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ABSTRACT 

The  ObJective of this  study is to demonstrate  the  use  of 

linear  programming  as  a  planning  tool in the  allocation  of  water 

within  a  river  basin. A linear  programming  model is developed 

which  maximizes  economic  benefits  from,  water  use in the  Okanagan 

River  Basin of British  Columbia.  Many  activities  including 

agriculture,  recreation,  domestic  use  and  sport  fishing  compete  for 

the  sometimes  scarce  water  supplies  in  this  Basin.  The  model 

allocates  water  among  these  activities  subJect to water supply, 

storage and resource  constraints. An average  water  supply  year, 

broken  down  into,  seven  time  periods is represented by the model. 

The  solution  represents  a  sustainable  allocation  of  water  over  time 

in that  no  long  term  depletion of stored  water is allowed.  Because 

the  study  was  intended  as  a  demonstration  proJect,  data-gathering 

efforts  were  kept  to  a  minimum. A previous  Canada  Water  Act  study 

in the  region  provided  most  of  the  necessary  data  to  construct  the 

model  although  some  estimates  of  the  economic  value  of  water-use 

activities had to be made. The  model  solution is consistent  with 

previous  studies  which  showed  shortages  of  water  relative  to 

potential  demands  on  most  tributaries of the system.  However, 

better  data and extensive  sensitivity  analysis  would  be  required 

before  the  model  could  be  used  for  water  management and planning  in 

the  region. It was  concluded  that  the  approach  was  feasible  in 



RESUME 

Le but de  cette /etude est  de  d6montrer  l’utillsation  de la 

programmation  lin6aire  comme un outil  de  planification  pour 

l’allocation d’eau dans un bassin  hydrographique.  Un  modble  de 

programmation lin’eaire, qui  maximise  les  avantagea  economiques  de 

l’utilisation d’eau du bassin  de  la  rivi&re  Okanagan  en 

Colombie-Britannique,  est  exposc.  Plusieurs  activitgs  telles  que 

l’agriculture,  les  loisirs,  l’utilisation  domestique d’eau et la 

p&he sportive  se  font  concurrence  pour  le peu  d’eau qu’il y a, 

parfois,  dans  ce  bassin.  Le mode‘le alloue  de l’eau pour  ces 

activit6s  aelon  l’approviaionnement  en  eau,  l’emmagasinage d’eau  et 

les  contraintes  d’autres  ressources.  Une  moyenne  d’alimentation 

annuel  en  eau  est  r6partie  entre  sept  p6riodes  de  temps.  Le 

rgsultat  du  modsle  est  une  allocation d’eau supportable  pour  une 

pgriode  de  temps  mais  ne  permet pas, 2 long  terme,  1’6puisement 

d’eau retenue. Les  donnges  recueillies pour cette  &tude  furent 

minimes  parce  que  l’intention  fut  d’glaborer un proJet  de 

dgmonstration.  La  plupart  des  donnges  n6cessaires  pour  constuire  le 

modsle  furent  extrait  d’une  6tude  ant6rieure  entreprise  sou8  la  Loi 

sur les  ressources  en  eau  du  Canada  pour  la  rggion  Okanagan. I1 fut . 
aussi  ngcessaire  de  faire  des  estimations  de  valeur  economique 

concernant  la  fazon  que l’eau est utili& pour  lea  dites  activitgs. 

La solution  du mode‘le est  compatible  avec  des  &udes-ant&ieures 

qui d6montrent  la  p6nurie d’eau relative  aux  demandea  possibles 

plac6  sur  la  maJorit6  des  tributairee  du  baasin.  Cependant  plus  de 
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donngee et d’analyses  de  senslblllt6  sont  n6cessalree  pour  que  le I 
mod&le  puisae stre  utilis6  pour la gestion  et  la  planificatlon  des 

eaux  de  la  r6gion.  En  somme  l‘approche  d6montr6  par  cette  ’etude--est I 
rgalisable ’etant  don& lea  exigences  de donn’ees, de  main-d’oeuvre 

et  d’informatlgue  et  qu’elle  peut  etre incorpor’e dans  des ’etudes 

futures  reli6es a’ la  planiflcatlon  et  gestion  des  eaux a’ longue 1 
1 

A 

terme. 
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I. INTRODUCTION 

The  allocation of water  among  competing  demands is a  central 

issue  in  river  basin  planning.  In  a  given  river  basin,  the  type, 

location  and  timing  of  potential  water  demands  must  be  considered 

in the  allocation  of  the  available  water  supply.  The  type  of  water 

demands may encompass a diverse  range  of  activities  such  as 

industry,  irrigation  and  maintenance  of  minimum  flows  for fish 

habitat.  Locations  of  these  demands  in  a  river  system  may  vary 

from  the  upper  tributary  reaches  to  the  lower  valley  lakes.  The 

ti,me of year in which  theae  demands  occur is. critical in the 

management  of  water  storage  in .the system. Thus  the  allocation 

decision  can be thought of as having  three  dimensions:  how to use 

the water;  where to,uae it; and, when  to  use it. 

Many  constraints  exist  which  limit  the  choices of how,  w,hen  and 

where  to  use  the  water  in  a  river  baain.  These  constraints may be 

physical  factors  such  as  available  runoff  and  storage  or 

institutional  factors  such as committed  water  licences  and 

apportionment  agreements.  The  constraints may also  take  the  form 

of  regulations  or  policies  protecting  the  basin  from  environmental 

degradation.  The  effect of these  constraints is to  restrict  the 

choices  available  when  planning  present  and  future  allocation of 

water in a  river basin. 
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When  selecting  the  "best"  allocation  of  water  from  the many 

possible  choices,  some  specific  criteria  must  be  used.  The  model 

developed in this  report uses the  criterion of maximizing  social 

benefits  when  allocating  water.  Where  possible,  these  benefits  are 

quantified  in  economic  terms  using  standard  methods of benefit-cost 

analysis.  Non-quantifiable  factors  are  also  entered in the  model 

through  the  imposition  of  constraints  which  limit  the  type  of 

activities  or  distribution  of  water in the  system. A linear 

programming  model is deve+oped  where  economic  benefits  are 

expressed  as  a  mathematical  function  to  be  maximized  subgect  to 

physical  and  institutional  constraints  which  are  also  expressed  as 

mathematical  functions. 

A O,h ect i ves 

There  are  two  basic  obgectives  to  this  report: 

1) Construct  a  water  use  optimization  model  for  the  Okanagan  River 

Basin  to  demonstrate  the  technique of linear  programming. 

2 )  Discuss  possible  extensions of the model to  improve  its 

applicability  in  other  river  basins. 

The model  developed in this  study  can  be  claseified  as  a 

planning  model.  The  optimal  solution  sets  out  long  range  levels 

for  activities  which  require  water  in  a  river  basin.  Seasonal 

patterns of storage,  release  and  withdrawal  are  also  given  in  the 

solution.  However,  the  model is not  intended as a  tool to aid in 

the  short  term  operations of a river  basin  system.  It  will  not, 

I 
I 
I 
I 
I 
I 
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for  example,  give  daily  or  weekly  guidelines  for  reservoir 

operations or lake levels. It  would  be  up to the  system  managers 

to  gear  short  term  operations  to meet the  needs  of  the  lonqer  term 

water  use  activities  selected by the planning model. 

Since  the  primary  purpose  of  the  study  is to demonstrate  the 

applicability  and  flexibility of the  linear  programming  techniuue, 

data  gathering  efforts  were  kept  to  a minimum. Therefore  many of 

the  relationships  built  into  the  model  are  based  on  preliminary 

data  and  rough  estimates of key variables.  While  the  model  may 

provide some insights  into  management  of  the  water  resources of the 

Okanagan  system,  the  results  should  be  interpreted  with  caution. 

The  Okanagan  River  Basin  in  the  southern  interior of British 

Columbia  was  chosen to illustrate  the  use of the  water  use 

optimization  model  (figure 1). The  maJor  reason  for  its  selection 

was  the  availability  of of data  from  a  previous  Canada  Water  Act 

Study  (Canada,  British  Columbia, 1974). This  data  included 

extensive  information on water  supplies.  water  demands  and 

potential  water  use  activities  for  a  number of sub-basins of the 

Okanagan  watershed.  With  a  relatively  small  amount  of 

supplementary  data  and some assumptions. it was  feasible to 

construct a useful  demonstration  model  using  linear  programming. 



FIGURE 1 OKANAGAN RIV-ER BASIN - KEY MAP 
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Several  features  of  the  Basin  make it an interesting  case 

study  for  water  use  optimization. A wide  variety  of  current. and 

potential  socio-economic  activities  require  water.  These  include 

agriculture,  industry,  households,  recreation  and  fisheries 

representing  both  consumptive  and  non-consumptive  uses.  These 

activities  occur in a  number  of  different  reaches  throughout  the 

geographically  diverse  watershed of the Basin.  Because  the 

watershed is diverse,  ranging  from  alpine  snowfields  to  near-desert 

valley floors and  benchlands,  there  are  significant  variations in 

both  supplies and demands  for  water  within  the  Basin.  The  possible 

choice of water  use  activities is broadened by the  availability  of 

large  amounts of storage  on the main  valley  lakes  and  small  but 

important  storage  reservoirs  on  the  tributaries  of  the  system. 

The  Okanagan  River  Basin  clearly  illustrates  the  three 

dimensions  (how,  when  and  where)  of  choice  when  allocating  water 

within  a  river basin. Several  demands  compete  for  scarce  water in 

areas  of  the  Basin,  particularly  in  the  lower  reaches of the 

tributaries.  Efficient  management  of  water  storage in.the system 

is necessary  to  ensure  that  water is supplied  at  the  time  and  place 

it is required.  The  application  of  the  optimization  model will 

demonstrate  an  approach  to  allocation of the  water  resources in 

the  Basin in order  to  maximize  economic  benefits. 

The  next  chapter  outlines  the  basic  structure  of  linear 

programming  models  and  presents  the  theoretical  concepts  used in 

the  measurement of economic  benefits.  The  detailed  structure  of 

the model as  applied  to  the  Okanagan  River  Basin is presented in 

chapter 3, and the  optimal  solution is aiscussed in chapter 4. The 
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final  chapter  presents  the  conclusions  that  are  drawn  from  the 

pro,]ect and  discusses  methods  for  improving  the  model  and  extending 

its  application to other  river basins. 

I 
I 
I 
I 
I 
I 
I 
1 
I 
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11. THEORETICAL BACKGROUND 

The  purpose of this  chapter is twofold.  First,  the  basic 

theory of linear  programming is outlined,  with  emphasis  on  how it 

can  be  used  to  model  water  use  allocation  in  a  river  basin. A 

brief  review of other  studies  which  have  utilized  similar 

methodology  in  the  planning  of  water  resources is undertaken. 

Second,  the  basic  theory  underlying  the  measurement  of  individual 

and agyreqate  economic  benefits is presented. 

This  section  examines  the  basic  structure  and  theory of 

linear  programming  models.  The  auitability  of  linear  programming 

as  a  tool for allocation of water  in  river  basins is discussed. 

Emphasis is placed  on  its  ability  to  handle  large  dimensional 

problems  expressed as linear  equations. 
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differs  from  classical  optimization  problems  solved by calculus  in 

which  all  constraints  are  in  the  form of equalities.  In  linear 

programming  both  the  obJective  function  and  the  constraints  are 

expressed as linear  equations.  Equation  (1)  is an example  of a 

linear  programming  -model. 

(1)  Maximize  blxl + b2x2 + b3x3 

subgect to: 

clxl + c2x2 + c3x3 < rl 

dlxl + d2x2 + d3x3 < r2 

elxl + e2x2 + e3x3 < r3 

Where: 

~ 1 ~ ~ 2 . ~ 3  = levels  of  various  activities 

bl,b2,b3 = coefficients  representing  benefits  of 
the  activity  levels 

cl , c2, c3 

dl,d2,d3 = coefficients  representing  relationships 

el 62, e3 
between  activity  levels, 

rl,r2,r3 = right  hand  side  values of linear 
constraints 

The  oblective  function  repreaents a goal  or  target  to  be 

maximized  such  as  economic  benefits  from  water  in  a  given  river 

basin. The  optimal  solution  to  the  above  example is the 

combination of activities  that  results  in  the  maximum  benefits  as 

expressed  in  the  ObJective  function.  It  would  also  be  possible  to 

formulate a linear  programming  model  where  the  goal  is  to  minimize 
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the  objective  function. An example  of  such  a-model  miqht  be  to 

minimize  cost  associated  with  supplying  water to the  various  users 

in  a river basin. 

In  the  above  example,  the  three  constraints  state  that  certain 

linear  combinations of activities  be less than  the  right  hand  side 

values, rl-r3. It is also  possible  to  construct a linear 

programming  model  where  some  or all of the  Constraints  state  that 

combinations  of  activity  levels  be  greater  than  (or  equal  to)  the 

riqht  hand  side  variables.  The  only  restriction  is  that  at  least 

one  of  the  constraints  be  expressed  as  an  inequality. 

The  linear  constraints  represent  the  availability  of  resources 

and the  linkages  between  the  activity  variables  (xl,x2,x3>  in  the 

model. For example, a simple  constraint  might  state  that  the 

surface  run-off  in a particular  reach of the  Basin is equal  to  1200 

acre-feet.  Another  constraint  might  state  that  the  amount  of  water 

withdrawn  from a stream is less  than  the  total  amount of water 

flowing  into  the  reservoir.  Linear  constraints  .can  generally %e 

used to  represent  all  of  the  important  hydrologic  and  economic 

relationships  in  the  area  under study. 

An  additional  constraint  on  the  above  model  and  on  all  linear 

programming  models is that  the  activity  variables  must  be 

non-negative. This  does  not  represent a problem  when  applying 

linear  programming  to  water  use  optimization  since  most  physical 

activities  related  to  the  use  and  distribution of water  are  also 

non-negative. It is possible to conceive of variables  which  can 

take  negative  values  such  as  change  in  reservoir levels.  However, 

the  use of such  activities  in  the  model  can be avoided by defining 
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other  constraints  which  use  only  positive  activities  to  express  the 

same  relationships. 

An important  consideration  when  solving  systems  of  equations 

is the  relationship  between  the  number .of equations  and  the  number 

of activities.  However, in linear  programming  there  are  no 

restrictions  on  the  relationship  between  the  number of constraints 

and the  number  of  activities.  There may be more  constraints  than 

there  are  activities  or  there may be  more  activities  than 

constraints. This adds  considerable  flexibility  when  applying 

linear  programming  to  water  use  optimization  since  constraints  can 

be  added  or  deleted as needed  to  reflect  the  characteristics  of 

the  basin  under  study. 

2. Solution  Method 

The  method of solving  linear  programming  problems and the 

computational  effort  requ-ired  are  important  factors  when  applying 

this  technique  to  water  use  optimization.  Depending  on  the  basin 

under  study and the  degree or' disaggregation  required,  the  number 

of  activities  ana  or  constraints  can  be in the  hundreds  or  even 

thousands.  Therefore, it i s  important  to  have  an  efficient 

algorithm  for  finding  the  optimal  feasible  solution. 

Fortunately,  there is a  reliable  and  relatively  fast  method of 

solving  linear  programming  maximization  or  minimization  problems 

. which is referred  to  as  the  "simplex"  method. This method rests on 

the  fact  that  an  optimum  solution  to  a  linear  programming  problem 

will  also  be  a  "corner"  solution.  Figure 2 illustrates  the  concept 

of a  corner  solution  for  a  problem  with  two  activities  and  three 



ACTIVITY 2 

FIGURE '2 CORNER  SOLUTIONS IN LINEAR PROGRAMMING 
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constraints.  The  three  constraints  are  represented by the  three 

solid  lines  labelled kl,k2 and k3. For  a  solution  to  be  feasible 

it must  lie  inside  all  of  these  constraints  in  the  area  referred  to 

as  the  feasible  region.  The  four points. A,B,C and D, are  called 

corner  solutions  since  they  lie  on  the  corners  of  the  feasible 

reqion. 

The  obgective  function,  represented by the dott.ed line, 

becomes  qreater as the  line is moved  out  from  the  origin.  The 

maximum  feasible  solution is the  point  within  the  feasible  region 

at  which  the  obgective  function is at its maximum.  In figure 2 the 

maximum  solution is at point B. If the slope of the  ob~ective 

function  were  to  change,  the  maximum  solution  would also change but 

would  still  lie  on  a  corner  point, as shown by the  second  dotted 

line  which  intersects  with  point C. It is possiSle  for  the 

obyective  function  to be parallel to  one  of  the  constraints in 

which  case  there  could be a  range of maximum  solutions  bordering 

the  feasible region.  However,  at  least  one  of  the  corner  points 

will  be  included  in  this  range.  Note  that  for  larger  dimensional 

problems  the  feasible  region  and  corner  points  will  be  defined by 

the  intersection  of  planes  or  hyperplanes  rather  than  lines. 

The  computational  problem  of  finding  the  maximum  feasible 

solution is simplified  in  that  only  corner  points  have  to  be 

examined.  However,  for  a  larger  problem  there  may be a  many 

corner  points.  The  advantage of the  simplex  method is that it can 

find  the  maximum  feasible  solution  without  having  to  examine  all  of 

the  corner points. Without  going  into  any  detail,  the  simpiex 

method  starts  with  an  initial  corner  point,  then  moves  along  the 
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border  of  the  feasible  region  to  another  corner  solution.  The  best 

direction  to  move  along  the  border  can  be  determined by examining 

the  relative  change in the  ObJective  function. Using this  method, 

the maximum  solution  can  be  found by . examining  only  a  small 

fraction  of  the  feasible  points. This is an  important 

consideration  when  solving  larger  models  which  are  used  in  water 

use  optimization. 

