a t   i d e n t i f y i n g   b a s i n s   a n d   s u b - b a s i n s  where water s h o r t a g e s  
will arise, while the op t imiza t ion  model provides  a framework fo r  

t e s t i n g  management a l t e r n a t i v e s   f o r   r e s o l v i n g  water shor t ages   and  
f o r  a l l o c a t i n g  water i n   s h o r t   s u p p l y .  As water s h o r t a g e s   i n c r e a s e  
the  development   of   both  forecast ing  and  opt imizat ion  models  will be 

e s s e n t i a l   f o r   t h e  management o f   t h e  water r e source   and   r e so lu t ion   o f  
water use c o n f l i c t s .  

The  optimization  model will b e   d e v e l o p e d   i n  two phases .  

Phase 1 Develop the model s t r u c t u r e   a n d   a p p l y  it t o  t h e  Okanagan 
River   Basin.   Because of previous  work done  under a Canada 
Water Act Study,  the Okanagan River   Basin was found t o  have 
the be-st data base for   development  o f  t h e  model. I n i t i a l  
a p p l i c a t i o n   t o   t h i s   b a s i n  will a i d   i n   d e v e l o p i n g  a 
c o n s i s t e n t   s t r u c t u r e  f o r  t h e  model  and will iden t i fy   p rob lem 
areas. 

Phase 2 Adapt t h e  model so  t h a t  i t  c a n   b e   a p p l i e d   t o   a n y   r i v e r   b a s i n  
or sub-basin where data are a v a i l a b l e ;  A procedure will be 
developed  whereby  basic  data  f o r  a n y   r i v e r   b a s i n   c a n  be 
e n t e r e d   i n  a s tandard  format ,   and t h e  op t imiza t ion  model 
generated  f rom a computer  program. The model will t h e r e f o r e  
have t o  be f l e x i b l e  so t h a t  it can   i nc lude   va r ious  water 
u s e s   a n d   h y d r o l o g i c a l   r e l a t i o n s h i p s   t h a t   o c c u r   i n   d i f f e r e n t  
r i v e r   b a s i n s .  

OUTPUT FROM THE MODEL - 

When t h e  .model is a p p l i e d   t o  a s p e c i f i c   b a s i n  o r  sub -bas in ,   t he  
optimum economic   a l loca t ion   of  water w i t h i n   t h e   b a s i n  will b e  
computed. For example , i n  a c e r t a i n  ' time per iod   and  reach o f   t h e  
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basin,  the model could  determine  that 50 percent o f  the avai lable 

run-of f  be al located t o  agr icul ture,  20 percent t o  domestic  use and 
20 percent to  reservoir   storage. The complete model so lu t ion would 

show the   mount   o f  water al located t o  each use, i n  each t ime per iod 

and  .reach. I n  a l a t e r  section o f  t h i s  paper, an example problem 

i l l u s t r a t e s  the output from the model i n  more de ta i l .  

I n  solv ing f o r  the opt imal  solut ion,   the model will show .whether 
water i s  i n  surplus or  i s  i n  short  supply i n  each t i m e  period and 

reach. When there i s  a shortage o f  water, the model will specify a 

shadow p r i ce  for an add i t i ona l   un i t  of  water.  This shadow p r i ce  
represents  the  net economic value  that  could be obtained i f  an 

add i t i ona l   un i t  of  water were avai lable. I f  water i s  i n  surplus, 

the  shadow p r i ce  will be zero,  and'the amount o f  surplus  water will 

be designated as a "slack  resource". 

The model will provide a framework for  analyzing . management 
a l ternat ives for resolving,  -water shortages, such as increasing " 

s torage,   improv ing  i r r igat ion  e f f ic iency or  implementing 

conservation measures. For example, a new storage development could 
be  evaluated  by  running the model a t   cu r ren t  and proposed storage 

leve ls  and comparing the   l eve l  of benef i ts  generated a t  each storage 
leve l .  

Inter-basin  t ransfers can also  be examined using the  opt imizat ion 

model. The benef i ts  from  increased  water  supply- t o  a r i ve r   bas in  

t 

could be evaluated by running the model. at   both  the  current and 

augmented levels  of  supply for  the  receiving  basin.  Likewise, the 

b e n e f i t s   l o s t  i n  the export ing  basin  could be determined  by  applying 
'I' 

the model t o  the  exporting  basin  before and af ter  the Proposed 

diversion. 
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111. THE PROBLEM SETTING 

There are a number o f  possible uses f o r  a na tura l  f l ow  o f  water i n  a 

r i v e r  basin., The k ind   o f  uses will depend  on t h e  location  .and 

seasonal t im ing   o f   t he  flow and on the  geographical  features o f   t h e  
basin.  For example, spr ing  run-of f  in to  a t r i bu ta ry  o f  a mainstem 
r i ve r   cou ld  be; 

1) diver ted f o r  i r r i g a t i o n ,  domestic or  i n d u s t r i a l  use, 

2) l e f t '  i n  stream fo r  f isher ies purposes, 
3) l e f t  i n  stream and d i ve r ted   a t  a lower  po in t  i n  the system, 

4) stored f o r  use i n  a l a t e r  t ime  period. 

The basic  problem i s   t o  choose - how t o  use the water, where t o  use i t  
and ,when t o  use i t  i n  order t o  get the greatest economic bene f i t  

from i t s .  use. This  choice i s  constrained by a number of factors  

such as storage  capacity,  land use capab i l i t y  and f i sh   hab i ta t .  For 
example, the choi.ce o f  water  storage  could not be considered if 
storage  capacity were not  avai lable. . .. 

. -  

I 
I 
I 

Figure 1 shows a s imp l i f i ed  schematic  diagram o f  the Okanagan River 

Basin. It can be seen that  there  are a number o f  choices  of how the 

water  might  be used inc lud ing  f isher ies,  domestic, agr icu l ture and 

recreation. I n  general, the fur ther  upstream the water  supply, the  
greater  the number o f   p o s s i b l e   u s e s . i t  has. Storage i s  avai lab le.on 

both  the  t r ibutary   reservo i rs  and the main val ley  lakes. 

I 
1 
I 
I 

An opt imizat ion model i s  a useful .   tool   - for   determining  the  best 

a l loca t ion  of w a t e r  among possible uses. When constructing. such a 

model, two basic  points must be considered. F i rs t ,   the   bes t  use and 
value  of  water a t  one point  i n  a system should  not be calculated 

independently from i t s  use and value i n  other  parts o f  the system. 
Thus a basin-wide model is needed, incorporating t h e .  l inkages 

between various  parts  of  the system. Secondly, the  best use and 

value of water can vary  according t o  where  and when i t  occurs i n  the 
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basin. The model should  therefore be disaggregated by sub-basins o r  
reaches and b y  time periods. 

The data  requirements f o r  modelling will have t o  be broken down i n  
t h e  same classif icat ion,   i .e .  by reach and time period. Appendix 
One shows the data  requirements for the model using  the Okanagan 
River Basin as an i l lustrative  case.  

I V .  METHODOLOGY 

A )  Defining Optimal Use of Water 
The objective  of,  the model i s  to   a s s i s t  i n  determining the 
optimal  allocation of  water i n  a river basin. For t h e  purposes 
of t h i s  s t u d y ,  the allocation o f  water' among possible  uses is 
considered t o  be optimal i f  i t  results i n  the maximum possible 
economic .benefits, given  the  physical  constraints which exist. 
Economic benefits  are  defined i n  t h e  same way as  i n  tradit ional 
benefit-cost  analysis. 2 

It is recognized that  maximization of economic benefits is not 
the sole  cri terion  for determining t h e  uti l ization o f  the water 
resource. For example, t h i s  cri terion does  not  consider.  the 
e q u i t y  of  distribution o f  benefits that  occur from water use. 
Achieving maximum economic benefits may also be constrained by 

legal and insti tutional  factors,  such as  tenured r ights   to  water 
use o r  international agreements on flows and water levels. 

