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WATER RESOURCE DEVELOPMENT XMPACTS I N  THE 
GREEN RIVER DRAINAGE OF WYOMING 

INTRODUCTION 

The Green River drainage i n  Wyoming 
con ta ins  l a r g e  depos i t s  of o i l  s h a l e ,  
t a r  sands,  crude o i l ,  c o a l  and n a t u r a l  
gas t h a t  a r e  used t o  produce r e f i n e d  
petroleum products ,  n a t u r a l  and 
s y n t h e t i c  gas snd e lectr ical  power. 
Agr icu l ture  i s  t h e  predominant consumer 
of water i n  t h e  area, account ing f o r  
over 90 percent  of t h e  t o t a l  dep le t ions .  
With new energy p r o j e c t s  and the 
as soc ia t ed  growth of popula t ion  and 
a f f luence ,  t h e  demand f o r  water i s  
expected t o  increase .  Future  anti-  
c ipa t ed  energy development and produc- 
tion i n  t h e  energy r i c h  areas of t h e  
bas in  may compete wi th  a g r i c u l t u r e  f o r  
t h e  l imi t ed  supply of water by b idding  
up t h e  p r i c e  of water. 

Any inc rease  i n  t h e  p r i c e  of water  
w i l l  g ive  incen t ives  i n  t h e  a g r i -  
c u l t u r a l  and energy producing s e c t o r s  
of t h e  economy t o  reduce p resen t  water 
use  through adopting water conserving 
p r a c t i c e s  and by s u b s t i t u t i n g  o t h e r  
f a c t o r s  for water. The United S t a t e s  
Water Resources Council  (1978) s t a t e d  
i n  regards  t o  water conserva t ion  t h a t  
without  i n t e n s i f i e d  dedicat i .on t o  
c a r e f u l  management of water r e sources ,  
p re s su res  from our t echno log ica l  
s o c i e t y  w i l l  cont inue t o  d e p l e t e  and 
degrade the  n a t i o n ' s  water supply.  

I n  economic t e r n s ,  conserva t ion  i s  
def ined as t h e  care and p rese rva t ion  
of n a t u r a l  resources  i n  such a way as 
t o  prolong and make f o r  t h e i r  most 
e f f e c t i v e  use  (Sloan and Zurcher,  
1970). Water conservat ion,  as def ined  
by t h e  U.S. Water Resources Council ,  
i s  t o  a v e r t  c r i t i c a l  water shor tages  
and t o  ge t  t h e  g r e a t e s t  u se  from 
e x i s t i n g  supp l i e s  by inc reas ing  t h e  
average phys ica l  product of water 
through b e t t e r  management and tech- 
nology. 
va t ion  measures may decrease  t h e  
supply of water and/or  change 

The adoption of water  conser- 

t h e  t iming of supp l i e s  t o  t h e  down- 
stream u s e r s  due t o  reduced r e t u r n  
flows and/or  i nc reases  i n  upstream 
consumptive use. 
water from upstream uses  i s  p a r t  of 
t he  supply of water t o  a downstream 
user .  Therefore,  t h e  we l fa re  of t h e  
e n t i r e  bas in  must be evaluated i n  
determining b e n e f i t s  t o  water  conserva- 
t i o n  measures. Water conservat ion 
p r a c t i c e s ,  i n  response t o  inc reases  in ,  
t h e  p r i c e  of water such as improvements 
t o  water conveyance and app l i ca t ion  
systems, could reduce water d ivers ions  
i n  i r r i g a t e d  a g r i c u l t u r e .  These 
p r a c t i c e s  are l i k e l y  t o  inc rease  
i r r i g a t i o n  e f f i c i e n c y ,  bu t  a t  t h e  same 
t i m e  reduce r e t u r n  flows. In t he  
energy s e c t o r ,  t h e  demand f o r  water 
can be reduced by conservat ion measures 
such as,  t h e  use of  waste o r  brackish 
water i n  energy development p r o j e c t s ,  
a l t e r n a t i v e  methods of mining and dry 
o r  hybrid cool ing towers i n  power 
generat ion.  Other water conservat ion 
p r a c t i c e s  (not a v a i l a b l e  t o  t h e  
p r i v a t e  s e c t o r )  inc lude  reduct ion  of 
water  evaporat ion from r e s e r v o i r s  and 
t h e  consumption of water by phreato- 
phytes  along carrals and river banks. 
In t h e  long run,  s u b s t i t u t i o n  of 
c a p i t a l  f o r  water can t ake  place 
through a l t e r n a t i v e  water-use techno- 
l o g i e s  and conservat ion measures. 

The r e t u r n  flow of 

. 

Statement of t h e  Problem 

I n  s t u d i e s  concerning water qua l i t y ,  
ques t ions  a r i s e  regard ing  downstream 
e f f e c t s  assoc iz ted  wi th  increased 
water use  (Padungchai, 1980; Frankl in ,  
1982; Hyat t ,  1970; and State  of 
Wyoming, 1977b). Water management 
programs may be i n s t i g a t e d  by indiv- 
i d u a l  wa.ter u se r s  when water quant i ty  
and/or water q u a l i t y  problems, such as 
increased s a l i n i t y  o r  competit ion f o r  
t h e  same water supply,  are r e l a t i v e l y  
i s o l a t e d  and can be e f f e c t i v e l y  
solved.  When water use problems 
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cannot be e f f e c t i v e l y  so lved  on 3.n 
i n d i v i d u a l  bas is ,  such as may be t h e  
case  i n  t h e  Green River  Basin,  t h e  
p u b l i c  s e c t o r  may ac t  t o  ach ieve  a 
balance.  I n  most c a s e s ,  government 
management p o l i c i e s  have been an  
impos i t i on  of r e g u l a t i o n s .  For 
example, i n  t h e  Upper Colorado Bas in ,  
t h e  government p o l i c y  on s a l i n i t y  is  a 
s t anda rd  admin i s t e red  by t h e  Environ- 
mental  P r o t e c t i o n  Agency (EPA). 
S a l i n i t y  does not  impose much damage 
t o  water u s e r s  i n  t h e  Upper Basin. 
S i g n i f i c a n t  damages are imposed on 
water u s e r s  i n  t h e  Lower Basin i n  t h e  
form of crop danage, decreased s o i l  
p r o d u c t i v i t y ,  high treatment c o s t s ,  
p i p e  c o r r o s i o n  and g r e a t e r  u s e  of 
d e t e r g c n t s  and chemicals. 

Ar- agreement between t h e  Upper Basin 
States and t h e  EPA I-n 1974, r e q u i r e s  
s a l i n i t y  be  maintained a t  o r  below 
1972 l e v e l s .  A n t i c i p a t e d  energy 
development i n  Wyoming and o the r  upper 
basin states of t h e  Colorado River 
Basin could a f f e c t  the s a l i n i t y  
s t anda rds  inposed by t h e  EPA. For 
example, s u r f a c e  mining o p e r a t i o n s  f o r  
c o a l ,  eil s h a l e  and tar sands will 
expose new geo log ic  materials t o  t h e  
atmosphere ar.d coul-d c o n t r i b u t e  
a d d i t i o n a l  salt t o  s u r f a c e  and sub- 
s u r f a c e  r u n e f f .  Also, a d d i t i o n a l  
withdrawals  of s u r f a c e  water t o  meet 
expanding energy needs will i n c r e a s e  
t h e  salt con.centrat ion of reniajtling 
xiv2r flows. 

The a p p r o p r i a t i o n  of p r e s e n t l y  unused 
watcr f o r  increased energy p roduc t ion  
i n  t h e  Green Kvex S a s h  of  Wyoming 
could increase the salinity f o r  
downstream users .  In 3976, t h e  EPA 
imposed s a l i n i t y  s t a n d a r d s  below 
Hoover Dam,  below Parke r  Dam a.nd a t  
Imperial Dam i n  t L e  Lower Basin. The 
pianiiing made1 developed i n  t h i s  s t u d y  
focuses on t h e  impacl: of t h e s e  s a l i n i t y  
regulations. The pr imary problem 
addressed by t h e  model. i s  t h e  c h o i c e  
o f  alternative p u b l i c  i nves tmen t s  in 
water conse rva t ion  and s a l i n i t y  
c o n t r o l  gj-ven the  s a l i n i t y  r e g u l a t i o n s  
on the Colerzido River. 

. P u b l i c  p o l i c y  a l t e r n a t i v e s  i n v e s t i g a t e d  
were t h e  i n v e s t n e n t  i n  water  conserva- 
t i o n  programs such as evaporat ion 
suppres s ion ,  phreatophyte  c o n t r o l  f o r  
d i l u t i o n  pu rposes ,  investments  i n  
s p r i n k l e r  i r r i g a t i o n  systems and t h e  
1i.ning of i r r i g a t i o n  c a n a l s  . 
Water u t i l i z a t i o n  i s  a l t e r e d  by 
changes i n  t h e  v a l u e  of  water and the .  
c o s t  of r e s o u r c e s ,  For example, new 
t echno log ie s  have allowed i r r i g a t o r s  
t o  use water more e f f i c i e n t l y .  
crop y i e l d s  p e r  u n i t  of water can 
g e n e r a l l y  be i n c r e a s e d  through invest- 
ments i n  water rnanzgement p r a c t i c e s  
and g r e a t e r  use of s u b s t i t u t e  and 
complimentary inputs, fox example, 
f e r t i l i z e r ,  t h e r e  are economic and 
p h y s i c a l  l i m i t a t i o n s  t o  such changes. 
The adjustment process  becomes more 
complicated and c r u c i a l  t o  t h e  economic 
v i a b i l i t y  of a r e g i o n  when water 
becomes more c o s t l y .  

While 

The range of alternatives t o  be 
considered i s  probably t h e  most 
i m p o r t m t  elerr.ent i n  a planning 
p rocess .  
a f t e r n a t i v e  methods of reducing t h e  
use of water i n  t h e  a g r f c u l t u r e  and 
energy producixg s e c t o r s ,  The methods 
of r educ t ion  are i n c r e a s e d  efficiency 
i n  a g r i c u l t u r e ,  i n c r e a s e d  e f f i c i e n c y  
i n  energy,  t r a n s f e r  of water from 
a g r i c u l t u r e  t o  e m r g y  and from energy 
t o  a g r i c u l t u r e ,  and t h e  r educ t ion  of 
losses due t o  phrea tophy tes  and 
r e s e r v o i r  evaporation. For each 
a l t e r n a t i v e  method, i t  i s  important t o  
cons ide r  b o t h  t h e  q u a n t i t y  ar?d t h e  
c o s t  of  conse rv ing  water, i . e . ,  t h e  
supply f u n c t i o n s .  Water q u a l i t y  
c o n s t r a i n t s  also are considered.  

This study was cor*fined t o  

It is  impor t an t  t o  s p e c i f y  f inanc ing  
of t h e  p a r t i c u l a r  conse rva t ion  o r  
water  management p r a c t i c e .  Financing 
of t h e  water c o n s e r v a t i o n  and water 
q u a l i t y  p r o j e c t s  i s  assumed t o  be from 
p u b l i c  and /o r  p r iva t e  sources .  For 
example, f i n a n c i n g  reduced water  - 
evapora t ion  on reservoirs o r  reduced 
e v a p o t r a n s p i r a t i o n  from river bank 
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phreatophytes might be accomplished by 
t h e  government s e c t o r  s i n c e  t h e  
b e n e f i t s  received under such a program 
are r e a l i z e d  by t h e  downstream u s e r s  
of t h e  "extra" water. Since t h e  
b e n e f i t s  received by add i t ions  of a 
s p r i n k l e r  i r r i g a t i o n  system could 
accrue  t o  both t h e  i n d i v i d u a l  farmer 
and downstream u s e r s ,  t h e  investment 
could be shared by both  t h e  p r i v a t e  
and government s e c t o r .  Government 
incen t ives  i n  t h e  form of tax exemp- 
t i o n s  o r  low cos t  loans  may f a c i l i t a t e  
p r i v a t e  investment expendi tures  on 
water conservat ion p r a c t i c e s  as p a r t  
of t h e  c o s t  i s  covered by t h e  publ ic .  
I n  t h i s  s tudy,  s p r i n k l e r  i r r i g a t i o n  
systems and cana l  l i n i n g s  were financed 
by t h e  p r i v a t e  s e c t o r .  

There i s  B l a r g e  choice  of t e c h n i c a l  
a l t e r n a t i v e s  from which t h e  ag r i cu l -  
t u r a l  and energy s e c t o r s  can choose t o  
achieve t h e  economically e f f j c i e n t  
l e v e l  of water conservat ion.  It i s  
t h e  purpose of t h i s  s tudy  t o  determine 
the c o s t  and impact on income of 
a l t e r n a t i v e  water conservat ion p o l i c i e s  
i n  t h e  Green River Basin. 

Object ives  of t h e  Study 

This  p r o j e c t  focuses  on t h e  subs t i t u -  
t i o n  of c a p i t a l  f o r  water wi th in  and 
between t h e  a g r i c u l t u r a l  and energy 
s e c t o r s  of t h e  Green River drainage 
basin economy i n  Wyoming. The subs t i -  
t u t i o n  process  is analyzed both with 
t h e  imposi t ion of  a s a l i n j t y  regula-  
t i o n  and without t h e  r egu la t ion .  
s tudy  compares a l t e r n a t i v e  courses  of 
ac t ion  t o  achieve economic growth i n  
t h e  bas in .  