There  are  two  possible  problems  which  can  prevent  an  optimum 

solution  being  found.  First,  there may be  no  feasible  solution 

that  satisfies all of  the  constraints.  If  this  were  to  occur in 

the  case of water  use  optimization  in a river  basin, it would  be 

safe  to  assume  that  one or more  of  the  Constraints  had  not  been 

specified  correctly.  The  problem  should  not  occur if the  situation 

is modeled  correctly.  Second,  the  solution may be "unbounded" 

which  means  that  the  obJective  function  can  be  increased 

indefinitly  without  violating  any  of  the  constraints.  Again, if 

this  were  to  occur in the  case  of  water  use  modeling, it would  be 

because  of  an  error  in  the  manner  in  which  the  constraints or the 

ob~ective  function  were  specified.  Thus  neither  of  the  two 

problems  should  be  encDuntered in water  use  optimization if the 

situation is correctly  specified  and  modeled. 

3. Dual  Activities 

For  any  given  linear  programming  problem  there  exists  another 

problem  known  as  the "dual". For  instance,  if  we  consider  the 

problem  stated  earlier in equation (1) which is to  maximize 

benefits  subJect  to  constraints  on  resource  levels,  the  dual 
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problem  can  be  stated  as  follows:  minimize  the  resource levels 

sub3ect  to  the  constraint  that  benefit&  are at a  stated  maximum. 

Equation (21 shows  the  dual  problem  to  equation  (1)- 

( 2 )  Minimize  rlyl + r2y2 + r3y3 

sublect to: 

clyl + dly2 + ely3 > bl 

c2yl + d2y2 + e2y3 > b 2  

c3yl + day2 + e3v3 > b3 

where: 

yl,yZ,y3 = dual  activities 

The  dual  problem is formulated by transposing  the  ,original 

(primal)  problem  and  introducing  the  variables, yl - y 3  which  are 
referred  to  as  dual  activities.  Note  that  the  coefficients on the 

primal  activities,  x1 - x3, occur  in  the  dual  problem but  in a 

different  order.  The  benefit  coefficients, bl - b3,  of  the  primal 
problem  become the right-hand side  values, and the  primal 

right-hand  side  values,  rl - r3,  become  the  coefficients  on  the 
ob~ective  function of. the  dual  problem. 

The  dual  problem is automatically  solved  at  the  same  time as 

the  primal  solution.  This is a  useful  feature  of  linear 

programming  because  of  the  relationship  between  the  dual  activities 

and the  original  (primal)  problem.  The  moat  important  relationship 

for  the  purposes  of  this  study is that  the  levels  of  the dual 

activities in the  optimal  solution  represent  "shadow  prices" of 
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the  resource  levels  rl,r2 and r3 in the  primal  problem. 

The  shadow  price  of  a  resource  represents  the  amount by which 

the  ob7ective  function  would  increase  if  the  level  of  the  resource 

were  increased by one  unit.  In  economic  terms it can  be  thought 

of  as  the  marginal  value  product  of  the  resource. It is a  useful 

concept  when  analyzinq  the  allocation of water in a river  basin. 

For  example, if we  consider  storage  capacity  as  a  resource,  then 

the  shadow  price will tell us how  much  an  additional  unit of 

storaqe is worth  in  terms  of  increased  benefits.  Shadow  prices on 

other  constraining  resources  such as monthly  run-off  in  different 

reaches  of  the  Basin  can  be  interpreted in the  same  manner. 

Mathematical  programming  techniques  have  been  used  in  a  broad 

range  of  applications in water  planning and management. It is 

convenient  to  classify  these  studies  into  two  categories: 

operational  models and planning  models. A brief  discussion  of 

these  two  classes of models is given  below. 

Operational  models  are  used  in  the  short  term  management  of 

water  supply  systems and are  concerned  with  such  problems as 

determining  the  daily  or  weekly  release  from  storage  reservoirs  in 

order  to meet  demand  requirements.  These  models  are  sometimes 

"real-time"  implying  that  they  are  continuously  solved  and  updated 

to determine  what  actions  are  required by system  managers  at any 

given  time.  Other  operational  models  are  short  term  models  which 

are  solved  to  give  daily  or  weekly  guidelines  for  management  of  the 
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water  supply  system.  In  general,  operational  models  are  oriented 

towards  supply  management  with  fixed  water  demands.  The  objective 

function in these  models  often  attempts  to  minimize  the  deviations 

from  target  water  supply  levels  to t.he various  users.  Numerous 

studies  which  have  developed  operational  models  have  been  reported 

in the  literature.  Because  these  studies  have  a  different  emphasis 

than  the  planning  model  discussed  in  this  report,  no  attempt  was 

made  to  review  this  body of literature. 

Planning  models  are  concerned  with  a  broader  range of 

obyectives  over a longer  term.  These  obgectives  include  such 

factors  as  the  optimum  allocation of water  among  various.users,  the 

amount of storage  required  in  the  water  supply system and the 

effects of management  policies  such  as  pricing  and  other 

conservation  measures.  Planning  models  present  a  framework  for 

addressing  the  questions  of  where,  when and  how the  water  resources 

in a  basin  should  be  used.  In  contrast  to  operational  models,  the 

concepts of value  and  demand  for  water  are  explicitly  considered  in 

this  framework. A planning  model may form  part of a 

hierarchical  structure in which it is used to  determine a longer 

term  allocation  of  water  which  can  be  incorporated  into  the 

structure of a  shorter-term  operational model. 

Previous  studies  which  .have  developed  planning  models  for 

water  resources  are  numerous  although  less  common  than  studies  on 

operational  models.  These  studies  have  been  undertaken f0r.a wide 

variety of problems  over a broad range of geographical  areas. A 

brief  review  of  the  published  literature  follows. 

I 
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Several  planning  models  have  directly  addressed  the  problem  of 

water  supply  capacity  expansion.  Most of these  studies  attempted I 
to  determine  the  optimum  time  path  for  expansion  of  storage and 

delivery  systems  based  on  the  criterion  of  maximizing  economic 

benefits.  Recent  examples of such  studies  are  Moore and  Yeh (1980) 

for  the Eel  River  system in California  and  Lin  (1981)  for  the 

Umatilla  River  basin in Oregon.  Armstrong and Willis (1979) 

1 
I 

carried  out  a  similar  study  over  a  number  of  regions in California 

but  also  considered  optimal  allocation  of  water  among  competing 

users at the  same time. 

I 
I 

A number of studies  have  attempted  to  determine  the  optimal 

allocation of water  among  competing  users. Many  of these  studies 1 
concentrated  on  a  single  predominant  user  of  water in a  basin  and 

attempted to  optimize  the  amount and  timing  of  water  supplied  to 

this use. For  example  Timmons  (1982)  carried  out  a  detailed 

analysis of irrigation  profitability  for  various  crops  in  Utah and 

Abate  (1975)  developed  a  general  model  for  crop  selection  and  water 

I 
8 

allocation for dryland  farming.  Guise and Flinn  (1970) used  an 

optimization  model  to  analyze  agricultural  demand  for  water and 

to  develop  optimal  pricing  policies  for  areas  of  Australia. I 
Other  studies  have  developed  models  to  allocate  water  over 

multiple  uses.  For  example,  Nieh  (1979)  studied  allocation  of I 
water  between  agricultural  and  urban  areas as did  Armstrong  and 

Willis (1979)  for  selected  areas of California.  The  variety and 

scope  of  multi-use  models is noteworthy.  While  many  studies 

such as  Hopkins et.al. (1982)  and  Kindler (1982) have  concentrated 

on  the  river  basin  as  the  management  unit,  others  such  as  Kieth I 

I 
I 
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et.al. (1982)  and  Arizona  (1971)  have  carried  out  state-wide 

analysis  of  water  allocation.  There is also  a  contrast  between  the 

structure  and  focus of the models.  For  example  the  Arizona  (1971) 

study  was  based  on  an  aggregate  input-output  model of the  state 

economy in contrast  to  a  study by Bartlett  (1974)  which  developed a 

detailed  model  of  the  ecology  of  rangeland  in  order  to  optimize 

allocation  of  water. 

The  specification,  of  the  ob3ective  function in previous 

studies is of particular  interest.  The  basic  question is what  are 

these  models  attempting  to  optimize? As mentioned,  many 

operational  models simply attempt to minimize  the  deviations of 

water  supply  from  pre-set  target  'levels. Other studies  such  as 

Harris  and  Rea  (1972)  and  Arizona  (1971)  have  utilized  concepts 

such  as  gross  state  product or value  added as- the  criteria  for 

maximization.  The  disadvantage  of  these  concepts is that  they  do 

not  account  for  non-market  factors  such  as  recreational  activity, 

leisure  time and environmental  quality.  Most  of  the  other  studies 

quoted  have  optimized  economic  benefits  from  water use. In  these 

studies,  economic  benefits  are  defined  in  the  traditional 

cost-benefit  framework. A few  studies  such  as  Kindler  (1982) and 

Flatt  and  Howard  (1976)  have  included  optimization  of  some 

variables  for  which  economic  benefits  cannot  be  quantified in 

dollar  values.  These  models  allow  the  managers to assign  their  own 

weights in the  obJective  function  to non-monetary  variables. 

I ... 
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Maximization  of  economic  benefits is the  criterion  used in the 

present  study to  determine  optimum  water  allocation in the  Okanagan 

River  Basin.  Economic  benefits  are  .defined as in traditional 

cost-benefit  analysis  using  consumer’s.  surplus  as  the  basis  for 

calculating  benefits.  The  next  section  describes  some of the  basic 

theory of consumer’s  surplus and related  concepts. 

When  choosing  between  different  allocations  of  water in a 

basin. it is necessary to  have  some  method  of  ranking  the  economic 

benefits or utility  which  individuals  derive  from  use  of  the  water. 

This  measure  of  benefits  can  then  be  incorporated  into  the 

ob.]ective function  for  maximization. %me theoretically  sound 

methods  exist  for  measuring  utility  changes  for  individuals. 

However,  when  attempts  are  made  to sum up individual  changes  in 

utility to arrive  at  the  aggregate  benefits  for a group of people, 

several  problems  are  encountered.  These  problems  have 

implications  both  for  the  model  developed  in  this  study and for 

conventional  cost-benefit  analysis. 

1. Measuring  Changes in an  Individual’s  Utility 

Given  a  change  in  prices of goods  and/or  income,  there  are 

three  general  methods  which  can  be  used  to  estimate  hhe  resulting 

change  in  the  utility of an  individual.  These  are  the  equivalent 
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variation. the  compensating  variation  and  the consumer's 

surplus.1  Althouqh  weaker  on  theoretical  grounds, consum.er's 

surplus is utilized in applied  cost-benefit  analysis  because it is 

the  easiest  to  observe  empirically. 

The consumer's surplus  for  a  particular  commodity is the  area 

Price paid for it. For a change  in  the  price  of  the  good,  the 

difference in consumer's surplus  can  be  used  as  an  indicator  of  the 

change in the individual's utility.  However, if the  price  of  more 

than  one  good  has  changed,  then  there is not  a  unique  value  for  the 

change in consumer's surplus  associated  with  the  change  in  utility. 

There will be several  possible values for  the  difference in 

consumer's surplus  depending  on  the  order in which  the  prices  are 

changed.  However, it has  been  shown by Willig (1976) that  for 

many  situations,  the consumer's surplus will not  differ 

appreciably  from  the  equivalent  variation  or  compensating  variation 

which  are  exact  measures  of individual's utility. 

In the  region  under  study  there is little  metered  pricing  of 

water. Water is allocated  mainly  through  quantity  rationing by 

illustrated in figure 3. The  amount  of  water  rationed to  the 

""""""""""""""" 

1. This  report  uses  the  Marshallian  definition of consumer's 
surplus and the Hicksian  definition  of  compensating  and  equivalent 
variation.  These  terms  are  sometimes  defined  in a different 
f aahion. 



CHANGE  IN  CONSUMER SURPLUS 
WHEN  PRICE  IS  ZERO 

Old quantity 
Constraint  Constraint 

QUANTITY OF WATER 

FIGURE 3 CONSUMER'S  SURPLUS WITH  QUANTITY  CONSTRAINTS 
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individual is increased  from W 1  to W2. Assuming  a  zero  price for 

water,  the  change  in  area  under  the  demand  curve  represents.  the 

change in consumer  surplus and can be used as an  indication of the 

change in the  individual’s  utility. This area is reDresented by 

Dl,D2,Wl,W2 in figure 3. 

Equivalent  variation  and  compensating  variation  are  measures 

of  the  change in utility  for  an  individual  whose  original 

allocation  of  goods  (state A )  has  changed  to  a  new  allocation 

(state B ) .  The  equivalent  variation is the  amount of income  that 

would  have  to be given  to  or  taken  away from the  consumer in state 

A (keeping  the  original  prices)  which  would  result in him Just 

achieving  his  new  utility in state B. The  compensating  variation 

is the  amount .of income  that  would  have  to  be  given  to  or  taken 

away  from the  individual in state B (keeping  the  new  prices) in 

order  for him to reach his original  utility  in  state A .  Both  the 

compensating and equivalent  variation  have  a  one  to  one 

correspondence  with  changes in utility,  and  are  therefore 

theoretically  sound  measures of the  individual’s  utility  change. 

In  order  to  calculate  the  change in consumer’s  surplus 

illustrated in figure 3, it is necessary to  have an estimate  of  the 

demand  curve. This can  be  a  problem  when  there  are’  no  observable 

prices  for  water  in  the  region.  In  applied  cost-benefit  analysis, 

the  consumer’s  surplus is often  estimated by indirect  methods, 

without  direct  estimation of the  demand  curve. 
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2. Measurinq  Changes in Aggregate  Utility 

Since most changes in  allocation  or  prices  of  goods will 

affect  many  individuals, it would  be  desirable  to  have  a  measure  of 

change  in  aggregate  utility  (economic  benefits).  The  usual 

approach in assessing  the  economic  benefits of a proJect is simply 

to add  up the  changes in each individual's utility  resulting  from 

the  proJect.  The  aggregate  utility  can  then  be  used  to  compare 

group  welfare  for  different  allocations of water.  The maJor 

problem  encountered  with  this  approach is that it does not 

consider  the  relative  utilities  between  individuals. For i-nstance, 

should  a  change in utility  for  a  wealthy  individual  be  qiven  the 

same  weight  as  a  change in utility  for  a poor individual?  Because 

of  the  difficulty  in  comparing  the  utility  of  individuals,  applied 

welfare  analysis  has  usually  relied  on  the  Pareto  principle. 

The  Pareto  principle  states  that  state B is preferred  to  state 

A ,  if  at  least one  person  is  better  off in state B, and  no  one is 

worse  off  than  in  state A .  A "Pareto  improvement" is said  to 

result  when  the  economy  moves  from  state A to  state B. If it is 

not  possible  to  make any further  Pareto  improvements by moving  from 

state A to  a  different  state,  then  State A is said  to be "Pareto 

optimal". The  Pareto  concept is useful  because  we  do  not  need  to 

know  anything  about  the  relative  utilities  between  individuals. 

All that is needed is a  ordinal  ranking  for  each  individual 

relating  his  utility  to  the  allocation  of  goods he receives.  This 

ranking  can  be  based  on  any  of  the  three  utility  indicators 

discussed  previously. 
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A number of problems  with  the  Pareto  principle  are  recognized. 

Most  public  proJects will affect  a  number, of people,  some 

advantageously  and  some  adversely.  Such  proJects  can  not be 

directly  assessed  using  the  Pareto  principle. A second  problem  is 

that  the  Pareto  principle  gives  no way of  comparing  between  Pareto 

optimal  states. A third  problem  with  the  Pareto  principle is that 

some  Pareto  optimal  states  cannot  be  shown  to  be  superior  to all 

non-pareto  optimal  states. 

These  problems  can  be  overcome  to  some  extent by assessing 

pro~ects  as  to their  potential for Pareto  improvements  using  the 

principle of compensation. If states A and B are  Pareto 

non-comparable it might  still be possible to rank  them if a'll the 

individuals  who  gain  from  going  to  state B were  to  compensate  the 

individuals  who  were  made  worse  off  from  the  transition  to  state 

B. If this  compensation  results  in  everyone  being at least  as  well 

off  in  state B as in state A ,  with  at  least one  person  better  off, 

then  a  Pareto  improvement will have  taken  place.  It  would 

therefore  seem  possible to assess  a  public  proJect by its  potential 

for  a  Pareto  improvement if the  gainers  were  to  compensate  the 

losers. This is in  fact  the  oblect  of  almost  all  cost-benefit 

analysis;  to  determine  whether a proJect  can  result in  a  potentizl 

Pareto  improvement.  Such'analysis is not  usually  predicated  on  the 

assumption  that  compensation will actually  take place.  It is 

usually  assumed  that  compensation  will  somewhat  magically  occur 

somewhere  else  in  the  system. 
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Unfortunately,  even if we  assume  that  compensation will occur 

somewhere  else  in  the  system,  the  compensation  principle  has a 

number  of  problems. A maJor  theoretical  problem is that.two 

different  states  can  be  shown  to  be  superior  to  each  other  using 

the  compensation  principle.  This is often  referred to  as  the 

problem  of  reversals. A second  problem is that  of  intransitivity. 

Using  the  compensation  principle,  state C could  be  ranked  as 

superior  to  state  B and state B as  superior  to  state A ,  while at 

the  same  time-state A could  be  ranked  superior  to  state C. The 

only  way to avoid  the  problem  of  reversals  and  intransitivities is 

to  make  some highly  restrictive and unrealistic  assumptions  about 

individual  preferences.2 

Even if we  ignore  the  problems  of  reversals  and 

intranaitivities.  the  best  that  can  be  said is that  an  increase in 

aggregate  compensating  or  equivalent  variation is necessary  for  a 

potential  Pareto  improvement  to  occur, but  not sufficient. In 

terms  of  benefit-cost  analysis  this  implies  that  a  benefit-cost 

ratio  greater  than  unity is necessary but  not sufficient to 

conclude  that  a  proJect is worth  undertaking.  Boadway  and  Bruce 

(1984.  p.271) make  the  following  cautionary  statement  about 

measuring  benefits  using  the  compensation  principle: 

The  use of the  unweighted  sum of household  compensating 
or equivalent  variations  as  a  necessary  and  sufficient 
indicator  of  potential  Pareto  improvement is rife  with 
difficulties. A t  best  such  measures  can  be  used as a 
preliminary  attempt  to  rank  social  states. 

