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ECONOMIC IMPACT OF 
CORROSION AND SCALING PROBLEMS 

IN GEOTHERMAL ENERGY SYSTEMS 
i 

D. W .  Shannon 

SUMMARY 

Corrosion and scaling problems have a s ign i f icant  impact on geothermal 
A power p l a n t  must amortize the capital  investment over a plant economics. 

20-year period and achieve sa t i s fac tory  operating efficiency t o  achieve 
f i  nanci a1 success. 

Corrosion and scale  incrustations have been encountered in a l l  geo- 
thermal plants,  and t o  various degrees, adversely affected plant l i f e  times 
and power output. 

Using pub1 ished data this report  analyzes known geothermal corrosion 
and scaling phenomena fo r  s ign i f icant  cost  impacts on plant design and 
operation. 
i n  order t o  estimate impacts on conceptual geothermal plants.  

I t  has been necessary t o  speculate about causes and mechanisms 

S i l i c a  is  highly soluble i n  hot geothermal water and so lub i l i t y  decreases 
as water i s  cooled in a geothermal power plant. 
much as 30,000 tons/year could pass through a 100 MWe water cycle plant.  
The major cost impact will  be on the reinject ion well system where costs 
of 1 t o  10 mills/kwhr of power produced could accrue t o  waste handling 
alone. On the other hand, steam cycle geothermal plants have a de f in i t e  
advantage i n  t ha t  s ign i f icant  s i l i c a  problems will  probably only occur i n  
hot dry rock concepts, where steam above 25OOC i s  produced. Calculation 
methods a re  given f o r  estimating the required s i z e  and cost  impact of a 
s i l i c a  f i l t r a t i o n  plant and f o r  s iz ing scrubbers. 

Calculations indicate as 

. 

* 
The choice o f  materials is s igni f icant ly  affected by the pH of the 

geothermal water, temperature, chloride, and H2S contents. Plant concepts 
d) 

which attempt to  handle acid waters above 180°C will  be forced to  use 

i i i  



expensive corrosion r e s i s t an t  alloys or develop specialized materials. 
On the other hand, handling steam up t o  5OO0C, and pH 9 water up t o  180°C 
appears feasible  usi ng nomi nal cost  s tee1 s , typical of today's geothermal 
plants.  

A number of factors affecting plant or  component ava i lab i l i ty  have 
been identified.  
geothermal turbines a t  the Geyser's geothermal plant which is presently 
reducing plant output by about 10%. 
per year i n  increased o i l  consumption to  replace the power. 

The most s ignif icant  i s  a corrosion fatigue problem i n  

This is  equivalent t o  over $3 million 

In the course of assessing the cost  implications -of corrosion and 
scal ing problems, a number of areas of technological uncertainty were 
ident i f ied which should be considered i n  R&D planning i n  support of geo- 
thermal energy. Materials development w i t h  both laboratory and f i e l d  
tes  t i  ng w i  11 be necessary. 

The economic analysis on which this report is based was done i n  
support of an AEC Division of Applied Technology program t o  assess the 
factors  affecting geothermal plant economics. The resu l t s  of this report  
a r e  t o  be used t o  develop computer models of overall plant economics, of 
w h i c h  corrosion and scaling problems are  only a part. 

The t ranslat ion of the economic analysis to  the report  w h i c h  appears 
here, was done on AEC Special Studies Funds.  

i v  
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INTRODUCTION 

i 

During the past three years awareness of an energy shortage has been 
growing; the c r i s i s  i s  now obvious. 
supply equation have repeatedly pointed out tha t  the United States i s  s t i l l  
becoming less  se l f - suf f ic ien t  i n  energy and more dependent on imports of 
energy (even w i t h  population control and conservation). Recognition of the 
pol i t ica l  and economic implications of t h i s  energy dependency has led t o  
great ly  expanded in t e re s t  in developing U.S. energy sources. This i n t e re s t  
i s  reflected in the need for  increased research and development in a number 
of energy al ternat ives .  Geothermal energy i s  one of  these o p t i o n s .  