This 

A ques t ion  t h a t  is o f t e n  r a i s e d  is t h e  
e x t e n t  t h a t  water conserva t ion  measures 
may be appl ied  t o  i r r iga . ted  a g r i c u l t u r e  
and t o  the energy s e c t o r  without  
reducing a g r i c u l t u r a l  ou tput .  For 
example, given a fixed water supply,  
how might farmers apd energy managers 
s u b s t i t u t e  o the r  factors of product ion 
f o r  water so t h a t  t h e  a g r i c u l t u r a l  

base is  maintained i n  the  f ace  of 
i nc reas ing  water demands? Maintaining 
t h e  a g r i c u l t u r a l  base nay be des i r ab le  
from a p o l i t i c a l  perspec t ive  or 
because an a g r i c u l t u r a l  base w i l l  be 
d e s i r a b l e  a f t e r  t h e  o i l ,  coa l ,  o i l  
s h a l e  and o the r  s tock  energy resources  
are phys ica l ly  o r  economically depleted.  
The major ob jec t ives  of t h i s  s tudy 
are : 

1. Develop a s u i t a b l e  methodology t o  
analyze t h e  economics of a l t e rna -  
t ive  s t r u c t u r a l  and non-structural  
water use technologies  i n  agr icu l -  
t u r e  and energy; 

2.  Estimate, over t i m e ,  t he  costs  of 
alternative water conserving 
p r a c t i c e s  t h a t  may be.implemented 
i n  response t o  growing demands f o r  
water; 

3. Evaluate a l t e r n a t i v e  economic 
p o l i c i e s  t h a t  provide incent ives  
f o r  adoption of optimum techniques 
of water use over time; a.nd 

4.  Develop a model that is  appl icable  
t o  any water bas in  i n  Wyoming. 

The s p e c i f i c  ob jec t ives  of t h i s  s tudy 
are: 

1. 

2 .  

3 .  

To i d e n t i f y  t h e  need f o r  water 
conservat ion measures as w e l l  as 
water saving techniques employed by 
d i f f e r e n t  s e c t o r s  of t he  economy i n  
response t o  increased water demands; 

To determine t h e  c o s t  of publ ic  
s e c t o r  investments i n  water conser- 
va t ion  measures given a s a l i n i t y  
r egu la t ion ;  and 

To examine t h e  wel fare  cos t  of 
publ ic  p o l i c i e s  aimed a t  changing 
water  use  i n  t h e  energy and agri- 
c u l t u r a l  s e c t o r  . 

Methodolow 

A mathematical programming model was 
developed t o  maximize ne t  income f o r  
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t h e  a g r i c u l t u r e  and energy s e c t o r s  of 
t h e  Green River Basin. The model a l s o  
measured t h e  impacts caused by t h e  
adopt ion of a l t e r n a t i v e  water conserva- 
t i o n  technology. Dif f eren-t  levels of 
water use  were determined by a l t e r i n g  
water conservat ion measures i n  t h e  
s e c t o r s .  The water conserva t ion  
measures t h a t  maximize n e t  s e c t o r a l  
income with the  lowest c o s t  t o  s o c i e t y  
w i l l  i n d i c a t e  t h e  optimum a l l o c a t i o n  
of water  and water consemat ton .  

It is assumed f o r  t h e  a n a l y s i s  t h a t :  

1. Water r i g h t s  a r e  nego t i ab le  ard 
t r a n s  f e r  ab le ; 

2. Current water demand f o r  such uses  
as aquat j c and wil .dl i f  e , expor t s  , 
and municipal and i n d u s t r i a l  needs 
are f ixed ;  

3 .  The a g r i c u l t u r a l  and energy s e c t o r s  
a r e  p r i c e  t a k e r s  i n  t h e  inpu t  and 
output  market; and 

4 .  The energy s e c t o r  will not  r e t u r n  
waste water t o  t h e  r i v e r .  

Expansion of municipal water demand t o  
meet energy growth i s  included i n  t h e  
energy s e c t o r .  

Study Area 

The s tudy area is t h e  Green River  
dra inage  bas in  loca ted  i n  Wyoming (see  
Figure 1). 
t h e  nor thern  end of t h e  bas in  i n  t h e  
Wind River Range of Wyoming aEd passes  
into e a s t e r n  Utah a t  t h e  southern  end 
of t h e  bas in  through Flaming Gorge 
Reservoir .  Most of t h e  water f o r  t h e  
bas in  comes from p r e c i p i t a t i o n  i n  t h e  
mountains, p r imar i ly  from snow, wi th  a 
maximum flow usua l ly  i n  May and then 
subs id ing  t o  a base flow near  t h e  end 
of Ju ly .  The major geographical  and 
phys ica l  f e a t u r e s  of t h e  Green River 
B a s i n  a r e  summarized i n  Table 1. 

The Green River begins  i n  

The Green River Basin i n  Wyoming i s  
both one of t he  f a s t e s t  growing energy 
areas and a water-use area, so an 
economic a n a l y s i s  of a l t e r n a t i v e  water 
conservat ion technologies  may be q u i t e  
f r u i t f u l .  

P o t e n t i a l  Water Conservatfon P rac t i ces  

The water requi red  f o r  product ion of 
energy u n i t s  2nd t h e  consumptive use  
i n  a g r i c u l t u r e  i s  more o r  less constant .  
One of t h e  major problems assoc ia ted  
wi th  development i n  t h e  Green Ei.ver 
Basin i s  t h e  l a r g e  " losses"  of water 
occurr ing  from r e s e r v o i r  evaporat ion 
and evapot ranspi ra t ion  from phreato- 
phytes.  Investments i n  water conser- 
v a t i o n  p r a c t i c e s  t o  reduce these  
" losses"  i s  jnves t iga t ed  i n  t h i s  
r e p o r t .  
va t ion  p r a c t j c e s  are given below. 

The o v e r a l l  l e v e l  of conser- 

Fhreatophytes ,  high water-use p l a n t s ,  
i n h a b i t  t h e  flood p l a i n s  over much of 
t h e  southwest United S t a t e s .  I n  order  
t o  e s t ima te  t h e  e f f e c t s  of phreato- 
phytes  on r eg iona l  water sources  and 
t o  determine the  p o t e n t i a l  water  
salvage t h a t  might r e s u l t  from. the  
replacement of  high water-use phreato- 
phytes  wi th  low water-use p l a n t s ,  
accu ra t e  es t imates  o f  t h e  water used 
by phreatophytes  are necessary.  I n  
the 17 western s t a t e s ,  i t  is estimated 
t h a t  phxeatophytes consume 25 mi l l i on  
acre-feet  annual ly  (Robinson, 1958). 
To dramat ica l ly  i l l u s t r e t e  t h e  water 
used by phreatophyte,  f o r  every 10 
acre-feet  of water used i n  agr icu l -  
t u r e ,  e i g h t  acre-feet  of water i s  
consumed by phreatophytes.  However, 
t h e  amount of water salvaged from t h e  
mechanical removal and/or  spraying of 
phreatophytes  and reseeding  t h e  a rea  
t o  low water use g ra s ses ,  e tc . ,  is on 
the  order  of one t o  two acre- fee t  of 
water per  acre .  

Reduction of evaporat ion from reser- 
vo i r s  does o f f e r  some reasonable  means 
f o r  saving water.  T o t a l  evaporat ion 
estimates range from 5,000 t o  100,000 
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Table 1. Major Geographical and Physical Features of  the Green River 
Drainage in Wyoming. 

Rivers Communities Physical Features Political Units 

Green Green River Wind River Range Carbon County 
Big Sandy Rock Springs Red Desert Fremont County 
H a m s  Fork Remnerer Flaming Gorge Lincoln County 
Henry's Fork Eden Fontenelle Reservoir SuSlette County 
Savery Creek Farson Sweetwater County 

Big Piney Teton County 
Pinedale Uinta County 

acre-feet annually for all of the 
major reservoirs and wetlands in the 
Green River Basin. It is estimated at 
Flaming Gorge Reservoir alone, fresh 
water evapcrates at R seasonal rate of 
69,481 acre-feet (Hughes et al., 
1 9 7 4 ) .  Most evaporation estimates in 
the Green River Basin excluding Flaming 
Gorge axe slightly over  25,0@0 acre- 
feet  annually. 

Total water diverted by agriculture can 
be reduced by shifting to less water 
intensive crops, better maintenance of 
current irrigation distribution 
systems, or capital-intensive water 
distribution systems, i.e. , lined 
canals? pipelines, sprinkler systems, 
etc. Capital substitution is thought 
t o  be a major source of water conser- 
v a t i o n  by water policy planners. 
However, as indicated by Frickel 
(1980), increased conveyance efficiency 
through cap-ital substitution does not 
necessarily imply reduced water diver- 
sions. As a farmer adopts a more 
capital-intensive distribution systen 
to reduce diverted water per  acre, he 
can increase h i s  irrigEted acreage for 
the same given level of water diver- 
sions. l'he farmer will use water to 
the p o i n t  where h i s  m a r g i n a l  benefits 
arc equal to his marginal c o s t s .  In 
such an adjustment proceccs, the farmer 
will 1i .ke ly  reduce return flows thereby 
decreasing dowxstream flows. Since 
water r i g h t s  of downstream users are 
in p a r t  based upon seepage, only the 

water not available for further 
beneficial use will be regarded as a 
loss. There could also be legal 
complications associated with such 
water conservation practices. Even if 
the knowledge and profitable tech- 
nologies are available f o r  water 
conservation, farmers nay not adopt 
these measures immediately. A study 
by Phelan (1964)  concluded that 
knowledge alone is not a criteria for 
the adoptfon of improved irrigation 
efficiencies. 

Clawson ( 1 9 7 7 ,  p.5) s t a t e s ,  "The west 
will use its limited water supply and 
its limited area of first class 
cropland more intensively in the 
decades ahead." His conclusion is 
based on the premise that irrigated 
agriculture has been encouraged to use 
water, because of a water rights 
system which makes water transfers 
difficult and extensive subsidization 
of irrigation wster costs. Clawson 
Eurther concludes, "Irrigation use of 
water w i l l  come under increasing 
pressure t o  y i e l d  va lue  products as 
great as might be achieved with the 
same water elsewhere." This implies 
that the efficient use of irrigation 
water may he necessary to maintain 
agricultural production in an area. 

The hequality of t h e  marginal benefits 
of watcr between upstream and down- 
stream may cause inefficient water 
allocations in a basin. Take for 
example the situation where t h e  
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upstream use r  of water has  h igher  
c o s t s  and lower revenues due t o  t h e  
i n a b i l i t y  t o  s u b s t i t u t e  o t h e r  f a c t o r s  
f o r  water i n  order  t o  maintain o r  
increase  t h e  supply of water t o  t h e  
downstream user .  This s u b s t i t u t i o n  of 
o the r  f a c t o r s  f o r  water i s  n o t  an 
economic improvement f o r  t h e  upstream 
user .  However, i f  t h e  compensation 
paid t o  the  upstream use r  for h i s  
higher  cos t  i s  less than  t h e  downstream 
u s e r s  improved n e t  revenue p o s i t i o n ,  
then the reduced water use would be a 
p o t e n t i a l  improvement f o r  t h e  bas in .  
Thus, i t  i s  important t o  determine t h e  
o v e r a l l  e f f e c t s  of a l t e r n a t i v e  water 
conservat ion measures i n  a region.  
Water po l i cy  p lanners  must be aware of 
t h e  p o t e n t i a l  f o r  added r e t u r n s .  

Technology is  a l so  a v a i l a b l e  t o  
decrease water consumption 3n energy 
production. For example, Abbey (1979) 
d i scusses  several opt ions  a v a i l a b l e  t o  
e l e c t r i c  power genera t ion  p l a n t s  t o  
reduce water use.  These opt ions  
include dry cool ing ,  which reduces t h e  
water requirement of e l e c t r i c  power 
generat ion p l a n t s  from 5,000-20,000 
acre-feet  per year  t o  less  than  
100 acre-feet  pe r  year  per  1,000 MW; 
and t h e  hybrid cool ing  system, which 
combines d ry  and w e t  tower cool ing  and 
reduces water requirements t o  1,000- 
5,000 zcre-feet  p e r  year  per  1,000 MW. 
The c o s t s  of water  reduct ions  by a dry 
o r  a hybrid cool ing  system are very  
high when compared t o  t h e  value of 
water i n  a g r i c u l t u r e .  Abbey est imated 
the  opportuni ty  c o s t  of water saved by 
a 100 percent dry  cool ing  system a t  
$5,500 per acre-foot  per  year  compared 
t o  a wet cool ing systen; f o r  a 40 
percent  w e t  system, c o s t  i s  est imated 
a t  $870 per acre-foot per  year  o f  
water saved. When conpared t o  t h e  
a g r i c u l t u r a l  value of water which 
ranges from $5 t o  $20 per  acre-foot  
depending on the  s o i l ,  c r cps ,  e t c . ,  
t he  energy s e c t o r  c o s t  c l e a r l y  outweigh 
a g r i c u l t u r a l  b e n e f i t s .  Since r e l a -  
t i v e l y  low cos t  water supplies a r e  
ava i lab le  by t r a n s f  erriF-g water  from 
a g r i c u l t u r e  as opposed t o  d r y  cool ing  

i n  power generat ion,  i t  can be can- 
cluded t h a t  water a v a i l a b i l i t y  w i l l  
have a small e f f e c t  on the  p r i c e  of 
e l e c t r i c i t y .  