""""""""""""""" 

2 .  The  restrictions  are  that  all  households  have  linear  and 
parallel  income  expansion  lines  or Engle's curves. 
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3. The  Approach  Used  in  this  Study 

The  model  developed in this  study is based  on  maximization  of 

total consumer's surplus from  water  use in a  river  basin.  The 

assumption is made  that consumer's surplus is a  good  approximation 

to  the.aqgregate  compensating  variation, and  therefore  the  model 

maximizes  the  aggreqate  compensating  variation  from  water  use in 

the Basin. 

It is recognized  that  this  approach  only  yields  an  "optimal" 

allocation  of  water in a very limited  sense.  The  previous 

discussion  points  out  the  difficulties  in  assuming  that  maximizing 

consumer's surplus will lead to  maximization of social  welfare, 

even if potential  gainers  were  to  compensate  potential  losers. 

Therefore it is important to 'recognize  that  the  model is simply a 

tool  which  can  be  used as'an input into the  allocation  decision. A 

variety  of  other  factors  such as distribution  of  the  benefits, 

public  safety  and  ecosystem  health  are  also of maJor  importance in 

the  allocation  and use of the  water  resource. 

E. s_u_m_m3= 
The  linear  programming  approach  has  several  advantages  for 

modeling  water  use  in  a  river basin.  It is capable  of  handling 

large  multidimensional  problems  encountered  when  modeling 

allocation of water. The  computational  methods  are  efficient  and 

the  simultaneous  solution  of  dual  activities  gives  shadow  prices  of 

the  constraining  resources.  The  economic  theory  behind  the 

optimization  of  water  use is somewhat  weaker. It cannot  be  said 
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that  maximization of consumer’s  surplus  will  result  in  the  maximum 

social  welfare  from  water use. Therefore  the  model  should  only  be 

used as an aid to  planning  within  a  broader  decision  framework. 

In  the  next  chapter  we  utilize  the  linear  programming  approach 

and the  economic  concepts  discussed  here to develop a model of 

water  use  allocation  in  the  Okanaqan  River  Basin.  The  detailed 

specifications of the  constraints  and  the  ob3ective  function  are 

presented. 
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111. MODEL STRUCTURE 

The  model is constructed in modular  form,  with  a  distinct 

sub-model  for  each  reach in the Basin.  These  sub-models  are  linked 

together  to  form  the  basin-wide  model  using  constraints  to 

represent  the  inflow-outflow  relationships  between  the  reaches. An 

ob3ective  function is formulated  which  represents  the  total 

benefits  from  water-use  activities  over  the  whole  basin.  Because 

the  structure of the  sub-models  are  basically  similar,  the  detailed 

specification is given  for  only  two  sub-models;  the  first 

representing  a  tributary  reach and the  second  representing a 

I mainstem  reach. 

I 
1 
I 
'I 
I 

The  Basin  was  divided  into  a  number  of  reaches in the  model 

representing  both  tributaries and sub-basins  of  the  mainstem  river 

and  lakes.  The  breakdown is consistent  with a number  of  previous 

supply and demand  studies  carried  out  in  the  Okanagan  Basin  Study 

allowing  for  a  detailed  analysis  for  most  areas  of  the  Basin  where 

competition  for  scarce  water  has  occurred in the past.  The 

following  eleven  reaches  are  modeled: 



1. 

2 .  

3. 

4. 

5 .  

6 .  

7. 

0 .  

9. 

10. 

11. 

- 29 - 

Penticton  Creek 

Mission  Creek 

Kelowna  Creek 

Equeeis  Creek 

Powers Creek 

Peachland  Creek 

Trout  Creek 

Okanagan  Lake 

Skaha  Lake 

Okanagan  River 

Osoyoos  Lake 

The  seven  creeks  shown  are  the  malor  tributaries  to  Okanagan  Lake 

based  on  volume  of  flow.  These  seven  tributaries  account  for 

almost  all  of  the  water-use  in  the  Basin  which is not  supplied  from 

the  mainstem  lakes  and  river.  However,  the  model  does  not  include 

the  highly  developed  Kalamalka-Vernon  Creek  system  because  of  the 

lack  of  data  on  natural  run-off and monthly  water use. Several 

other  smaller  tributaries  to  the  system  were  also  omitted  because 

of data  limitations.  The  net  inflow from these  tributaries  into 

the  mainstem  system  was  included  as  an  exogenous  variable in the 

model. 

The  remaining  four  reaches  comprise  the  mainatem  system of the 

Basin. Of these,  Okanagan  Lake is the  dominant  reach  in  terms of 

storage  and  urban  development.  However,  both  Skaha and Osoyoos 
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Lakes  support high density  recreational  uses  and  Okanagan  River 

supplies  water  to  significant  areas  of  agricultural  land in the 

south.  Figure 4 shows  the  location  of  the  eleven  reaches 

incorporated in the model. 

It can  be  seen  from  figure 4 that  most  of  the  run-off  occurs 

in the  higher  elevations  of  the  Basin.  Some  of  the  seasonal 

run-off  from  the  higher  elevations is captured and stored in 

reservoirs  on  the  maJor  tributaries  for  use  later  on in the year. 

This  storage,  although  minor in comparison  to  the  natural  storage 

of Okanagan  Lake, is important  because it is a  source  of  water  for 

malor  areas of agriculture  on  the  lower  reaches  of  the  tributaries. 

In fact  most  agricultural  land  around  Okanagan  Lake  relies on water 

from  the  tributaries  where it can  be  obtained  from  gravity  fed 

systems.  This is generally  a  much  more  economical  system  than 

pumping  water  from  the  lake  itself. 

The  tributaries  also  support  a  resident  trout  population and 

serve  as  spawning  ground  for  trout  and  kokanee  that  reside in the 

mainstem  lakes. The  resident  trout  population is generally  located 

in the  upper  reaches  and  reservoirs  of  the  creeks  while  the 

spawning  areas  are  usually  found in the  lower  levels. 

Historically.  the  fish  population  has  declined  as  a  result  of  the 

water  withdrawn  for  other  uses  on  the  tributaries.  Figure 5 

illustrates  the  location of water  use  and  storage  activities  on.the 

tributary  and  mainstem  reaches  of  the  model. 
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B. Seasonal  ggeakdggn 

The  model  allocates  water  over  a  single  year  which is divided 

into  seven  periods.  The  individual  months  from Hay to  October  form 

the  first  six  periods  while  the  remaining  months  are  grouped 

together to. form  the  seventh  period.  The  disaggregation  into 

sub-year  periods  allows  analysis  of  the  seasonal  patterns  of 

water-use,  storage and  run-off.  Agricultural  and  domestic  demands 

are at their  maximum  during  the  summer  months. At the  same  time 

lake  levels  should  be  maintained  to  meet  the  requirements  for  water 

based  recreation.  Instream  flows  for  fisheries  are  required 

earlier in the  year and later  on in the  month of October. 

Meanwhile  most of the  natural  run-off  occurs  in  the  freshet  durinq 

May and  early June. Thus  the  seasonal  aspect  of  storing  water and 

allocating it to  its  various  uses is an  important  consideration in 

the model. 

A weakness of the  model is that it considers  the  allocation  of 

water  for  only  a  single  year.  This is a  problem  for  the  mainstem 

system  where  inter-year  trade-offs  in  water  use  are  possible 

because of the  large  storage  capacity  of  Okanagan Lake. In any 

given  year,  there is a  choice  of  using  the stor'ed water  or 

retaining it for  use  in  the  following  year.  This is an  important 

decision  because  of  the  possibility of a  drought  occurring in the 

subsequent  year.  However,  under  normal  snow-pack  conditions, 

run-off  in  subsequent  years  would be adequate  to  replenish  the 

water  stored on the  mainstem  lakes.  The  possibility  of  inter-year 

storage is also a consideration  on  some  tributaries  where  the 
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storaue capacity and  water use are larue compared to  the  normal 

run-off . 

Without  considering 

there  will be a tendency 

water in the lakes and 

the  demand for waker in subseq,uent  years, 

for  the n c d ~ l  to "mine?" the storace of 

reservoirs. In other words, the aotiaai 

solution  will  likely use as much water from bcth  storage and 

run-off  as  needed t o  ma:rimize benefits  in  the  current year withclat  

consideration  for  benefits in future years. TG protect  against 

this  iikelihood, a constraint is placed on  the  model  where  the end 

of year  storaqe  must  be at least equal to the  beginning  year 

storaue. The optimal  solution  will  then  represent an aili=;cation of 

water  that is sustainable  over  the long term. given  averzqe run-of 'f  

conditions. Although this  will  prevent a solution  which  mines ::he 

water  storage,  it is not  necessarily  the  optimal  policy in all 

run-off  conditions.  in  years  with  very  low  run-off it may in fact 

be desirable  to  deplete  some of the  storage with the hope t h a t  it 

will be reolenished in future  years. In y e a r s  of high run-of f  .it 

misht  be  a qood policy to  store as much as the  water as 9ossible 

for  use  in  future  years  when  less run-of f  wculd  likely  occur. 

These  possibilities  can be included in the model using dynamic 

programming  methods. This was beyond the  scope of the present 

study but could be carried out as a  logical  extension  of  the 

current work. Chapter  five  discusses  how  dynamic  programming  could 

be  used to analyze  inter-year  trade-offs  in  water use. 
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The  model  defines  three  "final  use"  activities  which  have 

positive  values in the  ob3ective  function.  These  are (1) irrigated 

acreage  under  production, ( 2 )  harvestable  population  of  sport  fish, 

and (3) lake  levels  falling  within  desirable  ranges  for  recreation. 

There  are  other  final  use  activities  which  obviously  have  value 

associated  with  them  including  domestic,  commercial  and  industrial 

uses of water.  The  model  constrains  the  solution  to supply as much 

water  as is required by these  activities  before any water is 

allocated to  the  other  three  activities  specified in the  ob~ective 

function.  Thus  an  implicit  assumption is made  that  domestic, 

commercial and .industrial  use  of  water  takes  precedence  or  has  a 

higher  value  than  other  users  in  the  model.  This  assumption,  while 

probably  valid,  was  made  for  the  reason  that consumer's surplus 

values or rents  associated  with  domestic,  commercial  and  industrial 

uses  of  water  were  not  readily  estimated.  Estimating  these  values 

would  again  be  a  logical  extension  of  the  current  study. 

For  each  acre  of  irrigated  land,  a  net  benefit  of 5800, is 

assumed.3 This is entered in the  obJective  function simply as: 

(3) 800A1 + 800A2 + 8 0 0 A 3  + 800A4 + 8 0 0 A 5  + 800A6 

+800A7 + 800A8 + 800A9 + 800A10 + 800All 

where A 1  to All  are  variable8  repreeenting  the  number of irrigated 

acres  in  the  eleven  reaches  of  the  Basin. 

I 3. This figure is based  on a  case  study  of  an  Okanagan  orchard 
carried out by the  British Columbia  Ministry of Agriculture (1983). 
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The  figure  of 5800 per  acre may not  be  representative  of  the I 
average  net  return  in  all  areas  of  the  Basin, but was  used  as a 

first  approximation.  Because  of  lower  tree  fruit  prices  in  recent 

years, the net  return may in  fact  be  much  lower.  This  points  out 

the  need  for  sensitivity  analysis  using a range of values in the 

obgective  function  before  the  model  could  to  be  used  for  planning 

purposes. 

Populations of spawning  kokanee,  spawning  trout and resident 

tro'ut enter  as  activities  in  the  obgective  function. A positive 

benefit is assigned  to  each  fish  produced  in  the  tributaries.  This 

value  was  derived  from  net  willingness  to pay figures  obtained in a 

survey of sport  fishermen  in  the  Okanagan  Basin  Study4.  Equation 

(4) represents  the  fish  population  activities in the  obJective 

function  for  a  specific  tributary. 

(4) 10Rtl + 10Rt2 + 10Rt3  +10Sk  +lost 

where: 

Rtl,Rt2,Rt3  are  resident  trout  populations 

St is the  spawning  trout  population 

Sk is the  spawning  kokanee  population 

""""""""""""""" 

4. A value of 510 per fish  was  based  on  catch  rates  and  willingness 
to pay for an  angler day. The  basic  information  was  taken  from  the 
fisheries  and  wildlife  technical  supplement  to  the  Okanagan  Basin 
Study  (Canada-British  Columbia  19746, p.123). 
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The  resident  trout  are  divided  into  three  separate  activities 

in the  obJective  function  because of a  non-linear  relationship 

between  tributary  flows and population. A series  of  linear 

functions  are  used  to  approximate  this  non-linear  relationship, 

with  each linear.  function  having  a  corresponding  value  in  the 

obgective  function.  This  process is explained in more  detail  in 

section 4 which  specifies  the  relationship  between  water  supply  and 

fish  populations.  Note  that  equation (4) represents  ob3ective 

function  values of fish  for  one  tributary  only.  In  the  complete 

model the  obyective  function  values in  equation (4) are  entered  for 

all  seven  tributaries. No attempt  was  made  to  model  fish 

populations and values  on  the  mainatem system because of a  shortage 

of data. 

Water  based  recreation  enters  into  the  oblective  function in 

the  form of positive  values  associated  with  desirable  lake  levels 

for  recreation.  Certain  minimum  lake  levels  are  required  for 

convenient  use  of  launches,  docks  and  beaches  on  the  mainstem 

system. If lake  elevations  fall.below  these  levels,  some of these 

facilities  will  be  unusable  resulting  in  extra  travel  time and 

aesthetic  losses  to  recreationists.  Critical  lake  levels  are 

defined  for  Okanagan,  Skaha  and  Osoyoos  lakes  below  which 

recreational  losses will occur.  Positive  values  in  the  obgective 

function  are  associated  with  an  increase in lake  levels  up  to  the 

critical  elevations.  Equation ( 5 )  shows  the  lake  level  activities 

in the  obgective  function. 
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(5) 0.08902REC + 0.35603REC + 0.35604REC + 0.08905REC + 

0.509s2REC + 2.036s3REC + 2.036s4REC + 0.509sSREC + 
1.000y2REC + 4.000y3REC + 4.000y4REC + 1.000ySREC 

where: 

o2REC - o5REC = Level  of  Okanagan  Lake  expressed in acre-feet 
of  storage.  (Below  a  critical  level of 336,800 

acre-feet) 

s2REC - s5REC = Level  of  Skaha  Lake  expressed in acre-feet 
of storage.  (Below  a  critical  level of 7,065 
acre-feet) 

y2REC - y5REC = Level  of  Osoyoos  Lake  expressed in 
of  storage.  (Below  a  critical  level 
acre-feet) 

The  label  numbers 2,3,4 and 5 refer to periods  in 

acre-feet 
of 16.980 

the  model 

corresponding  to  the  months of June,  July,  August  and  September. 

No value is assigned  to  lake  levels  in  other  months of the  year 

when  water-based  recreation  ia  relatively  insignificant.  The 

obgective  function  values  are  highest  in  periods 3 and 4 when 

recreational  use  of  the  lake is at  a  maximum. The  obgective 

function  values  associated  with  lake  levels  are  derived  from 

estimates  made  in  the  Okanagan  Basin  Study5  and  from  recent  field 

surveys  relating  recreational  losses  to  Osoyoos  Lake  levels. 

values  to  lake  levels up to  critical  elevations.  The  model  does 

not  prevent  the  lake  levels  from  going  higher  than  the  critical 

lake  elevations: it simply  stops  assigning any increases  in 

""""_"""""_""""" 
5. Rough  estimates  of  the  annual  recreational  losses  on  Okanagan 
Lake  due  to  extreme  fluctuations in  lake-levels  were  taken  from  the 
Okanagan  Basin  Study  (Canada-British  Columbia  1974a, p.30). 
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There  are  over 800 constraints in the  model so it is 

impractical  to  list  them  all  in  this  report.  The  large  number  of 

constraints is due  to  the  disaggregated  structure  of  the  model 

which  includes 11 reaches and seven  periods and numerous 

activities.  However,  the  structure  of  the  model  can  be  illustrated 

by defining  the  constraints  for  only  specific  reaches and then 

demonstrating  the  linkages  between  reaches. 

The  model as a whole  can  be  considered  as a linked  series  of 

sub-models  with  each  sub-model,  representing  one  of  the  eleven 

reaches.  The  seven  tributary  sub-models  all  have  more  or  less  the 

same  structure  and  therefore  only  the  constraints  for  a.sinqle 

illustrative  tributary  are  presented.  Trout  Creek is used  as  the 

example  tributary  because it includes  all  of  the  fishery  and 

agricultural  activities  specified  in  the  obJective  function.  The 

four  mainstem  sub-models  all  have  the  same  basic  structure so only 

the  sub-model  for  the  Okanagan  Lake  reach is presented. This 

sub-model  demonstrates  how  both  recreational and return-flow 

activities  are  incorporated as constraints. 
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1. Trout  Creek  Sub-model 

The  constraints  for  this sub model  fall  into  four  categories: 

1) water  supply  constraints, 

2) downstream  demand  constraints 

3) constraints  linking supply and  demand 

4) linking  constraints  with  the  downstream  reach. 

a =  water SYrzElY GonstzalqtG 
Water  can  be  supplied  from  three  sources:  run-off  above  the 

storage  reservoir;  run-off  below  the  reservoir;  and,  water  released 

from  storage.  In  the  model it ie  assumed  that  there is only  one 

storage  reservoir  on  each  tributary  reach.  For  tributaries  which 

have  more  than  one  reservoirs  storage  capacity is summed and 

modeled  as  if it were  all  contained  in  a  single  large  reservoir.  In 

general,  release  from  storage  provides  most of the  water 

requirements  for  the  downstream  reaches.  Run-off  below  the 

reservoir is a less  significant  source  of  water  supply  for  the 

downstream  activities.  Almost  all  of  the  water  using  activities in 

the  model  are  located  below  the  storage  reservoirs so the high 

levels of run-off  above  the  reservoir  serve  more to replenish 

storage  than  as  direct  supplies  for  water  use  activities. 
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The  model  first  defines  the  run-off  in  each  period  above  the 

reservoir  as  shown  in  equations (6) to (12). These  figures 

represent  the  average  run-off  for  the  Trout  Creek  basin  based  on 
I 

historical  records. 

