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1 I 

1.0 Introduction and Summary 

. 

In  the area immediately southeast of the  Salton Sea near Niland i n  Imperial 
--..lx-̂ ru"*r 

County, 12 exploration wells were d r i l l ed  between 1957 and 1964 t o  depths 
--* 

between 4,700 and 8,000 feet .  
~ 

Natural steam varying from 500' t o  700'F 
-,-*a3>.* 

associated w i t h  sodium-calcium-chloride brine having a sa l in i ty  of about 

30 per cent has been recovered from these wells which are dis t r ibuted through 
an area of at l ea s t  6 miles long and 2 miles wide. 

----..-------.-."~--~"~ ,- 

Farther south, geothermal energy i s  being developed commercially i n  the Cerro 
Prieto area below Mexicali, Mexico, where at l ea s t  17 wells have been com- 
pleted. 

75 MW capacity for delivery i n  1970. 
cent dissolved sol ids .  

A contract has been signed for  a Japanese steam power plant of 
The Mexican brine contains 2 t o  3 per 

Preliminary geologic investigations have indicated that t h e t i c a n  geothermal 
f i e l d  may extend in to  the Imperial. Valley, 
reserves may be of e order of 2,000,000,000 acre-ft. Robert W. Rex of 

the University of California has proposed tha t  th i s  resource ( i f  it ex i s t s )  

could be developed at a r a t e  of 3.6 million acre-ft/yr (equivalent t o  

20,000 MW of e l ec t r i c  power). 

There i s  no convenient way t o  dispose of the brine at present. 

b i l i t i e s  which might be developed include the  following: 

The t o t a l  geothermal brine 
-,w=-=--., *-.l 

.-.-T 

. 

See Table I. 

Some possi- ------- 
1. 

2. 

Re-injection in to  the geothermal aquifer. 

Desalting of a portion of the br ine,  w l t h  the blowdown being re- 
injected. 
If the  Salton Sea were abandoned, desalting of Salton Sea 

inflows plus geothermal brines. The blowdown could drain 

in to  the  Salton Sea o r  be re-injected. 

This is the preferred alternative.  

3. 

The hot brines at  the  well head contain suf f ic ien t  energy for  the desalting 
process. flow as product appears t o  be feasible. 
This could amount t o  1.5  t o  3 million acre-ft/yr. 

Sea were abandoned, 1 million acre-fb/yr of inflow could be desalted. 

The Imperial Valley i s  an area of intensive i r r iga t ion  w i t h  water imported 

from the Colorado River. 

s a l in i ty  and further increases are expected. 

strong loca l  demand for  desalted water produced from geothermal brines. 

Recovery of 40-80s of t h  

In addition, i f  the  Salton 

The Colorado River water has been h " e a s i n g  i n  

There would therefore be a 
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TABLE I 

Geothermal Summary Information* 

Geothermal fields suggested i n  the Imperial Valley: 

Geothermal brine reserves : 1,000,000,000 acre-ft 

Temperature range of brine i n  the  ground: 

Total n&er of w e l l s  projected: 
Surface pressures of flawing w e l l s :  

Fluw rates per w e l l  (11 3/4" pipe):  

Depth of typ ica l  w e l l :  5,000 feet 

Brine sa l in i ty  (Mexican type):  
Brine chemistry: 
Cost of typ ica l  w e l l :  

Projected production rate of t o t a l  Imperial Valley geothermal wells: 

6-9 

500-700°F 

1000-3000 
300-400 ps i  
300-400°F ace temperatures of flowing w e l l s  : 

1,200,000 pounds per h r  (10.6 acre-ft/ 
day) 

2-3 per cent dissolved sol ids  
chlorides of sodium, potassium, and calcium 

$200 ,ooo** 

3,600,000 acre-ft/year t o  10,000,000 acre-ft/year 
Electr ic  power with 1000 wells: 

Steam price per kw-hr: 
Heat price:  2 cents per million Bri t ish Thermal Units 

20,000 megawatt 

0.36 mils 

*From Robert W. Rex, "Investigation of the  Geothermal Potent ia l  of t he  
Lower Colorado River Basin," Phase I - The Imperial Valley Project. 
The en t i r e  report i s  an appendix of t h i s  report. 

April 6 ,  1970. 
**Rex increased estimated cost from $100,000 t o  $200,000 i n  l e t te r  dated 
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Assuming that exploratory wells w i l l  be d r i l l ed  i n  the Imperial Valley t o  
produce 2-3% geothermal brine,  it i s  suggested t h a t  a desalting p i lo t  plant 

be associated w i t h  t he  project t o  develop an economic desalting process. 

The process w i l l  be unconventional i n  that  waste heat m u s t  be rejected t o  
atmosphere i n  wet or  dry cooling towers. 

carbon dioxide, hydrogen sulfide and s i l i c a  i n  the system will require 
careful selection of process parameters and materials. 
would process up t o  about 75,000 gallons of brine per  day. 

tha t  a p i l o t  plant program extending over 3 t o  5 years would cost about $1 mil- 
l ion ,  including the cost of the  f a c i l i t y ,  i t s  operation and development. 

The presence of large amounts of 

The p i l o t  plant 
It i s  anticipated 

2.0 Summary of the  Problems 

In normal seawater desalting, feed t o  the desalting plant i s  obtained cold, 

steam i s  purchased t o  heat the feed ( t o  a maximum temperature of about 250°F), 
and the waste heat and brine are readily discharged t o  the sea. In the 

present study, feed i s  obtained at about 400°F, waste heat must be rejected 
t o  atmosphere, and waste brine must be reinjected in to  the ground or  evaporated 
t o  dryness. 
thermal brine desalting w i l l  be s a s t a n t i a l l y  different than tha t  generally 

It is  therefore anticipated tha t  the  process equipment fo r  geo- 

used for  seawater desalting. 

In  addition , the  geothermal brines include substant ia l  quantit ies of dissolved 

H2S, Cog and s i l i c a .  

removal and for  control of s i l i c a  scale. 
materials selection problems as well. 

These constituents give r i s e  t o  requirements f o r  gas 

There are special  corrosion and 

3.0 Chemistry and Materials 

3.1 Liquid and Vapor Composition 

Table I1 gives some analyses of brines produced from the  Mexican f ie ld;  the 

analyses are presumed t o  include a mixture of both l i qu id  and condensed 

vapor. 

and %S and contain no su l fa te .  

The most probable compositions (M-5 and M-8) are high i n  s i l i c a ,  C02 

Vapor compositions are not at a l l  re l iably known. 
data provided by Rex. 

ana methane. c'Prf%er'flhshing ne&rly all\CO, and €I$, go i n t o  the  vapor 

rpEiass and l i l t t l e  remains i n  the brine. 

Table I11 gives some 

The analysis indicates major C02 ,' and same hydrogen 
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TABLE I11 

Analyses of G a s  from Mexican Geothermal Wells 
(Mol $1 

Source M- 5 M- 5 u 
Components 

Methane 
Ethane 

Hydrogen 

26.7 10.9 10.41 

0.4 
21.1 

0.3 

9.7 

0.08 

0.04 

Nitrogen 4.3 7.2 2.91 

co 1.3 1.0 - 
1.8 - 

68.9 86.3 
0 .1  - 

Oxygen* 0.5 

45 0 5  

0.1 0.1 0.24 
H2s 
c02 

0.1 Argon 

*From air  leakage i n t o  sample. There i s  no O2 i n  the  geothermal 
brine.  
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The analysis i n  Table IV, taken from a report on New Zealand geothermal b 
waters, indicates tha t  v i r tua l ly  a l l  of the C02 and H2S are i n  the  steam 
phase. It seems reasonable t o  assume at  t h i s  point t ha t  the bulk of the 
non-condensables w i l l  join the steam phase. 

themselves and are even more so i n  the  presence of oxygen. 

of a turbine and of a surface condenser for  the turbine exhaust w i l l  there- 
fore face the  hazard of corrosive gases, aggravated by oxygen i n  the event 

of a i r  inleakage t o  the  vacuum system, and the necessity of a high vent 
ra te  t o  prevent blanketing of the surface by non-condensables. 