Even though water r i g h t s  can be 
t r a n s f e r r e d  among water uses ,  s o c i a l  
and legal d i f f i c u l t i e s  assoc ia ted  with 
water  ownership and t r a n s f e r s  n u s t  be 
reso lved  f o r  opt imal  u t i l i z a t i o n  t o  . 

occur.  Most western s t a t e s  fol low t h e  
d o c t r i n e  of prior appropr ia t ions  i n  
appropr i a t ing  waters  wi th in  t h e  s t a t e .  
This d o c t r i n e  s ta tes  " f i r s t  ir, time, 
f i r s t  i n  r i g h t "  which means t h e  r i g h t  
of the  f i r s t  u se r s  of water i n  t he  
s ta te  proceeds t h e  r i g h t s  of f u t u r e  
u s e r s  of water. Under Wyoming law, no 
one has t h e  r i g h t  t o  water without 
making "bene f i c i a l  use" of t h a t  water. 
The s ta te  engineer  will grant  a water 
r i g h t  i f  (a) t h e  water appl ied f o r  i s  
unappropriated,  (b) the proposed use 
w i l l  not  impair e x i s t i n g  r i g h t s ,  
(c) t h e  proposed used i s  phys ica l ly  
f e a s i b l e ,  and (d) t h e  proposed use 
will no t  adversely a f fec t  t he  environ- 
mer,t and wel fzre  of t h e  publ ic .  I n  
Wyoming, a water r i g h t  i s  genera l ly  
regarded as being t i e d  t o  t h e  land and 
t h e r e f o r e  cannot be scld independent 
of t h e  land.  However, a g r i c u l t u r a l  
water r i g h t s  can be t r ans fe r r ed  
t o  o t h e r  uses  by f i l i n g  a p e t i t i o n  
which must be approved by the  s ta te  
engineer .  In  Utah, a water r i g h t  is 
independent of t h e  land. 
t r a n s f e r  of water r i g h t s  i s  a meaps by 
which water can be a l loca ted  within o r  
between. a g r i c u l t u r a l  and energy 
producing s e c t o r s .  

The sale OP 

These p o t m t i a l  water conservat ion 
p r a c t i c e s  a r e  analyzed t o  provide 
water po l i cy  planners  a base from 
which t o  determine f u t u r e  energy and 
a g r i c u l t u r a l  growth and related 
impacts on water  a l l o c a t i o n ,  water 
qua1 i t y  an.d water quant i ty  wi th in  the  
Green River Basin. 
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WATER RESOURCES 

Development of energy resources  i n  
Wyoming i s  going t o  requi re  s u b s t a n t i a l  
amounts of water. As t o  whether 
add i t iona l  supp l i e s  of water are 
a v a i l a b l e  t o  s u s t a i n  an t i c ipa t ed  
energy development and i t s  assoc ia ted  
economic a c t i v i t i e s  has  spurned 
seve ra l  water inventory s tud ie s .  
S tudies  t h a t  inc lude  t h e  Green River 
Basin are t h e  annual r epor t s  by t h e  
Upper Colorado River  Commission, U.S. 
Department of t h e  I n t e r i o r  (1974), t h e  
U.S. Water Resources Council (1971), 
and t h e  S ta te  of Wyoming (1977). The 
1977 r e p o r t  by Wyoming concluded t h a t  
from 340,000 t o  580,000 acre-feet  of 
water per  year  i s  a v a i l a b l e  t o  meet 
f u t u r e  needs i n  t h e  Green River Basin. 
This i s  a l s o  c o n s i s t e n t  with o t h e r  
water inventory r e p o r t s  € o r  t he  Upper 
Colorado River Basin,  no tzb ly ,  
Narayanan e t  a l .  (1979) and Hyatt  
et al. (1970). 

The e c t u a l  f low of t h e  Colorado River 
i s  less than  t h e  flow est imated f o r  
t h e  Colorado River Compact made 
between Wyoming, Colorado, New Mexico, 
Utah, Arizona, Nevada and Ca l i fo rn ia  
on November 24, 1922. A r t i c l e  I11 of 
t h e  Colorado River Compact apportioned 
in perpe tu i ty  t h e  exc lus ive  b e p e f i c i a l  
consumptive use of 7,500,000 acre-feet  
of water  p e r  year  t o  t h e  Upper and 
Lower Basin s t a t e s .  Under Article I11 
of t h e  Upper Colorado River Basin 
Compact signed on October 11, 1948, 
Wyoming's sha re  i s  i4 percent o r  
1,043,000 acre- fee t  of  water per  year  
after Arizona's en t i t l ement  of 50,000 
acre- fee t .  However, t h i s  es t imated 
f l o w  of t h e  Colorado River w a s  over ly  
op t imis t i c .  The Upper Colorado River 
Commission estimates the annual v i r g i n  
f low i s  14,COO,OOG acre- fee t .  To meet 
the  o b l i g a t i o n s  of 7,500,000 acre- fee t  
per year  t o  t h e  Lower Basin states,  an 
a d d i t i o n a l  750,000 acre-feet  de l ive ry  
t o  Mexico under Sec t ion  111 of t h e  
Mexican Trea ty  signed on February 3, 
1944 and Arizona's en t i t l emen t ,  
Wyoming's sha re  of water under t h e  

Upper 
would 

Under 
River  
water 
i s  t o  

Colorado River Basin Compact 
be 798,000 acre- fee t .  

Article I11 of t h e  Colorado 
Compact, a l l  r e a l l o c a t i o n  of 
due t o  an overest imat ion of f low 
be shared by t h e  Upper Basin 

s ta tes .  This  tends t o  be a g r e a t e r  
burden on Wyoming and the  o the r  s ta tes  
t o  meet t h e i r  ob l iga t ions  i n  water 
s h o r t  years .  

Since t h e  water a v a i l a b l e  f o r  a l loca -  
t i o n  e s t ab l i shed  under the  Colorado 
River Compact is  i n s u f f i c i e n t  t o  meet 
t h e  compact a l l o c a t i o n s ,  t h e  Upper 
Basin states,  which includes Wyoming, 
have less than t h e i r  share  of t h e  
annual  consumptive use  of 7,500,000 
acre- fee t  a l loca t ed  in t he  compact. 
As i nd ica t ed  by t h e  S t a t e  of Wyoming's 
1977 r e p o r t ,  Narayanan e t  a l .  (1979), 
Upper Colorado River Commission and 
t h e  U.S. Bureau of Reclamation, 
Considerably less water is available 
f o r  consumptive use  i n  the Green River 
Basin of Wyoming. 
River  Basin Commission keeps E a i r l y  
accu ra t e  da t a  on t h e  "virgin" o r  
n a t u r a l  flows of t h e  Colorado River 
and t h u s ,  t h e  a l lo tments  t o  each 
s t a t e .  

The Upper Colorado 

The base figure used i n  t h i s  s tudy  i s  
t h e  U.S. Water Resources Council 's  
long term discharge  of 14,994,200 
acre- fee t  per  year  f o r  t he  Colorado 
River .  Wyoming's share  would be 
864,000 acre-feet  pe r  year a f t e r  
evaporat ion losses are accounted f o r .  
With 1975 dep le t ions  i n  Wyoming 
amounting t o  409,200 acre-feet  , 
a d d i t i o n a l  water a v a i l a b l e  t o  meet 
Wyoming's f u t u r e  needs i s  454,800 
acre- fee t  on an annual bas i s .  

Water Use P r a c t i c e s  i n  Agr icu l ture  

I r r i g a t i o n  i s  the l a r g e s t  consumptive 
use  of water i n  t h e  Green River Basin. 
Over 250,000 acre- fee t  of water are 
consumed annual ly  by i r r i g a t i o n  ( S t a t e  
of Wyoming, 1977b). This  accounts f o r  
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over 90 percent of the total 
depletions in the basin. 
arid climate, irrigation is an 
essential component of crop 
production. Over 336,000 acres of 
land were under irrigation in 1975. 
Most of the cropland is in pasture, 
hay and small grains, There is a 
potential for increased yields on 
205,000 acres by better and more 
intensified mamgement (State of 
Wyoming, 1977b). Increased cuftiva- 
tion on an additional 115,000 acres is 
a l s o  probahle. Whether or not it is 
economically viable will be analyzed. 

Due to the 

Alternative technological practices t o  
increase irrigation efficiency include 
reducing seepage from conveyance 
system, reservoir evaporation and 
evapotranspiration by phreatophytes, 
i.e., deep rooted plants that do not 
contribute to the beneficial use of 
water and deep percolation. Water 
losses attributable to phreatophytes 
and weeds are estimated to be 25-60 
percent of the water used in agrfcul- 
ture (Horton 6; Campbell, 1974; 
Isrealson an.d Hansen, 1967). It is 
estimated that the conveyance systems, 
including seepage in unlined cmals, 
for irrigation 15-60 percent of the 
diversions are returned (Isrealson and 
Hansen, 1967). Since water rights of 
downstream users are based in part 
upon seepage and return flows, only 
the water not available for further 
beneficial use will be regarded as a 
loss in this study. 

Several alternatives to improve the 
efficiency of conveyance, i.e., reduce 
conveyance losses, are available and 
are examined in the literature. 
Aerial spraying of phreatophytes is 
effective, but causes some crop 
damage. Treatment of canal banks with 
ground rigs, clearing, mowing and 
channalization are other alternatives. 
Canal lining with concrete, clay or 
rocks or delivering water through 
pipes are other high-efficiency 
Conveyance w a n s  but are relatively 
more expensive (Isrealson and Hamen, 
1967; Cummings and Gisser, 1977) 

Adoption of these alternatives can 
save water lost through deep seepage 
or evapotranspired by weeds and 
phreatophytes and as a result is not 
available to downstream users. 

Changes in water application methods 
can also reduce the demand for water. 
It is estimated that 30-50 percent of 
the water applied is consumptively . 
used by crops under flood irrigation, 
70-80 percent for sprinkler irrigation 
and upwards to 95 percent for trickle 
systems. However, under high wind 
conditions, sprinkler systems may be 
less efficient. In analyzing cost- 
effectiveness of saving water through 
alternative irrigation systems, the 
suitability of irrigation methods to 
terrain and crops grown received 
careful consideration. The efficiency 
of water use under alternative irriga- 
tion practices and associated costs 
can be estimated from available data 
(Narayanan Padungchai and Bishop , 
1979; Franklin? 1982; and Olson, 1977 
(a), (b)). 

Water Use in Energy 

Coal mining, steam electric power 
generation plants, oil and gas indus- 
tries and trona mining are the major 
industrial users of water in the 
basin. Currently, 10 percent of the 
water depletions are accounted for by 
these industries (State of Wyoming, 
1977b). 

Projected energy development in coal, 
oil and gas, trona, uranium and oil 
shale by 2000 will bring about large 
increases in the consumptive use of 
water. 
increases in consumptive use by the 
energy sector may be needed to meet 
all projected developments. 

Upwards of five to eight fold 

Although projections of water use in 
the energy sector are available, these 
are based on specific assumptions 
about the techniques of production. 
For example, in a coal fired steam 



e l e c t r i c  p l a n t ,  t h e  water demand can 
vary from 2000 AF/yr/i000 MW t o  
15,000 AF/yr/1000 MW, depending on the  
kind of coolj.ng system used (Hu, 
Pavlenco and Englesson, 1978). The 
c o s t s  become h igher  as t h e  a s soc ia t ed  
cool ing system requ i r e s  less water. 
Water q u a l i t y  cons idera t ions  and t h e  
p r i c e  of water w i l l  decide t h e  opt imal  
technology required € o r  water use i n  
energy production. With the value  of 
water est imated a t  about $10-20 per  
acre-foot i n  a g r i c u l t u r e ,  t h e  energy 
s e c t o r  is expected t o  use high water- 
consuming technologies .  P r i v a t e  
i r r i g a t i o n  decisions will n o t  necessar-  
ily br ing  about an opt imal  t o t a l  
basin-wide management s t r a t e g y ,  
therefore, t he  appropr i a t e  economic 
pol icy  will have t o  be considered. 
This  study incorpora tes  a l t e r n a t i v e  
water demands and t h e i r  a s soc ia t ed  
c o s t s  t o  present  t h e  economically 
e f f i c i e n t  a l t e r n a t i v e  f o r  t h e  b a s i n  
and compares it wfth alternative 
courses of a c t i o n  t o  ach-leve a balanced 
and v i a b l e  economic growth i n  the 
basin.  

Other Water Uses 

Reservoir evaporat ion dep le t ions ,  f i s h  
and w i l d l i f e ,  r e c r e a t i o n ,  municipal 
and domestic consumption, expor t s  and 
o the r  deple t ions  such as Wyoming% 
share of t h e  Colorado River Storage 
P ro jec t  (CRSP) evaporat ion,  combine t o  
account f o r  approximately 120,000 
acre-feet  per  year-less thzn 30 per- 
cen t  of t h e  t o t a l  consumptive use i n  
the Green River Basin. Any inc rease  
i n  energy product icn w i l l  a l so  tend t o  
increase  municipal water  demand . 
any s d v a g e  of water through reduct ion 

Yet 

of reservoir evaporat ion o r  phreato- 
phyte transpiration w i l l  decrease t h e  
bas in ' s  o v e r a l l  dep le t ion  thereby 
allowing f o r  more water f o r  o the r  
belief i c i a l  uses  . 

Water Quality Issues 

O f  major importance with  any develop-' 
ment of Colorado River Compact Water 
i s  the need t o  meet PL 92-500 and 
PL 95-217. The Colorado River Basin 
S a l i n i t y  Control Act (PL 93-320) 
authorized t h e  Secre ta ry  of t h e  
Interior t o  cons t ruc t  several p r o j e c t s  
f o r  the improvement, enhancement 
and/or p ro tec t ion  of water q u a l i t y  i n  
the  Colorado River.  One important 
p r o j e c t  to Wyoming is t h e  Big Sandy 
River Unit. It i s  a p ro jec t  t o  reduce 
salt loading of t h e  Big Sandy River 
and the Green River.  The Big Sandy 
River discharges estimated 18G,000 
t ans  of dissolved s o l i d s  annually i n t o  
t h e  Green River (1J.S. Dept. of  t he  
Interior, 1976). The Big Sandy River 
TJnit as proposed c o n s i s t s  of a number 
of wells d r i l l e d  a long a 15 n i l e  reach 
of  t h e  river t h a t  con t r ibu te s  110,000 
tons of salt annually t o  t h e  Big Sandy 
River. The pro jec t  will reduce sal t  
Loading by approximately 80,000 tons 
of salt pew year  with an est imated 
t o t a l  ccst  of 32 m i l l i o n  d o l l a r s ,  
Approxilnately 6,000 acre-feet of water 
i s  pumped iri the above option t o  
ixtprove water quality and as such is 
regarded a s  a consumptive us of water 
i n  the  Green River drainage.- f /  

The. Colorado River Basin S a l i n i t y  
Control. Act is t he  major reason f o r  
t he  cons t ruc t ion  cf t h e  Big Sandy 
River Unit .  Without po in t  source 

Chevron Oil Conrpany has  signed an agreement t o  use this water with water 
from Fontenelle Reservoir i n  a f e r t i l i z e r  p l a n t  outside cf Rock Springs.  
It  i s  estimated t h a t  10 t o  I1 thousand acre-feet of water can be salvzged. 
This  r epor t  does not look i n t o  t h a t  option. 
.Tanuary 1953 i n d i c a t e s  t h a t  Chevron M I .  w i l l .  c o t  likely p a r t i c i p a t e  in t h e  
p ro jec t  without F e d e r a l  funding.  As of  August 1983, there are no p l a w  t o  
build a f e r t i l i z e r  p l an t  nor  use  water from the  Grcen River.  