I 
I 
I 
I 

I 
I 
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I 
I 

(6) alROA = 25,104 acre-feet6 

(7) a2ROA = 15,283 

( 8 )  a3ROA = 1,831 

(9) a4ROA = 888 

(10) a5ROA = 755 

(11)  a6ROA = 755 

(12) a7ROA = 5,065 

where: 

ROA = run-off  above  the  reservoir. 

In  all  equations  the  variables  are  prefixed by a  two 

character  code  signifying  the  sub-basin  and  the  season. 

The  run-off  below  the  reservoir is presented  in a similar 

fashion  in  equations (13) to (19). 

I I  """"""""""""""" 

I 
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(13)  alROB = 799 

(14)  a2ROB = 388 

(15)  a3ROB = 127 

(16)  a4ROB = 36 

(17) a5ROB = 36 

(18)  a6ROB = 36 

(19)  a7ROB = 346 

where : 

ROB = run-off  occurring  below  the  storage  reservoir 

Because  not  all  the  run-off  can  be  stored  or  utilized,  the 

. model  incorporates  a  wastage  factor.  Wastage  occurs  on  certain 

days of high  run-off  when  not  all  the  water  can  be  utilized  or  when 

storage is not  available.  When  the  daily  run-off is aggregated  to 

give  monthly  figures,  an  attempt  should  be  made to account for th.e 

wastaqe  that has occurred on such  days.  Other  losses may occur 

because  of  leakage and evaporation of the  diversion and conveyance 

systems. In this  study it is assumed  that  10%  of  the  monthly 

run-off is wastage.7  Equations (20) . t o  (33) define  the 

relationship  between  the  run-off  and  the  actual  water  available for 

use  over  the  seven  periods of the model. 

"""""""""""""" 

7. This is a general  estimate of wastage based on figures used in 
Canada-British  Columbia (1974~). Actual wastage will vary  between 
tributaries,  but  sufficient  data  were  not available  to  model  this. 
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(20) alROAW - .9alROA = 0 

(21)  a2ROAW - .9a2ROA = 0 

(22) a3ROAW - .9a3ROA = 0 

(23) a4ROAW - .9a4ROA = 0 

(24) aSROAW - .9a5ROA = 0 

(25) a6ROAW - .9a6ROA = 0 

(26) a7ROAW - .9a7ROA = 0 

(27) alROBW - .9alROB = 0 

(28) a2ROBW - .9a2ROB = 0 

(29) a3ROBW - .9a3ROB = 0 

(30) a4ROBW - .9a4ROB = 0 

(31) a5ROBW - .9a5ROB = 0 

(32) a6ROBW - .9a6ROB = 0 

(33) a7ROBW - .9a7ROB = 0 

where: 

ROAW = the  amount  of  run-off  occurrinq  above  the 
reservoir  available  for use. 

ROBW = the  amount  of  run-off  occurring  below  the 
reservoir  available  for  use 

The  next  set of constraints  are  the  storage  balance  equations 

which  define  the  relationship  between  storage levels.  inflows to 

represented by the  run-off  above  the  reservoir  after  wastage  has 
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been  deducted and the  outflow is represented by the  release  from I 
storage.  Evaporation  losses  were  not  included  because  of a lack 

of data.  Equations (34) to (40) define  the  storaqe  balance 

relationship  for  each  period. 

I 
I 

(34) aOSTO + alROAW - alREL - alSTO = 0 I 
(35) alSTO + a2ROAW - a2REL - a2STO = 0 

(36) a2STO + a3ROAW - a3REL - aSSTO = 0 

(37) a3STO + a4ROAW - a4REL - a4STO = 0 

(38) a4STO + a5ROAW - aSREL - a5STO = 0 

(39) aSSTO + a6ROAW - a6REL - a6STO = 0 

(40) a6STO + a7RObW - a7REL - a7STO = 0 

where : 

ST0  = the  amount  of  water  stored in the  reservoir 

REL = the  amount  of  water  released  from  storage 

The  variable aOSTiS represents  the  storage  level at the  beginning of 

the  year  before any  water  has  been  added or withdrawn.  This  level 

is defined as a fixed value  in  the  model as shown  in  equation (41). 

An additional  constraint  shown  in  equation (421 is that  the 

end-of-year  storage.  a7ST0,  be  equal to  the  beginning-of-year 

storage. 

(41) aOSTO = 5000 

(42) a7STO = 5000 
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For each  acre of irrigated  land, a fixed 

required.  Based  on  estimates  made  in 
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amount of water is 

the  Okanagan  Basin 

Implementation  Aqreement8, a value of three  acre-feet  per  acre 

is used for  the  Trout  Creek area. Irrigation  occurs  only  in  the 

first  five  periods  with  the  heaviest  applications in the  second, 

third  and  fourth  periods as shown in equations (43) to (47). 

(43) aOACRE - 2.22alACR.s 0 
(44) aOACRE - 1.33a2ACR = 0 

(45) aOACRE - 1.33a3ACR = 0 

(46) aOACRE - 1.33a4ACR = 0 

(47) aOACRE - 3.33aSACR = 0 

where : 

aOACRE = the  number  of  irrigated  acres 

alACR - a5ACR = the  amount of water  required in 
each  period. 

As previously  mentioned,  the  model is forced  to  suDply  all 

domestic  and  industrial  water  needs  before any remaining  water  can 

be  allocated  to  other uses. This is done by setting up simple 

constraints  defining  domestic/industrial  use  in  each  time  period as 

shown  in  equations (48) to (54). 

""""""""""""""" 

8. The  water  requirements  are  given  in  the main report 
(Canada-British  Columbia  1974a, p.84). Higher  requirements  occur 
in the  southern  areas  of  the  Basin  and  are  reflected in the 
coefficients  for  the  Okanagan  River  and Osoyoos Lake  sub-models. 
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(48)  alDOMR = 23 

(49) a2DOMR = 32 

(50) a3DOMR = 23 

(51) a4DOMR = 29 

(52) aSDOMR = 52 

(53) a6DOMR = 29 

(54) a7DOMR = 212 

where : 

DOMR = a fixed  amount  of  water  supplied  to  domestic 
and  industrial  uses  in  each  period. 

Modeling  the  water  use f o r  production of sport f i s h  is 

I 
I 
I 

I 
I 

- 

somewhat  more  complex  than  modeling  consumptive  uses by agriculture I 
or  domestic.  The  populations  of  spawning  trout  and  kokanee  are 

the  amount  of  flow in  certain  months  in  the  lower  related  to 

sections  of  the  reach. A rough  flow-population  relationship  for 

the  production  of  spawning  fish  was  derived  in  the  Okanagan  Basin 

Study9  and  has  been  used  as  the  basis  for  all of the  seven I 

I 
I 

tributaries  in  the model.  Rainbow  trout  require  significant 

streamflows  during  the  freshet  when  they  ascend  the  tributaries  to 

spawn.  The  resulting  fry  begin  their  downstream  migration  in  June 

although  about  half may stay  in  the  tributaries  for  at  least a year 

before  entering  Okanagan  Lake,  thus  requiring  year-round  flows. I 

I 
I 

Equations ( 5 5 )  to (61) relate  the  population of spawning  trout  to 

levels of flow in the  lower  reaches. I 
""""""""""""""" 

9. This  relationship  related  improvements  in  Spawning  escapement 
with  modifications  in  discharge  (Canada-British  Columbia 1974d. I 
p.45-52). 
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(55) aOSTR - .3lalFISR < 0 

( 5 6 )  aOSTR - .47a2FISR < 0 

(57) aOSTR - .47a3FISR < 0 

(58) aOSTR - .47a4FISR < 0 

(59) aOSTR - .47a5FISR < 0 

(60) aOSTR - .47a6FISR < 0 

(61) aOSTR - 1.2a7FISR < 0 

where: 

aOSTR = the  population of spawning  trout 

alFISR - a7FISR = flows  available  for  sport  fish 
in  the  lower  reaches 

The constraints relating  kokanee  population to flows are  set 

out  in  the  same  manner.  as  for  spawning  trout.  In  general  there 

are  much  higher  populations  of  kokanee  than  trout  using  the  lower 

reaches of the  tributaries  for  spawning  and  less  units  of  flow  are 

required  for  each  kokanee  produced.  Because  kokanee  spawn  in  the 

autumn  and  the  fry  descend  to  the  lake  in  the  freshet,  they  do  not 

require  flows in the  critical  summer  months  and  thus  are  less 

competitive  with  consumptive uses. Equations (62) to (68) 

represent  the  relationship  between  flows  and  spawning  kokanee 

population. 
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(62) aOKOK - 7.5alFISR C 0 

(63) aOKOK - 9.OaSFISR < 0 

(64) aOKOK - 5.Oa6FISR C 0 

( 6 5 )  aOKOK - 1.3a7FISR < 0 

where: 

aOKOK = the  population of spawning  kokanee 

Modeling  the  relationship  between  the  resident  trout in the 

upstream  reaches of the  tributary  is  more  complex  than  for  the 

spawning  kokanee  and  trout  on  the  lower  reaches.  This  is  because a 

non-linear  relationship  exists  between  fish  populations  and  stream 

flows.10 This  non-linear  relationship  can  be  approximated  with 

three  linear  seqments  as  shown  in  figure 6, each  modeled  with a 

separate set of constraints.  Equations (66) to (72) represent  the 

population-flow  relationship  for  the  segment A-B in  figure 6. 

(66) aORTRl - 15.9alFLl = 0 

(67) aORTRl - 15.9a2FLl = 0 

( 6 8 )  aORTRl - 15.9a3FLl = 0 

(69) aORTRl - 15.9a4FLl = 0 

(70) aORTRl - 15.9a5FLl = 0 

(71)  aORTRl - 31.9a6FLl = 0 

( 7 2 )  aORTRl - 191  a7FL1 = 0 

(73) aORTRl < 3986 

10. This  relationship was derived  in 
(Canada-British  Columbia  1974d, p.32). 

the  Okanaqan  Basin  Study 
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where : 

aORTRl = Resident  trout  population  on  segment A-B 

alFLl - a7FL1 = flows in the upper  reaches  in  periods 
periods  one  to seven. 

The  second  linear  segment, B-C, is modeled by equations (74) to 

(51). 

(74) aORTR2 - 3.2aOFL2 = 0 

(75) aORTR2 - 3.2a2FL2 = 0 

(76) aORTR2 - 3.2a3FL3 = 0 

(77) aORTR2 - 3.2a4FL2 = 0 

(78) aORTR2 - 3.2aSFL2 = 0 

(79) aORTR2 - 4.4aSFL2 = 0 

(80) aORTR2 - 38.4a7FL2 = 0 

(81)  aORTR2 < 1594 

where: 
aORTR2 = resident  trout  population  on  segment B-C 

a7FL2 - a7FL2 = flows in the  upper  reaches in periods 
one to seven 

The population-flow relationship  for  the  final  segment C-D is  shown 

in equations (82) to ( 8 9 ) .  
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aORTR3 

aORTR3 

aORTR3 

aORTR3 

aORTR3 

aORTR3 

aORTR3 

aORTR3 

- l.lalFL3 = 0 

- l.la2FL3 = 0 

- l.la3FL3 = 0 

- l.la4FL3 = 0 

- l.laSFL3 = 0 

- 2.2a6FL3 = 0 

- 13.3a7FL3 = 0 

C 552 

where: 
RTR3 = resident  trout  population  on  segment C-D 

alFL3 - a7FL3 = flows in the upper  reaches in periods 
one  to seven  

c. cggg&r&n&g Liglzing Sg&y and gJega@ 

These  constraints  specify  that  water  demands in the system  must 

be  less  than or equal  to  water supplies. These  constraints  apply 

on  the upper  reaches  Just  below  the  storage  reservoir  before any 

water is withdrawn for  consumptive  uses and on the  lower  reaches 

below the withdrawal  points  for  consumptive uses. For  the  upper 

reaches  the  constraints  state  that upstream uses  (flows  for 

resident  trout)  must  be less than or equal to the upstream  water 

supply  (release  from storage). 

"""l.".""""""""_.,.""." ~ ~ . . 
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(90) alFLl + alFL2 + alFL3 - alREL < 0 

(91)  a2FLl + a2FL2 + a2FL3 - a2REL < 0 

(92) a3FL1 + a3FL2 + a3FL3 - a3REL < 0 

(93) a4FL1 + a4FL2 + a4FL3 - a4REL < 0 

(9.1) a5FL1 + a5FL2 + a5FL3 - a5RE1 < 0 

(951 a6FL1 + a6FL2 + a6FL3 - a6REL < 0 

(96) a7FL1 + a7FL2 + a7FL3 - a7REL < 0 

The  linkage  constraints  for  the  lower  reaches  state  that  the  total 

demand  for agriculture.  domestic  and spawning  kokanee and trout be 

less than  or  equal  to  the  total water supply in  each time period. 

The total supply is equal to  release  from  storaqe plus natural 

run-off below the  reservoir.  These  constraints  are  shown in 

equations (97) to (101). 

(97) alACR + alDOMR + alFISR - alREL - alROBW < 0 

(98) a2ACR + a2DOMR + a2FISR - a2REL - a2ROBW < 0 

(99) a3ACR + a3DOMR + a3FISR - a3REL - a3ROBW < 0 

(100)  a4ACR + a4DOMR + a4FISR - a3REL - a4ROBW < 0 

(101) a5ACR + a5DOMR + a5FISR - a5REL - a5ROBW < 0 

(102) a6ACR + a6DOMR 9 a6FISR - aSREL - a6ROBW < 0 

(101) a7ACR + a7DOMR + a7FISR - a7REL - a7ROBW < 0 
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There  are  two sets of constraints  which link the tributary 

sub-model to  the next  downstream reach. The  first set of 

constraints  defines  the  remaining  flow in each  time period  which 

will  pass  into the downstream  reach  (Okanagan  Lake  in this case). 

The remaining  flow is defined as any excess  in  water  supply  over 

consumptive uses. Note  that  flows  for  fisheries  can  be  reused in 

the downstream reach. 

(102) -alREM + alREL + alROB - alACR - alDOMR = 0 

(103) -a2REM + a2REL + a2ROB - a2ACR - a2DOMR = 0 

(104) -a3REM + a3REL + a3ROB - a3ACR - a3DOMR = 0 

(105) -a4REM + a4REL + a4ROB - a4ACR - a4DOMR = 0 

(106) -a5REM + a5REL + a5ROB - a5ACR - a5DOMR = 0 

(107) -a6REM + a6REL + a6ROB - a6ACR - a6DOMR = 0 

(108) -a7REM + a7REL + a7ROB - a7ACR - a7DOMR = 0 

where : 

alREM to a7REM = the remaining  flow to  the 
downstream  reach 

The  second set of linking  constraints  defines  the  return  flows from 

consumptive uses in  the sub-model. It is assumed  that these  return 

flows  pass directly to the downstream  reach  (Okanagan  Lake) and are 
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not re-usable in the  tributary itself. During the  Okanagan Basin 

Study11 it was  estimated  that 90 percent of domestic  water and 50 

percent of  irrigation water was  returned  to  the system. Equations 

(109) to (115) define  the  return  flows  for  each period based on 

these coefficients. 

(109) -alREM + .05aOACRE + .9alDOMR = 0 

(110) -aZREM + .07aOACRE + .9a2DOMR = 0 

(111) -a3REM + .07aOACRE + .9a3DOMR = 0 

(112) -a4REM + .07aOACRE + .9a4DOMR = 0 

(113) -a5REM + .O6aOACRE + .9a5DOMR = 0 

(114) -a6REM + .05aOACRE + .9a6DOMR = 0 

(115) -a7REM + .13aOACRE + .9a7DOMR = 0 

where : 

alRET to  a7RET = return  flows in periods 
one  to  seven 

This  completes  the  specification  for  the  Trout  Creek 

sub-model. The  other  sub-models  for the  tributaries  have  the  same 

specification  of  constraints  although  the  coefficients  on  the 

variables will be specific  to  the  tributaries.  Right hand side 

values  defining  limits to  variables  such  as run-off, storage, 

domestic  use and agricultural land will also  be  specific  to  each 

sub-basin. 

"""""""""""""-"" 
11. These  estimates  were  taken from the  technical  supplement on 
water  quantity  (Canada-British  Columbia 1974b.  p.491) of the 
Okanagan  Basin Study. 

. ." . 