Some of the €$S w i l l  redissolve i n  the condensate and make it t a s t e  and 
smell awful! The r e s t  w i l l  dissolve i n  the  coolant t o  the barometric vent 
condenser where it w i l l  be a nuisance i f  that  water i s  l a t e r  used as a 

coolant. 

3.2 Recovery of Dissolved Gases 
As noted i n  Table I V  most of the carbon dioxide, hydrogen sulf ide,  ammonia 

and t races  of other non-condensables w i l l  be i n  the same phase. 
the need for  special  materials of construction and t o  reduce non-condensable 
venting, it would be highly desirable t o  remove these contaminants from the 

These gases are .corrosive of 
The operation 

To obviate 

steam p r io r  t o  i t s  entering the turbine. 

u t i l i z e  conventional turbines widely available from competitive suppliers. 
Because of the extremely large steam source i n  the Imperial Valley, much 

larger  and cheaper turbines than normally used with geothermal steam might 

be pract ical .  

This would make it possible t o  

In  some of the proposed flowsheets these non-condensable gases w i l l  be vented 
from a VTE reboiler operating at 400'F. 

recovered e i the r  as elemental sulfur o r  as su l fur ic  acid. 
mental sulfur should be feasible using an adaptation of one of the processes 
used i n  a petroleum refinery t o  recover sulfur  from "sour gas." Oxidation 

of H2S t o  elemental sulfur using a i r  o r  oxygen also appear t o  be worthy of 
invest i gati  on. 

The H2S i n  the offgas could be 
Recovery as ele- 

. 

A t  these temperatures (400-6OO0F), the  oxidation of 5 s  should be rapid and 
it would probably react w i t h  a near stoichiometric quantity of oxygen. 

a stoichiometric reaction occurs, 0.5 l b  of oxygen would be needed for  each 
pound of sulfur produced. 

$4 t o  $8/ton, thus the  cost of oxygen would be about $2 t o  $)+/ton of sulfur 

recovered. 

If 

A captive oxygen plant w i l l  produce oxygen at 
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TABLE IV 

Discharge Fluid Composition (New Zealand) 

Concentration i n  Concentration i n  

per Million per  Million 
by Weight by Weight 

Carbon Dioxide 5,400 5 
Hydrogen Sulfide 140 0.5 
Ammonia 15 3 
Boric Acid 0.6 160 
Fluoride ( F- ) 0.03 6 
m l o r i  de ( CI- 1 N i l  1,500 
Sodium N i l  900 
Pot as sium N i l  60 

Steam Phase, Parts Water Phase, Parts 

Constituent 

S i l i c a  N i l  30 0 

Effect of Pressure on Equilibrium Water-Phase Composition (New Zealand) 

Tempera- Calculated 
Dryness Approximate Water-Phase Composition, ppm ture  

Pressure (Degrees Fraction 
( P S i R )  F) of Steam cO2 H,$ NH? C1- HqBOk Si@ 

0 212 0.38 0.5 0.05 - 1520 190 350 
85 327 0.28 5 0.5 3 1500 160 300 

400 446 50 1300 135 2 50 
600 487 120 1200 130 2 40 

800 520 0.05 330 17 - 1120 120 225 
1000 545 0.00 1500 5 10 80 115 215 

200 383 0.23 15 1 - 1400 150 2 80 

h 

I 

U 
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If a VTE reboi ler  i s  not used, then much of the H2S w i l l  dissolve along 

w i t h  C02 i n  the  steam condensate from the  turbine condenser. 
methods of removal of %S from water are aerat ion,  w i t h  pH reduction t o  

pH 4.5, chlorination or  %on exchange. 

content t o  1-2 ppm. 
exchange i s  necessary t o  remove the  residual.  

A t  a concentration of 500 ppm %SI the equivalent of two tons of elemental 
sulfur could be recovered from a million gallons of water. 
of sulfur i s  $30-$40/ton; 66-degree Baume su l fu r i c  acid is  $3l/ton. 
for  sulfur recovery could be a s ignif icant  benefi t  t o  the t o t a l  economics 

of the geothermal operation. 

Carbon dioxide i s  a l s o  a poten t ia l  by-product i f  marketing conditions 

warrant i t s  recovery. 
steam before. 

Conventional 

Aeration alone w i l l  reduce the %S 
A polishing treatment w i t h  e i t h e r  chlorine o r  ion 

The current pr ice  
Credit 

C02 has been produced commercially from geothermal 

3.3 Removal of S i l i c a  

Removal of soluble s i l i c a  from water i s  generally carr ied out i n  conjunction 
w i t h  the  hot lime o r  lime-soda softening process and i s  accomplished by the 
use of magnesium compounds under controlled conditions of temperature , 
retention time , pH (optimum pHcrlO) 

t r ea t ed  does not contain suf f ic ien t  magnesium, other magnesium compounds 

are added; e.g., Epsom sa l t ,  calcined magnesite, dolomitic lime, magnesium 

oxide, o r  magnesium carbonate. For 95% s i l i c a  removal, magnesium equivalent 
t o  5 Mg0:l Si% is required at pH 10 with retention times of 1 5  min t o  1 hr .  
On a w e i g h t  basis, three times more dolomitic lime than MgO i s  needed t o  

remove the  same amount of s i l i c a .  

Because of the  high s i l i c a  content (150-770 ppm Si021 and the  low magnesium 

concentrations of t he  geothermal streams , the  large amount of chemicals 

needed t o  remove the s i l i c a  would make the  process prohibit ively expensive. 

Even i f  cheaper subs t i tu te  minerals containing magnesium were available , 
the long retention times and problems of sol ids  handling at high temperature 

and pressure preclude the  use of t h i s  general method f o r  economical s i l i c a  
removal. 

and recirculation. If the  water t o  be 
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An al ternate  s i l i c a  removal scheme i s  being developed by Johns-Manville 

Products Corporation" under sponsorship of the Office of Saline Water which 
involves the use of activated alumina t o  sorb the s i l i c a ,  The alumina is  
then regenerated using sodium hydroxide solution. 
with brackish waters which contain relat ively low concentrations of s i l i c a  

(up t o  32 mg/Q) and low hardness e500 ppm TDS). 

Work t o  date has been 

The effectiveness of 

s i l i c a  removal and the cost of regeneration are affected markedly by 
hardness; e.g., they estimate 1.6$/1000 gal  t o  remove 95% of the s i l i c a  at 
40 mg/Q hardness, but 6.25$/1000 gal  for  95% removal at 400-500 mg/Q hard- 

ness. 
the geothermal streams, the regenerate cost alone is  estimated t o  be 

16-20$/1000 gal. 

With the higher levels of Si02 and hardness which are contained i n  

The s i l icon  i n  these geothermal waters has been determined t o  be i n  the 

form of soluble or thos i l ic ic  acid, H q S i O q ,  and is reported t o  precipi ta te  

slowly as the water i s  cooled. Therefore, it i s  possible tha t  the  s i l i c a  
which precipi ta tes  may not form deposits o r  otherwise adversely affect  t he  
d i s t i l l a t i on  process. 

s i l i c a  and quartz drop with decreasing temperature. 
were allowed t o  stand at ambient temperature i n  a s e t t l i n g  basis where 
s i l i c a  could precipi ta te ,  the c la r i f ied  water should be sui table  as a 
coolant stream for  a d i s t i l l a t i on  plant without subsequent deposition of 

s i l i c a  scale on heat t ransfer  surfaces. 