Although the model, considers o n l y  economic benefits, i t  can be 
used . to '  provide  information.  to  assist the policy maker i n  
determin.ing a socially  acceptable  allocation  of water. T h i s  can 

2 
For example, refer   to  Treasury Board Secretariat, Benefit-Cost Analysis 
Guide ( H u l l ,  Quebec; Ministry of Supply  an Services, Canada , 1978) 
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be  done by imposing restrictions on the model t o  represent 
non-economic values,  equity  considerations and . legal 
constitutional  constraints. For example, minimum acceptable 
-flows fo r  f isheries or minimum lake  levels fo r  recreationists 
can be  imposed i n  order t o  protect  these user interests.  Given 
such restr ic t ions,   the  model' can then  solve f o r  the most 
eff ic ient  so lu t ion .  Comparisons  between the  non-restricted and 
the  res t r ic ted so lu t ions  will show the economic- benefits  that 
are lo s t .  The policy maker would then have some measure of the 
economic oppor tun i ty  costs of various  alternatives based on 

non-economic c r i te r ia .  

B) . Modelling Technique 
The modelling technique used i n  t h i s  project is l inear  
programming. A number of features of  l inear programming3  make 
it suitable for  modelling water  use optimization. 

Linear programming is a technique, which  maximizes o r  
minimizes a mathematical 'objective  function'  specified by 
the model builder. I n  the water  use  optimization model, the 
objective  function will represent  the economic benefits 
associated wi th  water use ac t iv i t ies  i n  a basin. The  model 
will. allocate water t o  various  uses so  as  t o  maximize the 
value o f  the  objective  function. 
The optimization  procedure is carried ou t  subject t o  a 
number of constraints which are expressed as   l inear  
equations. In the water use optimization' model, the  set   of 
constraints will incorporate water s u p p l y  ac t iv i t ies  such 'as 
run-off, storage  capacity and storage  release; and water 
requirement ac t iv i t ies  such as  irr igation and household 

3 
A substantial body of l i t e ra ture   ex is t s  on the theory and application 
of l inear programming. A useful  introductory  discussion is contained 
i n  Alpha C. Chiang, Fundamental Methods o f  Mathematical Economics (New : 

York,'McGraw-Hill, 1974) chapters 18-19. 
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requirements. These factors can  be fair ly   easi ly  
represented a s  linear  equations. 

3 )  A number of well documented  and accessible computer packages 
f o r  l inear  programming are  available. The MPSX 

(Mathematical Programming  System Extended) package. will be  
ut i l ized f o r  the water  use  optimization model. This package 
is capable o f  handling  large models  and is avai lable   a t  many 
major . conputer systems. As such, it is  well suited t o  t h e  
water use optimization model  which will be very large  for 
river  basins where there  are numerous tr ibutaries and many 
demands  on the water resource. 

I n  summary, a l inear programming  model is s i m p l y -  a system of 
equations comprised of an objective  function and  a s e t  of l inear .  
constraints. The general form o f  a l inear  programming model can 
be represented  as  follows; 

maximize the objective function, 

Where - represents 4 , =, Or A 9 

x i  t o  xn = levels of  various  activit ies,  

C i  t o  cn = coefficients  respresenting  value of the 
ac t iv i t ies  i n  the  objective func t ion ,  

a i i   t o , a m ,  = coefficients  respresenting  relationships between 
various-activit ies,  

b l  t o  bm = right hand side  values o f  linear  constraints. 
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The  model will choose .levels of the  act ivi t ies  X1 t o  X n  

that  the  value of the  objective  function is  maximized  and 
constraint  equations  satisfied. 

i n  t h e  water use optimization 
represent  activities  associated 

model, the  variables xi t o  

S O  

the 

X n 
w i t h  water supp ly  and demand i n  

a basin. Some activities  represent  the  final use o f  water and 
result  i n  economic benefits;  irrigated  acreage or spor t  f i s h  
population are  examples. A value. is assigned t o  the  final use 

. ac t iv i t i e s  i n  the  objective  function through the  ci 
coefficients. For ac t iv i t ies  which do n o t  represent  final  use 
of  the  water,  the ci coefficients will , be equal t o  zero. 
These a c t i v i t i e s   f a l l  under the  categories of water  requirement 
ac t iv i t ies  (such as  irr igation requirements) and water s u p p l y  
ac t iv i t i e s  (such as  run-off -and storage). The constraint 
equations and  ai; coefficients  represent  -basic  physical or 
hydrological  relationships between ac t iv i t ies .  For example, the 
relationship between storage  levels,  release from storage and 
run-off would be specified a s  a linear  constraint. More deta i l s  
on the fomulation of the  constraints and the  objective  function 
a re  given i n  the example  problem i n  

V. A SAMPLE  PROBLEM FOR A SINGLE SUB-BASIN 
The. water use optimization model will 

the  next  section. 

be fairly  large and  complex , ' 

when applied t o  a river  basin where there  are numerous t r ibutar ies  
and water uses. For explanatory  purposes, a smaller sample model o f  

. a  single sub-basin was constructed us ing  l inear programming. T h i s  

sample problem will serve t o  i l l u s t r a t e  most of  the  relationships 
and techniques that  will be used i n  a f u l l  river  basin model. An 

understanding o f  the sample  problem will resul t  i n  an easier 
comprehension of the  structure and capabili t ies of the f u l l  r iver 
basin model. 

The sample model i s  based on a number o f  basin'  assumptions which 
serve t o  s i m p l i f y  the problem. 
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1) Only a s ing le   sub -bas in  w i t h  o n e   s t o r a g e   r e s e r v o i r  is  
cons idered .  

2 )  are  three f i n a l  use activit ies i n  t h e  sub-basin.  
These are i r r iga t ed   ac reage ,   domes t i c   consumpt ion   and   spo r t  . .  

f i s h  popu la t ion .  
3 )  The o n l y   s i g n i f i c a n t   r u n l o f f   o c c u r s   i n  the reaches above the 

r e s e r v o i r  whi le  all demand p o i n t s  are below the r e s e r v o i r .  
4) ' The model has  a time hor i zon   o f   one .  year which i s  d i v i d e d  

i n t o  three pe r iods .   Pe r iod   one   r ep resen t s   sp r ing ,   pe r iod  
two   r ep resen t s  summer and   per iod  three r e p r e s e n t s  f a l l  and 
win ter .  

I 

1 A )  Spec i fy ing  the Objec t ive   Funct ion  
The three f i n a l   u s e   a c t i v i t i e s  each have   va lue   a s soc ia t ed  w i t h  
them. It can  be 'a complex t a s k   t o   d e t e r m i n e  the economic 
b e n e f i t s  of each u s e ,   b u t  a s  a f irst  approximation we can   u se  
some f a i r l y  simple procedures .  The r e s i d u a l   v a l u e   a p p r o a c h  is a 
s u i t a b l e  method for  i r r i g a t e d   a c r e a g e  a t  t h i s  s t a g e .   I n  t h i s  
approach the n e t   v a l u e   o f  t h e  c r o p   p e r   i r r i g a t e d  acre is t aken  
a s  the v a l u e   i n  the o b j e c t i v e   f u n c t i o n .  If fo r   example ,  t h i s  
va lue  is $1000, t h e n  t h e  o b j e c t i v e   f u n c t i o n  will i n c r e a s e  by 

$1000 f o r   e v e r y  acre t h a t  is i r r i g a t e d .  

1 

The user-day  approach  can be u s e d   f o r   s p o r t  f i s h  popula t ion .  In 
British Columbia t h i s  is a fa i r ly  common approach where a base 
popula t ion   of  a species is assumed t o   s u p p o r t  a number o f  
f i s h i n g  days.  For example, i f  a stream popula t ion  o f  10 s p o r t  

f i s h  can '   suppor t   one   f i sh ing  day, which has a v a l u e   o f  $10.00, 
t h e n  a v a l u e   o f  $1.00 can be a s s i g n e d   t o  each f i s h  i n  the stream 
popula t ion .  Thus f o r   e v e r y  extra f i s h  produced   in  the s t r eam,  
the v a l u e   o f  the  o b j e c t i v e   f u n c t i o n  will i n c r e a s e  by $1.00. 

P lac ing  a va lue  on  domest ic   use  of  water i s  a more d i f f i c u l t  
task,  and  very few s t u d i e s  on this  subject have  been carried o u t  
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i n  Canada. A t  t h i s  stage o f  model development an assumption 

is.  made that  a unit  of  water has a much higher average value  for 
domestic use than   f o r   i r r i ga t i on  or the  sport  f ishery. 