Studies of the energy demand vs. energy 

Studies (Hickel 1972) a1 ready completed have shown geothermal energy 
has the potential t o  supply 132,000 MW o f  e lec t r ica l  power by 1985 and 
395,000 MW by the year 2000. B u t  i f  t h i s  i s  t rue,  why i s  the u t i l i za t ion  
o f  geothermal energy in the U.S. presently limited t o  the Geysers f i e l d  in 
California and a few uses of geothermal process heat? We believe part  of 
the answer l i e s  in  the truism tha t  a new technology will only displace an 
older technology i f  i t  can prove a suderior benefit  ( n o t  just equal benefit)  
Stated simply, no u t i l i t y  executive i s  going t o  invest millions of dol lars  

I in an unproved geothermal power plant,; when he can buy e lec t r ica l  generating 
capacity by a proven technology from rfsponsible vendors who  will guarantee 

I 

t he i r  product. ~ 

The beginnings of nuclear power a re  a c lear  example o f  t h i s  principle.  
I t  took government R&D support amounting t o  b i l l ions  of dol lars  and years 
of de f i c i t s  by major reactor vendors t o  penetrate a narket dominated by 
proven foss i l  fuel plants. Today w i t h  prices of foss i l  fuels  soaring ( o r  
even unavailable a t  any pr ice) ,  the lower fuel costs of nuclear plants a re  
looking more and more a t t r ac t ive  i n  spite of somewhat higher capital  costs.  

Geothermal plants are  a lso capital  intensive. The cost  of a geothermal 
plant i s  primarily the capital  and maintenance since the heat i s  f r ee  once 
you are  equipped t o  make e l e c t r i c i t y  from i t .  
fuel cost  of foss i l  fue ls ,  together w i t h  an unfamiliar geothermal technology, 
has inhibited use of hydrothermal steam and water. 

I 
Up t o  now the less  expensive 

44 



We must emphasize the magnitude of the power generation problem in the 
n United States in order t o  p u t  the magnitude of the geothermal scaling and w 

corrosion problem in perspective. 

In l a t e  1973 EZectric WorZd (Olmstedt 1973) i n  t h e i r  2 4 t h  annual B 
forecast  of the e lec t ica l  industry l i s t e d  the 1972 U.S. generating capa- 
b i l i t y  a t  383,000 MW. They forecast  this capacity will  have to  grow by 
40,000 MW every year f o r  the next few years,  increasing to  62,000 MW/year 
by 1990 when to ta l  capacity will reach over'1,200,000 MW. I n  other words 
i n  the next 18 years we must bu i  I d  over twice as much generating capacity 
as we have in our to ta l  history. 
come from, EZectric WorZd did n o t  even mention geothermal power as a source 
of this future  generating capacity. 

In considering where this capacity i s  t o  

The Geysers geothermal plant has now become the world's l a rges t  geo- 
thermal system. I t  i s  expected t o  approach 400 MWe of capacity i n  1974 
and will grow a t  perhaps 100 MWe a year unt i l  the reservoir capacity i s  
reached. 
and i t s  growth represents only 0.25% of the required growth of the e l e c t r i c  
system, one begins to appreciate why EZectric WorZd d idn ' t  mention i t .  O n  
must remember tha t  today, u t i l i t i e s  are  routinely building fossi l - fueled 
and nuclear power plants i n  the 1000 to  1200 We s i ze  range. 

Since Geysers i s  the only proven geothermal f i e l d  i n  the U.S., 

Even i f  the U.S. e lec t r ica l  growth pattern slows substant ia l ly  i t  i s  
s t i l l  obvious t h a t  large scale  generating plants are  involved. T h u s  i f  
geothermal power i s  to  become a s ign i f icant  source of even 5% of the 
growing e lec t r ica l  market, one must consider new plant construction and 
operation of 20 "Geysers s ize"  geothermal power plants of 100 MWe s i ze  or 
1 arger each year. 