In  the proposed process cycles the hot brine is  cooled i n  the  flash vessels 
of the evaporator and subsequently i n  a retention basin where the precipitated 

s i l i c a  would hopefully s e t t l e  out pr ior  t o  using the water as coolant i n  t h e  

heat exchanger tubing. 

s i l i c a  scale would be avoided. 

Mexican experience has shown tha t  s i l i c a  scale i s  deposited inside the well 

bore where some of the brine flashes t o  steam. -Similar deposits are t o  be 

expected i n  the flashing or i f ices  of a desalt ing p l a t .  

the deposits by reaming the bore hole once or  twice a year. 

removal of s i l i c a  scale from the  internals  of an evaporator could pose a 

As noted i n  Figures 1 and 2 ,  the so lub i l i t i e s  of 
Thus if the b lowdm 

Consequently, "fouling the heat t ransfer  tubing with 

The Mexicans remove 

Mechanical 

serious economical penalty on the process. Some means of avoiding s i l i c a  
scale buildup i n  the evaporator should be sought i f  it does indeed occur. 
"Characterization and Removal of S i l i ca  from Webster, South DaKcPta,, and 
Roswell, New Mexico, Well Waters, OSW R&D Progress Rept . No. 286 (Jan. 1968). 
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Possibly the  use of additives or  pH 
characterist ics of the s i l i c a  could 

coatings such as Teflon on c r i t i c a l  

prove satisfactory.  

adjustment t o  modify the precipitation 
make them nonadherent . Alternately, 

areas of the evaporator internals  might 

Rex has suggested tha t  a caustic flush performed on an intermittent basis 

might suff ice  t o  solubilize the s i l i c a  deposits. 

3.4 Removal of Alkalinity - 
Geothermal waters vary widely i n  a lka l in i ty ,  52-800 ppm HC03 and hardness, 
649-ll00 pprn (as CaC03). 
d i s t i l l a t i o n  could be eliminated by neutralizing the  bicarbonate a lkal ini ty  

The formation of alkaline scale ,  CaC03, during 

and subsequent degassing t o  remove the evolved C02. 

me .reaction between HCO 3 
on our previous work with deaerators, the C02 should be removed effect ively 

i n  4 simple spray column with controlled venting. No column packing should 
be required. 

With a captive su l fur ic  acid plant the cost of acid treatment would be about 
l d / l O O O  gal  f o r  feed water containing 100 ppm HC03 

Cost fo r  waters of other a lka l in i ty  would be direct ly  proportional t o  the 

- 
and H2S04 should be rapid at 400-600°F. Based 

- 
alkal ini ty ,  

- 
HC03 content. 

> - 
For water of very high a lka l in i ty ,  i .e. ,  =400 ppm HC03 , t he  cost of acid 

treatment using manufactured acid w i l l  be prohibitive. 
it might be possible t o  oxidize the  H2S in the w a t e r  t o  SO2 in situ. The 

SO2 would then react with the  HCO t o  prevent CaCO formation. An investi-  
gation of the  kinet ics  of the oxidation of H2S t o  SO2 at these temperatures 
would be required t o  determine the f eas ib i l i t y  of such a scheme. 

Alkalinity hardness can also be removed by the addition of slaked lime t o  

precipi ta te  CaC03. 

and decarbonation at ambient temperature, the problems attendant with handling 
these sol ids  at elevated temperatures and pressures appear t o  preclude the 

In those cases 

- 
3 3 

i l e  t h i s  i s  an a t t rac t ive  al ternate  t o  acid treatment 

use of t h i s  method fo r  t r ea t ing  geothermal water. 

More re l iab le  chemical analytical  information i s  needed t o  characterize the  
chemistry of the brine and t o  obtain quantitative data on the dis t r ibut ion 

of the  non-condensables i n  the  steam and brine phases. 
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3.5 Materials 
Published information on the corrosion of materials of construction by 

geothermal steam i s  sparse. Tests resu l t s  on the  corrosion of a var ie ty  of 
metals and alloys i n  low-pressure geothermal steam from a s ingle  well  were 

reported by New Zealand workers i n  1957." 
mderately susceptible t o  steam corrosion. 
t i tanium and some aus ten i t ic  s ta in less  s t e e l  displayed high resistance t o  
attach i n  the  spec i f ic  environments tested. 

occurred i n  hardened 13 C r  s ta in less  s t e e l ,  hardened low-alloy steels and 

aluminum bronze. Severe corrosion was  noted when oxygen was present. 
heat exchanger materials such as t he  cupronickels were not evaluated. 

Published data* indicate  t h a t  type 316 s ta in less  s t e e l  displayed sa t i s fac tory  

resistance t o  corrosion by both steam and l iqu id  phases i n  the  New Zealand 
geothermal fields. 

environments, however, one of the aluminum alloys m a y  be more corrosion 
res i s tan t .  

choice i f  i t s  cost i s  reduced as has been projected. 

Most engineering alloys were 

Only premium materials such as 

Stress-corrosion cracking 

Common 

Alcoa 3s aluminum suffered p i t t i n g  corrosion i n  these 

Titanium w a s  essent ia l ly  unattacked and would be an excellent 

The select ion of materials f o r  the  construction fo r  a d i s t i l l a t i o n  plant 

operating on geothermal water w i l l  be largely influenced by the normal dis-  

solved gases i n  the water and steam, par t icu lar ly  H2S, C02, and t races  of 

ammonia and hydrocarbons present i n  many of the  wells. 
C02 content of most geothermal waters, they are  expected t o  be extremely 

aggressive toward normal concrete. 
content which are similar t o  those used for  cementing o i l  wells have proved 
sa t i s fac tory  f o r  application i n  geothermal wells;  however these may be pro- 

h ib i t ive ly  expensive fo r  the  fabrication of large s t ruc tu ra l  components of 
d i s t i l l a t i o n  plants .  

Because of t he  varying chemistry of different  geothermal waters, it i s  aoubtful 
that the  select ion of materials can be predicted on generalized corrosion test 
data. An extensive t e s t  program w i l l  be needed using the  spec i f ic  environment 

of i n t e re s t  t o  provide a basis f o r  t he  select ion of t he  most economic materials. 

Because of the  high 

Special cements containing a high s i l i c a  

*T. Marshall and A .  J. Hugill, "Corrosion by Low-Pressure Geothermal Steam," 
Corrosion 1 3  (51, ( ~ a y  1967). 
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hi A general laboratory t e s t  program using simulated environments would be of 
limited value because of the interrelat ionship of the many variables such 
as pressure, velocity, water chemistry, and mud or  s i l t  content of the  water 

could not be sa t i s fac tor i ly  duplicated i n  the laboratory. 

ing program should be conducted at the selected plant s i t e  during the  
i n i t i a l  stages of the  development of the  project. 

An on-site t e s t -  

4.0 Proposed Process Cycles 

4 .1  

Rex proposes tha t  geothermal, at an average temperature of 6 0 0 ~ ~  and an 
enthalpy of 617 Btu/lb, be flashed dawn t o  400°F for  steam production. 

This w i l l  y ie ld  about 29% steam saturated a t  400°F, and 71% brine at 400°F 

and a concentration r a t i o  of 1 .4 .  The turbine w i l l  extract  some 200 t o  
250 Btu/lb of steam as work or  about 50 t o  70 Btu/lb of well brine.  

assume t ha t  the brine and steam w i l l  ultimately be l iqu id  a t  100°F and an 
enthalpy of 68 Btu/lb, then there i s  about 400-500 Btu/lb of well brine which 

m u s t  ultimately be rejected t o  a heat sink. 

Possible Methods of Heat Rejection 

If we 

The possible heat rejection methods i n  the  area appear t o  be air  cooling i n  
dry towers and evaporative cooling of the well brine i n  ponds, spray ponds, 
o r  wet towers. The' air cooled condensers and coolers can be designed t o  

extract  product water while re ject ing heat and reducing the amount of brine 

t o  be disposed of ,  

The evapor8tive cooling methods re jec t  the  heat and reduce the quantity of 

brine but reclaim no water. 