Therefore the model i s  constrained  to meet a l l  domestic  water 
requirements  before any  commitment i s  made t o  agr icu l ture or  the 

sport   f ishery,  and domestic use o f  water i s  not assigned a ci 
value i n  the  objective  function., 

.4 

.. - 

The objective  function can  be  simply  formulated as: 

(2) 

ECONOMIC  BENEFITS = $1000xIRRIGATED ACRES + $1 .OOxFISH  POPULATION 

The object ive i s  t o  maximize th is   func t ion   sub jec t   to  a number 

of  constraints. The model will find  the  feas ib le   quant i t ies   o f  
i r r i g a t e d  acreage and f ish  populat ion  that  will give  the maximum 

do l la r   re tu rn   .ca lcu la ted  i n  equation (2). 

B) Specifying  the  Constraints 

.Water  supply and water-use a c t i v i t i e s  form the   bas is   o f   the  

constraints i n  the model. The constraints  are i n  the form of  
l i n e a r  equations  which  define  relationships between a c t i v i t i e s .  

L i m i t s   t o  the leve ls  of cer ta in   ac t i v i t ies   a re   a lso  defined  as 

l inear   const ra in ts .  

Agr icu l tu ra l  Water Requirements 

I n  each period, each acre  under  population  requires a prescribed 
amunt o f  water. I f '  f o r  example, each acre  requires .5'  o f  

water i n  the f i r s t  period, 1.5' i n  the second period and .5' i n  

4 
The most recent example of such a study i s  by C. Macerollo and M. 
Ingram, "The Value of Water i n  the Grand River Basin: An Estimate  of 
the  Demand f o r  Water i n  Ontario" Canada Water Resources Journal  Vol. 6 
NO. 1 (1981) pp. 51-63. 
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t he  th i rd   per iod ,  we can then  define three variables; AGREQ 1, 
AGREQ 2 and AGREQ 3 corresponding t o  requirement i n  each time 
period. The re la t ionship between the number of i r r igated  acres 

and ag r i cu l tu ra l  water  requirements can be expressed as; 

AGXQ 1 = .5 X IRRIGATED ACRES ( 3 )  

AGREQ 2 = 1.5 X IRRIGATED ACRES (4) 

AGREQ 3 = .5 X IRRIGATED ACRES ( 5 )  
Transforming  these i n to  the  form o f   t he   con t ra in t s   f o r   t he  

general   l inear programming form. shown i n  equation (1) gives; 
AGREQ 1. - -5  X IRRIGATED ACRES = 0 (6) 
AGREQ 2 - 1.5 X IRRIGATED ACRES = 0 (7) 

AGREQ 3 - .5 X IRRIGATED ACRES = 0 ( 8 )  

There will be a fu r ther   agr icu l tu ra l   cons t ra in t   in   tha t  Only a 

l i m i t e d  amount of i r r i g a b l e   l a n d   i s   a v a i l a b l e  i n  the sub-basin. 
If the limit i s  800 acres we can express t h i s  as another 

constraint ;  

IRRIGATED ACRES L 800 ( 9 )  

Sport  Fish Water Requirements 

It i s  assumed tha t  a re la t ionship  ex is ts  between the amount of 
water  ,flowing i n  the  stream  and'  the  size o f  t h e   f i s h  

populatj.on. This  re lat ionship can be expressed as a per   f ish 
water  requirement s i m i l a r   t o  the per  acre  water  requirement fo r  
agr icul ture.  

If i t  i s  assumed tha t  each f i sh   requ i res  .l, .05 and .05 acre 

f e e t  i n  the three t i m e  periods, then we can define  three new 

var iables and express the  requirements as; 

FISH REQ 1 - .1 X FISH POPULATION = 0 (10) 

FISH REQ 2 - .05 X FISH POPULATION = 0 (11) 

FISH REQ 3 - .05 X FISH POPULATION = 0 (12) 
Because of   habi tat   constraints,  the maximum f ish  populat ion 
cannot exceed 10,000 i n  the stream. Therefore  another 

const ra in t  must be  entered as; 

FISH POPULATION L l 0 , O O O  (13) 
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Domestic Water Requirements 

As mentioned ear l ie r ,   the  model will be constrained  to  supplying 

domestic  requirements. I f  domestic  requirements  are 100 acre 

fee t  i n  each time  period,' we can define the requirements  as 

constraints: 

DOMREQ 1 = 100 

DOMREQ 2 = 100 

DOMREQ, 3 = 100 

Supply Constraints 

Supply  can also  be  defined as a l i n e a r  equation i n  each t ime 

period. We f i rs t   def ine  three  var iab les  represent ing  run-of f  i n  
each t i m e  period.  This  runoff  occurs above the  storage 

reservoir .  For example: 

RUN-OFF 1 = 1200 (17) 
RUN-OFF 2 = 600 (18) 
RUN-OFF' 3 = 400 (19) 

i 

The storage  capacity can be expressed as a Constraint i n  each 

time  period. If the  capacity cannot exceed 1500 acre ft. then 

the  constraints  are expressed as: 

STORAGE 1 L - 1500 (20) 

STORAGE 2 6 '1500 (21) 

STORAGE 3 - L 1500 (22) 

I 

I 

I 

Suppose t h a t   a t  t,he beginning o f  the three  t ime  periods  there 
are 500 acre ft. o f  storage l e f t  over  from the  previous  year. 

This amount of  water i s  avai lab le  for  use before any run-off 
occurs. It is  defined as  an a c t i v i t y  i n  the model ca l l ed  

STORAGE 0. 

STORAGE 0 = 500 ( 2 3 )  

Now we can def ine  the  re lat ionship between run-off,  storage and 

release  from  storage. The release i s  simply the  change i n  

storage  levels  plus the run-off.  For t h e   f i r s t  t ime  period the  

following  equation  represents  release f rom storage. - 
RELEASE 1 = STORAGE 0 - STORAGE 1 + RUN-OFF 1 (24) 
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For t ime  periods two and three,  the  equations  are  similar; 
RELEASE 2 = STORAGE 1 - STORAGE 2 + RUN-OFF 2 (25) 

RELEASE 3 = STORAGE 2 - STORAGE 3 + RUN-OFF 3 ( 2 6 )  

I n  equations (24), (25) and (26) evaporation i s  assumed t o  be 
ins ign i f i can t . ,  To put  these  equations i n  the standard format 
for   constraints we simply  rearrange them as follows; 

STORAGE 0 - STORAGE 1 + RUN-OFF 1 - RELEASE 1 = 0 (27 )  

STORAGE 1 - STORAGE 2 + RUN-OFF 2 - RELEASE 2 = 0 ( 2 8 )  

STORAGE 2 - STORAGE 3 + RUN-OFF 3 - RELEASE 3 = 0 ( 2 9 )  

I 
I 
I 

Constraints on  Supply and Demand Balance 

A major  constraint   that  must now be  considered i s   t h a t   t o t a l  

requirements (demands) i n  each t ime  period must not exceed the 
release i n  each time  period. For per iod one th is   cons t ra in t  i s  
expressed  as; 

AGREQ 1 + FISHREQ 1 + DOMREQ 1 LRELEASE - 1 ( 3 0 )  

where t o t a l  requirements  are the sum o f  agr icu l tu ra l ,   f i sh  and 

domestic  requirements.  Specifying t h i s   c o n s t r a i n t   f o r  each time 

per iod and rearranging  into  standard  constraint  form  gives; 

AGREQ 1 + FISHREQ 1 + DOMREQ 1 - RELEASE 1 L - 0 (31) 
AGREQ 2 + FISHREQ 2 + DOMREQ 2 - RELEASE 2 6 O ( 3 2 )  

AGREQ 3 + FISHREQ 3 + DOMREQ 3 - RELEASE 3 L - 0 ( 3 3 )  

Contraint on Outflow 
To complete the  model, net   out f low from the   t r ibu tary  is 
specif ied as an inf low  to  the  next  part   of   the system. . Ignor ing 
re tu rn  f lows, net   out f low i s  equal t o  release minus consumptive 

use. I t  should be noted  that  fisheries  requirements  are a 

non-consumptive use. 