A d d i t i o n a l  information s ince  
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c o n t r o l  measures, t h e  s a l i n i t y  
concent ra t ion  w i l l  exceed t h e  879 mg/l 
c r i t e r i a  e s t ab l i shed  by PL 92-500. 
This  r e p o r t  analyzes  t h e  con t r ibu t ion  
of Wyoming's Green River  drainage 
bas in  t o  s a l i n i t y  i n  t h e  Lower Colorado 
River Basin. 

ECONOMIC ANALYSIS 

Al t e rna t ive  water  conservat ion measures 
i n  i r r i g a t e d  a g r i c u l t u r e  and energy 
development w i l l  have a v a r i e t y  of 
economic, s o c i a l  and environmental 
impacts on the  Green River Basin. The 
impacts of non-energy sur face  water 
development, i .e. ,  r e s e r v o i r  construc- 
t i o n ,  p i p e l i n e s ,  e t c . ,  w i l l  tend t o  be 
outweighed by t h e  impacts assoc ia ted  
wi th  energy development; €o r  exzmple, 
t a r  sand and oil shale production. 
The major impact a s soc ia t ed  with 
su r face  water  development w i l l  be t h e  
dep le t ion  of stream f lows,  the ecolo- 
g i c a i  e f f e c t  on f i s h  h a b i t a t  and a 
s h i f t  i n  r e c r e a t i o n  use /oppor tun i t i e s  
depending on t h e  type and ex ten t  of 
development. Any development of 
surface-water supp l i e s  i n  t h e  Green 
River Basin w i l l  have t o  take  i n t o  
cons idera t ion  the  ex i s t ing  l e g a l  and 
p o l i t i c a l  agreements pe r t a in ing  t o  
water r i g h t s ,  p re se rva t ion  of endan- 
gered spec ie s  and r i v e r  compacts 
between s ta tes .  

Under the  water r i g h t s  system wi th in  
t h e  s t a t e ,  i t  i s  poss ib l e  f o r  water t o  
be t r a n s f e r r e d  from t h e  a g r i c u l t u r a l  
s e c t o r  t o  t h e  energy s e c t o r .  Given an 
e f f i c i e n t  a g r i c u l t u r a l  s e c t o r ,  as 
water i s  t r a n s f e r r e d  away from agr i cu l -  
t u r e  the re  fs a l o s s  i n  a g r i c u l t u r a l  
output .  Howeve:, t h e  t r a n s f e r r e d  
water will r e s u l t  i n  a gain i n  output 
and income i n  the  energy s e c t o r .  The 
n e t  change i s  ca l cu la t ed  from a 
comparison of t h e  income loss t o  t h e  
income gain.  I f  the  a g r i c u l t u r a l  
s e c t o r s  income l o s s  i s  less than 
energy sectors income ga in ,  t he  
opt imal  s o l u t i o n  in t e rns  of income i s  
t o  allow the t r a n s f e r  of water .  I f  

t h e  a g r i c u l t u r a l  s e c t o r s  income l o s s  
is g r e a t e r  than t h e  energy sec to r s  
income ga in ,  t h e  t r a n s f e r  of water 
should not  take  p lace .  As ind ica ted  
by a s tudy on t h e  a v a i l a b i l i t y  of 
water  f o r  energy development i n  the  
Upper Colorado River Basin (Colorado 
Department of Natura l  Resources, 
1979), t h e  gain i n  income i n  t h e  
energy s e c t o r  would be 10 t o  100 times 
g r e a t e r  than t h e  loss i n  a g r i c u l t u r a l  
income. This w i l l  also be t r u e  i n  
Wyoming. Thus, t h e  t r a n s f e r  of water 
from a g r i c u l t u r e  t o  energy is an t i -  
c ipa t ed  i n  accordance t o  the  s t a t e ' s  
water  r i g h t s  system. 

Within the  Green River Basin, agr icul-  
t u r e  accounts f o r  t h e  major po r t ion  of 
su r face  water deple t ions .  O f  t h e  
estimated 500,000 acre-feet  of water 
d ive r t ed  f o r  i r r i g a t i o n  each year ,  
250,000 acre- fee t  are consumptively 
used by crops.  Water not  consumed by 
crops o r  phreatophytes  i s  returned t o  
t h e  stream by su r face  r e t u r n  flow and 
seepage o r  pe rco la t e s  i n t o  aqu i f e r s .  
Consumptive use by crops i s  a funct ion 
of s o i l  moisture ,  s o i l  s a l i n i t y ,  type 
and dens i ty  of crop and cl imate .  Both 
water deple t ions  due t o  t h e  evapotrans- 
p i r a t i o n  process and r e t u r n  flows due 
t o  seepage from cana l s  and over- 
i r r i g a t i o n  inc rease  s a l i n i t y  down- 
stream. 

Better on-farm i r r i g a t i o n  water 
management would genera1l.y r e s u l t  i n  
increased y i e l d s  and reduced v a r i a b l e  
c o s t s ,  but higher  c a p i t a l  cos t  t o  t h e  
i r r i g a t o r .  Some important considera- 
t i o n s  with increased i r r i g a t i o n  
e f f i c i e n c y  are changes i n  s o i l  s a l i n i t y  
and crop product ion,  timing and 
quan t i ty  of downstream flows and 
s a l i n i t y  concent ra t ions  downstream. 
All of these  f a c t o r s  need t o  be 
considered i n  determining whether o r  
no t  and which i r r i g a t i o n  conservat ion 
p r a c t i c e  should be implemented. 

Major depos i t s  of coa l ,  o i l ,  n a t u r a l  
gas, o i l  s h a l e ,  t rone  and t a r  sand are 
loca ted  i n  the  Green River Basin. 
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C u r r e n t l y ,  coa l ,  o i l  and n a t u r a l  gas  
a r e  commercially mined i n  t h e  b a s i n .  
Coal g a s i f i c a t i o n  I s  a p o t e n t i a l  
energy i n d u s t r y  planned f o r  New Mexico 
and Wyoming. F u r t h e r  expansion of 
steam e l e c t r i c  power g e n e r a t i n g  p l a n t s  
are planned f o r  most a r e a s  of the 
b a s i n .  

Water q u a n t i t y  and environmental  
concerns,  bo th  a i r  and water  
p o l l u t i o n ,  must be addressed by any 
energy development p l a n s .  Adoption of 
water conse rva t ion  measures can 
minlmize water p o l l u t i o n  i n  some areas 
a t  a d d i t i o n a l  c o s t s ,  b u t  may i n c r e a s e  
water quality problems downstream. 
Both economic f e a s i b i l i t y  and environ- 
mental  impacts  w i l l  determine t h e  
development of t h e s e  r e sources .  

Model Formulation 

The g e n e r a l  nature of t h e  management 
model used t o  e v a l u a t e  the impacts  of 
water conse rva t ion  p r a c t i c e s  and 
s a l i n i t y  o p t i o n s  i n  the Green River 
Basin i s  p resen ted  and t h e  p o t e n t i a l  
uses of t h e  model e x p l a i n e d i n  t h i s  
r e p o r t .  A formal mathematical  state- 
ment of t h e  management model i s  given 
i n  Appendix A .  

The e m p i r i c a l  m d e l  i s  a l i n e a r  
programming model which maximizes n e t  
sector income f o r  the a g r i c u l t u r a l  and 
energy s e c t o r s  by a l l o c a t i n g  water 
n i th i r !  and between t h e  two s e c t o r s  of 
the  ecmomy. Net sector Income i s  
gross  income less t h e  c o s t  of produc- 
t i o n ,  bu t  does  n o t  i n c l u d e  t h e  c o s t  of 
water o r  land. Different levels of 
water a l l o c a t i o n s  are determined by 
i n c l u d i n g  various water conse rva t ion  
measures i n  the two s e c t o r s .  The 
water conse rva t ion  measures t h a t  
maximiye net sector income w i t h  t h e  
lowest cos t  of s a l i n i t y  c o n t r o l  t o  t h e  
b a s i n  determine t h e  a l l o c a t i o n  of 
water .  Lying a t  t h e  hea r t  of t h e  
mode!. :s t h e  choice of t h e  amount of 
water i n  a g r i c u l t u r e  and energy and 
t h e  l e v e l  of technolcgy f o r  wa te r  

d i s t r i b u t i o n  and use ( s p r i n k l e r ,  l i n e d  
c a n a l s ,  t y p e  of coo l ing  technology, 
e t c . ) .  The model maximizes n e t  farm 
income and n e t  energy income s u b j e c t  
t o  v a r i o u s  c o n s t r a i n t s .  The cm- 
s t r a i n t s  a r e  i r r i g a t e d  a c r e s ,  c rops ,  
c rop  r o t a t i o n ,  water i n t e n s i t y  or 
a p p l i c a t i o n  l e v e l s g  the i r r i g a t i o n  
d i s t r i b u t i o n  technology, s a l i n i t y ,  
water a v a i l a b i l i t y ,  energy u.se. ., wate r  
technology,  l a b o r  raw materials and 
c a p i t a l  equipment. 

The a g r i c u l t u r a l  sector can modify i t s  
water use by changing t h e  i r r i g a t i o n  
d i s t r i b u t i o n  systems o r  a p p l i c a t i o n  of 
water. As t h e  a g r i c u l t u r a l  s e c t o r  
reduces water use  p e r  acre, t h e  s e c t o r  
is conserving water, I f  t h e  t o t a l  
ac reage  does r o t  i n c r e a s e ,  t h e n  the 
s e c t o r  conserves  water  throughout t h e  
b a s i n .  

Adjustments i n  crop s e l e c t i o n ,  f e r t i -  
l i z e r  use and c a p i t a l  i n v e s t n e n t s  are 
made sc the maximum amount of n e t  
income i s  generated from the water 
used. Net farm income does n o t  
i n c l u d e  the c o s t  of water, however, 
all c a p i t a l  expense € o r  improved 
technology i s  deducted from t h e  
r e t u r n s  t o  t h e  farm sector. Thus, 
c a p i t a l  c o s t s  of investment d e c r e a s e  
the t o t a l  returns b u t  arc "affordable"  
t o  private i r r i g a t o r s .  A t  t h e  same 
t i m e ,  i t  i s  i n p l i c i t l y  assumed t h a t  
the d i s t r i b u t i o n  of water across users 
is " f a i r " .  
f o r  water w i l l  be used as a means f o r  
ma in ta in ing  i r r i g a t e d  a g r i c u l t u r a l  
a c t i v i t i e s .  As factors of  p roduc t ion  
are s u b s t i t u t e d  f o r  water i n  i r r i g a t e d  
a g r i c u l t u r e ,  t hen  wa te r  u s e  can be 
reduced. 

The trade-off Q €  c a p i t a l  

Water conse rva t ion  i n  the energy 
s e c t o r  a l s o  i s  modeled t o  determine 
t h e  t rade-off  of c a p i t a l  f o r  water, 
such as t h e  savings of  water  used by 
converting t o  "dry  tower cooling" from 
" w e t  tower cool ing" i n  power genera- 
t i o n .  Other water conse rva t ion  
meastires suck as  "'hybrid" c o o l i n g  
systems and evappra t ion  ponds will be 
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analyzed by comparing the water use 
rate with the capital cost of each 
system for each energy use, i.e., 
power generation, coal gasification, 
oil shale development, etc. 

It should be noted that each water 
technology affects costs differently, 
i.e., "dry cooling" is more capital 
intensive and thus more expensive than 
"wet cooling" in power generation but 
water consumption is less in the 
former than in the latter. 

The model maximizes net sector income 
(agriculture and energy), subject to 
constraints imposed in the agricultural 
and energy sector and additional costs 
incurred by the public sector for 
measures to control salinity, evapor- 
ation and phreatophytes. The adoption 
of these projects will, in effect, 
reduce salinity and the demand for 
non-agricultural and non-energy water 
use. These costs are subtracted from 
net sector income as the costs of 
these projects are borne by the state. 
Any water conservation policy or 
program adopted benefits the users and 
is thereby assumed t o  be a cost 
subtracted from the net sector income. 

In an imperfectly competitive market 
where restrictions are placed on the 
use or the transfer of water from one 
sector to another sector, as in 
Wyoming, the economic efficient 
allocation of water may not result. 
However, the linear program used for 
t h i s  stud.y will still achieve an 
efficient allocation of water for the 
given constrafnts imposed on water in 
the Green River Basin. The choice of 
constraints affects the results of the 
model in terms of net income, costs of 
salinity control and other costs. 
These results can be used to calculate 
sector, state and regional impacts. 

water use associated with alternative 
water conservation measures, six 
scenarios are analyzed in this study. 
The initial scenario determines the 
optimal allocation of water between 
sectors under current conditions. 
Municipal and industrial and other 
uses are allocated their use of water 
prior to the allocation by agriculture 
and energy. 
increases, it is possible to determine 
the appropriate water conservation 
practices policy-makers should imple- 
ment in order to increase the economic 
welfare of the basin. The value of 
the objective function in each scenario 
is compared with the initial scenario 
to determine the impacts of each 

As the demand for water. 

policy. 