If an al ternate  supply of cooling water 
t o  the well brine However, the r ction of heat t o  any water resu l t s  i n  
evaporative loss. 

4.2 Desalting Process Components 

This section explains several components which were cons3dered. 

explains seve 

re  available,  it may be preferable 

Section 4.3  
8 .  No attempt was made t o  select  a "best" cycle. 

w 
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4.2.1 
thermal power cycle would use a barometric condenser t o  condense the 

Surface Condenser a t  Turbine Exhaust - The most common geo- 

turbine exhaust steam. 

The turbine exhaust steam can be reclaimed as product - about 29% of 
the well brine - by condensing it i n  a surface condenser rather than 
a barometric condenser. The surface condenser can be cooled e i the r  
by air or  by recirculated brine which i s  i n  turn cooled by evaporation. 

4.2.2 Single Effect VTE - A single e f fec t  of ve r t i ca l  tube evaporation 

provides the very a t t rac t ive  poss ib i l i ty  of extracting a s ignif icant  
additional amount of water and of providing relat ively clean steam t o  
the turb ine .  

(assumed t o  contain the bulk of the gases) is  led  t o  the steam chest 

of an evaporator effect  where it i s  condensed fo r  product water. 
non-condensable gases are vented from the effect  and the sulfur can 

be recovered from t h i s  stream. 
t o  be low i n  gas content) is  fed t o  the evaporator tubes where it 
serves as the coolant t o  condense the well head steam while producing 

an equivalent weight of clean steam at a temperature perhaps 10' 

lower. 
r a t i o  of about 1.4 and w i l l  exit at about 2.5X well brine. 

I n  t h i s  arrangement the  steam fromthe head separator 

The 

The brine from the  separator (assumed 

The brine entering the evaporator w i l l  be at a concentration 
It w i l l  

e 

. 

be essent ia l  tha t  the solids or iginal ly  dissolved i n  the brine remain 

in  solution or  suspension during t h i s  operation. 

4.2.3 Flash Evaporator - Further water can be extracted from the 

400'F brine by introducing it t o  a ser ies  of separators or a multistage 

f lash evaporator and permitting it t o  flash down t o  the heat rejection 
temperature. The amount of the remaining water t ha t  can be extracted 
i s  a f'unction of the amount of the heat t ransfer  equipment ins ta l led ,  
the method of heat re ject ion,  and the so lubi l i ty  limits o f t h e  brine. 

4.3 I l l u s t r a t ive  Cycles 

A n w e r  of combinations of equipment and cycles are possible and can be 

ta i lored  t o  produce almost any r a t i o  of yields of water, evaporative loss, 

and brine.  Those shown here are indicative of the poss ib i l i t i es .  The best  . 
cycle for  a given s i tuat ion would be a function of the value of water, id 



bi the value of the recoverable chemicals, the l i a b i l i t y  of the brine,  the 

so lubi l i ty  l imi t s  of the br ine,  the equipment capi ta l  cost ,  and the  

operating cost. 

4.3.1 Vertical Tube Evaporator Cycle I - (Figure 3 ) - One of the  
possible cycles for  using the single effect  ver t ica l  tube evaporator 

described above extracts  additional water from the remaining brine 

by flashing it down through a ser ies  of separators. These separa- 
t o r s  are similar t o  the New Zealand-type used a t  the well head. 
exhaust from the turbine i s  recovered i n  an air cooled condenser. 

The condensate from the VTE i s  cooled by regeneratively heating 
brine. 
is flashed through a ser ies  of separators. 
separator i s  recovered i n  an air cooled condenser. 
brine is evaporatively cooled t o  ambient i n  a pond. 

would extract  about 70% of the water, use another 9% for  evaporative 
cooling, and resul t  i n  a blowdown concentration r a t i o  of about 5. 
This blowdown concentration can be varied t o  suit the  so lubi l i ty  

The 

This heated brine joins the eff luent  brine from the VTE and 
The vapor from each 

The remaining 
Such a cycle 

limits of the brine by varying the amounts of extraction, a i r  cooling, 

and evaporative cooling. 

4.3.2 
the brine are such that  it can not be evaporated i n  the VTE, it i s  

s t i l l  possible t o  obtain clean steam. 
chest i s  fed t o  the brine chest , flashed in to  the tubes , and re- 
evaporated t o  steam for  the turbine. The non-condensables are handled 
as i n  VTE I above. The brine from the first separator can be flashed 

down through a ser ies  of separators t o  extract  more water. 

4.3.3 
steam, comprising about 29% of the water, is recovered i n  a l iqu id  

cooled, she l l  and tube condenser. 
evaporative cooling with a resultant loss of about 20% of the  water. 

The 400'F brine i s  introduced t o  a multistage flash evaporator t o  

recover about 16% of the water. 

by evaporative cooling with a loss of about 20% of the water. 

a cycle about 45% of t h e  water i s  recovered, about 45% l o s t  t o  evapora- 

t i v e  cooling, and about 10% remains as brine. 

VTE Cycle I1 (Not i l l u s t r a t ed )  - If the so lubi l i ty  l imi t s  of 

The condensate from the  steam 

Flash Evaporator , Open Cycle, Figure 4 - The turbine exhaust 

The heat i s  ultimately rejected by 

Again the heat i s  ultimately rejected 

In such 
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4.3.4 
The turbine exhaust i s  recovered i n  a she l l  and tube l iqu id  cooled 

condenser. 
loss of about 29% of the water. 
stage flash evaporator t o  recover about 18% of the water. 

coolant brine from t h i s  evaporator i s  flashed through a second evapora- 
t o r  where another 15% of the  water is recovered. 
effect  i s  rejected direct ly  t o  the air  by air  cooled condensers. 
this cycle about 61% of the  water i s  recovered, about 29% i s  evapora- 
t ive  loss ,  and about 10% remains as brine. 

Regenerative Flash Evaporator with Air Cooling I, Figure 5 - 

The heat is  ultimately rejected through the evaporative 

The brine passes through a m u l t i -  

The 

Heat from the second 
In 

4.3.5 Regenerative Flash Evaporator with A i r  Cooling 11, Figure 6 - 
The turbine exhaust is  recovered i n  an air cooled condenser with the  

heat being rejected direct ly  t o  the air. 
two l iquid cooled evaporators i n  ser ies .  
second ef fec t  i s  a i r  cooled. 

about 7% l o s t  t o  evaporation, and 3% remains as brine. 

The brine i s  flashed through 

The coolant brine f'romthe 
About 63% of the water i s  recovered, 

5.0 Costs 

An attempt w a s  made t o  develop cost estimates fo r  a representative process 
cycle (VTE cycle, section 4.3.1). It w a s  assumed t h a t  one square mile of 
land w a s  developed, with 25 wells at 1000 f t  spacing, square pitch. This 

capacity is  suff ic ient  for  500 MWe and 51 Mgd, assuming 1 million lb/hr  

t o t a l  f l o w  per well. 
VTE, it w a s  assuIIled that  one 500 MW turbine could be used. 

Table V gives an estimate of capi ta l  costs;  Table V I  gives a more detailed 

breakdown of the power-desalt plant cap i ta l  costs. 

Table VI1 gives an annual cost breakdown. 

Because the geothermal s t e m  i s  "cleaned" i n  the 

Total annual cost i s  $19.25 m i l -  

l ion.  

water would cost 2hb/kgal; revenues would be power 68%, sulfur  9%, and 

water 23%. If power were marketed a t  3.6 mills/kwh and sulfur  a t  $30/ton, 
then water would cost lOb/kgal; revenues would be power 81%, sulf'ur 9% and 
water 10%. 