OUTFLOW 1 = RELEASE 1 - AGREQ 1 - DOMREQ 1 (34) 
I n  the standard  constraint form, the outf low  constraints  are; 

RELEASE 1 - AGREQ 1 - DOMREQ 1 - OUTFLOW 1 = 0 (35) 
RELEASE 2 - AGREQ 2 - DOMREQ 2 - OUTFLOW 2 = O ( 3 6 )  
RELEASE 3 - AGREQ 3 - DOMREQ 3 - OUTFLOW 3 = 0 (37) 
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T h i s  completes the  specification o f  the sample  problem as a 
l inear programming  model.  The objective  function is represented 
by equation (23 and the  linear  constraints  are  represented by 
equations ( 3 )  . t o  (37). I n  t o t a l ,  28 ac t iv i t ies  have  been 
entered i n  the model.  These ac t iv i t i e s   f a l l  under three  general 

I 
I 

categories;  final use ac t iv i t ies  or  f ina l  products which u t i l i z e  
the  water, water i n p u t  ac t iv i t ies  which define  the  water 
requirements for the  final  products, and water s u p p l y  ac t iv i t ies  
which.define  the amounts of water available for  use. 

I The  whole 'model can  be  summarized i n  'tableau form as i n  table 

I 
I. 
1 

1. The.column headings represent  the  various  activities and the 
rows represent  constraints. The first row, labelled  as  rent, is 
the  objective  function. The tableau  entries  are  the 
coefficients of the.  objective  functions and constraints. The 
r i g h t  hand side  values of t h e  constraint  equations  are shown 
under the column headings RHS. 

C. Solution t o  Example  Problem 
The  model is solved by determining the.   levels  of the . 28 

ac t iv i t i e s  such that ;  

I . , a )   a l l   cons t r a in t  equations  are  satisfied, 
b )  the  value of the  objective  function is a t  i t s  maximum 

possible. 
This type of l inear programming  problem i s  solved by the simplex 
method,  which is a standard  algorithm used i n  most l inear  
programming software packages. The s o l u t i o n  levels o f  a l l  the 
model act ivi t ies   are  shown i n  table 2. 1 
From table 2, i t  can  be seen that  the optimal so lu t ion  t o  the 
sample  problem allocates 100 acre f t .  of water t o  domestic 
consumption i n  each time  period a s  required. Furthermore, a l l  
800 available  acres or irrigable land  are  supplied w i t h  water 
and the remaining s u p p l y  is used t o  maintain 2000 f i s h .  In  

I 



I 
I 

period  one,  storage is brought  t o  a level of 1000 acre f t .  , 
while 700 acre f t  . are  released. I n  period two , the  Storage is 
depleted t o  200 acre f t .  and a large  release of 1400 acre f t .  
occurs i n  order t o  ,satisfy  the heavy irrigation requirements i n  
t h i s  p s r i o d .  E!y 'the end of period  three,  storage is  completely 
depleted. 

For certain  constraint  equations,  the simplex method will impute 
a shadow price which is the- value by which the  objective 
function would increase i f  the  constraint equation were 
increased by one u n i t .  The significance ' o f  the shadow prices 
can be i l lus t ra ted  for  equations (17), (18) and (19) which 
define  the run-off i n  each time period. 

I 
I RUN-OFF 1 = 1200 (17) 

I 
1 
I 
I 
I 
I 
I 
I 
I 
I 

RUN-OFF 2 = 600 (18) 

RUN-OFF 3 = 400 (19) 
As shown i n  Table 2 the shadow price is $5.00 for  each of the 
three constraints.  Increasing  the r i g h t  hand side of any of 
these  three  equations by one acre .  f t .  could - t h u s  result  i n  an 
increase of $5.00 i n  the  objective  function. Therefore the 
economic value of an additional  acre f t .  of water i n  any time 
period is $5.00. Since the shadow price i s  positive, water is 
i n  s h o r t  s u p p l y  and  any additional water  has an  economic Value. 
From Table 2 it can be seen that   a l l   avai lable  water is 
allocated  to  the  various uses i n  the reach and that -no excess 
runoff occurs. The o n l y  flow available for the  next  reach is 

, the water that  was supplied f o r  f isheries i n  the model. 

The  maximum storage  capacity  utilized was 1000 acre  feet i n  
period one while the maximum reservoir  capacity is 1500 feet  as 
specified i n  constraint  equation ( 2 0 ) .  Since  the  reservoir 
capacity is not f u l l y  utilized,  increasing  the  capacity would 
n o t  alleviate  the  current water shortage o r  result  i n  a bet ter  
allocation of water. Thus other  alternatives for increasing  the 
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water supply ,   such  a s  d i v e r t i n g  water from ano the r   bas in ,  would 
have t o  be examined. 

In  summary, the s o l u t i o n   t o  the sample   -problem  provides   severa l  
pieces o f  in format lon  useful f o r  water planning  and management. 
F i r s t ,  it shows the o p t i m a l -   a l l o c a t i o n   o f  water. among competing 
uses  and the op t ima l   s to rage   pa t t e rn .   Second ,  it i n d i c a t e s  t h a t  
water is " i n   s h o r t   s u p p l y   a n d   g i v e s  the economic  value  of   an 
a d d i t i o n a l   u n i t  o f  water i n  each time p e r i o d .   ' F i n a l l y ,  it shows 
t h a t  there is e x c e s s   s t o r a g e   c a p a c i t y  which i m p l i e s  t h a t  water 
shor t ages   canno t  be r e so lved  by i n c r e a s i n g   s t o r a g e   c a p a c i t y .  

I VI. CONSTRUCTING THE 'MODEL FOR THE OKANAGAN RIVER BASIN 

I 
I 
I 
I 

The Okanagan R ive r  Basin model will be based on t h e  same 
r e l a t i o n s h i p s   o u t l i n e d   i n  the sample  problem.  -Sub-basin  models, 
similar t o  the sample  problem, will be deve loped   fo r  each major 
t r i b u t a r y  or reach o f  the Basin. These sub-models will then  be 
l i n k e d   t o  form a s i n g l e   l a r g e  model f o r  t h e  whole  Basin. The 
l ink ing   p rocedure  is f a i r l y  s t r a i g h t f o r w a r d ;  t h e  n e t  run-off from 
each sub-basin is added t o  the n a t u r a l   r u n - o f f   i n  t h e  sub-basin 
immediately  downstream,  increasing t h e  a v a i l a b l e   s u p p l y   i n .  t h e  
downstream  sub-basin. The s i n g l e   c o m p o s i t e  model will t h e n   a l l o c a t e  

1 water between  and  within a l l  of the sub-bas ins   i nc luded   i n  t h e  
a n a l y s i s .  

I. A )  A d d i t i o n a l   F e a t u r e s   o f  the Okanagan River  Basin.Mode1 

I . '  
I 

Some a d d i t o n a l   a c t i v i t i e s - a n d   f e a t u r e s  t h a t  were n o t   i n c l u d e d   i n  
t h e  sample problem will be i n c l u d e d   i n  t h e  Basin  model. These 
a d d i t i o n s  w i l l  not   change t h e  basic s t r u c t u r e   o f  t h e  model  from 
the sample problem,  but will al low a more detailed a n a l y s i s   o f  
t h e  water a l l o c a t i o n   p r o b l e m .  

i i  

I . -  . .  

A d d i t i o n a l   a c t i v i t i e s   e n t e r e d   i n  the  b a s i n  model will still f a l l  

I 



I ., 
,I 
I- 
I 
I 
I 
I 
I 
I 

I 
I: 
I 
I 
I '. 

I 

" 2 0  - 

under the same general  categories of f inal  use ac t iv i t ies ,  water 
requirement ac t iv i t ies  and water supply  ac t iv i t ies .  

The Easin model wiil include a more detailed  seasonal  analysis 
than the  sznple problem. This will be accomplished by d i v i d i n g  

the year i n t o  seven periods  rather than only  three  periods. The 
seven periods will include  the six individual months from May t o  
October end the remaining months aggregated i n t o  a single 
period. This break-down is necessary i n  order  to  incorporate 
the important monthly variations i n  water  requirements for  
agriculture and the spor t  f i s h  population  during  the summer and 
ear ly   fa l l  months. 

Water-based recreation will be  added t o  the Okanagan River Basin 
model as a f inal  use activity.  A value will . be given t o  
recreation i n  the  objective func t ion  and various  constraints 
will define  the  relationship between lake  elevations and levels 
of  recreational  activity. This feature will al-low expl ic i t  
consideration  of  the  conflict between recreational  lake  level 
requirements and agricultural water-use  requirements which could 
occur i n  severe drought years. 