- 55 - 

2. Okanagan  Lake Sub-model 

This sub-model has many of the  same  features of the tributary 

sub-models  and  only the  differences  will  be  highlighted in this 

section. The general  structure of the Okanagan  Lake sub-model is 

the  same as the  Trout  Creek sub-model except  that all run-off is 

considered to  take  place  above  the  lake and all consumptive uses 

are  supplied  directly from lake  storaqe  rather  than  from 

downstream  release.  Other  differences  involve the inclusion of 

return  flows and remaining  flows  from  the  tributaries  as  input  into 

the  available  supply from  Okanagan Lake. The mainstem  sub-models 

also do not  model sport  fish  production  explicitly  because  data 

were  not  available to construct these relationships. However. 

minimum flow  requirements  for  spawning  sockeye  salmon  are imposed 

on t h e  Okanaqan  River sub-model. 

a- SYEElY Ennatzaints  
For  purposes of clarity,  all  remaining flows and  return 

flows from the  tributaries  are  summed to  give a single  variable  for 

each period. The  constraint  defining  this  variable  for  period 1 is 

shown in equation (116). 
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(116) -olNET + alRET + alREM + blRET + blREM + clRET + 

clREM + dlRET + dlREM + elRET + elREM + flRET + 

f.lREM + glRET + glREM = 0 

where : 

olNET = the sum of  remaining and return  flows from 
the  seven modeled tributaries 

a  to 9 = prefixes  signifying  the  seven  tributaries 

Similar  equations  are  constructed  for  the  remaining  periods in the 

model. 

The  storage-balance  equations  are  different  from  those  on  the 

tributaries  since  water  for  consumptive  uses is drawn  directly from 

the lake. Equation  (117)  defines  the  storage-balance  relationship 

for  the  first period. 

(117)  oOSTO + OlROA + OlNET + OlRET - OlREL - OlSTO - 
olEVA - OlACR - olDOMR 0 

where : 

olRET = the  return  flow from agriculture and 
domestic within the sub-basin 

olEVA = evaporation from Okanagan  Lake 

Unlike  the  tributaries,  the  return  flows  are  available  on  the  same 

reach  since  Okanagan  Lake is large  enough to catch and store  the 
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return  flows. An evaporation  variable is also introduced  because 

of the  large  surface  area of the lake.  It should  also  be noted 

that  the run-off variable  (ROA)  represents  the net inflow from 

unmodeled  tributaries. 

Equation (117) also  implicitly  contains  the  link  between 

supply and demand in the  Okanagan Lake reach, so further 

constraints  defining  the  relationship  between  available  water and 

water use  are not necessary  for  this  reach. 

b. Dgn~n@ Constraiqtg 

The  constraints  setting out agricultural and domestic  demand 

are  similar  to  those  for  the  tributary  sub-models and so are  not 

presented here. Some  additional  constraints  are  necessary in 

order to  define  the  limits  to  recreational benefits. A s  sDecified 

in the  oblective  function,  recreational  benefits  occur when lake 

levels  are  increased up to  certain elevation. Equations (118) to 

(125) define  the  relationship  between  lake  levels  for  recreation 

and lake  storage levels. 

o2REC - 
o3REC - 
o4REC - 
oSREC - 
o2REC < 

o3REC < 

o4REC < 

o5REC < 

o2STO < 0 

03STO < 0 

o4STO < 0 

o5STO < 0 

336800 

336800 

336800 

336800 
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where : 

o2REC - oSREC = desirable  lake  levels  for  recreation 

While  the  Okanagan  Lake sub-model does  not  include  sport  fish 

production, some consideration of minimum flows  for  the  spawninq 

sockeye  salmon  are included. These minimum flows  are  specified by 

setting  minimums  for  the  release  from  Okanaqan  Lake  storage  as 

shown in equations  (126) to (132). 

(126) olREL > 18000 

(127) o2REL > 18000 

(128) o3REL > 18000 

(129) o4REL > 50000 

(130) o5REL > 58000 

(131)  o6REL > 21000 

(132) o7REL > 63000 

where: 

olREL - o7REL = release  from  Okanaqan  Lake 

These minimum flows  were  recommended  in  the  Report  on  the  Okanagan 

Basin  Implementation  (Canada-British  Columbia, 1984). In general, 

the  flows should be  adequate  for  the  returning  sockeye  run, 

although  increased flows would be desirable.  However, there  were 

no data to construct a population-flow relationship as  was  done  for 

the tributary sub-models. Okanagan  Lake  also  supports  considerable 
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shore-spawning kokanee  for which certain  lake  levels  are  desirable 

in different  seasons of the year. Again  there  was not  sufficient 

data  with  which to  relate  populations to lake  levels and this 

aspect of fish  production  was not  modeled. 

E. s g 2 z s ~ y  0.f h d g &  s&ggsture 

The model is composed of 11 sub-models  each  representing 

one  reach  of  the Basin. Seven  of  these  sub-models  represent 

tributaries  flowing  into  Okanagan Lake. The  structure  of  each  of 

the  seven  sub-models in terms  of  the number  and  kinds  of 

constraints and activities is the  same with the only  differences 

being in  the  coefficients  of  the equations. Figure 7 illustrates 

the  general  structure  for a  tributary  sub-basin model. 

The  seven  tributary sub-models are linked to  the mainstem 

by their  outflow  which  includes  return  flows and remaining  flows 

after  diversions  for  consumptive uses;. This outflow  becomes  inflow 

into  the  Okanagan  Lake sub-model of  the mainstem. Outflow  from 

Okanagan  Lake  then  becomes  an inflow into  the  Skaha  Lake sub-model. 

Okanagan  River and Osoyoos Lake  form the  final  downstream 

sub-models of the Basin. The general  structure  of  the  complete 

model is summarized  in  figure 8. 

Given  the  specification of the  ob3ective  function and 

constraints, the  next  step  is to solve  the model  in  order to find 

the maximum  feasible  value of the  obJective  function sub~ect to the 

constraints specified. The  next  chapter  presents  the model 

solution  giving  optimal  levels of the water  use  activities and 

water  management variables. 
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IV. MODEL SOLUTION 

A feasible  solution to the model  wa8  obtained  which  maximized 

the  value of the  obJective  function and determined the  optimal 

allocation of water  among  various uses. However. it was  concluded 

that  the  solution  obtained did not represent a unique  maximum of 

the  obJective function. This  conclusion  was  reached  when an 

examination of  the  solution  showed  that a surplus of water  existed 

on  the mainstem reaches of the model  which  could  either  be stored 

(up  to a certain maximum) or released  (up to a limit on maximum 

flows). Neither the  storage limit  nor the maximum flow limit  were 

binding  constraints and  it followed  that  there  were  several 

different  periods  when the  surplus  water  could  be  released  without 

affecting the maximum level of the  obJective function. The disposal 

of surplus  water  would  be  critical  if  flood  control  considerations 

were  incorporated  in the model. In  this  were  the  case  the  disposal 

of the  surplus would be managed so as to minimize  the  danger of 

subsequent  flooding.  Given this additional  factor, it would  be 

more  probable  that a unique  optimal  solution  would exist. 

The non-uniquenesa of the  optimal  solution  is not considered a 

problem  with the model  since  the  solution  represents  the maximum 

possible  benefits that  can  be  derived from use of the water. 

However, the disposal of surplus water  should be included  in  future 

applications of the model to areas  where  flooding  is  of concern. 
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The model waa solved uainq the MPSX aoftware  package  on  a 

mainframe  computer. An optimal  solution was obtained in about  nine 

seconds of central  processing unit time usinq 46 page-minutes of 

virtual memory. Computer  costs  for a single  solution  were  about 

510.00 based on low-priority commercial rates. Based on  these 

costs it would be feasible to carry  out  extensive  sensitivity 

analysis and or modifications  of  the model in future  applications. 

The  total  computer  costs of developing  the model were, 

however,  fairly  significant.  The  basic  data entry, MPSX coding and 

file  editing  required  significant  connect time. Each of the 11 

sub-models  was  tested  separately and modified  when necessary. Many 

runs  of  the  complete model were  reguired  before it could be certain 

that  the model was  specified correctly. A complete  accounting  of 

the  developmental  computer  costs  was not kept but  an estimate  of 

total  cost is approximately $2,000. 

C. OEtimal  Aqtivity Levels_ 

The  reeults  for  the  optimal  aolution  are  preaented  for each 

of the 11 reaches in the model. Patterns  of  storage and release 

were  determined  for  each  tributary and mainstem reach  as  was  the 

allocation of the  available  water  among  various  final  use 

activities. Where  applicable,  the  shadow  prices o f  water  supply  are 

also presented. A complete  computer  printout  of  the  optimal 

solution for all activities is also  given in Appendix One. 

1 

I 
I 
I 
I 
I 
1 
I 

I 
I 
1 
I 



- 64 - 

1. Penticton  Creek Sub-basin 

The  model  indicates  that  there is a relative  scarcity of water 

in  this sub-basin and that  there is competition  for  its  use  among a 

number of activities. In  the  average run-off year  represented by 

the model, there  is  not  enough  water to supply a l l  the  potential 

irriqable  land in the sub-baain and to  ensure  that  domestic  needs 

are met. In  the  optimal  solution,  no  water at  all i6 supplied for 

the  spawning  trout  or kokanee. Table 1 shows  the  levels  of  the 

final  use  activities  chosen by the model. 

TABLE 1 

Penticton  Creek Sub-Basin 
Optimal  Level of Final  Use  Activities 

"""""""""""""""""""""""""""""""" 

Activity Optimum  Upper  Bound  Shadow  Price 
( 5 )  

"""""""""""""""""""""""""""""""" 

Irrigated 1 665 
Acres 

Resident 1 249 
Trout 

1 , 776 

0.0 

0.0 

Spawning 
Trout 

0 120 0.0 

Kokanee 0 4,000 0.0 
Trout 

Note: The  shadow  price is the amount by which  the  obJective  function 
""""""""""""""""""""""-,""..""""""""- 

would increase if the  upper bound were  increased by one unit. 
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It can  be  seen  from  Table 1 that all of  the  final  use 

activities  are below their maximum possible  values  (upper bound). 

This indicates  that an increase in the supply of water would be of 

value in the sub-basin and should  thus  have  a  positive  shadow 

price. Table 2 indicates  the  shadow  prices  for an increase in 

natural run-off and storage  capacity in the  Penticton  Creek  system. 

TABLE 2 

Penticton  Creek Sub-basin 
Shadow  Prices on Water Supply 

""""""""""""".""~"""~" " """ 

Suoply  Variable  Shadow  Price 
( 5 )  - " """"""""""""""------------------ 

ROA3 
ROA4 
ROAS 
ROA6 
ROA7 

ROB3 
ROB4 
ROBS 

453 e 0 
453.0 
453.0 
453 0 
453.0 

453.0 
453 0 
453.0 

Storage  Capacity 453.0 
............................ """"" 

Run-off above and below the  reservoir  a8 well as storage 

capacity all have  a  positive  shadow  price of 5453. The  shadow  price 

represents  the  amount by which the  obJective  function would 

increase if  any of  these  variables  were  to  increase by one unit 
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I 

(one acre-foot). The  shadow  prices  are  quite  high  because of the 

potential for increasing  irrigated  acreage in this sub-basin and 

for  increasing  the  resident  trout population.  Because there  is a 

surplus of water  which cannot  be  stored in the  first  two per.iods, 

the  shadow  price  for  an  additional  unit  of  run  off in these  periods 

is zero. Storage  capacity  has  a  positive  shadow  price  because 

increasing it would enable some of the  surplus  water  in  the  first 

two  Deriods  to  be  stored  for  use in the  followins water-short 

periods. 

There  are  three  competing water-use activities  in  the  lower 

reaches  of  this sub-basin which are domestic/industrial, 

agricultural and spawning  kokanee and trout. The model is 

constrained to supply  a  fixed  amount to domestic/industrial  users 

while  allocating the remaining  amount  between  agriculture  and flows 

for fisheries. Figure 9 shows  the allocation of water  among  these 

competing  downstream uses. Agriculture and domestic  activities  are 

both  significant  users of water, although  agricultural  use is 

confined to the  first  five periods. It  should  again  be  noted  that 

the  final period includes  the  six  months  from  November  to April, so 

the domestic/industrial  use  for this period  appears  higher  than  for 

the  single  months  representing  the  first  six periods. 

i The model also  determines  the  pattern of storage and release 

during the year  necessary to maximize the  oblective function. This 

pattern is  shown  in  Figure 10. Starting  from an initial  storage 

level of 5.000 acre-feet, the nodel  increases  the  storage  level 

over  the  next  two  periods  until maximum  capacity of  about 10,000 

"___.._.__..__..._.__,.I___ _"__ ......................................... _"__ "-..I.- _._: I ..  .. (..... - -  .... . . - . .  . .  
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acre-feet is reached. The  stored  water is steadily  depleted  over 

the  remaining  periods in order to meet the  various  demands.  The 

pattern of  release  reflects  the  higher  requirements f o r  domestic 

and aqricultural  use in the  summer months. A minor amount of water 

is released in all periods  to  supply  the  resident  trout population. 

2. Trout  Creek Sub-basin 

There is enough  water in tnis sub-basin to supply  irrigation 

to all of the  potential  aqricultural land while at the  same  time 

still an overall  shortage in the  sense  that  water is a  limitincr 

f a c t o r  in the  production of sport fish. Table 3 indicates  the 

oDtimal  level of f i n a l  use  activities for  this sub-basin. 

TABLE 3 

Trout Creek Sub-basin 
Optimal  Level of Final Use Activities """"_"""""""""""""""""""""""""""- 

Activity Optimum  Upper  Bound  Shadow  Price 
( 5 )  

................................ 

irrigated 6,150 
Acres 

Resident 4 # 263 
Trout 

Spawning 
Trout 

0 

6,150 

6,132 

1,000 

771 .O 

0.0 

0.0 

Kokanee  1,451 2 # 000 0.0 
Trout 

Note: The  shadow  price is the  amount by which  the  obJective  function 
"""""""""_"""""""""""""""""",""""," 

would increase if the  upper bound were  increased by one unit. 

... . . ~ ". - - . - . 
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Irriqated  acres  are at their  upper  bound  and  there is thus a 

Dositive  shadow  price  for  an  additional  unit  of  agricultural land. 

However,  all of the  sport  fish  populations  are  below  their  maximum 

values.  indicating  that  an  increase in the  supply of water  would 

have a positive  benefit.  The  shadow  prices  for  additional  water 

supply and  storage  are  shown  in  Table 4. 

TABLE 4 

Trout  Creek  Sub-basin 
Shadow  Prices  on  Water Suoply 

.................................. 

Supply  Variable  Shadow  Price 
( 5 )  

""""""""""""""""""""""""""""""""- 
ROA3 14.0 
ROA4 14.0 
ROA5 14.0 
ROA6 14.0 
R O A 7  14.0 

ROB3 14.0 
ROB4 14.0 
ROB5 14.0 
ROB6 14.0 
ROB7 5 . 8  

Storage  Capacity 15.6 """"""""""_ - - """"""" 

The  shadow  prices in the  Trout  Creek  sub-basin  are  much  lower 

than  for  the  Penticton  Creek  sub-basin  because all  available 

agricultural  land  has  been  used  in  the  model.  The  shadow  prices 

shown  in  Table 4 are  based  only  on  the  extra  production of sport 

fish  that  would be possible  if  extra  water  were  available.  Storage 
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capacity  has a positive  shadow  price  since  an  increase  in  storaqe 

would  enable  extra  water  from  the  freshet  to  be  stored  for  use  both 

by resident and spawning  fish. 

Most  of t h e  downstream  water is allocated  towards  irrigation 

as shown  in  Figure 11. .Domestic/industrial  use is relatively 

insignificant  while  flows  for  fisheries  are also relatively  small. 

Domestic/industrial  use is fairily  constant  throushout  the  year, 

while  flows  for  the  fishery  are  highest  in  the  months  of May and 

October. 

The  optimal  storage  and  release  patterns  are  shown in Figure 

12. The storage pattern  over  the  seven  periods is similar to that 

of Penticton  Creek.  Storaqe is brought to a maximum  during  the 

high run-off  periods  and  gradually  depleted  to  meet  requirements 

during  the  summer  months.  In  the  final  periods storage levels  are 

brought  back  to  their  beginning  levels.  However,  there  are 

significant  differences  between  the  patterns of release  for  the  two 

sub-basins  because  there is a higher  ratio of run-off  to  storaqe  in 

the  Trout  Creek  sub-basin.  Releases are hiqh  on  the  Trout  Creek 

system  in Nay and June  because  the  high  volume of run-off  cannot  be 

fully contained  in  the  limited  storage  capacity.  Releases  are low 

in  the  periods  when  irrigation is not  required. 

I 
I 
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3. Peachland  Creek  Sub-basin 

In this sub-basin the supply of water is high relative to the 

current uses. The model supplies  all  final  use  activities up to 

their maximum possible  levels as shown  in  Table 5. Because of the 

limited agricultural and domestic/industrial  use of water,  the 

model takes advantage of the abundant  water to supply flows  for 

maximum fishery production. 

TABLE 5 

Peachland  Creek  Sub-Basin 
Optimal Level of Final Use Activities 

A c t i v i t y  Optimum  Upper Bound Shadow  Price 
( 8 )  

Irrigated 
Acres 

Resident 
Trout 

Spawning 
Trout 

459 459 800.0 

939 939 10.0 

2,760 2,760 10.0 

Kokanee 21,250 21,260 10.0 
Trout 

Note: The  shadow price is the amount by which the  obJective functior. 
................................. 

would increase if the upper bound were increased by one unit. 

Because all potential  agricultural,  domestic/industrial and 

fishery  activities  can be fully supplied with water,  there  is no 

value to  an additional  unit of water in this sub-basin. In  the 

optimal  solution,  shadow  prices in all periods for both run-off and 
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storage  are  zero  (table 6). Two  conclusions  can  be  drawn  from  the 

zero  shadow  prices.  First,  as  previously  stated.  there is no  value 

to an  additional  unit of water in the  Peachland  Creek  sub-basin. 

Second. there is no value from an  additional  unit of water  in the 

reaches  downstream  of  this  sub-basin  since  excess  water  from 

Peachland Creek also  has  the  Dotentla1  for use in downstream 

reaches. 