If power were marketed a t  3 mills/kwh and sulfur at $30/ton, then 

. 

c 

i 
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TABLE V 

Estimate of Capital Costs 

25 Wells, a t  $200,000 per w e l l  $ 5.00 million 

Power and Desalt Plant 
Allocated t o  Power" 55.35 million 

Allocated t o  Desalting (25 un i t s )  40.0 million 

Brine Disposal Not Estimated 

Not Estimated Sulfur  Recovery 

Total $100.4 million 

*The cost  allocated t o  power includes all power f a c i l i t i e s ,  
steam piping from wells , contingency, ind i rec t  costs ,  and 
$25/kw allowance f o r  heat re jec t .  

w 
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TABLE V I  

Estimate of Detailed Capital Costs, Power-Desalt Plant 

Separators, carbon s teel  (125 uni t s )  $ 1.20 millson 

Ai r- coole d turbine con dens ers 16.85 l1 

Air-cooled condensers, other 2.05 

VTE bundles, smooth T i  tubes c=800, 3.47 
tubes at $2.20/f%, 25 required 

VTE vessels, 25 required, 1 6 1 ~  x 30' high 10.25 " 

Miscellaneous desal t  equipment 3.18 
Steam piping t o  turbine 7.85 
500 MW turbine-generator 

Sub t o t a l  

11 21.39 
$66.24 
- 

Contingency - 202, includes items not 13.25 " 

estimated 
Indirect  costs 

Total  
15.94 " 

$95.43 million 

L, 

. 

. 
TABLE V I 1  

Annual Costs 

Wells, Fixed cost @30%/yr, 0, M & R 

Power, Fixed cost  and 0, M & R 8 20%/yr 

Desalting 11 11 11 12%/yr 
Brine Disposal, @ lO$/kgal 

S Recovery, assume $15/ton Cost 

8 10%/yr, 25 w e l l s  
$ 2.0 million 

11.1 " 

4.8 " 

0.5 
0.85 " 

11 

$19.25 million Total  

! 

j 

2 

. 
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Because the power production i s  not feasible unless brine can be disposed 
of ,  it i s  en t i re ly  possible tha t  the power plant operator m y  have t o  pay a 
brine disposal charge t o  the desalting plant operator. 

both power and water to find marketable prices. 

It$ 
* 

This would permit 

i 

6 .O Conclusions and Recommendations 

If R. W. Rex's estimates o f t h e  geothermal potential  of the Imperial Valley 
are correct,  then it i s  plausible tha t  power and desalted water could be 

produced a t  marketable prices. 
enough t o  have a significant economic impact on Southern California and 

on the Lower Colorado region. 

I f  government agencies support substant ia l  exploratory d r i l l i ng  t o  prove 

the geothermal reserves, then a fraction of t h i s  investment should be spent 

on desalt ing process development. "he rationale fo r  t h i s  recommendation 
i s  t h a t  desalt ing w i l l  be needed t o  dispose of the  geothermal brines 
economically, 

The scale of operations could become large 

Another good reason for th i s  e f for t  i s  tha t  the Imperial 

i 

LJ 

Valley and the Lower Colorado urgently need some pure water t o  offset  the 

growing sa l in i ty  of the Colorado R i v e r .  

The desalt ing e f fo r t  i s  envisioned t o  consist of 2 phases , as follows: 

Phase 1 - Exploratory, consisting of laboratory analyses of brines and 

vapor, and conceptual cycle analysis,  along the l ines  of t h i s  preliminary 

investigation. 
should be scheduled t o  coincide w i t h  exploratory drxlling. 

Cost of t h i s  phase should be $50,000 t o  $100,000 and it 

Phase 2 - P i l o t  p lan t ,  consisting of an i n i t i a l  outlaJr of about $200,000, 

and a t o t a l  cost of up t o  about $1 million over 3 t o  5 years assuming the  

application continues t o  be promising. 

The equipment proposed for  water extraction - ver t ica l  tube evaporators, 
evaporative cooling, air cooling, and f lash evaporators - is  developed 
equipment i n  commercial use i n  s imilar  applications. This application 

departs, however, from others i n  the composition of the brine and i n  the 
available maximum working temperature and pressure. Cycles w i l l  have t o  

be designed and t e s t ed  fo r  the  temperature-concentration so lubi l i ty  
character is t ics  of the  geothermal brines.  The problems 
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L1 one anticipates are those of the removal of the non-condensable gases, the 

deposition of sol ids  on the heat t ransfer  surfaces, and the corrosion of 
the heat t ransfer  surfaces by the dissolved solids and gases. 
investigations could be accomplished w i t h  a 20 t o  50 g p m  p i lo t  plant consist- 

ing of a w e l l  head separator, a single e f fec t  ver t ica l  tube evaporator, one 
or more stages of flash separator, air  c 

vapors , and a sulfur recovery unit .  

Figure 7. 

The i n i t i a l  

.. 
ed condensers for the generated 

A possible flawsheet i s  shown i n  
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INVESTIGATION OF THE GEUIWRML KEENTIAL OF THE COLXlRADo R N W  BASIN 

PHASE I - THE -IMPEFUAL VALLEY PRQIECI' 

Robert W. Rex 

The Institute of Geophysics and Planetary Physics, 
University of California, Riverside, California 92502 
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. Geothermal Surmnary Information 

Geothermal rields suggested in the merial Valley: 69. 
Geothermal brine reserves: 1,000,000,000 acre-ft. 
Temperature range of brine i n  the ground: 
Total number of wells projected: 1000-3000. 
Surface pressures 'of flowing wells: 
Surface temperatures of flowing wells: 
Flow rates per well (11 3/11'' pipe): 
Depth of typical well: 
Brine sa l in i ty  (Mexican type) : 
Brine chemistry: 

500-7OO0F. 

300-400 psi. 
300-4OO0F. 

1,200,000 pounds per hour (10.6 acre-ft/day). 
5,000 feet. 

2-3 percent dissolved solids. 
chlorides of sodium, potassium, and calcium. 

Cost of , typical  well: $100,000.* 
Pmjected production rate of t o t a l  Imperial Valley geothermal wells: 

3,600,000 acre-ft/year t o  ~0,000,000 acre-ft/year . 
Electr ic  power with 1000 wells: 
Steam price per Kw-hr: 
Heat price: 

20,000 megawatt. 
0.36 mils. 

2 cents per million Wi t i sh  Thermal Units. 

* This estimate was increased t o  $200,000 by Rex in  correspondence dated 4/6/70. 
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0.0 flESTR4cT 

The Imperial Valley Project (IW) is a program initiated by a team 
of staff members of the Institute of Geophysics, University of California 
at Riverside to develop the geothermal resources of the Lower Colorado 
River delta which includes the Imperial 
and adjoining areas. Initial efforts are concentrated on the Imperial 
Valley but later field studies will include work in Arizona, Mexico, 
and possibly Nevada to define the extent and quality of geothermal 
resources. 

of geological and geophysical methods is being employed to map out 

ley of Southern California 

In the first phase of the study, already in progress, a cambination 

promising potential sources of geothermal energy. 
Following a critical evaluation of the preliminary exploration 

phase, we propose to condilct extensive field tests to provide the essential 
data necessary to determine the economics of exploitation of geothermal 
energy for power generation, water desalination, and possibly mineral 
extraction. 

If the preliminary economic evaluation is favorable we intend 
to pursue a full scale investigation involving a detailed scientific 
evaluation of the geothermal energy reserve of the entire geothermal 
area. This study is to be accompanied by engineering and economic evaluation 
of the potentialities fo; development of geothermal energy in the Lower 
Colorado Bash for water desalination and power generation. 

The cument phase of operation, costing some $40,000, is supported 
by federal, state, and industry contributions. This level of flmdirg 
is permitting a minimum program of geophysical exploration and .geothem&l 
investigation over a small portion of the promising areas. 
results are favorzble, additional support w i l l  be sought in order to 
complete the first phase of the project. 