I t  has been shown (White, 1973) tha t  steam geothermal f i e lds  l i ke  
Geysers i n  California a re  very ra re  indeed. This combination of h i g h  tem- 
perature, water source, and rock permeability occurs so seldom tha t  this 
type of geothermal power has no hope of making a s ign i f icant  impact. 
must turn to  u t i l i za t ion  of hot water or h o t  dry rock resources (which a re  
abundant), i f  the promise of geothermal power i s  to  be realized. 

One 

2 



i 
Once we conclude i t  i s  necessary t o  develop the technology t o  exploit  

There i s  very limited experience with 
the heat in hot rock and h o t  water geothermal resources, we encounter a 
serious gap i n  ou r  technology base. 
e l e c t r i c i t y  generation using geothermal hot water and none usin9 h o t  dry 
rock. 
and corrosion problems. 
geothermal system acknowledges the problems of scaling and corrosion._ A 
sampling of a few specif ic  references t o  real geothermal power plants 
i l l u s t r a t e s  some of the problem areas: 

These systems are  a lso recognized t o  have the most serious scaling 
Just about every survey a r t i c l e  on u t i l i za t ion  of 

A t  Otake, Japan, plugging of a 14 inch l i ne  2.5 miles long with 
s i l i c a .  Line was used t o  dispose of water from bores. 

A t  Wairakei , New Zealand, bore water i s  discharged t o  open drains 
t o  a r iver ,  ' I . .  . b u t  on the way i t  deposits a very large amount o f  
s i l i ca . .  . I '  Maintenance costs $15,000 year. (Koenig 1973) 

A t  Niland, California, "Market conditions and problems o f  corrosion, 
scaling, and waste disposal prevented comnercial development of 
e i the r  e l ec t r i c i ty  o r  a major chemical recovery w.orks. 
well l i f e  was 2 years." (Koenig 1973) 

(Yangase 1970) 

. . .Average 

A t  Otake, Japan, "Limited l i f e  i s  predicted f o r  the present wells 
because of scaling and fluctuations in pressure ... calcium carbonate 
scale  requiring acidizing has been found in one well." (Koenig 1973) 

A t  Geysers, California,  "The Hydrogen sulf ide (H2S)  i n  the plant 
atmosphere has caused some problems w i t h  e lec t r ica l  equipment 
because of i t s  corrosivity t o  copper alloys and s i lver ."  

In the Hungarian Basin, "Since the water contains calcium carbonate 
i t  must be allowed t o  s tand  and t h u s  precipi ta te  w i t h i n  tanks rather  
than w i t h i n  the heating system." 

A t  Taiwan, "Fluid pH has usually been less  than 5.0 and as low as 2.0 
causing problems of corrosion and disposal o f  residual f lu id ."  
(Koeni g 1973) 

(Finney 1973) 

(Koenig 1973) 

3 



A t  Tekke Hamman, Turkey, "The well, ... i n  f a c t  i s  inoperable because 
of ca l c i t e  incrustation. 
u t i l i z ing  a closed system heat exchanger i s  being considered ... 

Ins ta l la t ion  of a 10-20 MW generator 

reservoir f l u id  would be produced, u t i l i zed  and reinjected under 
pressure, t h u s  avoiding the separation of calcium carbonate from 
the f lu id ."  (Koenig 1973) 

A power plant must amortize the capital  investment over a 20 t o  30 

Technical problems l ike  
year period. 
generate e l e c t r i c i t y  60 to  80% of the time. 
those l i s t e d  above jeopardize financial  success. Investments of 
private capital  will continue to be inhibited as long as plant l i f e  i s  
not predictable. 

To achieve sa t i s fac tory  operations costs the plant must 

Government sponsored research i s  needed t o  demonstrate t ha t  geothermal 
power us ing  hot rock and hot water is feas ib le .  
used before i n  synthetic rubber and nuclear power. 

T h i s  principle has been 

Today most of the practical  geothermal power plant experience ex is t s  
i n  foreign countries. 
of 198 papers t o  the " U . N .  Symposium on Development and Uti l izat ion of 
Geothermal Resources" (Geothermics 1970). The United States  contributed 
only about 8% of the pages to  this symposium. 