Scenario I 

Scenario I maximizes net sector income 
maintaining the level of water quality 
specified by EPA standards in 1974. 
This scenario allows for government 
regulation an.d investment in water 
conservation practices. Investments 
in water conservation technologies 
decreases the amount of water demanded 
for the same level energy production. 
Errergy producers will have an incentive 
to adopt water conserving practices if 
the increased marginal value of water 
exceeds the additional cost of the 
conservation practice. This is also 
true in the agricultural sector. 
investment in water conservation tech- 
nologies is a method to conserve water 
in energy and agriculture production. 
The smaller the value of the marginal 
product of water the less likely the 
adoption and therefore the investment 
in water conservation practices. This 
scenario is used a s  a base example of 
current procedure and practice. 

The 

Scenario 11 
S cenar ios 

To measure the agricultural sectors net sector income subject to the 
output, energy sectors output and previous constraints, The level of 

For Scenario 11, the model maximizes 
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water  q u a l i t y  i s  not  r e s t r i c t e d  and 
thus  a s a l i n i t y  c o n t r o l  c o s t  i s  
imposed on Wyoming f o r  i n c r e a s e  
s a l i n i t y  downstream t h a t  may exceed 
t h e  s a l i n i t y  s tandard.  The s a l i n i t y  
c o n t r o l  c o s t  is $133.94  f o r  each 
a d d i t i o n a l  s a l t  ton  exceeding t h e  EPA 
standard.  This  change i s  a s soc ia t ed  
with increased damages downstream f o r  
p o l l u t i o n  con t ro l  (Andersen and 
Kleinman, 1978) and i s  charged t o  
Wyorring. The a n a l y s i s  determines i f  
t h e  s a l i n i t y  cont ro l  c o s t  is  l a r g e  
enough t o  warrant an inc rease  i n  t h e  
level of c a p i t a l  investment i n  i r r i g a -  
t i o n  p r a c t i c e s  o r  i n  water consewa- 
t i o n  p rac t i ces .  The damages are 
sub t r ac t ed  from n e t  s e c t o r  r e t u r n s  t o  
the bas in  as a c o s t  per  mg. per  l i t e r  
of reducing s a l i n i t y  downstream, It 
is assumed throughout t h i s  s tudy  t h a t  
any on-farm c a p i t a l  investment w i l l  be 
made by t h e  p r i v a t e  s e c t o r .  The 
private s e c t o r ,  i n  p a r t i c u l a r  the 
i r r i g a t o r ,  w i l l  no t  be expected t o  pa- 
y f o r  any publ i c  investment i n  s a l i n i t y  
con t ro l .  I n  f a c t ,  i t  i s  q u i t e  clear 
the i r r i g a t o r  wi3.1 no t  be a b l e  t o  pay 
back arty investment given h i s t o r i c a l  
records  of t h e  Bureau of  Reclamation. 
However, p r i v a t e  and pub l i c  investment 
i n  s a l i n i t y  c o n t r o l  i s  allowed t o  take  
p lace .  Water i s  a l l o c a t e d  t o  t h e  
a g r i c u l t u r a l  and energy producing 
s e c t o r s  u n t i l  t h e  va lue  of the marginal 
product  (VMP) of water equals  t h e  cos t  
of water .  
t h i s  scenar io  i s  t h e  e f f i c i e n t  a l loca-  
t i o n  of water t o  t h e  two s e c t o r s  given 
cu r ren t  market p r i c e s  of i n p u t s  and 
outputs  regardless of  t h e  l e v e l  of 
s a l i n i t y  and given impacts t o  down- 
stream u s e r s ,  

The opt imal  s o l u t i o n  of 

Scenario IT1 

lJnder Scenario IIX, t h e  level of 
pub1i.c investment i n  water  conserva- 
t i o n  p r o j e c t s  and i n  s a l i n i t y  control 
p r o j e c t s  i s  zero.  Additional. c o s t s  of 
meeting the EPA s a l i n i t y  s tandard  are 
suffered by farmers.  This scenar io  
r e s u l t s  i n  a n  improvement of e f f i c i e n c y  

i n  t h e  water d i s t r i b u t i o n  system from 
t h e  poin t  of d ive r s ion  t o  the  po in t  of 
d i scharge  on t h e  farm. In  t h i s  
s cena r io ,  farmers make c a p i t a l  improve- 
ment investments i n  order  t o  conserve 
water. This scenar io  allows f o r  
p r i v a t e  investment,  i f  needed t o  
maintain the  a g r i c u l t u r a l  base of t h e  
economy under condi t ions  of t i g h t  
f i s c a l  con t ro i  by f e d e r a l  and s ta te  

. 

governments. The comparison of 
Scenario I and Scenario I11 y i e l d s  
pub l i c  investment s t r a t e g i e s  i n  
s p r i n k l e r  i r r i g a t i o n  and cana l  l i n i n g  
levels without other water conserva- 
t i o n  p ro jec t s .  

Scenario IV 

The fou r th  scenar io  i s  a combination 
of t h e  impact of s a l i n i t y  con t ro l  
c o s t s  on Wyoming and p r i v a t e  invest-  
ment i n  conservat ion a s  t he  s a l i n i t y  
s tandard i s  relaxed.  The s a l i n i t y  
c o n t r o l  cos t  i s  t h e  same as f o r  
Scenario 11. 
investment i n  s a l i n i t y  cont ro l  i s  
allowed t o  take place .  

P r i v a t e  but not  pub l i c  

The opt imizat ion of n e t  farm income 
and n e t  energy income wi th in  each of 
t he  above scenar ios  achieves d i f f e r e p t  
and predic tab ly  lower l e v e l s  of 
z g r i c u l t u r a l  income while maintaining 
t h e  higher  value of energy output .  

Scenario V 

The f i f t h  scenar io  increases  the  n e t  
a g r i c u l t u r a l  r e t u r n s  i n  the  year 2000 
by approximately 24 percent .  This i s  
an assoc ia ted  growth of 1.2 percent  
per  year .  The EPA standard i s  adhered 
t o  and both p r i v a t e  and publ ic  inves t -  
ment i s  allowed. The growth i n  t h e  
a g r i c u l t u r a l  s e c t o r  i s  analyzed t o  
assess t he  impacts a g r i c u l t u r a l  growth 
has i n  t h e  bas in .  
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Scenario VI 

The las t  scenar io  a l s o  inc reases  n e t  
a g r i c u l t u r a l  r e t u r n s  by 24 percent  and 
s a l i n i t y  c o n t r o l  investment i s  allowed 
i n  t h e  p r i v a t e  and pub l i c  s e c t o r s .  
However, t h e  s a l i n i t y  s tandard  i s  
relaxed and t h e  s a l i n i t y  c o n t r o l  c o s t  
i s  imposed on t h e  bas in  f o r  increased  
s a l i n i t y  damages t o  downstream use r s .  

The las t  two scena r ios  achieve t h e  
r e s u l t s  t h a t  would be obtained i f  t he  
"family farm" po l i cy  and r a t i o n a l  
a g r i c u l t u r a l  growth is  f i rmly  main- 
ta ined .  The r e l a x a t i o n  of the 
s a l i n i t y  s tandard  i s  t o  measure t h e  
impacts on Wyoming. 

DATA DEVELOPMENT 

Numerous sources  were used t o  ob ta in  
t h e  a g r i c u l t u r a l  and energy s e c t o r ' s  
production c o e f f i c i e n t s ,  water resource 
a v a i l a b i l i t y ,  water q u a l i t y  , consump- 
t i v e  use  and economic da ta .  The 
major i ty  of t he  d a t a  were taken from 
t h r e e  publ ica t ions :  F rank l in  (1982);  
Narayanan, Frankl in  and Bishop (1982) ; 
and Narayanan, Padungchai and Bishop 
(1979). 

Water Resources 

The v i r g i n  flow of t h e  Green River and 
i t s  t r i b u t a r i e s  i s  der ived  by us ing  
hydrologic  d a t a  obtained from Frankl in  
(1982), Narayanan e t  a l .  (1979) and 
State of Wyoming (1977). Wyoming's 
share  of water wi th  t h e  flow of t h e  
Colorado River a t  14.9 m i l l i o n  acre- 
f e e t  is 937,000 m i l l i o n  acre- fee t .  
However, s u b t r a c t i n g  of f  Colorado 
River Storage P r o j e c t  evapora t ion  
l o s s e s  and cu r ren t  l e v e l s  of deple- 
t i o n s  of  municipal ,  i n d u s t r i a l ,  
expor t ,  w i l d l i f e  ar.d o t h e r  u ses ,  t h e  
cur ren t  supply of water a v a i l a b l e  f o r  
t h e  a g r i c u l t u r a l  and energy s e c t o r  i s  
est imated t o  be 770,000 acre- fee t  
annual ly .  By 2000, t h e  s ta te ' s  
ava i l ab le  annual supp3.y f o r  t h e  

a g r i c u l t u r a l  and energy sec to r  i s  
estimated t o  be 542,000 acre-feet .  
The water a v a i l a b l e  f o r  consumptive 
use  i n  t h e  model i s  der ived by sub- 
t r a c t i n g  cu r ren t  and f u t u r e  consump- 
t i v e  water use from annual flow. 

The s a l i n i t y  concent ra t ion  l e v e l  
a s soc ia t ed  with t h e  t r i b u t a r i e s  and 
t h e  Green River i s  a weighted average 
of s a l t  and water flow of the  Green 
River Basin. The est imated s a l t  
loading and flow of water i s  obtained 
from Padungchai (1980). 

Table 2 g ives  Wyoming's share  of t h e  
Colorado River water, present  and pro- 
j e c t e d  consumptive use  and a v a i l a b l e  
supply of water. Table 3 shows t h e  
planned Big Sandy River s a l i n i t y  con- 
t .ro1 p r o j e c t  and i t s  e f f e c t  on s a l t  
loads ,  t h e  c o s t  and consumptive use of 
water 

Agr i cu l tu ra l  A c t i v i t i e s  

Seven i r r i g a t e d  crops were se l ec t ed  
f o r  t h e  s tudy  area .  
( f u l l  and p a r t i a l  i r r i g a t i o n ) ,  hay, 
b a r l e y ,  wheat, o a t s ,  nurse  crops and 
pas ture .  Annual p r i c e s  and crop 
y i e l d s  were obtained from Wyoming 
Agr i cu l tu ra l  S t a t i s t i c s  over t h e  l a s t  
seven yea r s  while  production c o s t s  
were obtained from Olson (1977a and 
1977b). Ten percent  higher  y i e l d s  
were used f o r  s p r i n k l e r  i r r i g a t i o n s  
based on Frickel .  (1980) , Frankl in  
(1978) and Cummings e t  a l .  (1977). 
These t h r e e  r e p o r t s  ind ica ted  y i e l d s  
increased as app l i ca t ion  uniformity 
improved. 

They are a l f a l f a  

To ta l  i r r i g a t e d  l a n d  i s  approximately 
274,000 ac res  of which about 186,0@0 
acres i s  i r r i g a t e d  hay. An additional.  
59,070 ac re s  of land has  the  p o t e n t i a l  
f o r  i r r i g a t i o n  by t h e  year  2000. 
Table 4 gives  the  crop y i e l d ,  consump- 
t i v e  use,  i r r i g a t e d  ac re s  and ne t  
r e t u r n s  f o r  f lood and sp r ink le r  i r r i g a -  
t i o n  by c r o p  f o r  the Green River Basin. 
Spr inkler  investment c o s t s  a r e  sub- 
t r a c t e d  from the ob jec t ive  func t ion .  
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Table 2.  Avai lable  Water f o r  Agr icu l tura l  and Energy Development with t he  Ef fec t  
of Big Sandy River S a l i n i t y  Control  Unit .  

Pro j e c t  ed Pro j ec ted 

Wyoming Consum Net Use Avai lable  
(14.0%) U ~ s ~ ~ ~ ~ A v a i l a b l e  i n  ZOO@’ i n  2000 

Current  Current Consumptive Net 

- - - - - - - - -  - ( A F ~ ~ O ) - - - - - - - - - -  3 

Average annual f low 
of Colorado River  14,994 

Lower Basin share  8,30&’ 

Upper Basin share  6,694 937 

Main Stem evaporat ion 520 73 

Net Upper Basin share 6,174 864 94 770 322 542 

Source: Frankl in  (1982); and Narayanan, Padungchai and Bishop (1979). 

5’ Current and p r o j e c t e d  consumptive use is t h e  sum of non- i r r iga t ion  and 
non-energy uses ,  i .e . ,  municipal,  i n d u s t r i a l ,  expor t ,  w i l d l i f e ,  p ro jec t  
evaporat ion,  e tc .  

a/ Lower Basin Share = 7.5 YAF, Mexico = 0.75 MAF, and Arizona = 0.05 MAF. 

Table 3.  Big Sandy River Unit S a l i n i t y  Control  P r o j e c t  Estimated Effect. 

Estimated Estimated 
S a l t  Reduction c o s t  Water Loss 

Pro jec t  ( tons /year )  ($  mil l ions )  (acre-feet)  

Big Sandy River Desalting Pro jec t  80,000 32 6,000 

Source: Narayanan, Padungchai and Bishop (1979). 



17 

Table 4 .  Estimated Annual Crop-Yields,  Consumptive Use, Net Returns p e r  
I r r i g a t e d  Acre f o r  Flood and Spr ink le r  I r r i g a t e d  Acres. 