TABLE 6 

PeachlaEd  Creek  Sub-basin 
Shadow  Prices  on  Water  SuDply 

"~"~""""""""""""""""""~"""""-"""""- 

SuDply  Variable  Shadow  Price 
( 5 )  

""""""""""""""~"""""""""~""""""----- 
ROA3 0.00 

. ROA4 0.00 
R O A 5  0.00 
ROA6 0.00 
ROA7 0.00 

ROB3 0.00 
ROB4 0.00 
ROB5 0.00 
ROB6 0.00 

Storage  Capacity 0.00 ""~""""""""""""""~"""""~""""-"""----- 

The  allocation of water  among  downstream  users  in  this  sub- 

basin is somewhat  different  from  the  other  tributaries.  Because 

there is a relatively  abundant supply of  water  and  agricultural 

lands  are  limited,  the  model  allocates  water  to  the  sport  fishery 
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until  maximum  population  levels  are  obtained.  This is in  contrast 

to most other  tributaries  where  sport  fish  production is limited by 

the  available  water  suDply.  Fiqure 13 illustrates  the  downstream 

allocation  of  water  for  Peachland  Creek.  It  can  be  seen  that  the 

allocation of water  to  fishery  flows is unusually  high  in  the  month 

of June. This is due  to  the  hi9h flow. requirements  for  both 

kokanee  and  rainbow troilt spawning  in  this  period.  Aside  from  this 

month,  the  allocation of water  amonq  the  various  uses  is  fairly 

even. 

The  optimal  patterns for storaqe  and  release  are  shown in 

Figure 14. The  pattern  of  release  over  the  year is somewhat 

atypical. as  the  highest  release  occurs  in  the  month  of Mav due  to 

the  earlier  than  usual  freshet  in  the  sub-basin  and  because of 

fishery  requirements.  During  the  remaining  periods,  the  amount  of 

water  released is fairly  constant.  The  storaqe  pattern is more 

consistent  with  the  other  tributaries  in  that  storaqe is brought  to 

a maximum  durinq  the  freshet  month  of  June and gradually  depleted 

during  the  summer  and  fall  with  refill  occurring in the  winter 

months. 
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4. Powers  Creek  Sub-basin 

Powers  Creek  also  has a fairly  abundant supply of water 

relative to potential  demands.  Agriculture is the  predominant  user 

of  water,  although  irriqated  lands  are  not  extensive.  This sub- 

basin was identified  in  the  Okanagan  Basin  Study  as  havinq a fairly 

hiqh  potential  for  sport  fish  production  and  the  model  does 

allocate a significant  amount  of  water  to  flows  for  the  fishery. 

Table 7 shows  the  downstream  final  use  activities. 

TABLE 7 

Powers  Creek  Sub-basin 
Optimal  Level of Final  Use  Activities 

~"~"""""""""""""""""""""""-------------- 
Activity  Optimum  Maximum  Shadow  Price 

( 5 )  """~""""""""""~"""""""~"""""----------- 

Irrigated  1,167 
Acres 

Resident 
Trout 

SDawning 
Trout 

1,167 796.0 

877 897 0.0 

2,560 2,560 9.6 

Kokanee 54.040 34,040 0.0 
Trout 

Note: The  shadow  price is the  amount by which  the  obJective  function 
"-""""""""""""""""""""""""""""""" 

would  increase if the  upper  bound  were  increased by one unit. 

Both  irrigated  acres  and  spawning  trout  are at their  upper 

bound  and  their  shadow  prices  are  thus  positive.  Kokanee  and 

resident  trout  are  near but not  quite  at  their  maximum  possible 
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limits,  indicating  that  additional  water  would  have a positive 

value. Table 8 indicates  the  shadow  prices  on  additional  water 

supply 

TABLE 8 

Powers  Creek Sub-basin 
Shadow  Prices  on Water  SuDply 

"""""""""""""""""~,""""""~,""~.~ """_ 
Supply  Variable  Shadow  Price 

( 5 1  
................................. 

ROA3 1.71 
ROA4 1.71 
R0A5 1.71 
ROA6 1.71 
ROA7 1.71 

ROB3 
ROB4 
ROB5 
ROB6 

1.71 
1.71 
1.71 
1.71 

Storage  Capacity 1.71 """"_"""""""""""""""""""""""""""" 

The  shadow  prices  for  additional  water  are  positive  but low in 

most  periods.  The  low  values  occur  because  all  agricultural  land 

has  been  supplied  and  the  only  remaining  remaining  productive  use 

of the  water  is  in  supplying  flows  for  fisheries.  Storage  also  has 

a positive  shadow  price  since  excess  water  preserved  in  the  high 

run-off  months  could  be  used for sport  fish  production  in  later 

months. 
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Agriculture is again  the  main  user  of  downstream  water  in  the 

model,  although a fairly  significant  and  constant  amount of water 

is allocated  to  flows  for  fish  p,roduction  in  each  period  (Figure 

15). Domest'ic and  other  use is low  throughout  the  year. 

The  storaqe  pattern  for  Powers  Creek is roughly  similar  to 

that  of  Peachland  Creek  with  reservoir  levels  being  built  up  in May 

and June and  depletion of stored  water  taking  place  in  the 

remaining  months.  The  release  pattern  for  Powers  Creek is unusual 

in  that  there is no  peak in the  month of May occurs in  most  other 

sub-basins.  There is no  peak  in  release  because  the  storage 

capacity  on  this  system is high  compared to the  spring run-off. so 

the  peak  inflows  to  the  reservoir  can  be  captured  and  stored  for 

iater use. As in most  other  sub-basins,  the  amount of water 

released  from  storage  increases  in  the  summer  months  in  order  to 

meet  consumptive  requirements  (Figure 16). 
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5. Equesis  Creek  Sub-basin 

Equesis  Creek  has a fairly  abundant  water  sunply  relative  to 

consumptive uses. There is only a small  amount of potentially 

irriqable  land  in  this  sub-basin  and  there is virtually no domestic 

or  industrial  use of water. A s  a result,  the  model  allocates  water 

to  these  uses  until  they  are  at  or  near  their  maximum  as  shown  in 

table 3. Considerable flows are also allocated  towards  the 

production of kokanee  and  trout. 

TABLE 9 

Equesis  Creek  Sub-basin 
Optimal  Level of Final  Use  Activities 

................................ 

Activity  Optimum Maximum Shadow  Price 
( 5 )  

................................ 

Irrigated 356 356 800.0 
Acres 

Resident 728 736 0.0 
Trout 

Spawning 2,460 2 460 10.0 
Trout 

Kokanee 27,600 27 600 10.0 
Trout 

Note: The  shadow  price is the  amount by which  the  obTective functiox? 
""""-"""""""""""""""""""""""""""-- 

would  increase if the  upper  bound  were  increased by one unit. 

The  downstream  uses  are  all close to their  maximum  possible 

levels. A s  a result  the  shadow  prices of additional  water  are 

quite low as shown  in  table 10. 
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TABLE 10 

Equesis  Creek Sub-basin 
Shadow  Prices  on  Water  SuDply 

~""""""""""~"~ " - 
Supply  Variable Shadow  Price 

( 5 )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
R0A3 0.67 
ROA4 0.67 
ROA5 0.67 
ROA6  0.67 
ROA7  0.67 

Storage  Capacity 0.75 
................................. 

Downstream  water  is  allocated  about  equally  between  irrigation 

occurrence  for  the  tributaries,  as  agriculture  is  usually  a  much 

more  predominant  user of water. Equesis  Creek  is  an  exception 

the  potential  for  sport  fish  production is quite high. 

The  storage  pattern  for  the  Equesis  Creek  system  is  similar to 

that of Peachland  and  Powers  Creek,  with  accumulation  occurring  in 

the  peak run-off months  of May  and  June  and  depletion  occurring 

throughout  the  remaining periods. The  peak  release  occurs  in  June 

when  storage  capacity  is  not  sufficient  to  contain  the  high run- 

off. For  the  remaining periods, release  from  storage  is  fairly 

constant  (Figure 18). 
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6. Kelowna  Creek  Sub-basin 

From the  model  solution it is  evident  that  there  is a shortage 

of  water  in  Kelowna  Creek  relative  to  potential demands.  Kelowna 

Creek is the  only  tributary  modeled  where  there is a malor 

shortfall of water  relative  to  potential  irrigation  demands. 

However,  this  shortage may not  accurately  reflect  the  actual 

situation  as some water  demands in this sub-basin are  supplied by 

Okanagan  Lake  water  or by diversion  from  other  sub-basins.  There is 

only a limited  potential  for  sport  fish  production  in  this,  system 

and  no  water is supplied to this  activity  in  the  optimal  solution 

(table 11). 

TABLE 11 

Kelowna  Creek  Sub-basin 
Optimal  Level  of  Final  Use  Activities 

................................ 

Activity  Optimum  Maximum Shadow  Price 
( 5 )  

"""""""""""""",""""""~ """_ 
Irrigated 3,009 
Acres 

Resident 
Trout 

Spawning 
Trout 

0 

0 

4 202 

208 

125 

0 

0 

0 

Kokanee 0 4 000 0 
Trout 

Note: The  shadow  price is the  amount by which  the  obJective  function 
" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

would  increase if the  upper  bound  were  increased by one  unit- 

It is felt  that  the model solution  does  not  accurately 

represent  the  actual  water  supply  and  demand  balance  in  this  sub- 
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basin  since  some  transfer  of.water  into  this  system  occurs  from 

other  sources.  The  amount  and  location  of  these  transfers  were  not 

modeled  because of a  lack of data.  Based on  information  from  the 

transferred  into  the  sub-basin is sufficient to supply all 

agricultural  use  in  the  area. 

Shadow  prices  on  water  supply  are  auite  high  because  of  the 

apparent  shortage  of  water  in  the  system.  Increased  storage 

capacity  .also  has  a  high  shadow  price  since  the  excess  run-off 

occurring  in  the  freshet  could  also  be  used  to  supply  agricultural 

needs if storage  were  available.  Table 1 2  shows  the  shadow  prices 

for  the  water  supply  variables. 

TABLE 12 

Kelowna  Creek Sub-basin 
Shadow  Prices  on Water  Supply 

Supply  Variable  Shadow  Price 
(dl 

RUA3  457 
ROA4  457 
ROA5  457 
ROA6  457 
ROA7  457 

"-""""""""""""""""""""""""""""""" 

ROB3 
ROB4 
ROB5 

457 
457 
457 

Storage  Capacity 457 """"""""""""-"""""""""""""""""""" 
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Agriculture  is  the  predominant  user of water  in  the  optimal 

solution  as  shown  in  Fisure 19. Domestic  requirements  are 

relatively  minor  although  they  occur  throughout  the  year. No water 

was  allocated  to  flows  for  sport  fish production. 

The  seasonal  pattern of storage  and  release  on  the  Kelowna 

Creek  system  is  shown  in  Figure 20. The  storage  pattern  for 

Kelowna  Creek  is  similar to other  sub-basins  in  that  water is 

accumulated  during  the  freshet  and  depleted in the  subsequent 

months. In  most  sub-basins  the  depletion  phase  of  .storage  takes 

place  throughout  the  year  until  the  minimum  reauired year-end  level 

is  reached  in  the  last period.  However,  in the case o f -  Kelowna 

Creek,  the  minimum  storage  level  reached  in  the  autumn  months  is 

below  the year-end minimum  required.  Reliance is placed on  winter 

precipitation  to  bring  the  storage  levels  back  up to the  required 

level at year-end. The  Trout  Creek  system  is  the  only  other 

tributary  which  has a similar pattern. The  release  pattern  for 

Kelowna  Creek  peaks  in  the  month of June  and  remains  high  durinq 

the  summer  months  in  order to supply  agricultural  needs.  Very 

little  water  is  released  during  the  fall  and  winter  months. 
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7. Mission  Creek  Sub-basin 

Mission  Creek  is  exceptional in that  it  has  both  a  high level 

of agricultural  activity  and  a  very  large  potential  for  sport  fish 

production,  particularly  kokanee.  While  there  is  enough  water to 

meet a l l  agricultural  requirements,  the  high  potential  production 

of  sport  fish is not  realized  due  to  a  shortaqe  of  water  to 

maintain  desirable  flows.  Table 13 shows  the  level of final  use 

activities  on  the  system. 

TABLE 13 

Mission  Creek  Sub-basin 
Optimal  Level of Final Use Activities 

Activity  Optimum  Maximum  Shadow  Price 
( 5 )  

................................ 

Irrigated 
Acres 

Resident 
Trout 

Spawning 
Trout 

8,717  8,717  398.0 

10 , 805 13,782 0.0 

2,675 9 , 56s  0.0 

Kokanee 1 , 475 , 000 1,475,000  7.7 
Trout 

Note: The  shadow  price  is  the  amount by which  the  ObJective  function 
""""""""""""""""""""""""""-"""""" 

would  increase  if  the  upper  bound  were  increased by one unit. 
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The  shadow  prices  for  the  water supply variables  are  shown  in 

table 14. Despite  the  fact  that  the  uDper  bound of agricultural 

activity  has  been  reached,  the  shadow  prices  for  an  additional 

unit of water  are  auite hiqh. This is because a large  number of 

sport  fish  can  be  produced  for a small  increment  in  flows.  In  other 

words,  an  additional  unit of water  on  Mission  Creek is much  more 

valuable  for  fish  production  than  the  same  increase  would  be  on 

another  creek. 

TABLE  14 

Mission  Creek Sub-basin 
Shadow  Prices  on Water  Supply 

"""""""""""~ " ""~""~""" 

Supply  Variable Shadow  Price 
( S )  

" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
ROA3  199 
ROA4  199 
ROAS  199 
ROA6  199 
ROA7  199 

ROB3 
ROB4 
ROB5 
ROB6 
ROB7 

199 
199 
199 
199 
190 

Storage  Capacity  221 """"""""""~"""""""~"""""""""""-"---- 
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The  allocation of water  for  downstream  uses  in  Mission  Creek  is 

different  from  most  of  the  other  tributaries. A significant  amount 

of  water is allocated  towards  flows  for  sport fis'h production. 

particularly in the  month  of  June  when  Kokanee.  requirements  are 

highest. Agricultural  water  use  is  high  compared to other 

tributaries,  but is small  relative  to  the  amount  of  water 

allocated  towards  flows  for  the sport fishery.  Domestic  and  other 

water  uses  are  relatively  low  (Figure 21). 

The  storage  and  release.patterns  for  Mission  Creek  are  fairly 

typical  of  the  tributary  systems.  Storage  is  again  brought  to a 

maximum  during  the  month of June  and  then  gradually  depleted 

throuqhout  the  rest of the year. The  amount  released is at a 

maximum  in May during  the  freshet  when  all  the run-off  cannot  be 

captured in storage.  Only  small  amounts, of water  are  released  in 

June in order  to  build  up  storage levels. The  amount of water 

released  increases  in  the  summer  months  and  declines  in  the  fall 

and  winter  (Figure 22). 
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8. Okanagan  Lake  Sub-basin 

The  water  supply  and  demand  conditions in this  sub-basin  are 

considerably  different  from  the  tributary  sub-basins  discussed  in 

significant  surplus  of  water in an  average run-off  year. The 

Okanaqan  Lake  sub-basin  receives  all of the  remaining  flows  and 

return  flows  from  the  developed  tributaries  as  well  as  the  natural 

run-off  from  several  lesser  developed  streams. A s  a result,  the 

total  volume of supply  is  large  compared  to  present  and  potential 

uses  and  all  final  use  activities  are  at  maximum  possible  levels 

in the  optimal  solution  as  shown  in  table 15. 

TABLE 15 

Okanagan  Lake  Sub-basin 
Optimal  Level  of  Final  Use  Activities 

""~"""""""""~"~~""~"~""-"-""---------------- 
Activity  Optimum  Maximum  Shadow  Price 

( 5 )  ~~~""""~""""""""""""~""""-."---------------- 

Irrigated  Acres  1,911 1,911 800 

Lake Levels 
For  Recreation, 

period 2 

period 3 

336.8 

336.8 

336.8 

336.8 

N.A.  

N.A. 

period 4 336.8  336.8 N.A. 

period 5 336.8  336.8 N.A. ~"_""""""""~"""""""""""""------------------ 
Note: Lake  levels  are  shown  as  amount of storage  in  thousands of 

acre-feet. Shadow  prices  are  not  applicable  to  lake levels. 
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Because  all  final  use  activities  can  be  fully  supplied by 

water, there  is  no  value  to  an  additional  unit  of  water  in  the 

Okanaqan  Lake  sub-basin  and  shadow  prices on all  water  supply 

variables  are zero as shown in table 16. This is true for all 

upstream  tributaries  and  return  flows. 

TABLE 16 

Okanaqan  Lake Sub-basin 
Shadow  Prices  on Water  Supply 

Supply  Variable  Shadow  Price 
( $ 1  _"""""_""""""""~"""""""""""--------------- 

Runoff  (all  periods) 0.00 

Return  flows  (all  periods) 0.00 

'Remaining  flows  (all  periods) 0.00 

Storaqe  Capacity  (all  periods) 0.00 """""""""""""""""""""""""""""-"---- 

The  amount of water  allocated for domestic/industrial  uses is 

high  relative  to  other  sub-baains  primarily  because  part  of  the 

water  supply  for  greater  Kelowna  is  drawn  from  the lake. There  are 

also  several  developments  near  the  shoreline  which  use  Okanagan 

Lake water. In  contrast  there  is  little  agricultural  development 

that  draws  water  directly  from  Okanagan  lake  as  it is generally 

more  economical  for  irrigation  districts to use  tributary water. 
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Figure 23 shows  the  allocation  of  water to consumptive  uses. 

The  pattern  of  storage and release  for  Okanagan  Lake is shown 

in Figure 24. The  storage is operated in a  similar  fashion  to 

most  of the  reservoirs  on  the  tributaries, with a build-up .of 

storage in the  freshet and gradual  depletion  during  the  summer 

months.  The  build-up  takes  place in order to reach  lake  levels  that 

maximize  recreational  values.  The  amount  of  usable  storage  in  the 

lake is immense  compared  to  the  reservoir  storage  on  the 

tributaries.  For  example  a  peak  storage  of  level  of  over 400,000 

acre-feet is reached in June  compared  to  a  maximum  storage  level of 

18,000 acre-feet  on  Mission  Creek  and 10,000 acre-feet  on  Penticton 

Creek.  Most of the  other  tributaries  have  less  thsn 5,000 acre- 

feet  of  usable  storage. 