The Sport fishery  population will be  expanded in to  a number of 
f inal  use sectors  including  resident stream t r o u t ,  stream 
spawning t r o u t  and  kokanee  salmon populations. The. detailed 
analysis is necessary because of the  different  seasonal flow 
requirements of these  three  species. The extra  effort  i n  
modelling the s p o r t  fishery  sector is warranted since t h i s  . 

sector has been substantially  depleted and continues t o  suffer 
because o f  heavy agricultural water-use  requirements on the 
t r ibutar ies .  5 

I 5 

I 
See Main Report o f  the  Consultative Board (Chapter 8 ) .  Canada-British 
Columbia  Okanagan Basin Agreement, March 1974. 

I 



- 21 - 

I 
I 

Some additional  activities  affecting water supply  will be 
included i n  the Basin model. In  some areas of  the Basin, the 
s u p p l y  of water is reduced because o f  evaporation from the main 
valley  lakes. Seasonal  evaporation  losses will therefore be 
included as   act ivi t ies  i n  the model. In other  areas ' O f  the 
basin,  supplies  are augmented by agricultural and domestic 
return flows from upstream reaches. Return flows will be 
included as  water supp ly  ac t iv i t ies  i n  the  receiving  sub-basins 
o r  reaches. 

I 
I 
.I 
1. 

In  the Okanagan River Basin model i t  will be.  necessary t o  
incorporate some non-linear  relationships i n  the  analysis. The 
main example is i n  the s p o r t  fishery  sector where a non-linear 
relationship  exists between instream flows and f i s h  population. 
Because of  the  non-linear  relationship, a s ingle   set  of l inear  
constraints cannot be used t o  relate  seasonal flows t o  f i s h  
population,  as was done i n  the sample problem. The non-linear 
relationship will be incorporated by approximating it wi th  a 

'I 
ser ies  of  linear  functions o r  segments. A s e t  of stream flow 
requirements and constraints will then be defined for each 
l inear  segment. 

Another important  feature which will be included i n  the Okanagan 
River Basin model is a constraint on end Of year  Storage 
levels. Note that i n  the example problem, storage was 
completely  depleted by the end of the  final time period.  Since 
no constraint o r  value was attached t o  remaining  water i n  
storage  that could , be uti l ized i n  the following Year, the 
tendency was t o  deplete  the water i n  storage i n  order t o  meet 
current year  requirements. I n  the Basin model a constraint will 
b e  added that end of year storage  levels must equal beginning of  
year storage  levels. Thus the model will represent an 
equilibrium  situation where stocks ' of water are not  being 
depleted or increased over the long  term,  although  they may 
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fluctuate w i t h i n  each year. 

B. S impl i fy ing  Procedures Used i n  Model Construction 
Only the  eight major t r ibutar ies  and the mainstem are modelled 
i n  detai l .  These areas account for  most of the water withdrawn ' . 

f o r  agriculture 'and domestic use. ' Net run-off under historical  
operating  conditions from the unmodelled tributaries is inciuded 
a s  .an  .exogenous water supply.  On t r ibutar ies  where a number o f  

reservoirs.  exist and are  operated  as a system, the  individual 
reservoirs and linkages will not  be modelled. Instead  the 
individual  reservoirs  are aggregated and considered as  a single 
large  reservoir. 

Industrial water  requirements are  aggregated wi th  domestic 
. ' requirements into a 's ingle use category. As i n  the sample 

problem, no value is given t o  t h i s  act ivi ty  i n  the  objective 
'function.  Instead, a constraint is b u i l t  i n t o  the model . that. 
a l l  domestic-industrial  water  requirements must. be.met  before 
any water is allocated t o  other  uses. It  should be noted that  
domestic-industrial  requirements  are  relatively small compared 
to   agr icul tural  requirements i n  the Okanagan River Basin. 

I 

VII. REFINING THE MODEL 
Some improvements will be made t o  the model as  data become available 
and techniques  are developed. . These are l i s t ed  i n  order o f  p r i o r i t y  
below. . .  

A )  Agricultural Sub-Model 
This sub-model will be developed i n  order t o  show how water-use 
can be efficiently  allocated on agricultural  land. and the 
resu l t s  will be incorporated i n  the Okanagan River Basin  model. 
Development of t h i s  sub-model is considered as a h igh  p r i o r i t y  
because there 'is considerable scope fo r  agricultural 

. .  
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conservation o f  water i n  response t o  shortages and con f l i c t s .  

A t  the  present t ime, a s i g n i f i c a n t   c o n f l i c t   e x i s t s  between 
a g r i c u l t u r a l  requirements and fishery  requirements i n  most o f  

the  major  t r ibutar ies o f  the Basin.  Shortages i n  some areas are 
becoming more serious as munic ipa l i t ies  expand and place  heavier 

demands on water  supplies which current ly  supply  agr icul tural  
needs. Agr icul tural   conservat ion  pract ices  could reduce the 

need for  construct ion o f  expensive  storage and diversion systems 
aimed at   resolv ing  these  water-use  conf l ic ts.  

I n  the   s imp l i f ied  model and i n  t h e   i n i t i a l  development o f   t h e  . . 

Okanagan River  Basin Model a fixed  requirement f o r  water  per 

unit  of i r r i g a t e d   l a n d   i s  as,sumed (The fixed  requirement  per 

acre can vary i n  di f ferent  regions  of   the  Basin).  In order t o  

remove the assumption o f  a f i xed  requirement of  water  per  acre, 

the  economics o f  on-farm water  use must be examined. . A t  
present,  users  are charged for water on a per  acre  basis and 
have little incen t i ve   t o  conserve  water. 'However, i n  the 
opt imizat ion.  model, water has value  for  ' non-agricuitural uses; 

and conservation methods t o  reduce  water  consumption  should  be 

.considered as an al ternat ive.  Any resul t ing  costs  o r  production 
losses associated with agr icul tural   conservat ion  of  water must 

be evaluated.  This i s  the   ob jec t ive   o f  the ag r i cu l tu ra l  

sub-model 

The r e s u l t s  f rom  the  agr icul tural  sub-model can  be incorporated 
i n t o  the Okanagan River  Basin model al lowing  the removal of  the 

assumption o f  a f i xed  water  requirement  per  acre. In i t s   f i r s t  
stage  of development, the  Basin model will allocate water t o  

a g r i c u l t u r a l  uses simply  by  increasing or  decreasing  the number 

o f   i r r i ga ted  acres i n  the  solut ion. Once the resu l t s  0.f t he  

a g r i c u l t u r a l  sub-model have been incorporated,  the  Basin model 

will also be capable o f  determining  the  optimal  per  acre  rate  of 

appl icat ion f o r  ag r i cu l tu ra l  uses. The techniques and the 
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general  structure i n  the  agricultural sub-model will also be 
applicable t o  water use optimization models for  other  river 
basins i n  Canada. 

Dzvelopment o f  the  agricultural sub-model will be contracted t o  
the.  University of British Columbia, w i t h  completion scheduled 
fo r  December 1984. The first stage of  t h e  project will be t o  
develop the  general  structure of the sub-model t o  ensure that i t  
can be linked o r  incorporated i n t o  the Okanagan River Basin 
model. A.  report o u t l i n i n g  'the  general  structure and data 
requirements will be prepared by March 31, 1984. The second 
stage of the  project is the  collection of  data and detailed 
construction  of  the model  which will b e  carried  out i n  the 
subsequent s p r i n g  and  summer.  The resul ts  from the  agricultural 
sub-model will be incorporated i n t o  the Okanagan River Basin 
model during  the f a l l  of 1984. The final  report from the 
contractor will be ready i n  December 1984. 

I 
I, 
I 
I 
I, 
4 ' ' 
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13) Dynamic and Stochastic Elements 
The -model as  described  solves .for optimal management of the 
water resource for  a single year for a given  water supply.  The 
problem of  optimal management over a period  longer  than one year 
was not considered beyond the imposing of a constraint  that end 
of year  storage must be equal t o  beginning  year storage. This 
constraint  ensures  that  the model will not reach a. s.olution 
where t h e  basic  stocks o f  water are  depleted over  time. 
However, i n  l ow runoff years it may be desirable t o  draw down 
the  lake and reservoirs  to lower-than-average levels,  i n  effect  
I1rnining1l the  stock of water. T h i s  may resul t  i n  decreased 
benefits i n  the following years, depending on the  future runoff  
levels. When the  trade-off between us ing  . a stock o f  water i n  
one year  versus  saving i t  f o r  later  years is considered, dynamic 
and stochastic elements must be incorporated i n  the model. 