A l f a l f a  Nurse 
Full P a r t i a l  Crop Barley Wheat Oats Hay Pas ture  
( ton)  ( ton)  (bu.) (bu.) (bum)  (bu.) ( ton)  (Am) 

Annual f lood  
i r r i g a t e d  y i e l d  2 1.25 55 55 32.1 60 1.5 2 

Annual s p r i n k l e r  
i r r i g a t e d  y i e l d  2.2 1.375 60.5 60.5 35.31 66.0 1.65 2.2 

( ac re  f e e t )  - - - - - - - - - - - - - - - - - - - - - -  
Consumptive use  pe r  
a c r e  f o r  f lood  
i r r i g a t i o n  2.1 1.1 1.6 1.2 1.67 1.6 1.6 1.3 

Consumptive use 
per  acre f o r  
s p r i n k l e r  i r r i g a t i o n  2.31 1.21 1.76 1.32 1.837 1.76 1.76 1.43 

(do l l a r s / ac re )  - - - - - - - - - - - - - - - - - - - - -  
Net r e t u r n s  pe r  
f lood  i r r i g a t e d  
a c r e  42.58 15.06 34.87 34.87 19.98 2.88 24.69 9.00 

Net r e t u r n s  p e r  
s p r i n k l e r  i r r i g a t e d  
acre 46.84 16.57 68.61 68.61 14.63 3.17 27.16 9.90 

- - - - - - - - - - - - - (acres )  - - - - - - - - - - - - 
Current i r r i g a t e d  
a c r e s  62,317 19,767 3,550 2,383 185,867 85 

Source: Frankl in  (1982). 

Energy A c t i v i t i e s  

Production i n  t h e  energy s e c t o r  i s  
divided i n t o  n a t u r a l  energy mined and 
f i n a l  energy produced. The n a t u r a l  
energy output  inc lude  underground and 
s t r i p  mined coa l ,  petroleum, n a t u r a l  
gas and crude o i l  from o i l  sha l e .  
f i n a l  energy o u t p t s  are converted 
from n a t u r a l  energy outputs .  These 
inc lude  e l e c t r i c i t y  from coal f i r e d  
e l e c t r i c  genera t ion  p l a n t s ,  syn the t i c  
n a t u r a l  gas from coal g a s i f i c a t i o n  
f a c i l i t i e s  and r e f ined  oil products.  

The 

The p r i c e s  and c o s t s  of producing 
c o a l ,  crude o i l  and n a t u r a l  gas a t  t h e  
well head, sha le  o i l  and r e f ined  
products  from crude o i l  were repor ted  
i n  Padungchai (1980), Narayanan e t  al. 
(1979) , and' Keith e t  a l .  (1978). 
S p e c i f i c  d e t a i l s  on the z c t u a l  develop- 
ment of t h e  p r i c e s  received and 
opera t ing  c o s t s  are given i n  t h e  above 
sources .  The average p r i c e  of elec- 
t r i c i t y  was obtained from Narayanan 
e t  al. (1979) .  Cost d a t a  for a l t e r -  
n a t i v e  cool ing technologies  were 
obtained from Hu, Pavlenco aEd 
Englesson (1978);  and U . S .  EPA (1979). 
Cost information f o r  var ious  o i l  s h a l e  
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and coa l  g a s i f i c a t i o n  developments was 
obtained from Probs te in  and Gold 
(1978) and Keefer and McQuivey (1979) . 
The f i n a l  ou tputs  of energy ac t iv i t i e s  
can be t ranspor ted  by r a i l  or t ruck  
f o r  coa l  and by p i p e l i n e  o r  tank for 
petroleum and n a t u r a l  gas. 
Transpor ta t ion  c o s t s  were obtained 
from Narayanan e t  a l .  (1979). 

The cu r ren t  and f u t u r e  planned energy 
production c a p a c i t i e s  for n a t u r a l  
energy output  and f i n a l  ou tputs  were 
obtained from Narayanan e t  et. (1979), 
Padurrgchai (1980), Frankl in  (1982) and 
State of Wyoming (1981). 

The n e t  r e t u r n s ,  cu r ren t  and f u t u r e  
energy production c a p a c i t i e s  f o r  the 
energy a c t i v i t e s  are given i n  Table 5. 

When the  n a t u r a l  energy products  are 
converted t o  f i n a l  energy outputs ,  
energy losses occur dur ing  t h e  
conversion process .  Energy conversion 
process efficiencies were obta ined  

from Keith e t  al. (1978) and Narayanan 
e t  a l .  (1979). 

The consumptive use  of  water i n  t h e  
conversion process  were obtained from 
Narayanan e t  al. (1979), Keefer and 
McQuivey (1979), U . S .  EPA (1979), 
Colorado Department of Natural  
Resources (1979) , Hu e t  a l .  (1978) , 
Keith e t  a l .  (1978) and Probs te in  and' 
Gold (1978). Estimates of water 
requirements f o r  energy production a r e  
given i n  Table 6 .  

Non-Agricultural and Non-Energy 
Act i v i  t i es  

The non-agr icu l tura l  and non-energy 
water conserving a c t i v i t i e s  are 
comprised of r e s e r v o i r  evaporat ion 
suppression by monomolecular f i l m  and 
d e s t r a t i f i c a t i o n  a c t i v i t i e s ,  phreato- 
phyte c o n t r o l  by spraying and mech- 
a n i c a l  c l e a r i n g  and cana l  clearing and 
maintenance. 

Table 5. 

Energy N e t  Returns Production Capac i t ies  

Net Returns and Capac i t i e s  f o r  Se lec ted  Energy Production A c t i v i t i e s ,  

Ac t iv i ty  (Dollars  /Unit)  1980 2000 

Underground c o a l  ( ton)  $ 0.96 0 58,000,000 tons  
S t r i p  coa l  ( tons)  0.96 15,130,000 tons 47,800,000 tons  
Petroleum (bbl )  3.93 18,750,000 bb l  11,573,500 b b l  
Natural  gas (rncf) 0.21 203,204,000 mcf 136,437,000 mcf 
Refined o i l  (bb l )  13.84 1,200 bpd 1,200 bpd - -~ ~ 

Coal gas i f i ca t ion .  (mcf) 
Oil shale 

0.14 0 
0 

- sur face  r e t o r t  (bbl) 3.92  
- i n s i t u  retort  (bbl )  2.92 

- 100% w e t  evap. cooling 9.04 - 40% w e t  evap. cool ing 4.96 
- 10% w e t  evap. cool ing  3.00 
- 100% dry  cool ing 1.50 

Elec t r i c i ty -coa l  f i r e d  (Mwh) 2,743 MW 

250 mmcfd 
100,000 bpd 

2,743 MJ 

Source: Padungchai (1980); Narayanan e t  a l .  (1979) ;  Keefer and McQuivey (1979); 
U.S. EPA (1979); Hu, Pavlenco and Englesson (1978); Keith e t  al. (1978); 
Probstein and Gold (1978); and t h e  State of Wyoming (1981). 
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Table 6. Estimation of Water Requirement for Energy Production. 

Energy Ac t iv i ty  Water Requirement 

Underground coa l  mining 

S t r i p  c o a l  mining 

Crude o i l  

Natura l  gas 

Oil shale-surface extraction 

Oil shale-underground e x t r a c t i o n  

O i l  sha l e - in s i tu  r e t o r t i n g  

O i l  shale-modified i n s i t u  

Coal gasification-lurgi process  

Coal gasif icat ion-synthane process  

Coal gas i f i ca t ion - syn tho i l  process  

O i l  refinery 

Coal f i r e d  e l e c t r i c  generation 

- w e t  tower cool ing 

- 40% w e t  tower cool ing 

- 10% w e t  tower cool ing 

- dry tower cool ing 

6 

6 
344 AF/10 tons 

204 AF/10 tons 

53.1 M / 1 0  bb l s  

1.67 gallonsiMSCF 

6 

13,480-20,100 AF/yr €or a 50,000 

6,800-10,600 AF/yr bpd production 

3,000- 5,700 AF/yr f a c i l i t y  

5,000- 8,000 AF/yr 

5,600- 9,000 AF/yr 

6,694-10,500 AF/yr production 

9,655-13,OOO AF/yr capac i ty  

for  a 250 mmcfd 

43 gallons/bbl 

9.0491-12,200 AP/yr/MW 

3.6179-4.4063 AF/yr/MJ 

.9023-1.lO38 AF/yr/PfW 

0 Ay/yr/m 

Source: Narayanan et  al. (1979) ,  Keith et al. ( 1 9 7 8 ) ,  U . S .  EPA (19791, 
Hu e t  al. (1978), Probs tefn  and Gold (1978), and Colorado 
Department of Natural Resources (1979). 

\ 

The c o s t s  per ac re  of cana l  clearing 
of phreatophytes  by mechanical clear- 
i n g  and spraying cf phreatophytes  and 
r e s e r v o i r  evaporat ion suppression were 
der ived and updated from Hughes, 
Richardson and Franckiewicz (1974 and 
1975) ; Cul l e r  (1970) ; Kearl and 
Brannan (1967); Bowser (1952); and 
Koogler ( I  952) These are given i n  
Table 7 .  The cos t  of t hese  a c t i v i t i e s  
are included i n  t h e  p r o f i t  function 
assoc ia ted  with e i ther  the a g r i c u l t u r a l  
o r  energy profits. 

Estimates  of water salvaged by phreato- 
phyte c o n t r o l  were obtained from a 
Symposium on Phreatophytes sponsored 

by the American Geophysical Union and 
reported in Transactions (1952) 
These include Blaney (p. 61-66), 
Bowser (p .  72-74) Cramer (p. 77-80) 
Koogler ( p a  74-77), Robinson (p. 57-61) 
and Turner and Skib i tzke  (p .  66-72). 
Addit ional  estimates were obtained 
from Horton and Campbell (1974) ,  
Culler (19701, Robinson (1958) and 
U . S .  Water Resources Council (1971). 
The es t imates  of evaporat ion water 
t h a t  can be salvaged by various 
methods were derived in Hughes e t  al. 
(1974 and 1975). 
estimates of water salvaged by evapor- 
a t i o n  suppression and phreatophyte 
control. 

Table 7 gives  t h e  
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Tab le  7 .  Es t ima ted  Cos t  and Water Sa lvaged  from A l t e r n a t i v e  Methods. 

R e s e r v o i r  E v a p o r a t i o n  
S u p p r e s s i o n  P h r e a t o p h y t e  Suppres s ion  

S p a r s e  Dense 
Eonomolecular  Destrati- Growth Growth Mechanical  Canal  

F i l m  f i c a t i o n  S p r a y i n g  Spraying  C l e a r i n g  L i n i n g  

9.20 

T o t a l  p o t e n t i a l  
water sa lvaged  
( AF / Y ) 1,312 

1G. 00 10.00 35.00 20.00 1968.7$/ 

5,000 1,500 5,000 24,000 1,500 

Source :  Hughes e t  a l .  (1974 and 1975) ,  Hor ton  and Campbell ( 1 9 7 4 ) ,  C u l l e r  
(1970), Kearl and Brannan (1967) ,  Robinson (1958) ,  Blaney (1952) ,  
Bowson (1952) , Cramer (1952) , Koogler  (1952) , Robinson (1952) , Turner  
and S k i b i t z k e  (1952) and V.S.  Water Resources  Counci l  (1971) .  

5’ Annual c o s t .  

5’ Canal  l i n i n g  c o s t s  are a n n u a l  c o s t s  i n  d o l l a r s  p e r  acre.  

MODEL RESULTS, DISCUSSIOK 
AKD CONCLUSTOKS 

The ma themat i ca l  model estimates t h e  
economic i n p a c t s  of a g r i c u l t u r z l  and 
ene rgy  development and the o p t i o n a l  
a l l o c a t i o n  of water giver. a l t e r n a t i v e  
va t e r  c o n s e r v a t i o n  t e c h n o l o g i e s  in the  
GreerL R ive r  Bas in  f o r  t h e  y e e r s  I980 
and 2000. The y e a r  1980 r e p r e s e n t s  a 
b a s e  year  f o r  p r o d u c t i o n  and p r i c e s  
and t h u s  a b a s i s  f c r  c o n p a r i s o n  w i t h  
t h e  impac t s  of  f u t u r e  d e v e l o p n e n t .  

The s a i i n i t y  s t a n d z r d  e s t a b l i s h e d  by 
t h e  EPA i n  1974 a t  I m p e r i a l  Dam i s  
f i r s t  h e l d  c o n s t a n t  and t h e n  r e l a x e d  
t o  i n . v e s t i g a t e  t h e  impact  of  s s . l i n i t y  
c o n t r o l  on p r i v a t e  and p u b l i c  i n v e s t -  
nent and development w i t h i n  t h e  Green 
R ive r  Eas ln  i n  Wyoming. 

I n  1980 under t h e  a s s u n p t i o n s  of  
Scer .ar io  I ,  mesimum n e t  r e t u r n  t o  t h e  
a g r i c u l t u r a l  and energ37 s e c t o r s  i n  t h e  
Green R ive r  b a s i n  i s  C.348 m i l l i o r .  
The n e t  r e t u r n  f o r  t h e  a g r i c u l t u r a l  
s e c t o r s  i s  S 5  m i l l i o n  ard f o r  t h e  
energy s e c t o r  $ 3 4 3  m i l l i o n .  T o t a l  
p u b l . i c  i n v e s t m n t  i s  $12 ,070  f o r  

e v a p o r a t i o n  s u p p r e s s i o n .  P r i v a t e  
inves tmen t  ir. c a n a l  l i n i n g  and 
s p r i n k l e r s  i s  n o t  economica l ly  
j u s t i f i e d ,  Consumptive use i s  
313,984 a c r e - f e e t  i n  a g r i c u l t u r a l  and 
30 ,187  a c r e - f e e t  i n  energy .  