The  amount  of  water  released is very  small  (less  than 20,000 

acre-feet  per  month in the  summer)  compared  to  the  amount in 

storage.  This  suggests  that  there  would  be  considerable 

flexibility in operating  the  system  to  meet  drought  year 

conditions, as extra  water  could  be  supplied  from  lake  storage. 

Release  from  Okanagan  Lake is relatively  constant,  increasing  only 

slightly in the  winter  months. This is in  contrast  to  the  patterns 

of  release  from  the  tributary  reservoirs  which  were  often 

irregular. The  even  pattern of release  from  Okanagan  Lake is 

desirable  because of flow requirements  for  sockeye  salmon  and  for 

intake  operation.  The  large  storage  capacity  makes  this  even 

release  possible. 
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9. Skaha  Lake  Sub-basin 

This  sub-basin  also  has a hiqh  ratio of water supply to  water 

demand.  For  most  months,  consumptive  demands  can  be  fully  met  with 

about 1,000 acre-feet of water. This  requirement is only a 

fraction  of  the  available  water  released  from  Okanaqan  Lake  of 

about 20,000 acre-feet  per month. Thus  final  use  activities  are at 

maximum  possible  levels as shown in table 17. 

TABLE 17 

Skaha  Lake  Sub-baain 
Optimal  Level of Final  Use  Activities 

Activity  Optimum  Maximum Shadow  Price 
(SI 

................................ 

Lake  Levels 
For Recreation 

period 2 7.07  7.07 N.A. 

period 3 7.07  7.07 N.A. 

period 4 7.07  7.07 N.A. 

period 5 7.07  7.07 N.A. """"""""""""""""""""""""""""""""- 
Note: Lake  levels  are  shown  as  amount of storaqe  in  thousands of 

acre-feet.  Shadow  prices  are  not  applicable to lake  levels. 

Because of the excess water  suppliea in the  Skaha  Lake sub- 

basin,  shadow  prices of all water  SuDply  activities  are  zero  as 

shown  in  table 18. 
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TABLE 18 

Skaha  Lake  Sub-basin 
Shadow  Prices  on  Water  SuDply 

""""""""""""""~ "_ "" " 

Supply  Variable  Shadow  Price 
( 5 )  ""_"" """"""~""""""""""------------------- 

Runoff (all periods) 0.00 

Return  flows  (all  periods) 0.00 

Remaining  flows  (all  periods) 0.30 

Storage  Capacity (all periods) 0.00 
................................. 

The  allocation of water to consumptive  uses is shown  in  Figure 

25. Agriculture  is  the  predominant  user  in  the  summer  months  while 

only a smail.  amount of water is supplied to domestic/industrial 

activities.  Total  water  use  supplied  directly  from Clkanaqan Lake 

is  not  high,  because  the  maJor  population  center  of  Penticton  and a 

significant  portion of the  agricultural  lands  are  supplied by the 

recreational  activities. 
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10. Okanagan  River  Sub-basin 

Despite  having  the  heaviest  agricultural  demands  for  water of 

all the sub-basins. there  is  still a large  surplus of water  in  the 

Okanaqan  River  sub-basin.  The  river  is  mainly  fed by the  continual 

releases  from  Okanagan  and  Skaha  Lakes  with some additional  water 

beinq  supplied by tributaries  along  the way. Only  one  activity, 

aqriculture,  is  included  in  the  ob3ective  function of the  the  model 

for  this sub-basin.  Because of the  surplus of water,  agriculture 

is  at a maximum  level  in  the  optimal  solution. 

Because  all  final  use  activities  can  be  fully met with  current 

supplies,  there  is no value  for  additional  water  supplies  in  this 

sub-basin. A l l  water supply activities  have a zero shadow  price  as 

shown  in  table 19. 

TABLE 19 

Okanagan  River Sub-basin 
Shadow  Prices  on Water  Supply 

""""""""""""""""""""""""""""""""- 

Supply  Variable  Shadow  Price 
( 5 )  """"""""""""""""""""""""""""""""- 

Runoff  (all  periods) 0.00 

Return flows (all  periods) 0.00 

Remaining  flows ( a l l  periods) 0.00 
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The  Okanagan  River  reach  has  the  most  water  allocated  towards 

agriculture  of  all  the  sub-basins. As a  result  the  summer  demands 

are very  high as  shown  in  Figure 27. Only  a  small  amount of water 

is required to meet the  needs of domestic/industrial  users  in  this 

sub-basin. 

The  amount of storage in the  Okanagan  River  sub-basin is 

relatively  small  and  was  not  included  in  the model. For  purposes 

of comparison,  the  release  (outflow)  from  this  reach is shown  along 

with  the  inflow  from  upstream  reaches  in  Figure 28. Because  there 

is no  storage,  the  outflow  and  inflow  patterns  are  almost 

identical.  Outflow is  slightly  less  than  inflow  in  the  spring  and 

summer  months  because of diversions for agricultural  and  domestic 

-use.  In  the  winter  months,  when  there is no agricultural 

diversion,  outflow is slightly  greater  that  inflow  because of some 

additional  run-off  which  flows  directly  into  the  river.  Both 

inflow  and  outflow  peak  in  the  freshet,  decline  in  the  summer 

months  and  then  increase  slightly  in  the  winter.  The  pattern of 

inflow  and  outflow  is  quite  regular  throughout  the  year in 

comparison  to  tributary  flows.  This is the result of the  upstream 

regulation  made  possible by Okanagan  Lake  storage. 
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11. Osoyoos Lake  Sub-basin 

Although  there  are  fairly  extensive  demands  for  water  from 

Osoyoos Lake,  the  supply  of  water  from  Okanagan  River is great 

enough to  create a substantial  surplus  in  an  average  year. 

Agricultural  and  domestic/industrial  demands  account  for  about 

4.000 acre-feet  per  month  in  peak  periods  while  an  additional 

6,000 acre-feet  of  water  per  month is accounted  for by American 

demands. Inflows  from  Okanagan  River  rarely  fall  below 20.000 

acre-feet  per  month so there is a surplus of several  thousand 

acre-feet  even in peak  periods. A l l  final  use  activities  are at 

their  upper  bounds  in  the  optimal  solution as shown in table 20. 

TABLE 20 

Osoyoos Lake  Sub-basin 
Optimal  Level of Final Use Activities 

Activity  Optimum Maximum Shadow  Price 
($1 "- ~"""""""_"""""""~.""~."" __""""_ 

Irrigated  Acres 2.811  2,811  800 

Lake  Levels 
For  Recreation 

period 2 

period 3 

period 4 

16.98 

16.98 

16.98 

16.98 

16.98 

16.98 

N.A. 

N.A. 

N.A. 

period 5 16.98  16.98 N.A. 
................................. 

Note: Lake  levels  are  shown  as  amount of storage in thousands of 
acre-feet. Shadow  prices  are  not  applicable  to  lake  levels. 
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A s  in the  other  mainstem  reaches,  shadow  prices  on  all  water 

supply  variables  are  zero  as  shown in table 21. 

TABLE 21 

Osoyoos  Lake Sub-basin 
Shadow  Prices on Water  Supply 

" """""""""_"""""""" _""""""_~_ ""_ 
Supply  Variable  Shadow  Price 

( S )  """""""~""""""""""""""""""""---------- 
Runoff. (all  periods) 0.00 

Return  flows  (all  periods) 0.00 

Remaining  flows  (all  periods) 0.00 

Storage  Capacity  (all  periods) 0.00 """""""_"""""""""""~"""""""""""""- 

Figure 29 shows  that  agriculture is the  predominant  user of 

water  in  this  sub-basin,  accounting  for  almost  all of the  water 

demands in the  summer months. The  high  agricultural  demands  occur 

extensive  orchard  and  vineyard  developments.  Domestic/industrial 

use  of  water  in  this  aub-basin is relatively  small. 

The  storage  and  release  patterns  during  the  year  are  shown in 

Figure 30. Because  there is not a great  deal of storage  on  the 

lake,  high  inflows  require  that  significant  amounts  of  water  be 

released.. At the  same  time,  maximization  of  recreational  values 

causes  the  model  to  keep  the  lake  above a certain  minimum 

elevation. 
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It can a l s o  be  seen  from  Figure 30 that it would  be  possible 

to  change  the  storage  and  release  patterns  without  affecting  the I 

value of the  obJective  function.  This  relates  to  the  problem of a 

non-unique  maximum  that  was  mentioned  at  the  beginning of this 

chapter.  For  example, in the  months of May and  June,  storage is 

kept at maximum  levels.  These levels are  well  above  the  minimum 

which  maximizes  recreational  values.  The  storage is not  required 

to meet  needs  in  later  months  because of the  continuous  supply  of 

water  from  Okanagan  River.  Therefore,  lower  storage  levels  and 

hiqner  releases  could  take  place  in May and June  without  affecting 

the ab.!ective function value. 

D S ~ . . m - ~ a ~ ~ - ~ - f - . " ~ ~ ~ - . ~ ~ . ~ ~ . t ~ ~  

The  solution to the  model  illustrates  a  general  difference 

between  the  supply/demand  balance  for  the  tributary  reaches snd for 

the  mainstem  reaches.  Most  of  the  tributaries  do n o t  have  enough 

water  to  supply  domestic/industrial  needs  and  to  utilize  fully all 

irriqable  lands  and  potential  for  sport  fish  production. In 

contrast,  the  four  mainstem  reaches  all  have  a  surplus of water in 

the  average  run-off  year  represented by t h e  model  and  all 

domestic/induatrial.  agricultural  and  recreational  users  can  be 

supplied  to  maximum  possible  levels.  The  difference  between  the 

tributary  and  mainstem  sysfems  demonstrates  the  need for 

disaggregation  of  the  model  into a number  of  reaches.  Without  this 

disaggregation,  the surplus existing on the  mainstem  reaches  would 

have  masked  the  shortages  on  the  tributaries. 
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The  allocation  of  water  to  final  use  activities  is  similar  for 

the  seven  tributary  reaches.  In  general,  as  much  water as possible 

is SuDplied  to  agricultural  needs  before any flows  are  allocated 

towards  sport fish production.  However,  on  reaches  where  there is 

potential  for  resident  trout  production,  a  certain  amount of water 

is supplied  to  meet  their  requirements.  This  can usually be 

accomplished  without  interfering  with  agricultural  demands 

downstream.  In  contrast,,  the  spawning  trout  and  kokanee  compete 

directly  with  agriculture  for  downstream  water, and the  optimal 

solution will not supply any water  for  their  needs  unless 

agricultural  demands  have  already  been  fully met. 

Because  of  the  relative  shortage  of  water  on  the  tributaries, 

there is usually  a  positive  shadow  price  on  water  supplies.  Shadow 

prices  range  from  a  few  dollars  to  several  hundred  dollars per acre 

foot,  depending  on  the  amount  of  water  currently  available  and  the 

potential  for  agricultural  and  sport/fish productj.on.  On  most 

tributaries  there is also  a  positive  shadow  price  on  reservoir 

storage  capacity.  Increasing  storage  capacity  would  have  value 

because it would  enable  more  of  the  peak  run-off  to be captured and 

stored  for  later use. The  usual  pattern  of  storage  operation in 

the  optimal  solution is to  bring  storage  to  its  maximum  possible 

level  during  the  freshet  and  to  gradually  deplete it during  the dry 

summer  and  fall  months.  Release  patterns  are  somewhat ,more 

variable,  depending  on  the  volume  of  run-off  and  the  sport  fish 

populations  on  the  system. 
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On the  four  mainstem  reaches  there is a surplus of water in 

all  time  'periods of the model. ~ 1 1  final  use  activities  are 

supplied  to  their  maximum  possible  levels.  Lake  levels  are 

maintained  which  maximize  recreational  values  and minimum flow 

requirements  for  spawning  salmon  are  easily  satisfied.  The  shadow 

price of an  additional  unit of water is zero in the  average  year 

represented by the model.  The  shadow  price  of  storage  on  the 

mainstem  system is also  zero  since  there  would  be  no  point in 

retaining  more  water in the  lakes if a  surplus  already  exists.  The 

pattern of storage and release in the  model is governed  primarily 

by recreational  lake  level  requirements  and  to  some  degree by the 

disposal of excess  inflows. 

It was  also  concluded .that  the model  solution,  while 

maximizing  the  value of the  obJective  function,  was not a  unique 

maximum:  there  are  other  solutions  which will result in the  same 

maximum  being  reached. This conclusion  was  based  on  the  fact  that 

there'were  several  alternative  methods of disposing of the  surplus 

water  on  the  mainstem  which  would  not  affect  the  level of any of 

the  final  use  activities.  This was not  considered  a  serious 

problem  with the  model,  given  that  its  purpose  was  to  demonstrate 

the  use  of  the  linear  programming  techniques in maximizing  the 

benefits  of  water use. If the  model  were  also  to  include  flood- 

control  ObJectivea,  this  would  reduce  the  disposal  options 

available,  and it is more  likely  that a unique  optimum  would  be 

found . 
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V. SUMMARY AND CONCLUSIONS 

The  purpose  of  this  study  was  to  demonstrate  the  use of linear 

programming  to  optimize  allocation of water  amonq  competing  uses in 

a  river basin. A linear  programming  model was developed  which 

determined  optimal  allocation  of  water  on  a  monthly  basis  over 11 

reaches of the  the  Okanagan  River  Basin.  Several  competing  uses 

including  agriculture,  domestic/industrial,  sport  fish  production 

and water-based  recreation  were  included.  The  solution to  the 

model  determined  both  the  optimal  allocation of water  amonq  these 

activities and the  optimal  storage  management  of  the  system. 

There  are  three  notable  features of the  model  relative  to 

previous  studies  which  have  utilized  linear  programming  or  other 

optimization  techniques.  First,  the  model is developed  for 

planning  rather  than  operational  purposes  and  provides  a  framework 

for  addressing  longer  term  questions  of  water  allocation  and 

storage  requirements.  Second,  the  model  includes  as  many  water  use 

activities in the  oblective  function  as  possible.  In so doing, it 

was  necessary to have  either  the  net  economic  benefit  associated 

with  these  activities  or  a  measure of the  value  of  water  to  each 

use. Most  previous  studies  have  not  considered  such  a  broad  range 

of  competing  water  use  activities  in  their  determination of the 

optimal  allocation  of  water,  and  have  often  focussed on a  detailed 

analysis  of  Just  one  or  two  activities.  The  third  notable  feature 
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of the  model is that  it  uses  a  sinqle  river  basin,  disaggregated 

into  a  number of reaches,  as  the  geographical  unit  for  water 

allocation.  While  several  previous  studies  have  also  used  the 

river  basin  as  a  natural  planninq unit,  many optimization  models 

have  considered  only  a  single  system of reservoirs  controlled by a 

particular  management  agency.  Other  models  have  been  constructed 

on a  larger  geographic  scale  than  a  single  river  basin  in  order  to 

address  such  issues as reqional  water  deficits  and  the  need  for 

inter-basin  transfers. 

The  model  was  constructed  to  represent a sinqle  river  basin 

in order  to  be  consistent  with  the  maJority  of  planning  studies  in 

which Inland Waters Directorate  has  been  involved.  The  ability of 

the model to  choose  among  multiple  water  use  activities  is  also 

consistent  with  the  comprehensive  nature  of  previous  Canada  Water 

Act studies. The  dissagreqation of the  river  basin  into  sub-basins 

or  reaches  allowed  the  model  to  address  localized  problems  of  water 

shortages  which  can  often  be  disguised  in  aggregate  supply-demand 

comparisons.  In  terms of the scope and  scale of the  model, it 

could  readily  be  integrated  into  future  planning  studies  under  the 

Canada  Water Act. 

The  Okanagan  River  Basin  was  selected  because  much of the 

basic  water  suDply  and  water. use data  were  available  from a 

previous  Canada  Water Act Study. This  data had to  be  supplemented 

to some extent  from  other  sources,  particularly  when  estimating  the 

economic  value of water to  direct  and  indirect users. Since  the 

proJect  was  intended  for  demonstration  purposes  only,  efforts  to 

obtain  additional  data  and  information  were  kept  to  a  minimum.  In 
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some cases,  rough  estimates  or  assumptions 

undertaking  additional  studies  to  obtain  more 

were  used  rather  than 

reliable  information. 

These  limitations  should  be  considered  before  any  conclusions 

regarding  allocation  of  water  in  the  Okanaqan  River  Basin  are  drawn 

from  the  model  in  its  present  form. 

The model, as  applied to the  Okanagan  River  Basin,  has  only  a 

single-year  time  horizon  and  represents  an  average  run-off year. 

Constraints  are  imposed  which  state  that  all end-of-year storage 

levels  be  greater  than  or  equal to beginning-of-year  levels. This 

constraint  rules  out  any  solutions to the  model  that  would  result 

in  longer  term  depietion  or "minir.g" of  the  stored  water in the 

system. The  model,  in  its  present  form,  could  be  used  as  a  longer 

term  allocation  model  if  a  single  assured  run-off  scenario  were 

incorporated,  and  if  any  inter-year  trade-offs  in  the  use  of  water 

were  ruled out. These  restrictions  would  limit  its  usefulness  in 

many river basins.  However,  the  model  could  be  used as  the  basis 

for  more  comDlex  models  which  would  consider  both  stochastic 

run-off  and  inter-year  trade-offs  in  storage.  Construction  of 

these  more  sophisticated  models  was  not  undertaken  at  this  stage 

because  of  the  considerable  extra  work and  computer  time  that  would 

be  required.  The  basic  concepts  and  data  requirements  for  these 

types of models  are  described  in  the  concluding section. 
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The model  includes  seven  time  periods  within  the  year, 11 

reaches,  and  numerous  activities  relatinq  to  the  use  of  water and 

manaqement of the  system.  As a result it is quite  large,  with a 

total  of 830 constraints  and 1039 activities.  The  model  was 

constructed  as  a  linked  set  of 11 sub-models. one  for  each  reach. 