I 
I 
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There are  several  multi-period  optimization  techniques  which 
have been applied with varying degrees of  success. The 

technique most su i tab le for t h i s   a n a l y s i s   i s  dynamic programming 

which i s  a general  procedure t o  optimize a ser ies  o f   dec is ions 

over a speci f ied t ime frame. When applied t o  the Okanagan River 

Basin, a dynamic programming model would have the  ob ject ive  o f  

maximizing the present  value o f   the   ,benef i t s  o f  water  use  over. 

the  t i m e  f rame'of  t h e  analysis. The f i n a l   o u t p u t   o f   t h i s  model 

would be a tab le of annual decis ion  ru les  re lat ing  annual  

withdrawal and end-of-year storage  levels . t o  annual.  run-off.  
Based on t h i s  output,  the  water manager would, i n  any given 

year,  observe the run-of f  and choose the optimum amount o f  water 

t o  be  withdrawn i n  the current  year and the optimum  amount t o  be 

l e f t  i n  storage fo r  following  years. 

The theory and methodology o f  dynamic programming .are complex 
' and  a d iscuss ion  o f   the concepts i s  beyond the scope o f   t h i s  

paper. A general  discussion of   the  theory and applications  can 

be  found i n  the work o f  the. Bellman6 who . f i r s t   fo rmal ized   the  
concepts of dynamic programming. An example o f  the   app l i ca t ion  

of dynamic programming t o  water  resource management i s  the work 
o f   B u r t  who examined the economics o f  multi-period  storage o f  

ground,and  surface  water. 

7 

Construction o f  a dynamic programming model for  the- Okanagan 

River  Basin would requi re  substant ia l  work e f fo r t  and Computer 

.resources. The l i nea r  programming model will have t o  be solved . - . 

for  numerous run-off and storage  scenarios, and t h e .  resu l t s  used 

as the   bas is   o f   - the  dynamic programming model. A probab i l i t y  I 

6 

7 I 
I 

R.Bellman, Dynamic Programming (Princeton  University Press, 1976). 

O.R. B u r t ,  "The Economics o f  Conjunctive Use of.Ground and Surface' 
Water" Hi lgard ia  Vol. 6, No. 2, December (1964) 
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d i s t r i b u t i o n   o f   f u t u r e  water r u n - o f f   i n  the b a s i n  will then  have 
t o  be ' estimated a n d   i n c o r p o r a t e d   i n  the model.  Computer 
s o l u t i o n s   o f  the dynamic  programming  model will be expens ive  
because   o f  the m u l t i p l e   p o s s i b l e   f u t u r e   s c e n a r i o s   o f  water use 
which will have t o  be evaluated. 

VIII.GEN&?ALIZING THE MODEL 

Genera l i z ing  the model i nvo lves  making i t  flexible s o  tha t  it c a n   b e  
app l i ed  t o  a n y   r i v e r   b a s i n  where s u f f i c i e n t  data are a v a i l a b l e .  The 
mode l .   bu i lde r  will n o t   h a v e   t o   s p e c i f y  t h e  model s t r u c t u r e   f o r  a 
g i v e n   r i v e r   b a s i n ,   b u t  would o n l y   h a v e   t o   e n t e r  specific data which 
would be  used   t o   mod i fy  t h e  s t r u c t u r e   o f  t h e  general ized  model .  
T h i s  i n p u t  data would be i n  a similar f o r m a t   t o  t h e  example data i n  
Appendix One. 

A computer  .program will b e .   w r i t t e n  t ha t  will g e n e r a t e  t h e  model 
s t r u c t u r e  for a n y   r i v e r   b a s i n   g i v e n  a s t anda rd  set  o f   i n p u t  data .  
The program will c o n s t r u c t   a n   o b j e c t i v e   f u n c t i o n   a n d  set of  
c o n s t r a i n t s  similar t o   t h o s e   i n  the Okanagan,  Basin Model. Some 
a d d i t i o n a l   c o n s t r a i n t s   a n d   a c t i v i t i e s  may have t o  be added t o  
a c c o u n t   f o r   d i f f e r e n t   t y p e s   o f  water u s e s  o r  f o r   d i f f e r e n t   n u m b e r s  
of reaches and  sub-basins.  Any o t h e r   d i f f e r e n c e s  would be i n  the 
r i g h t  h a n d   s i d e , v a l u e s   o f  some c o n s t r a i n t s .  

- :  

The computer  program will s a v e  a g r e a t   d e a l   o f  time when the model 
is appl ied  t o  a new r i v e r   b a s i n   s i n c e  the c o n s t r a i n t s ' a n d   a c t i v i t i e s  
will n o t   h a v e   t o  be  specified by the program  user.   Without the 
computer  program, the model s p e c i f i c a t i o n   w o u l d '  be time consuming 
b e c a u s e   o f  t he  l a r g e   n u m b e r s   o f   c o n s t r a i n t s   a n d   a c t i v i t i e s  which 
would  have t o  be e n t e r e d .   I n  t h e  Okanagan River   Basin Model, fo r  
example,  there are about  1,000 c o n s t r a i n t s  t o  be specified. 
Furthermore,  the o b j e c t i v e   f u n c t i o n   a n d   c o n s t r a i n t s  must ' be e n t e r e d  
i n  a s t anda rd   fo rma t  required by the WSX conputer   package f o r  
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l i n e a r  programming. This process   can  take s e v e r a l  days for  a l a r g e  
model. I n   c o n t r a s t ,  less than  a day would be r e q u i r e d   t o   . e n t e r  the 
s t a n d a r d   i n p u t  data r equ i r ed  by the computer  program. 

IX. The c a p a b i l i t y  a n d   r e l i a b i l i t y  o f  the water use   op t imiza t ion  model 
can  be improved i n  a number of  areas. The model, a s  i t  is p r e s e n t l y  
being  develop-ed, is most applicable t o   r i v e r   b a s i n s   s u c h  as t h e  
Okanagan where there are h igh  a g r i c u l t u r a l  demands  and r e l a t i v e l y  
low industr ia l   and  domest ic   demands. ,   Consequent ly ,  less emphasis is 
placed  on the economics o f  d o m e s t i c   a n d   i n d u s t r i a l  water use.  
S t u d i e s   i n  these areas could  improve the a p p l i c a b i l i t y  of the model 
t o  , b a s i n s  where d o m e s t i c   a n d   i n d u s t r i a l  water u s e  -a re  r e l a t i v e l y  
l a r g e .  

As previously  ment ioned,  few studies have  been carried o u t   i n  the 
.area of domest ic  demand f o r  water i n  Canada. Most f o r e c a s t s   a n d  
s t u d i e s  of water use  have s imply  assumed a f i x e d  water requirement  
per household,   and  have  not  examined t h e  v a l u e   o f  water t o  t h e  
consumer.  In order t o   d e t e r m i n e  t h i s  v a l u e ,  i t  would be necessa ry  
t o  estimate a consumer  .demand  function for *water, where q u a n t i t y  
demanded i s  a f u n c t i o n   o f  price a n d   o t h e r   v a r i a b l e s .  This demand 
f u n c t i o n  would  have t o  be specific t o   d i f f e r e n t   r i v e r   b a s i n s ,   t a k i n g  
i n t o   a c c o u n t   r e g i o n a l   d i f f e r e n c e s   s u c h  a s  climate and  income. To 

date,  s t a t i s t i ca l  es t imat ion   of   such  demand f u n c t i o n s  .has  been 
h inde red  by . a lack o f   wa te r -p r i ce  . d a t a .  and by problems i n  
d i saggrega t ing   domes t i c  use a n d   i n d u s t r i a l  use. A thorough 
examinat ion of  the e x i s t i n g  water-price data base and a s t u d y  of 
a l t e rna t ive   me thods   o f   e s t ima t ing   domes t i c  demand f o r  water are 
recommended. 