Fo r  S c e n a r i o  11, which i s  d i f f e r e n t  
f rom S c e n a r i o  I i n  t h a t  t h e  s a l i n i t y  
s t a n d a r d  i s  r e l a x e d  and a c o s t  i s  
imposed on Wyoming f o r  i n c r e a s e d  
s a l i n i t y  downstream, t h e  r e s u l t s  a re  
t h e  same as  f o r  S c e n a r i o  I .  S ince  t h e  
l e v e l  of p u b l i c  i nves tmen t  i n  evapor- 
a t i o n  s u p p r e s s i o n  i s  ma in ta ined  f o r  
1.980 c o n d i t i o n s ,  t h i s  i m p l i e s  t h e  c o s t  
t o  Wyoming of e v a p o r a t i o n  s u p p r e s s i o n  
as a neans  t o  r educe  s a l i n i t y  concen- 
t r a t i o n  i s  less t h a n  t h e  c o s t  of  
damages imposed by i n c r e a s e d  s a l i n i t y  
downstream. The c o s t  of  e v a p o r a t i o n  
s u p p r e s s i o n  i s  $9.20 p e r  a c r e - f o o t ,  
f a r  less  t h a n  t h e  s a l i n i t y  damage c o s t  
o f  $133.94 per t o n  p e r  a c r e - f o o t .  

Inves tmen t s  i n  p h r e a t o p h y t e  and 
e v a p o r a t i o n  c o n t r o l s  a re  n o t  p u b l i c l y  
f i n a n c e d  i n  S c e n a r i o  111 and I V .  AS a 
r e s u l t ,  n e t  a g r i c u l t u r e 1  r e t u r n s  are 
reduced  by  $12,780 f rom S5 m f l l i o n  and 
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the level of  net energy production and 
returns are not affected. Again, 
salinity concentration downstream is 
not allowed to exceed the standard 
imposed by the EPA. 

The same linear programming model was 
used to determine the net income to 
agriculture and energy in the basin 
for various agricultural and energy 
development in the year 2000. 
Scenarios I and XI, net basin returns 
f o r  agriculture total $4.8 million and 
f o r  energy $533 million or a total or 
$537.8 million. Total consumptive use 
of water is over 380,000 acre-feet of 
which over 80 percent is used by 
agriculture. As in 1980, Wyoming does 
not consumptively use ail of its 
allotted Colorado River water. 
Approximately 160,000 acre-feet are 
still available f o r  use. 
concentration with the additional 
development does not exceed the EPA 
standard imposed at Lee's Ferry, 

For 

The salinity 

As the public investment of $12,070 in 
evaporation suppression is eliminated, 
overall salinity is not affected but 
net agricultural returns decrease by 
$12,000. 

Table 8 summarizes the results of the 
linear programming model. for Scenario 
I acd TI. In Scenarios 111 and IV, 
net returns for agriculture and the 
basin consumptive use and irrigated 
acres are slightly less while public 
investment is ze ro .  

Comparison of the t w o  policy alterna- 
tives, i.e., positive vs. zero public 
investment funding, indicates in 1980 
and 2000 that. with a $12,070 public 
investment in evaporation suppression 
agricultural net returns are larger by 
$12,780, Since energy production is 
at maximum l eve l ,  no further increases 
are forthcoming, all additional water 
is allocated to agriculture. Thus, 
private individuals and farmers tend 

to reap the entire benefits of the 
evaporation suppression investment, 
i.e., agricultural returns increase by 
the exact amount of evaporation 
suppression cost. 

The damage charge to Wyoming in 2000 
from the relaxation of the EPA salinity 
standard is zero.  This is because the 
amount of water actually diverted in. 
the Green River Basin alone is not 
large enough to increase the salinity 
concentration of Colorado River water. 
It is recognized that development in 
other Upper Basin states could affect 
the quantity and therefore the quality 
of water at Lee's Ferry, thus an 
environmental charge would be imposed 
on Wyoming and the other states. 

By the year 2000, net agricultural 
returns are reduced by $240,254 
(5 percent) and 4 , 7 8 9  acres ( 2 . 5  
percent) are taken out of production. 
Net energy returns are $19000 m i l l i o n  
larger (55 percent). As water use 
expands with growth in t h e  energy 
sectors, streamflow is reduced causing 
an increase in salinity concentration. 
Increased salinity Concentration could 
result in damage costs being imposed 
on Wyoming. 
greater than net returns to 
agriculture, agricultural production 
is reduced to meet salinity standards. 

Since damage costs are 

A question arises as to what are the 
conditions under which the continued 
viability of irrigated agriculture in 
the Green River Basin might be possible 
w i t h  salinity controls and energy 
development. "The continued viability 
of irrigated agriculture" refers to 
the conditions ahere irrigated agri- 
culture returns remain at least 
constant in year 2000. It is assumed 
for planning purposes that in 2000 the 
net value of agricultural products 
will increase by approximately 24 
percent to 6.2 million over 1980.- 2 /  

L I  - This  implies that prices received will increase faster than prices paid 
which is a heroic assumption to say the least. 
method to force the linear program to achieve a growth in the  agricultural 
sector in order t o  analyze the impacts given agricultural growth in the basin. 

Yet this is one p o s s i b l e  
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The next section discusses impacts 
with a growing and maintained agricul- 
tural base. Conclusions are also 
presented with regards to public and 
private investment alternatives to 
enhance development in southwestern 
Wyoming . 
Imnacts of Aaricultural Growth 

As the previous section indicates, if 
growth in the Green River Basin by the 
year 2000 is correctly forecast, 
salinity and water availability are 
not constraints to development. 
However, private on-farm investment is 
too costly to undertake and public 
evaporation and phreatophyte control 
investment is minimal. 

The trade-off between increased 
agricultural profits and the cost in 
terms of reduced energy production and 
salinity damage costs are given in 
Table 9, The analysis includes the 
impacts on net basin income and net 
energy income under public funding of 
evaporation and phreatophyte control 
measures. Table 9 is the summary of 
costs associated with increased 
agricultural returns given the alter- 
native of relaxing or maintaining the 
EPA salinity standard. 

If the salinity standard is relaxed by 
the year 2000 and irrigated agriculture 
expands, the analysis indicates 
agricultural returns increase by 
$1,439,400 over 1980 levels and net 
energy returns are not affected. 
Public investment increases by $65,000 
($15,000 in resenroir destratification 
and $50,000 in phreatophyte control) 
to $77,100. This is a cost of $9.87 
per acre-foot for salvaging 7,812 
acre-feet of water. The cost imposed 
on the state for damages associated 
with a salinity concentration that is 
1.2 percent over the standard is 
$1,566,900. The net returns to the 
basin are reduced by $192,400 as 
agricultural expansion takes place and 
the salinity standard is relaxed. 

If the EPA salinity standard were 
maintained at the Colorado River 
compact point, Lee's Ferry, then 
increased net returns of $1,439,600 to 
agriculture would result in net energy 
returns being reduced by $294 million 
and public investment increasing by 
$2.6 million when compared to Scenario 
1 (the analysis of maximizing agricul- 
tural and energy returns with the 
salinity standard). The total public 
investment of $2,612,070 includes an 
annualized cost (over 30 years) of 
$2.4 million for the construction and 
implementation of the Big Sandy River 
Salinity Control Unit to reduced salt 
loading of the Green River. The 
remaining investment of $212,007 in 
evaporation and phreatophyte control 
salvages 8,812 acre-feet for a cost of 
$24.07 per acre-foot. The net cost is 
estimated to be $295.5 million, This 
is almost entirely from the energy 
sector. Thus, if agriculture has the 
first right to water on the Green 
River drainage and the rights are not 
readily transferable, it is conceivable 
for the development of energy resources 
to be severely restrictive. 

A question that must be asked is, 
"what is the appropriate policy?" 
the EPA salinity standard must be 
maintained and energy development 
occurs, is a cost of $295 million a 
reasonable policy choice to expand 
agricultural production and returns by 
$1.4 million? The appropriate answer 
is dependent on the position the 
policy managers of the state wish to 
take with respect to agricultural 
growth or energy production. 
comparison of Scenario I from 1980 to 
2000 without agricultural growth 
resulted in approximately $240,000 or 
five percent decrease in the agricul- 
tural sector. 

If 

Note the 

By reducing the assumption of a 
24 percent growth in the agricultural 
sector, a modest eight percent increase 
in net farm income, $400,000 in 2000 
over 1980, does not reduce net energy 
income, but does reduce basin wide net 



Table 9. Net Basin Returns,  N e t  Agr icu l tura l  Returns,  N e t  Energy Returns,  Publ ic  Investment Expenditures 
and S a l i n i t y  Damage Cost i n  2000 as Net Agr icu l tu ra l  Returns Increase  (Thousands of Do l l a r s ) .  

With Increased S a l i n i t y  Without 
Concentration (Relax t h e  EPA Standard) Increased S a l i n i t y  Concentration 

I n i t i a l  Solu t ion  with Max I n i t i a l  Solu t ion  wi th  Max 
s 0 lu t ion- a /  N e t  Ag Returns Change S o l u t i o z ’  N e t  Ag Returns Change 

N e t  bas in  r e t u r n s  $537,773.2 

N e t  age r e t u r n s  4,760.4 

Net energy r e t u r n s  533,008.9 

Publ ic  investment 12.1 

(Big Sandy River) 
( s a l i n i t y  con t ro l )  

(evaporation suppression) (12.1) 

(reservoir mixing) (0) 

(phreatophyte con t ro l )  (0) 

S a l i n i t y  c o n t r o l  cos t  0 

$537,580.8 

6,200.0 

533 , 008.9 
77.1 

( 0 )  

(12.1) 

(15.0) 

(50.0) 

1 , 5 66. $’ 

$-192.4 

1,439.6 

0 

65.0 

(0) 

(0) 

(15.0) 

(50.0) 

1,566.9 

537 ¶773.2 

4,760.4 

533,008.9 

12.1 

242,294.9 

6,200.0 

238,704.4 

2,612.1 

(2,400.0) 

(12.1) 

(15.0) 

(185.0) 

0 

-295,478.3 

1,439.6 

-294,304.5 

2,600.0 

E’ Resul t s  of Scenario 11. 

fr’ Resul t s  of Scenario I. 

5’ Increased s a l i n i t y  concent ra t ion  over t h e  EPA standard by 1.2 percent .  

(2,400.0) 

(0) 

(15.0) 

(185.0) 

0 
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returns by $727,791 or less than 
0.2 percent. Total public investment 
is increased by $1,367,000 by phreato- 
phyte control and construction of the 
Big Sandy River Salinity Control Unit 
($1.2 million or approximately 
one-half size of a completed unit). 
Thus, even a small annual growth of 
0.4 percent in net agricultural 
returns over 20 years will result in a 
net cost of over $727,000 in 2000 
given that net agricultural returns 
increases only by $400,000. 

In all scenarios, the increase in 
agricultural returns is less than the 
cost imposed on the state because of 
salinity damages, Severance funds 
will also be less because of reduced 
production in the energy sector. 

Concluding Remarks 

The results of the model suggest that 
if water is easily transferable, 
development of energy resources along 
with their municipal impacts could be 
accomplished with limited public 
investment, loss in net farm income or 
increases in salinity. Wyomfng will 
not completely "use" its entitlement 
to Colorado River water. If, however, 
water is not freely transferable and 
agricultural returns increase by 
25 percent, the net cost to the state 
is estimated to be a minimum of $1-5 
million in salinity damages. Salinity 
concentration is a major constraint to 
development in the Upper Colorado 
River Basin. If agricultural growth 
is to take place, given the EPA ruling 
in 1974 salinity levels, public 

investment must take place and some 
trade-off of water between energy and 
agriculture must be incorporated. 
Without public investment and water 
transfer to energy, the implications 
could be of a larger magnitude because 
of reduced development of energy- 
resources. 

As increases in the salt concentration 
occur downstream, the imposition of an 
additional cost borne by Wyoming 
decreases the opportunity to increase 
profits. For example, the increased 
salinity control cost could be $1.57 
million and fncreased agricultural 
profits are $1.44 million. Irrigators 
will not be willing to pay for the 
increased salinity cost. Additional. 
cost in public investment expenditures 
by the state is a concern that has to 
be considered. 

A limitation of this study, and thus a 
recommendation for further research, 
is the restriction of the transfer- 
ability of water. To restrict the 
transfer of water between sectors and 
states could prevent an optimal allo- 
cation of output. Further research 
also i s  needed to determine the avail- 
ability and cost of credit for agri- 
culture, energy and other sectors f o r  
water investment projects. Enhance- 
ments to this study would be to gain 
additional information as to the 
actual consumptive use of water in 
agriculture, energy and municipalities 
Additional data on actual irrigated 
acreage, projected energy development, 
population growth and air quality would 
make this study more useful to policy 
planners of the state of Wyomfng. 



26 

BIBLIOGRAPHY 

Abbey, David. Energy Production and Water Resources in the Colorado 
River Basin. Natural Resources Journal. 19(April 1979): 275-314. 

Andersen, Jay C., and John E. Keith. 1977. Energy and the Colorado 
River. Natural Resources Journal. 17(April 1977): 157-168. 

Andersen, Jay C., and Alan R. Kleinmen. Salinity Management Options 
for the Colorado River. 
Utah Water Research Laboratory, Logan, UT, June 1978. 

Water Resources Planning Report P-78-003. 

Blaney, Harry F. Determining Evapotranspiration by Phreatophytes from 
Cl.imatologica1 Data. 
33(February 1952) : 61-66. 

Transactions, American Geophysical Union. 

Bowser, Curtis W. Water Conservation Through Elimination of Undesirable 
Phreatophyte Growth. 
33 (February 1952) : 72-74. . 

Transactions, American Geophysical Union. 