If the preliminary 

W 

. 
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1.0 INTRODUCTION 

The Imperial Valley Project (TVP) is an applied research program 
intended to  provide geologic, hydrologic, ergineerirg, and economic 
information necessary for development of the geothem-1 resources of 
the delta of the lower Colorado River. 

The project is being directed i n  its i n i t i a l  phase by W. R. W. 
Rex, as the  Principal Investigator, and D r .  T. Neidav, as the  Geophy- 
s i c a l  Project Director. Roth are nmnbers of the Department of Geolo- 
g i ca l  Sciences and the Ins t i t u t e  of Geophysics of t h e  University of 
California a t  Riverside. The two named investigators have the  support 
of several other faculty members who &e expected t o  jo in  the study 
in its later phases when wre support becomes available. 
I s  being administered within the Ins t i tu te  of Geophysics and Planetary 
Physics at Riverside. 

The project 

.. 

The proposed study consists of a number of phases. The i n i t i a l  
phase, already underway, is concerned with collection of basic geochemical 
and geophysical data t o  demonstrate the most useful and reliable techrliques 
that might be employed t o  survey the g c o t h e m l  energy resources of 
the Imperial Valley quickly and economically. 

This i n i t i a l  effort is being supported by the U.S. W e a u  of Reclamation, 
the National Science.Foundation, and the Standard Oil Co. 
Other Indmtrial support has been sol ic i ted but at ?resent is not available. 

of California. 
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2.0 THE OBJECTIVES OF THE IVP 

(1) Reduce the r i sk  for  exploitation of geothermal energy to  
the point where industry and government can cooperate t o  develop the 
large untapped geothermal resouInces in the Imperial Valley by locating 
the principal potential  steam fields, determine their chemistry, size 
of reserves, and productive potential  including direct  testing of wells. 

(2) Provide impartial sc ien t i f ic  information t o  governmental 
and public agencies t o  assist i n  regional planning fo r  optional energy 
and water resource development. 

' (3) Bring together potentially interested parties who might cooperate 
in forming an operating system t o  develop and control the  presently 
underdeveloped mter resources of the lower Colorado delta area, including 
groundwater, drainage water, Salton Sea water, and ocean water. 

(4) Perform field and laboratory research needed t o  support planning, 
economic evaluation, and engineering f e a s i b i l i t y  studies. 

( 5 )  Train sc ien t i s t s  and engineers i n  geothermal energy-related 
technology t o  provide personnel needed by industry and government t o  
support developin5nt of thls resource. 

. 

. 

(6) Test and develop advanced sc ien t i f ic  techniques for  geothermal 
exploration i n  general which may be used in  other areas as w e l l ,  after 
having been tested and proven i n  the Imperial Valley. 



31 

u 3.0 HISTORY OF GJWEEIW& DEVELOPMENT I N  THE IMPERIAL VALLEY 
1 

Geothermal energy is being.developed comercially in the Imperial 
i Valley in the Cerro Prieto area south of Mexicali where at least 17 

wells have been completed. A contract has been signed f o r  a Japanese 
steam power plant with 75,000 Kw capacity t o  be completed i n  1970 ( F i g .  1). 

U. S. developments have been largely res t r ic ted  t o  the  Wlttes 
area at the south end of the Salton Sea (Fig. 1) where several test 
wells have shown the presence of a hypersaline hot brine that is of 
uncertain comnercial value because of the  excessive proportion of 
mersaline brine t o  steam. Unlike the Mexican brine, the Wlttes 
brine is highly corrosive on the slightest exposure t o  air, and toxic 
metals make potash recovery presently non-competitive with Canadian 
potash. Recovery of other metals including s i lver  m y  be possible 
In the future but does not appear t o  be comercial  at present. 

The Wlttes area is actually underlain by two separate types of 
geothermal brine. The deeper brine is the very hot hypersaline brine, 
while above it occurs a cooler less saline brine of approximately 
1-3 percent dissolved solids tha t  is noncorrosive. 
these two brines dips t o  the south. It is at approximtely 2,000- 

2,500 feet at the I . I . D .  well No. 1 near Red Hill; at about 5,000- 

6,000 feet at the Sinclair  No. 1 about four miles south; and none found 
at a l l  t o  a depth 13,000 fee t  at the Wilson No. 1 jus t  east of Imperial. 
This same less saline non-Tetailiferous brine is also produced in  
the Mexicali steam field. 

valley makes i 

brines greater than 55OoF come within 5,000 feet of the surface. Prelkninary 
exploration over the past decade suggests that there arc a number of 
possible geothermal locations i n  the merial-Valley, some on federal, 

The contact between 

Its widespread occurrence over most of the 

t rac t ive  t o  t r y  t o  locate areas wheke high temperature 

- 
some on state, and some on private land. 

* 

w 
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. 

No significant.coiaLdevelopment*-of - the steam'potenthl 
of the Imperial Valley fields has occurred because of the problem 
of brine disposal 
f o r  every 
c m e r c i a l  development of steam. Consequently, development of a large 
market $for geothermal bnine is essent ia l ,  for  development of the lower 
Colorado basin geothermal potential  

Apprdximataly'two punds.of brine are produced 
of -steam artd the I brine .disposal costs currently inhibi t  

. The only m k e t  evident for very large quantit ies of geothermal 
brine is f o r  sal ine water conversion. Traditionally, water dis t r ibut ion 
falls i n t o  the public section of the economy. On the other hand, geo- 
thermal steam wells themselves involve application .of sophisticated 
sc ien t i f ic  technology developed by the petroleum industry i n  the course 
of steam-assisted o i l  recovery research. 
steam tiells w i l l  prabably have a limited lifetLqe of f ive t o  ten years; 
w i l l  require careful specialized maintenance; and w i l l  need t o  be 

' supported by a technology research program typical of o i l f i e ld  technical 
service support. The lagical  division, therefore, is fo r  private 
industry t o  d r i l l  and operate the wells and t o  sell steam and brine 
t o  public or semi-public agencies or  u t i l i t i e s  t o  produce potable 
water and power. 

In  addition, the individual 

The problems of par t ia l  private and partial. public sector contri- 
bution t o  geothermal developnent has led t o  an impasse i n  Imperial 
Valley geothermal developme2ts where everyone seems to be waiting 
for someone else t o  mke the fi.rst mve. The Imperial Valley Project 
is intended t o  be a first mve by the University of California t o  bring 
together both the public and private sectors of OUT econwi i n  t h i s  
area for the public welfare. 

i 

U 
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4.0 I'ROBLEms EFFECTING F " E i l  DEVELOPMENT OF GEOTHERMAL EMERGY IN THE VALLEY 

We presently lack sufficient detailed scient i f ic  information t o  
evaluate ths  economics of the geotheml potential cf the lower Colorado 
basin. We need t o  know i n  considerable detail the location of potential  
steam fields, the m u n t  of b t  brine reserves; the chemical character 
and possible corrosiveness of the brines; the depth and shape of potential  

. 

steam reservcirs t o  assist i n  well planning; and the clrigin and possible 
recharge mechanisms of groundwater i n  order t o  determine the life of 
the stem Fields. We elso need t o  determine the f eas ib i l i t y  of' pressure 
rnainterance by ocean wa%er o r  Salton Sea water injection; the maxhurn 

productivity of diffeyent reservoir sands; and pssible sand f o m t i o n s  
that could be used for brine disposal. 