Fu r the r   i n fo rma t ion  on the e c o n o m i c s   o f   i n d u s t r i a l  water use  would 
be r e q u i r e d   f o r  model  development i n  some r i v e r   b a s i n s  where 
i n d u s t r i a l  demands are s i g n i f i c a n t .  Most s t u d i e s  t o  date have 

I . :  . .  
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assumed a f ixed  proport ion between indus t r ia l   ou tpu t  and water 

input,  and have not examined i n  de ta i l   the   re la t ionsh ip  between - 

water inpu t  and industr ia l   product ion.  A production  function 

.approach where output i s  expressed as a func t ion   o f  water use and 
other  inputs  would allow  the assumption o f  f ixed  proport ions t o  be. 

dropped. This approach  would also  al low  derivation of t he  
i n d u s t r i a l  demand funct ion f o r  water and c a l c u l a t i o n   o f   i t s   v a l u e   t o  

industry. It- i s '  recommended tha t   t h i s  approach be considered i n  

fur ther   s tud ies,   par t icu lar ly   for   indust r ies which are  large 

consumers o f  water. 

( 

Addi t ional   studies  are  a lso  required i n  the  general   area  of  demand 
fo r   rec rea t i ona l   ac t i v i t i es  which depend  on the water  resource. 

Although  substantial work has been done on the techniques f o r  

est imating demand funct ions  for   recreat ion,   there i s  a lack  of  
informat ion- on user-values speci f ic   to   var ious  r iver-bas ins i n  
Canada.  Work i s  also needed i n  r e l a t i n g  changes i n  user-values t o  
changes i n  water l eve l s  and flows tha t  occur when water. i s  d iver ted 
f o r  consumptive uses. 

One f inal   area  requir ing  fur ther  study and program development is 
the whole process of data  col lect ion on water use. . Data 
requirements  are  intensive f o r  both  opt imizat ion and forecasting 

models, and most r i v e r  basins do not have a suf f ic ient   data base for  

development o f   e i t h e r   t y p e   o f  model. Improvement i n  data  col lect ion 

methods  and coordinat ion  of   present  ef for ts i n  data  Collection Will 

have t o  be made before  there can  be  widespread appl icat ion o f  

forecasting and optimization models. 

TIMETABLE FOR FURTHER WORK 

Work on t h e   i n i t i a l   a p p l i c a t i o n   o f   t h e  model t o   t h e  Okanagan River 

Basin i s  underway, using  data from the 1970 data. More recent  data 

will be incorportaed as i t  becomes a,vailable. Development o f  a 
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ogram f o r  model generation f o r  o the r  basins' will commence 

i n  December. Refinement o f   t h i s  program will continue as  necessary. 

The estimated  timetable f o r  the complete p ro jec t  i s  shown below: 
. '  -1 . , ,. , 

TIMETABLE 

Work Star t   F in ish  

1) Phase One 
.- app l i ca t i on   t o  Okanagan Basin  Already i n  Jan. 15, 1983 

using 1970 data  progress -7 

L)  7 
- update o f .  Okanagan model with more Jan. 15, 1983 ' Continuing 1 

recent  data as i t  becomes avai lable . .  phase 

2) Phase Two 
- development o f  computer program Dec. 15,  1983 Mar. 15,  1984 

f o r  model generation 

- refinement o f  program  as  necessary Mar. 15, 1984 Continuing 
phase 

3) Agr icu l tu ra l  Sub-model 
- development  by U.B.C. Jan. 1, 1984 Oct. 15, 1984 

- f i n a l   r e p o r t  on sub-model Oct. 15, 1984 Feb. 31, 1985 

o;, 
4) Dynamic Stochastic  Extension Jan. 15, 1984 Sept . 1, 1984 
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APPENDIX ONE 
I 
I 

Data Requirements for  Water Use Optimization Model 

I 
I 

This aspendix outiines  data  requirements f o r  the water 'use opt imizat ion 
model using the  Okanagan Basin as an i l l u s t r a t i v e  case. The data  given 

i n  th is   repor t   a re  f rom the Okanagan Basin  Study (19741, so updating will 

be  necessary. . . . .  

1. DEGREE OF AGGREGATION 

The data  are  disaggregated in to  a number o f   c lass i f i ca t i ons .  

I 
I 
I 
1 .  
I 
I 
I 
1. 

The basic breakdown i s  by: 

A )  Region: supply and demand for  e ight   major  t r ibutar ies and four 
sub-basins o f  mainstem system, 

B) Season: supply and demand f o r  seven periods  during  the year, 
C) Sector: supply and demand f o r  major sector . inc lud ing 

agr icu l tu re ,   indus t r ia l ,   f i sher ies  and recreation. 

A) Regional Breakdown 

The e igh t   t r i bu ta r ies  were selected. because o f   da ta   ava i lab i l i t y  and 

importance i n  terms o f  water  requirements.  Together, , the  e ight 

t r i b u t a r i e s  account f o r  about 48% o f   t h e   n a t u r a l   i n f l o w   i n t o  

Okanagan Lake i n  an average year. The o the r   t r i bu ta r ies   t o  Okanagan 

Lake are aggregated i n t o  a s ing le net run-o f f   f igure   fo r   the  seven 

periods. The mainstem system i s  broken down i n t o  Okanagan Lake; 

Skaha Lake,.Okanagan River and  Osoyoos Lake.. 

It should  be  noted that   the  reg ional  breakdown i s  dependent on the  
character is t ics  o f  the  basin. I n  the Okanagan Basin i t  is necessary 

t o  break  the  area i n t o  major t r i bu ta r ies  and sub-basins because o f  
phys ica l   charac ter is t i cs   a f fec t ing  water  supply and demand. I n  

other  basins, . a d i f f e r e n t  breakdown might  be  required to   ge t  

I 
I 
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meaningful  results f rom the model. 

Seasonal Breakdown 

A seven period breakdown i s  used f o r  the Okanagan.  The months o f  
May, June, July,  &gust, September  and October each comprise  a 

s ingle  per iod  whi le the  remaining months are aggregated i n to  one 
period.  This breakdown was selected i n  order t o  represent. c r i t i c a l  
periods f o r  t h e  various demands. For example, October i s  a c r i t i c a l  

month f o r  kokanee spawning, May i s   c r i t i c a l   f o r  stream t r o u t  
spawning and July and August a r e   c r i t i c a l   f o r   i r r i g a t i o n .  A 

d i f f e r e n t  seasonal breakdown may be required  for  other  basins. 

C) Sectoral Breakdown 

1) Consumptive Uses - I n  the Okanagan Basin Study,  consumptive  uses 

o f  the water were disaggregated into  three  sectors;   agr icul ture,  
domestic and indus t r i a l .  For the purpose o f   t h e  model, i n d u s t r i a l  

and domestic uses were aggregated i n t o  a single  category as they  are 
re la t i ve i y   sma l l  compared to   agr icu l tu re .  Considerably more e f f o r t  

was  made i n  est imat ing  agr icu l tura l  demands since  they accounted for 

about 80% of the .consumptive use. A d i f fe ren t   sec tora l  breakdown 

might be desirable i n  other  basins,  part icularly i f  domestic and 
i n d u s t r i a l  uses are   re la t i ve ly   la rger   than i n  the Okanagan Basin. 

I 
I 
.I 

2) Non Consumptive Uses - These are  broken down in to   recrea t ion  and 
fishery  requirements. The primary  recreational  requirement i s   t h a t  
lakes be kept above a minimum e leva t ion   to  ensure that  boat, launches 
can  be  used and tha t   lake  bottom i s  not  exposed around swimming 

areas.  There are  a t   least   four   d i f ferent   types o f  f ishery 

requirements;  lake  level  requirements  for kokanee spawning, flow 

requirements i n  the   t r ibu tar ies   fo r  spawning rainbow t r o u t  and 

kokanee, and flow  requirements i n  Okanagan River  for spawning 

I 
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sockeye salmon. In the Okanagan Basin Study,  fishery requirements 
were usually  defined  as minimum instream flows or lake  levels 
required t o  s u s t a i n  a predetermined f i s h  population. In  some cases, 
relationships  are given between flows and f i s h  population. These 
rdzt ionsnips   are  used i n  the  optimization model. 

2. EXAMPLES OF DATA USED FOR THE MODEL 
Examples of the '   data   a t  1970 levels of development are shown below. 
Trout  Creek is used- t o  i l lustrate  the  data requirements . fo r  
t r ibutar ies .  Data f o r .  each o f  the  sub-basins  of  the mainstem are  
also shown. From these  data it is possible t o  derive most of the 
coefficients used i n  the  optimization model. 