Clawsonp Marion. Agriculture and Natural Resources in the West: The 
Next 100 Years. Western Journal of Agricultural Economics. 
l(June 1977): 1-6. 

Colorado Department of Natural Resources. The Availability of Water 
f o r  Oil Shale and Coal Gasification Development in the Upper 
Colorado River Basin. 
Denver, CO, October 1979. 

Upper Colorado River Basin 13(a) Assessment, 

Cramer, Seldon F. 
Engineers in 
Transact ions, 

Culler, Richard C. 
Transactions, 
684-689. 

Cummings, R.G.,  M. 

Activities of the South Pacific Division, Corps of 
Eradication and Control of Phreatophytes. 
American Geophysical Union. 33(February 1952): 77-80. 

Water Conservation by Removal of Phreatophytes. 
American Geophysical Union. 5l(October 1970): 

Gisser, Douglas Franklin, and Dolores Alfieri. 
Reduction of Water Allocation to Irrigated Agriculture in the 
Estancia Basin wlth Implications for New Mexico: Tmpacts and 
Technological Change. Working Paper No. 8. Resource Economics 
Group, Department of Economics, University of New Mexico, 
Albuquerque, January 1977. 

Franklin, Douglas R. Impacts of Reduced Water Allocations to Irrigated 
Agriculture in the Estancia Basin, New Mexico. 
University of N e w  Mexico, Albuquerque, 1978. 

Masters Thesis, 

Franklin, Douglas R. "Economic Impacts of Water Conservation Measures in 
Agriculture and Energy within the Upper Colorado River Basin.'' 
Unpublished dissertation, Utah State University, Logan, 1982. 



27 

Frickel, Theodore R. Economic Impacts of Irrigation Technologies in 
the Sevier River Basin. Ph.D. Dissertation, Utah State University, 
Logan, UT, 1980. 

Horton, Jerome S. and C.J. Campbell. Management of Phreatophyte and 
Riparian Vegetation for Maximum Multiple Use Values. 
Service Research Paper RM-117. 
Agriculture, April 1974. 

Forest 
United States Department of 

Hu, M.C., G.F. Pavlenco, and G.A. Englesson. Water Consumption and 
Costs for Various Steam Electric Power Plant Cooling Systems. 
U.S. Environmental Protection Agemy Report No. EPA-600/7-78-157. 
National Technical Information Service PB-285 397, Springfield, VA, 
August 1978. 

Hughes, Trevor C., E. Arlo Richardson and James A, Franckiewicz. Open 
Water Evaporation and Monolayer Supression Potential. 
Salvage Potentials in Utah, Volume I, Utah Water Research 
Laboratory Report PRWA22-1. Logan, UT, September 1974. 

Water 

Hughes, Trevor C., E, Arlo Richardson and James A. Franckiewicz. 
Evaporation Suppression by Reservoir Destratificatfon. 
Salvage Potentials in Utah. Volume 11. Utah Water Research 
Laboratory Report PRWA22-2, Logan, UT, June 1975. 

Water 

Hyatt, Milton Leon. Analog Computer Model of the Hydrologic and 
Salinity Flow Systems within the Upper Colorado River Basin. 
Unpublished Ph.D. Dissertation, Utah State University, Logan, UT, 1970. 

Israelsen, Orson W., and Vaughn E. Hansen. Irrigation Principles and 
Practices. 3rd Edition. John Wiley and Sons, Inc., NY, 1962. 

Kearl, W. Gordon and Maurice Brannan. Economics of Mechanical Control of 
Sagebrush in Wyoming. Agricultural Experiment Station, Science 
Monograph 5. University of Wyoming, Laramie, WY, May 1967. 

Keefer, Thomas N., and F.aul S. McQuivey. Water Availability for 
Development of Major Tar Sands Areas in Utah. 
Technological Center, LETC-0013-1, Laramie, WY, May 1979. 

Laramie Energy 

Keith, John E., K.S. Turna, Sumol Padungchai, and Rangesan Narayanan. 
The Impacts of Energy Resource Development on Water Resource 
Allocations. Water Resources Planning Report P-78-005. Utah Water 
Research Laboratory. Logan, UT, June 1978. 

Koogler, John G. Phreatophyte Control on Irrigation Projects in 
New Mexico. Transactions, American Geophysical Union. 
33(February 1952): 74-77. 

Narayanan, Rangesan, Sumol Padungchai, and A. Bruce Bishop. An Economic 
Evaluation of the Salinity Impacts from Energy Development: 
Case of the Upper Colorado River Basin. 
Series. UWRL/P-79/07. Utah Water Research Laboratory, Logan, UT, 
December 1979. 

The 
Water Resources Planning 



28 

Narayanan, Rangesan, Douglas R. Franklin and A. Bruce Bishop. "Efficient 
Allocation of Water Between Agriculture and Energy through Optimum 
Techniques of Water Use and Conservation." 
Series. Utah Water Research Laboratory. Forthcoming, 1982. 

Water Resource Planning 

Olson, Carl E. "Cost of Producing Crops in the Eden-Farson Area of Wyoming." 
University Wyoming Agricultural Experiment Station Publication AE77-03. 

of Wyoming, Laramie, July 1977(a). 

Olson, Carl E. 
Wyoming." 
University of Wyoming, Laramie, July 1977(b). 

"Cost of Producing Crops in the Lyman-Mountain View Area of 
Wyoming Agricultural Experiment Station Publication AE77-05. 

Padungchai, Sumol. 
Policies: 
Ph.D. dissertation, Utah State University, Logan, UT, 1980. 

An Economic Analysis of Water Quality Improvement 
The Optimal Combination of Salinity Control Techniques. 

Phelan, John T. Research Progress and Future Needs in Farm Use of 
Irrigation Water. Research on Water. ASA Special Publication 
Series No. 5. Soil Science Society of America. Madison, WI, 1964, 

Probstein, Ronald F., and Harris Gold. Water in Synthetic Fuel 
Production. MIT Press. Cambridge, MA, 1978. 

Robinson, TOW. Phreatophytes and Their Relation to Water in Western 
United States. Transactions, American Geophysical Union. 
33.(February 1952) : 57-61. 

Robinson, T.W. Phreatophytes. U.S. Geological Survey, Water Supply 
Paper 1423. U.S. Government Printing Office,  Washington, D . C . ,  1958. 

Sl-oan, Harold S . ,  and Arnold J. Zurcher. Dictionary of Economics. 
Fifth Edi t ion .  Barnes and Noble Books, New York, 1970. 

State of Wyoming. Wyoming Data Handbook 1981. Department of Administration 
. and Fiscal Control and Division of Research and Statistics. 
5th edition, 1981. 

Taggert, R.2. , D.E. Agee and R.T. Clark. 
Systems for the Green River Basin in Wyoming." 
Service Bulletin 548.  University of Wyoming, Laramie, June 1971. 

''Economic Appraisal of Irrigation 
Agricultural Extension 

Turner, S.F. and H.E. Skibitzke. Use of Water by Phreatophytes in 
2000-Foot Channel between Granite Reef and Gillespie Dams, Maricopa 
County, Arizona. 
33(February 1952): 66-72. 

Transactions, American Geophysical Union. 

TJ. S. 

LT. s. 

Department of the Interior. 
Upper Colorado River Basin. 
Washington, D.C., July 1974. 

Report on Water for Energy in the 
Water for Energy Management Team. 

Department of the Interior. 
Improvement Program. Draft Environmental Impact Statement. Bureau 
of  Reclamation. Washington, D . C . ,  March 1976. 

Colorado River Water Quality 



29 

U.S. 

U.S. 

U . S .  

U.S. 

Department of the Interior. 
Progress Report No. 8. Washington, D.C., 1977. 

Quality of Water Colorado River Basin. 

Environmental Protection Agency. 
Blowdown Disposal in Synthetic Fuel and Steam-Electric Power Plants- 
EPA-600/7-79-085. Office of Research and Development, Office of 
Energy, Minerals, and Industry, Washington, D.C., March 1979. 

Wet/Dry Cooling and Cooling Tower 

Water Resources Council. Upper Colorado Region Comprehensive 
Framework Study. 
State-Federal Interagency Group/Pacific Southwest Interagency 
Committee, 1971. 

Prepared by the Upper Colorado Region 

Water Resources Council. The Nation's Water Resources: 1975-2000. 
Volume 1. Summary. Second National Water Assessment. U.S. 
Government Printing Office, Washington, D.C., December 1978. 

Upper Colorado River Commission. Thirtieth Annual Report. Salt Lake 
City, UT, September 1978. 

Wedemeyer, W. Gary and Thomas L. Dobbs. "Financing and Feasibility of 
Center-Pivot Sprinkler Irrigation Systems in Wyoming.'' 
Experiment Station Research Journal 72. 
June 1974. 

Agricultural 
University of Wyoming, Laramie, 

Wyoming Crop and Livestock Reporting Service. Wyoming Agricultural 
Statistics. Cheyenne, WY, 1975-1981. 

Wyoming State Engineer. State of Wyoming. Working Paper Green River Basin 
Wyoming, Type IV Study. "The Agricultural Basin," February 1977a. 

Wyoming Sta te  Engineer. State of Wyoming. Working Paper Green River Basin 
Wyoming, Type IV Study. "Base Resource," March 1977. 

Young, R.A. ,  W.T. Franklin, and K.C. Nobe. Assessing Economic Effects 
of Salinity on Irrigated Agriculture in the Colorado River Basin: 
Agronomic and Economic Considerations. Report to the Bureau of 
Reclamation, U.S. Department of the Interior. Department of 
Economics and Agronomy, Colorado State University, Fort Collins, 
CO, August 1973. 



30 

APPENDIX A 

Mathematical Formulation of the Management Model 

The purpose of this appendix is to present a formal mathematical description 
of the linear program model described in Section 111, Economic Analysis. 
notation used in the following description is described in Table A.1. 

The 

The mathematical formulation of the linear programming model is as follows: 
ti 

Max 2 = NA + NE - c bg Q, - dQw 
g=l  

(net sector income) 

S 
s=l 

where NA TRA - TCA - bs Qs 

(net agricultural income) 

NE = TRE - TCE 
(net energy income) 

= 1 p A . .  
TRA i j k i i j k  'ijk 

(total agricultural revenue) 

TCA = i" j" "ijk Aijk + 'w Wijk A.. ijk 1 
(total agricultural cost) 

-' c 
T R ~  - e 'e Qe 

( t o t a l  energy income) 

, c c c  T 
e m n 'emn QemE - 'e T C ~  

( t o t a l  energy c o s t )  

subject to the following constraints: 

c c c  
i j k A i j k  ' Ap 

(irrigated acreage) 

i = l,...,I 
j = l,...9J 
k = l,...,K 

i = l,...,I 
j = l,...,J 
k = l,...,K 

e = l,..*,E 

e = l,...,E 
m = 19...,M 
n = l,...,N 

i = 1,. ..,I 
j = 1,. ..,J 
k = l,...,K 
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< - w  i = l,.r.,I 
j = l,...,J 

c z c . c c . c  a 
i j k e m n i *ijk + Wemn 'e 

(consumptive use) k = l,...,K 
e = l,.**,E 
m = l,*..,M 
n = l,...,N 

- < L - A  - L  
P 

(potential level of lined canals) 

- < S - A  - S  
P 
(potential acreage of sprinklers) 

> W+'W Q - 0  
g g g  
(salvaged water) 

< Q, - CAP, 
(energy production capacity) 

g = l,....,G 

A complete modeling of the water quality, return flow, efficiency 
of the energy conversion process and institutional restrictions are in 
Narayanan, Padungchai and Bishop (1979) . 
Table A.  1. Model Notation 

e 

I: 

agriculture 

energy 

type of crop i = l,Z,..J 

water application level j = 1,2,*..,J 

irrigation distribution technology k = 1,2,...,K 

energy use (coal, oil shale, power generation, coal gasification, 
etc.) e = 1,2, ..., E 
water technology (wet tower cooling, dry tower cooling, surface 
mining, insitu mining, etc.) m = 1,2,...,M 
other energy factors of production n = l,Z,...,N 

private water conservation measure such as sprinkler irrigation and 
canal lining s = 1,2,**.,5 

public wate.r investme.nt measure such as phreatophyte control, 
evaporation control ar.d salinity control projects g = 1,2,...,G 
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b 
g 

?g 

Qw 

bS 

OS 

'i 

Aijk 

'ijk 

c 

d 

i j k  

W ijk 

pe 

Qe 

'emn 

Qemn 

T 
e 

P 

c 

A 

ai 

W emn 

w 
- 
T 

cost of public investment technology g 

quantity of public investment technology g 

cost of salinity concentration over the EPA standard 

quantity of salinity exceeding the EPA standard 

cost of water conservation measure s 

quantity of water conservation measure s in subbasin r 

price less the return to water to grow the ith crop per acre 

ith crop acreage using water application j and irrigation 
conveyance k 

yield or productivity of per acre of crop i, application j, and 
distribution k 

cost of production using input prices of fertilizer, seed, feed, 
land labor, and farm machinery for crop i, water application j , 
and distribution k 

cost of water per acre-foot 

water application per acre for the ith crop, jth application, and 
kth distribution system in acre-feet 

price less return to water of each energy use e 

quantity produced for each energy use e 

cost of energy use e using water technology fi and other factors 
of production n 

quantity of  water technology m and other factors of energy 
production n such as raw materials, labor and capital equipment 
in energy use e 

cost of transporting energy resources out of the region 

potential irrigated acreage 

consumptive use requirement per acre of crop i 

water required to produce one unit of energy use  e using water 
technology m and factors n 

water allocation level 

L level of existing lined canals 
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L ’  

S acres of existing sprinklers 

S 

potential level of new l ined canals 
- 

potential acres of new sprinklers 

w 
g 

C A P  

water salvaged by public water conservation investment g 

capacity of energy use e e 