. If all  the porosity of the sediments of the Imperial Valley were 
collapsed and the water squeezed out t o  the surface, the valley would 
be covered with a sea about 3030 feet, deep. This  is almost a thousand 
times the volume of thz Salton Sea today. Consequently, the large 
groundwater reservoir i n  %he valley could easily serve as a sink fop 
the excess salts of the Salton Sea or of sea water charged t o  the ground- 
water reservair  for 2 period of 10-20 years at minium, 

Mexican-type brines contain i . 5  t o  2.5 percent dissolved sol ids  
and cit? yield about 90-95 percent cf t h e i r  water wlthmt becorning satursted 
with salt. The Mexican-type brines contain no sulfate  and the first phase 
t o  reach saturation is sodium chloride. 
plar;t fed by geothem-1 brine mjght yield approximtely 90 percent d i s t i l l ed  
water and about io perceflt concmtrated brine which could be reinjected 
undergrowad i n  cooi areas. This would leave approximately 25 percent of 
the geothennal steam for industr ia l  uses o r  power generation. 

Cost figures at, this stage are at best tenuous because a l l  past 
desalination plant designs Pave been optimized fo r  fos s i l  or nuclear steam 
costs of 22-35 cents per million B.T.U.'s. 

Consequently, a desalination 

We have set geothermal brine 
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costs at about 1 cent per millian B.T.U.*s with a reasonable premium 
for steam in order to pay the wells out in four years or  less. - 

this price heat for desalination is almost free coming to about'12-15 
dollars per acre-ft. Plant amortization and operating costs w i l l  
probably come t o  40 to 70 dollars per acre-ft. 

The cost of geothermally desalinated water is obviously much 

A t  

greater than present Colorado River water and, therefore, it would 
have to be considered as incremental water in competition with Eel River 
water or Columbia River water. 
of a lower Colorado water grid could Lmlude this new distilled water 
and that withdrawals of Colorado River water could be made by exchange 
of Imperial Irrigation District, Colorado River water allocations outside 

It appears mst reasonable that development 

of the I.I.D. at desalinated prices and use of desalinated water locally 
in the Imperial Valley at Colorado River prices. 
Owens River water might be made for Colorado River water delivered to 
the Metropolitan Water District. This in effect would introduce a 
two level price structure for southwest U. S. water, Ripwian rights 
holders would get their historical prices while newer buyers would 
have to pay incremental water prices. This effectively restricts new 
users to municipal and industrial users. For the purpose of regional 

Additional exchanges of 

development and growth consideration should be given to protecting agri- 
cultural access to riparian rights f i c x n  mnicipal and Lidustrial users 
who could afford to pay incremental prices. 

would permit salinity reduction and reduce the amount of leach water 
needed for sallnity control of irrigated areas. 
water would help cushion the effect of the reduced Colorado River 

Addition of salt-free distilled water t o  the 1.1.D.'~ water allotment 

Cmsequently, desalinated 

allocation to the I.I.D. as a consequence of recent court decisions. 
In addition, steam separated frm geothermal brines at the well head 
would be available for pDwer genera.tion 6t very low cost. T M s  steam 
is usually superheated a few degrees; has a pressure of 300-400 psi; 
and a temperature of 300-450'F. Mexican experience in the next three 
years shmld denonstraLe feasibility of geothermal power production in the 
Imperial Valley. 
per Kllowatt-hour of electricity produced. 

- 
i 

Thz cost of geothermal steam is approximately 0.36 rr??ls bi 
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The steam fields w i l l  produce, at least f o r  a number of years, 
from single phase brine reservoirs. It appears that produced steam 
could be sold at about 1-2 cents per million B.T.U. and pay out well 
and surface production equipment In about 24-48 mnths.  The Mexicans 
have shown 1,000,000 t o  1,200,000 pound per hour flowing wells t o  
be reasonable and a large number of wells flow at  f r i c t i o n - l m t e d  
rates. Consequently, even larger wells should be tested In the f’uture, 

Li 

. 
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5.1 Reserves 

geothermal potential of the Imperial Valley of California 
and Mexico based cn the work of Rex (1965) and the Mexican 
studies. The values given are only appmximate but serve 
t o  indicate the large s ize  of the geothermal reserves. The 
key information known at this time is that the ent i re  valley 
is a geothermal province with an average heat flow of two 
t o  three times the csntinental average. The key difference 
between the ccol aqd the hot areas is that convective c e l l s  
of hot waters rise along some of the faults and fau l t  com- 
plexes i n  the valley ard give rise t o  very steep Gemperatwe 
gradients in some local areas. 
cold waters move across the valley i n  shallow 5quifers and 
local near surface heat flow is less strongly influenced 
by upward moving deep waters. 
of geothermal waters w i l l  occur i n  the areas of highest heat 
flow. 
should drair, geothemj.  f luids  from the ent i re  s i rounding 
areas and the ent i re  deep portion of the basin can be considered 
t o  be filied with geotne,mal brine. 

two million acres. ?%ere appears t o  be about 20,000 feet  
of sediment i n  the basin and if the lower 15,000 feet  are 
filled with hot brine and we assume an effective average porcisity 
of 10 percent, we w w l d  have three bi l l ion acre-feet of geothema! 
reserves or nore than  ",TO hundred times the a!-ual fled of 
the Colorado River. 
d e  up the noraqueous 90 percent of the rock is slightly greater 
than that of the hot brine assuming 10 pwcent psrosity and, 
consequently, injection of cold sea water as part of pressure 
maintenance program could extract 3 d d M o ~ a l  kest and potentially 
nearly double t h  previcus ultimate rsserve e s t i m t e .  

An approxhate estimate can be made of the regional 

In  other areas low sal ini ty  

Consequently, econcinic development 

Howtvcr, gec;thermal wells i n  these sk l low bt meas 

The geotknnal area is esthated t o  cover at least 

The heat content of the  minerals which 



Production of ten million acre-feet per yea r  of geother- 
mal brine would, therefore, uf;i.lize approxlmately less than 
one hundredth of tht? to ta l  reserves i n  the valley. 

Regardless of t h e  nature of nnderate errors  i n  the  above 
figures it is evident that the geothermal reserves are suffici-  
ently large so a6 t o  open the poossibllity of rmking a significant 
contribution, perhaps by a factor of two, t o  the  water supply 
of th6 southwestern United States providing sea water can be 
brought into the Imperial Valley.  

5.2 Pressure mlntenance by sea water injectjon at Yuma Mesa 
One possible area for introduction cf sea water is i n  

the old Colorzdo channel at Yuma Mesa. Here dredging of the  

old channel and construction of a port for  Mexico, California, 

- 

' and Arizona would introduce sea water lnto the upper delta. 

5.3 

Drilling i n  the  Algodones Dunes whlch reach almost t o  
Y& Mesa indicates that a mJor prlsm of sand penetrates deep 

into the subsurface below the present dunes. 
extension is extensive and reaches the port area, it s b u l d  
be relatively easy t o  inject sea water below the present fresh 

waters lnto these deep sands and use them as an aqueduct t o  
dis t r ibute  cold salt water across the basin. There is as nuch 
as two hundred feet of drop from sea level t o  some of the prospec- 
t i ve  geothermal a-eas. The resultant pressure gradient should 
assist the spreading of sea water through the various aquifers 
in the valley. 

The use of the Yuma port as a source of sea water f o r  
pressure maintenance is probably of equal o r  perhaps greater 
hportance than comercial ut i l izat ion by Arizona a d  Califomic 
as a port. 
Unknawns and further information needed 

If t h i s  subsurface 

The validity of these estimates and extrapc~lations Tram 
preliminary data w i l l  have t o  k established. Specifically, 
we need t o  know the distributicn-of v2rious types of waters, 

L, 
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both saline and fresh; the nature and transmissability of 
various aquifers; the relationship of the flow patterns of 
both hot and cold waters; and the chemistry and quantities 
of the various geothermal brines. 
the costs of various engineering alternatives considering both 
the entire system and various subsystems. 