I n  these examples, recreational requirements are  not shown for  the 
main valley  lakes. As mentioned earlier,  these  recreational 
requirements  generally  concern'  lake levels;  ,if  the  lakes  fall below 
certain  levels,  then there will be losses i n  recreational  values',  
because of exposure of lake bottom, reduction i n  boating  area and 
inoperable  boat  launches. However, on ly  very rough estimates of the 
values l o s t  are  available from the 1974 Okanagan Basin Study.  Some 

.. . - b e t t e r  and more recent  estimates  are  available for  Osoyoos Lake, 
which can be modified for  use i n  the model. Further work will have 
t o  be  done a t  estimate losses i n  recreational  value for  the  other. 
main valley  lakes  at low lake  levels. 

A )  Trout Creek  Sub-Basin 
Agricultural Requirement 
Irrigated acreage 4306 

Water Duty 3.03 acre f t .  per acre 

Monthlv Reauirement Der acre  (acre  feet) 

Jan. Feb. Mar. Apr. May_ June J u l y  Aug. Sept. Oct. Nov. Dec. "- - "" 
0 0 0 0 .4545 .7575 .7575 .7575 .303 0 , '  0 0 
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Population ,5960 

Domestic requirements  (acre  feet) 

Jan.  Feb.  Mar. Apr. M~J! June J u l y  Aug. Sept.  Oct. Nov. Dec. "- - "" 
- 7  ~4 29 32 29  29 32 29  29 32 29  29 32 

I n d u s t r i a l  Requirement not. s ign i f i can t  

Fisheries Reauirements 

Resident t rou t ;  monthly  requirements 

16.3 acre ft. per 100 population from 
May t o  September 
'12.6 acre ft. per 100 population.from 
October.. t o  A p r i l  

31.3 acre 'ft: per 100 population from 
May t o  September' 
62.6 acre f t  . per 100 population from 
October t o  A p r i l  

90.0 acre ft. per 100 population f rom.  
May t o  September 
180.0 acre ft. per 100 population  from 
October t o   A p r i l  

t o  maximum 

of  3986 population 

from 3986 

t o  5580 population 

from 5580 

t o  6132 populat ion 

Rainbow  Spawners: Monthly  requi-rement 

May, 322 acre ft. per 100 populat ion 

All other months: 213 acre ft. per 100 populat ion 

Kokanee  Spawners: 

November t o  May 13.3 acre ft per 100 populat ion 
June t o  August 100 acre ft. per 100 populat ion 
Sept . 11.1 acre ft . per 100 populat ion 
Oct . 20.0 acre ft . per 100 populat ion 

Water Supply 

Natural  f low above storage  points  (acre ft.) - average yr.  
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2 June ' Ju ly  August Sept . - Oct.  Other 6 months 

25,104  15,283  1831 888 755 755 5,065 

Natural Flow between storage  points  (acre ft.) average y r .  

June Ju ly  Auaust ' Sept.  Oct. . Other 6 months 
- .  " 

7794 388 127  36  36  36  34 6 

I, 
T o t a l  Available'  Storage 9307 acre ft. 

I 
I 

B) Okanagan Lake Sub-Basin 

Agr icu l tu ra l  Requirement: Non-tributary 

1911 i r r i g a t e d  acres, i r r i ga t i on   du ty  2.4 ft. per  acre 

I 
I 
I 
I 

Monthly  Requirements ( f t .  per  acre) 

May- June July August  September 

.36 .60  .60  .60  .24 

Domestic  Requirement: Non-tributary 

Monthly  Requirement  (acre ft. ) 

Jan. Feb.  Mar.  Apr. May_ June Ju ly  Aug. Sept.  Oct. Nov.  Dec. "- - " - 
I 
I 
I 

1 

I n d u s t r i a l  Requirement: Non-tributary 

Monthly  Requirement,  (acre -ft. 

Jan.  Feb.  Mar. Apr. May June July Aug. Sept. O C t .  NoV.  Dec. "- - _I_ " - 
1300  1300  1560  1920  2860  3380 3900  3380  2340 ' 1560  1300  1300 

Net' Supply - excluding 7 t r i b u t a r i e s  modelled (lOOOts of  acre ft. 

I . .  

8.13  15.53  20.87  53.04 91.91 71.72  42.5  23.55  18.01  19.93 10.49 7.59 
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C) Skzha' Lake Sub-basin 

Agr icu l tu ra l  Requirement; Lake and Tr ibutar ies 

1871 i r r i g a t e d  acres, i r r i ga t i on   du ty  2.6 ft. per  acre 

Monthly Requirement (ft . per  acre) 

May- June July August September 

.39 .65  .65  .65 .26 

Domestic  Requirement; Lake  and Tr ibutar ies 

Monthly Requirement (ft. per  acre) 

"- Jan.  Feb.  Mar. Apr. May June July Aug. Sept. Oct. Nov.  Dec. "- -" 
20 20 25 28 45 53 56 53 37 25 20  2 

I n d u s t r i a l  Requirement; Lake and Tr ibutar ies 

Water Supply 

Natural  run-off  excluding  release from Okanagan Lake 
( 1 0 0 0 ~ s  o f  acre ft.) 

- Jan. - Feb. " Mar. Apr. - June July - Aug. Sept. " Oct. Nov. - Dec. 

1.0 1.76 1.42  2.89  14.44  11.6  4.96  2.91 . 1.20 .86 .84 .84 

Evaporation (1000's o f  acre ft.) 

Jan.  Feb.  Mar. Apr. May June July Auq. Sept.' Oct. Nov.  Dec. "- - 
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0) Okanagan River  Sub-basin 

Agricultural Requirement;  River and Tributaries - 
7597 irrigated  acres, water d u t y  4.85 f t .  

Monthly RequireRent (ft. per a m ? )  

- M2V June J u l y  August September 

.73 1.21 1.21  1.21 .48 

Domestic' Requirement;  River and Tributaries  (acre ft. ), 

Jan. Feb. Mar. Apr. June J u l y  Aug. Sept. Oct. Nov. Dec. 
"_L "- -" 

I 
I 
I 

54  '54 ' 6 4  75  117  139 160 139 96  64 . 54 54 

Industrial Requirement;  River and.  Tributaries  (acre f t  . ) 
"- Jan. Feb.  Mar. Apr. May June J u l y  Auq. Sept. Oct. Nov. Dec. 

70 70 70  70  80  90 100 110 0 80 70 70 

. .  Water Supply 

Natural run-off  excluding  release from  Skaha  Lake 
(1000's of acre   f t . )  

I , .  

Jan. Feb.  Mar. Apr. % June J u l y  Aug. Sept. Oct. Nov. Dec. "- " _L_" - 
1.56 .96 1.33 2.03 20.59 17.17 8.44 7.72 ' 6.88 2.2 1.97 1.39 

E) Osoyoos Lake Sub-basin 

Agricultural Requirement 

I :  2767 irrigated  acres,  irrigation d u t y  4.9 f t .  per acre 

Monthly Requirement ( f t  . per acre) 

May- June J u l y  August September 

.74 , 1.23  1.23 1.23 .49 

.I 
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Domestic  Requirement ; 

Monthly Requirement (acre   f t .  

Jan. Feb. Mar. Apr. & June J u l y  Aug. Sept. Oct. Nov.  Dec. "- "_I -. " 

3f! . 30 36 42 66 72 90 72 54 36  30 30 

Industrial Requirement; not  significant 

Water Supply 

Natural  run-off  excluding release from. Okanagan River 
(lOOO1s o f  acre   f t . )  

Jan. Feb. Mar. Apr. May June J u l y  

3.31 2.41 2.76  5.55  12.38 10.17 8.75 

"- - 

Evaporation 
(1000's o f  acre ft.) 

Jan. Feb. Mar. "- 
.07 .31 .80 

Apr . 
1.61 

. .  

June J u l y  
" 

2.33 2.91 3.33 

Aug. Sept . 
8.88  4.82 

Aug. Sept. 

3.01 2.48 

Oct. Nov. Dec. 

1.31 -89 1.72 

" - 

Oct. Nov. Dee. 

1.56 .61 .16 

" - 