This feature  simplifies  the  understanding  of  its  structure  and 

allows  for  easy  incorporation  of  changes and testing  of  the  model. 

The  computer  costs  and  time  necessary  to  obtain  an  optimal  solution 

were  also  reasonable. 

The  solution  to  the  model  gives  optimal  levels of a  number of 

variables  which  are  of  -interest  to  planners and managers  of  the 

water  resource.  The  optimal  level of final-use  activities is 

determined  for  each  reach  as is the  amount of water  allocated  to 

these  activities in each.  reach and time period. At the  same time. 

the model  also  solves  for  the  optimal  pattern  of  storaue  and 

release  for  the  lakes and reservoirs  in  the  basin.  Shadow  prices 

are  calculated  for supply of  water  and  for  storage  capacity in all 

reaches  and  time  periods. 

1. Practical  Application of Linear  Programming 

The  application of linear  programming  to  water  use  allocation 

in the  Okanagan  River  Basin  demonstrates  that it is a  practical  and 

feasible  tool  for  comprehensive  river  basin  planning.  The 

application  to  the  Okanagan  River  Basin  showed  that  data,  manpower 

and  computer  requirements  are  within  the  scope of resources  that 
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have been available  in  previous  Canada  Water  Act  agreements.  The 

modeling  technique  was  found  to  be  flexible  enouqh  to  approximate 

the  basic  physical  and  socio-economic  relationships  encountered in 

river-basin  planning.  In  general,  these  relationships  could  be 

easily  represented by linear  equations. In some cases,  non-linear 

relationships had to  be  approximated by a  series of linear 

segments,  but it was  not  felt  that  this  caused any  significant 

errors  in  the  results. 

Most  of  the  data  required  for  the  model  were  taken  from 

previous  studies  done  under  a  Canada  Water  Act  aqreement  for  the 

Okanaqan  River Basin. These  data  were  oriqinally  intended  for 

planninq  purposes  such  as  forecasting,  comparing  water  supply  and 

water  use  and  assessing  the  need  for  improved  infrastructure  in 

water  supply  systems. It was  found  that  the  data  could also be 

used  in  the  linear  programming  optimization  model,  with  little 

alteration.  Additional  data  and  information  were  required  for  the 

economic  relationships  in  the  model  relatinq  to  net  benefits  from 

final-use  activities  and  valuation of water. This  suggests  that 

optimization  models  could  be  integrated  into  Canada  Water  Act 

Planninq  studies  if  sufficient  resources  were  directed  towards 

estimation  of  the  economic  value of water to competing  users. 

Given  the  availability of the  basic  data,  the  time  required  to 

construct  the  model  was  not great. Application of the  model  to 

another  basin  would  be  expected to take  even  less  time  since  the 

same  formulations  could  be  used  for  many  of  the  basic  equations. 

The  large  size of the model  did  not  prove to be prohibitive  in 

terms of the  computer  coats  required to solve it. Costs  were  low 
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enough  to  conclude  that  extensive  sensitivity  analysis and 

expansion  of  the  model  could be undertaken at reasonable  expense. 

An additional  question  to  consider  when  assessing  the 

feasibility  of  the  model is: how  much  confidence  do  we  have in the 

solution?  Since  the  model is a  normative  tool, it does  not  uive 

results  which  can  be  tested  empirically.  The  optimal  solution 

depends  upon all of the  data,  relationships and assumptions  built 

into  the  model.  Insofar as any of the  internal  structural 

relationships  are  incorrect,  the  optimal  solution  could  also  be 

incorrect. Thus the only way to verify the model  solution is to 

check  that  each  structural  relationship in the model is correct. 

As noted,  some of the  structural  relationships  are  only  rough 

estimates and considerably  more  work  would  have to be  done  before 

we  could  have  reasonable  confidence  in  the  solution. 

An additional  method  of  verifyinq  the  model is to  compare 

activity  levels in the  optimal  solution  to  levels  that  might 

reasonably be expected.  For  certain  activities  there  are  obvious 

bounds  within  which  the  activity  levels  should lie. For  example, 

if flows in Okanagan  River  exceed  channel  caDacity in the  optimal 

solution,  then it would  be  reasonable to conclude  that  the  model 

was sPecified  incorrectly.  Other  relationships  that  are  apparant 

in the  optimal  solution  can  be  compared  to  findings  from  previous 

studies  and  models. For example,  the  optimization  model  indicated 

that  a  surplus  of  water  existed  on  the  mainstem  reaches  of  the 

system in an  average  run-off year. This  finding is consistent  with 

the  conclusions from the  simulation  model of water supply and  water 

use  which  was  constructed  during  the  Okanagan  Basin  Study.  The 
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optimization  and  simulation  models  were  also  consistent in that 

both  indicated  that  there  were  conflicts in water  use  between 

fishery and agricultural  reauirements  on  many of the  tributaries  to 

the mainstem  system.  These  similarities  support  the  reliability  of 

the model structure.  However. it should be restated  that many of 

the  structural  relationships  of  the  model  were  approximated  with 

rouqh  data and assumptions.  These  would  have  to  be  refined  before 

full  confidence  could  be  placed in the  results  of  the  model. 

2. Methods  for  Improving  the  Model 

There  are  a  number  of  ways  in  which  the  model  could  be 

improved,  both  in  its  specific  application  to  the  Okanagan  River 

Basin  and in its  application  to  river  basins  in  general.  In 

applying  the  model  to  the  Okanaqan  River  Basin,  some  obvious  areas 

for  improvement  would  be  in  the  estimation of economic  values 

associated  with  water  use  activities.  More  precise  information on 

the net  benefits  of  irrigation  and  sport  fishing  would  greatly 

improve  the  usefulness  of  the  model.  The  effect  of  lake  level 

fluctuations  on  recreational  values  would  also  have  to  be  studied 

more  closely in order  to  better  specify  this  relationship in the 

model.  Other  areas  for  improvement  include  better  specification of 

the  relatjonship  between  flows  and  fish  populations  and  inclusion 

of  the  effects of lake  levels  on  kokanne  production. 

There  are  a  number  of  ways in which  the  model  could  be 

improved  that  would  apply to  all  river  basins.  These  improvements 

relate  to  the  conceptual  structure of the  model and concern  such 

factors  as  stochastic  run-off,  inter-year  trade-offs  in  water use. 
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a. 

incorporation  of  industrial  and  domestic  demand  functions.  and 

sub-models  for  optimizing  the  amount of irriqation  water  applied. 

These  improvements  are  discussed  below. 

Stochastic w . a . t - e ~ ” s . u . . ~ . . ~ - l ~ ” , a . . n d  _._. L&..e.r..5e.a..r T.ra.de-of.Zi% 

In  many  river-basins, a model  which  considers  the  possibililty 

of inter-year storage  of  water  and  stochastic  run-off  would be more 

useful  than  the  single  year  model  developed in this  study. A 

dynamic  programming  approach  would  be  able  to  incorporate both of 

these  considerations.  Dynamic  programming is a method  of 

representing a seauential  decision  making  process  which  considers 

both  the  current  state  of  certain  variables  plus  future actions. 

The  solution  of a dynamic  programming  model  would give the  optimal 

use. of  the  water  resource  for a uiven  level of storage  or  expected 

run-off. In  arriving  at  the  optimum,  explicit  consideration  would 

be  given to  the  trade-off  between  using  the  water in the  current 

period  or  saving it for  use in future periods. The  linear 

programming  model  used  in  the  present  study  could be used as the 

basic  building  block  for  such a dynamic  programming model. 

Numerous  engineering  studies  have  used  dynamic  programming  for 

short  term  and  real  time  operational  models of reservoir  systems. 

However, most of  these  studies  have  considered  fixed  demands  for 

water  from  most  sectors  and  have  optimized  over  only  one  or  two 

Variables. An example  of  such a study  in a Canadian  setting is 

Silver,  Okun  and  Russel (1972) which  used  dynamic  programming to 

maximize  the  firm  power  production  from  the ALCAN hydroelectric 

system. Examples  of  the use of dynamic  programming  in  planning 
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models  of  water  allocation  can  be  found  in  Worthington,  Burt  and 

Brustkern (1985). Brown  and  Deacon (1972) and  Burt (1964). 

no  explicit  values  were  given  to  domestic  or  industrial  water use. 

Instead,  constraints  were  imposed  that  restricted  the  model  to 

supplying a fixed  amount of water to these  uses  before  allocatinq 

the  remainder  to  other uses. Knowledge  of  the  willingness  to pay 

(consumer's surplus)  for  water  use by industrial  and  domestic  users 

would allow incorporation  of  these  values  directly  into  the 

ObJective  function  and  the model  would  be  free to optimize  over 

industrial  and  domestic  uses  as  well  as  agricultural,  fishery  and 

recreational uses. This  would  be  an  important  improvement  in  the 

model  if it were to be  applied  to  river  basins  where  there  are 

significant  industrial  and  domestic  demands. 

Incorporation  of  willingness to pay values  for  industrial  and 

domestic  water  into  the  model  would  be  fairly  straightforward  if 

these  values  were known. A s  outlined  in  chapter  three,  the 

willingness to pay is  the  area  under  the  demand  curve  for water. 

This  area  can  be  translated  into a marginal  value  function  which 

would  be  directly  included  in  the  oblective  function.  The  marginal 

value funct.ion is non-linear  but  could  be  approximated by linear 

segmentation  in a linear  programming  model or alternatively a 

non-linear  programming  model  could  be used. The  important  point  is 

that  once  the  demand  functions  for  water  are  known,  the  problem of 

incorporating  them  in  the  model  is  relatively easy. 
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Recent  work by Renzetti  (1986a.1986b)  focussed  on  econometric 

estimation of industrial  water  demand  in  British  Columbia for a 

number of different  industries.  These  studies  relied  for a large 

part on  data  from a national  survey of industrial  water use. and 

the scope of  such  estimations  could  be  expanded  to  include  other 

areas of Canada.  The  estimated  demand  functions  could  be  used  to 

senerate  willingness to pay figures  which  could be incorporated 

into  the  ootimization  model  for  river  basins  where  the  type  and 

size of industrial  establishments  are known. 

There  has  not  been a great  deal of work  done  on  the  estimation 

of  domestic  water  demands  in  Canada.  The most recent  study  was 

carried  out by Siqurdson (1982) for  Saskatchewan  and  Manitoba. 

Other  Canadian  studies  include  Sewell  and  Roueche  (1974)  which 

examined  municipal  water  demands  in  Victoria, 8.C. and  Grima (1972) 

which  looked  at  residential  demand  for  regions  in  Ontario.  These 

studies  do  not  provide a sufficient  basis  for  any  generalized 

estimates  of  domestic  water  demands  which  are  sensitive to climate 

and  socio-economic  variables  that  vary  across  regions of Canada. 

In  order to estimate  domestic  water  demand  functions  which  could be 

used  in  optimization  models, it would  be  necessary to use a much 

broader  data  base or to esti.mate demand  functions  aDecific  to 

river  basins  under  study. 
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c I.r?.~.rove.d."m.ode.l..~..n.~ o f  As..~-~~rultural._.. w a t e r  v,s.e. 
In  its  present  form  the  model  uses a fixed  application  rate of 

water  per  acre  based  on  observed  irrigation  practices  in  the  Basin. 

The  model  does  not  have  the  capacity to optimize  the  application 

rate  which  is a significant  limitation  given  the  importance  of 

irrigation  in  the region.  It  would  be  possible to develop a 

sub-model to  determine  the  optimum  per  acre  aDplication  rate  usinu 

information  that  relates  yields to the  amount of water  applied  over 

a unit  area.  Recent  work by Wigington  and  Short (19851 simulated 

the  relationship  between  per-acre  yields  and  irrigation  rates  in 

Okanagan  orchards.  This  work  could  be  used  as  the  basis  for  an 

irrigation  sub-model  which  could  then  be  integrated  into  the 

optimization  model  for  the  Okanagan Basin. Further  work by 

Wiginqton (1965j exnanded  the  analysis to include  other  croD  types 

for  various  soil  and  weather  conditions.  Usinq  this  information  it 

would  be  possible to determine  optimal  irrigation  rates  for a 

number of different  crops  over a variety of geographical  areas. 

d - Water,,"Q.uali.~Y-c.~-n,~-~-~~aions" 

In  its  present  form  the  model  does  not  incorporate  any  values 

or  requirements  related to water  quality.  However,  water  quality 

will  be  affected by the  activities  in  the  model  through  such 

pathways as industrial  and  domestic  discharge  and  leaching  and 

erosion  from  agricultural lands. Furthernore,  withdrawal of water 

from  surface  supplies  may  result  in  an  increased  concentration  of 

effluents  or  nutrients  in  the  unused water. Therefore,  water  use 

should  not  be  considered  in  isolation  from  water  quality.  The 
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issue of optimal  water  quality  is  complex  and  incorporates  such 

factors  as  ecosystem  health,  human  health,  aesthetic  values. 

recreational  uses  and  international  obligations.  For  the  purposes 

of water  use  modeling, a simpler  approach  would  be to incorporate 

established  water  quality ob~ectives  into  the model  in the  form of 

limits  on  activities  which  pollute  the  water  system  ana  constraints 

on  activities  which  withdraw  water  needed  for  effluent  dilution. 

F.urtner”T_qsti~-g-o~theM.o~~._S_ 

Further  testing of the model  could  provide a more  realistic 

evaluation of the  applicability of linear  programming to  river 

basin  planninq.  Application to a another  river  basin  with a 

different set of economic  activities  would  provide  further  testinq 

of its  capabilities  to  model a wide  range of demands €or water.  An 

additional test of the  model  would  be to utilize  it  for  planning 

purposes,  rather  than  as a demonstration of the methodology.  This 

application  would  require a much  more  rigourous  estimation of the 

structural  relationships  and  demands  for  water  than  was  undertaken 

in  the  demonstration  model for the  Okanagan  River Basin.  Extensive 

sensitivity  analysis  would  have to be  undertaken  in  order to 

determine  the  key  variables  in  the  model  and to assess the  

I 
I 

reliability of the  model  solution.  Such a pro3ect  would  require 

considerably  more  resources  than  were  used  in  applying  the  model  to 

the  Okanagan Basin. 

I 
I 

Initial  work  has  begun  in  applying  the  model to the  portion of 

the  South  Saskatchewan  River  Basin  located  in  Saskatchewan.  This 

should  provide  the  opportunity to test t h e  model  in a situation 
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where  there  are a variety of water  users  competing  for  relatively 

scarce  supplies. A Canada  Water  Act  study  planned  for  this  Basin 

will  generate a significant  amount of information  on  water  supply 

and  demand  which  could  be  used  in the  optimization  model.  This 

information  would  allow  for a realistic  application  and  assessment 

of the model. The  model  solution  could also provide  information  on 

the  allocation of rater  in  the  Basin  which  should  be  useful  in  the 

formulation of recommendations  under  the  Canada  Water Act  study. 
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APPENDIX 

Complete  Model  Solution 

This  appendix  shows  the  complete  model  solution  reproduced 

from  the MPSX printout. The  first  part of the  printout  summarizes 

the  simplex  search  for  the  solution  which  maximizes  the  obJective 

function.  Phase  one  first  searches  for  a  starting  basis  or 

feasible  solution.  Once a starting  solution  has  been  found,  phase 

two  begins  and  further  feasible  solutions  are  examined,  until  the 

maximum  value of the  obJective  function  is obtained. The  printout 

then  specifies  the  right  hand  side  value of each  constraint  and  the 

level of each  variable  (activity)  in  the  optimal  solution. Some 

conventions  are used  in the  names of the  variables  and  rows as 

outlined below. 

1. Variable  Names 

All  variables  are  referred to as "activities"  in the  optimal 

solution.  These  activities  are  given  names,  similar to the 

variable  names used  in  chapter  three.  Each  activity  name is  given 

a  prefix to indicate  the sub-basin to which  it belongs. Immediately 

after  the  prefix  there  is a single  digit  from 1 to 7 which 

indicatea  the  time  period for the variable. The  prefixes  and  the 

corresponding  sub-basins are: 

A - Trout  Creek  Sub-basin 
3 - Mission  Creek  Sub-basin 
C - Peachland  Creek Sub-basin 
D - Powers  Creek Sub-basin 
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E - Equesis  Creek  Sub-basin 
F - Kelowna  Creek  Sub-basin 
G - Penticton  Creek  Sub-basin 

2 RoY-NLmm 

All constraints  are  given  a  name  which  appears  under  the 

heading  called '*row'* in the solution. All row  names  are  appended 

with  the  letter "C" in  order  to  distinguish  them  from  names  of 

activities. A s  with  the  activity  names,  row  names  are  prefixed 

with  a  letter  and  number  indicating  the  sub-basin and time period. 

The  next  three  or  four  letters  constitute a short  code  indicating 

the  nature of the  constraint.  The  basic  codes  used  and  the 

corresponding  constraints are: 

ACR - maximum  acreage  available  for  irrigation 
ACRD - irrigation  deman'ds 
RTR - return  flows 
STR - relationship  between  spawning  trout  and  flows 
KOK - relationship  between  kokanee  and flows 
DWN - downstream  relationship  between  supply  and  demand 
SPD - downstream  supply 
SPU - upstream  supply 
BAL - storage  balance 
REM - remaining flow to  next  reach 
RET - return flows within  the  sub-basin 
WAS - wastage  factor 
REC - relationship  between  recreation  and  lake  levels 
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