We, also, need to evaluate 

5.4' Initial stages 
Initial pressure mintenance efforts would not necessarily 

need sea water. Approximately l,l3O,OOO acre-ft per year 
of drainage water flow info the Salton Sea from the Imperial 
Valley. 
the salts behind in the Saltm Sea where the salinity has 
been increasing. 
drainage water into a pressure maintenance operation could 
provide a means for stabilizing both the level and salinity 
of the Salton Sea at some preselected level lower than its 
present one. 
ation plant cmld also be reinjected into cool aquifers at 
intermediate depths as part of this progrm. 
of a drainage system running to the sea, possibly along the 
banks of the ship canal or along the valley of the  New River 
is a long range solution whcse use would depend on an econoinic 
or technical advantage over subsurface disposal. 

All of this water eventually evaporates leaving 

Diversion of some Salton Sea water and 

The residual geothermal brines from the desalin- 

Later development 

5.5 Geothermal wells 
Approxirnately thirty successful geothermal wells have been 

ckilled in the Imperial Valley. The great mjority of these 
have flowed at casing friction-limited rates; consequently, we 
have little information concernkg the ultimate productivity 
of large diameter bore holes. 
date has been the Cerro Prieto Field Well No. M-8, which flowed 
two million pounds of steam and brine per hour during a blowout 
which was later brought under control. Flow at this rate stressed 
the sandstone around the bore hole arid t he  well produced excessive 

The most productive well to 
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amounts of sand. Numerous wells in t h i s  field are producing 
at 1,200,000 pounds per b u r .  
wells might produce between 2-4 million pounds per hour. 
It is probable, therefore, that average well productivity 
w i l l  be at least i n  the 1,000,000 t o  1,500,000 pounds per 
bur range. Total life of a well i s  currently unknown but 
w i l l  probably be at least f ive t o  ten years i n  the Mexican 
steam field. Si l ica  scale is laid down inside the well bore 
where some of the brine flashes t o  steam. Mexican experience 
shows that this scale can be readily removed by mechanically 
reaming the well once or  twice per year. The silica scale 

However, 16-20 inch diameter 

laid down i n  the Imperial Irrigation District Well No. 1 

in the Buttes area is worth about $1000 per ton fo r  its s i lver  
content. It is premature at this time t o  predict any economic 
mineral recovery f r o m  the geothermal brines, but there hzs 
been considerable interest  at the Wlttes field by a number of 
companies. A small amount of calcium chloride is now produced 
commercially by the Chloride Products Co. However, t o  a 
very large extent the future promise of mineral recovery 
depends on supporting the cost of the wells from the sale 
of steam and the heat and water of the brines. Minerals 
and metals, also, appear t o  be primarily by-products when 
one considers the quantities of salts coproduced with a million 
acre-ft per year of brine. Large scale sulfur  recovery may 
be feasible fron a Mexican type of brine which contains about 
a quarter of a percent of hydrogen sulfide i n  the carbon dioxide 
gas that is the main non-condensable gas i n  the stem. 

A l l  evidence t o  date suggests that both the Buttes and 
Mexican fields have single phase brine reservoirs and that 
stearn forms by flashing i n  the well bores. The evidence i n  
the Mexican steam f i e ld  is  somewhat ambigdous. 
of the wells in Mexico clearly tap a hot brine, but recent 
dril l-  has yielded a well with 1500 ps i  shut i n  pressure 

The rrajority 

LI 

. 
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5.6 

b-, 

I 

suggestive of penetration into a gas reservoir. Normal flowing 
pressures are 200-400 p s i  and steam and brine temperatures 
range f h m  400-600% depending on the pressure drop. A detailed 
review of the themodymmlcs of the Buttes field 
by Helgeson (1968). The mJor i ty  of the Mexican 
lished but considerable information is available 

This type of Inf 'omtion is needed fo r  each 
U.S. fields in the Imperial Valley In order that 
of their exploitation can be evaluated. 
Economics of wells 

has been published 
data are unpub- 
on request. 
of the potential  
the economics 

only approximate figures can be presented fo r  well costs 
but a reasonable estimate is that the average well w i l l  be 
5000 feet deep. If one uses 13-5/8 inch I.D. casing with 
11-3/4 Inch l i ne r ,  which is a mininaUn figure i f  the rocks w i l l  
sustain the resultant flow rate, then the cost per well f o r  
well and surface hardware including steam-brine separator and 
prorated share of &hering l i ne  cost is about $100,000.* Well 
spacing w i l l  probably be 500-1000 feet i f  current experience 
in the Valley is indicative. 
pounds of steam and brine per hour appears reasonable. This  
mixture should have an average recoverable enthalpy of 500 B.T.U.'s 
per pound. The wells would, therefore, be producl !  about 
500,000,000 t o  600,000,000 B.T.U.'s per hour. 
price of one cent per 1,000,000 B.T.U.'s, this mans a value 
of $5-6 per hour o r  $120-144 per day per well. Assuming production 
for 350 days per year would yield a gross of $42,000-50,000 
per year. Assigning approximately half of the gross t o  operating 
costs, including royalties, taxes, etc., the wells should pay 
out i n  four years or  approxifiately half of their  estimated 
lives. Obviously, a mall  increase of efficiency o r  of energy 
price of even one cent per million B.T.U.'s w i l l  have a m o r  
favorable Inpact on the prof i tab i l i ty  of the steam wells. 
small increment t o  the base energy price may be necessary t o  

Production of 1,000,000 t o  1,200,000 

If we set a sale 

Some 

*This e s t i m t e  w a s  increased t o  $200,000 by Rex i n  correspondence 
dated 4/6/70, 
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cover waste brine r e w e c t i o n  costs, but basically the approxhate 
fair cost of geothermal heat i n  the Imperial'Valley I s  near 
1-2 cents per million B.T.U. Is. This cornpares to  25-35 cents 
per million B.T.U.'s f o r  fossil fie1 heat and 22-25 cents per 
million B.T.U.'s f o r  the more optimistic nuclear figures. 
nuclear cost projections suggest fhrther declines, but there 
I s  no nuclear heat source on the horizon anywhere near the 
cost of geothermal heat. This does not mean, however, that 
geothermal steam is clearly competitive with nuclear power 
for e l ec t r i c i ty  generation. Nuclear steam I s  dry, high pressure, 
high temperature steam that can be used very eff ic ient ly  i n  
large power plants. merial Valley geothermal steam is relat ively 
low pressure, low temperature steam, well suited fo r  small 
power plants but less a t t rac t ive  for large units. Furthermore, 
it is accompanied by large amounts of hot brine which must 
be ut i l ized  t o  make the ent i re  venture economic. Consequently, 
geothermal energy in the Imperial Valley offers  its greatest 
potential  fo r  a cmbined desalination-power program. 

Industrial  uses for  low cost process steam are numerous 
and it is  not feasible t o  enumerate them here but one possibi l i ty  
might be production of deuterium using preliminary solar concen- 
t ra t ion  followed by the use of the hydrogen sulfide exchange 
technique used by DuPont at Savannah River. The low cost of 
heat in the Imperial Valley might sufficiently drop the cost 
of heavy water t o  the point where heavy water reactors could 
compete with light water reactors with a fuel  cost savings 
by using natural instead of enriched uranium. 

Future 

Jndustrial process heat uses, bwever, face the same problem 

. 

. 

that faces production of e lec t r ic i ty ,  nimely disposal of the 
coproduced brines. Here again water desalination is the key 

t o  brine disposal. 
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Desalination p i lo t  plant studies of various types of 
Imperial Valley brines are needed t o  work out the economics 
of large scale operations. The p i lo t  plants w i l l  each need 
a few test wells t o  provide the necessary feed brine. 
of the major objectives of the U.C.R. Imperial Valley Project 
is t o  provide sc ien t i f ic  information t o  assist in locating, 
dri l l ing,  and testing these i n i t i a l  wells. 
of t h i s  geothermal desalination e f fo r t  is being carried out 
by the Sea Water Conversion Research Laboratory of the University 
of California at Berkeley under the direction of D r .  Alan Laird. 
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