For example, take the massive (1725 page) compendium 

E 

b 

With  most of the geothermal l i t e r a t u r e  from foreign sources, compounded 
by long distance and language problems, the U.S. engineers can expect 
problems i n  get t ing needed data. 
has been published, and is  often inconsistant. 
take tha t  data published and analyze, and sometimes speculate, about the 
implications to  future  geothermal plant design. 

T h i s  review is  no exception. L i t t l e  data 
This review attempts t o  

c 
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CONCLUSIONS 
a 

T h i s  review focuses on some o f  the major scaling and corrosion problems 
i n  devel opi ng geothermal energy: 

h 

I 

Problems of scaling and corrosion are  encountered i n  every geothermal 
power project and are  a major cause of plant maintenance, repairs ,  
and turbine downtime. Some geothermal ventures have had t o  be 
abandoned because of corrosion and/or scaling. 

Massi ve Si 1 i ca Problem 

In a hot water type geothermal plant enormous quant i t ies  of s i l i c a  
will  be brought t o  the surface; potentially 15,000 t o  30,000 tons 
per year i n  a 100 MWe plant. 
i n  the plant,  p l u g g i n g  will occur. Fortunately, most goes out 
w i t h  the waste water, and most s i l i c a  deposition occurs i n  the 
waste water system. 
rei  nject i  on. 

Turbi ne Scale 

Turbine scale  has occurred i n  s ign i f icant  quant i t ies  whenever the 
steam contains moisture droplets w i t h  dissolved s a l t s ,  or whenever 
the steam i s  s ign i f icant ly  superheated. Use of water scrubbers is  
very e f f e c t i v e  i n  reducing sca le  formation, b u t  t h i s  method degrades 

the energy recovery from superheated systems. 

Turbine Scale More Severe f o r  High Temperature Systems. 

S i l i ca  carryover in  steam is  considerable and produces troublesome 
turbine scale  i n  present geothermal plants.  
increases w i t h  steam temperature and pressure. "Si 1 ica Separators" 
will be required f o r  plants u t i l i z ing  hot dry rock heat sources above 
250°C. Calculations indicate over 80 tons of s i l i ca /year  could be 
transported in to  the turbines i n  a 100 MWe plant a t  300°C. 
deposition rate i s  a small ( b u t  unknown)  f ract ion of theoret ical .  

If even a minor f ract ion deposits 

Problems will  be encountered i n  waste water 

S i l i ca  transport  

The 
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Need t o  Control CO7 Overpressure 

The strong dependence of c a l c i t e  (CaC03) so lub i l i t y  on the carbon 
dioxide overpressure can cause geothermal bore plugging when boi 1 i ng 
releases COP. 
loss may be necessary where ca l c i t e  i n  the water i s  h i g h .  

Use of intermediate heat exchangers to  avoid C02 gas 

Need t o  Reinject Fluids 

Present geothermal plant practice of d ispos ing  of H2S t o  the a i r  
and excess brines to  rivers will  be an untenable environmental problem. 
Successful reinjection of steam condensate a t  the Geysers geothermal 
plant i n  California does not mean disposal of h i g h  sol id  content 
brines by reinject ion w i  11 be successful. 

P1 uggi ng of Rei n j e c t i  on We1 1 s 

Suspended s i l i c a  may p l u g  reinjection wells. The retrograde solu- 
b i  1 i ty  (decreasing sol ub i  1 i ty wi t h  increased temperature) of CaC03 
and Cas04 w i  11 be of concern. 
( C O i - )  can be picked up from COP in  the a i r ,  and su l f a t e  ( S O i - )  i s  
the product of oxidation of H2S by 02. 
ponds could lead t o  re inject ion well plugging as f lu ids  a r e  reheated 
d u r i n g  re inject ion.  

Wastewater Treatment and Reinjection May be Expensive 

I t  cannot be assumed tha t  water recirculat ion i n  hot rock systems, 
or  re inject ion of waste brines will be economically feasible .  Based 
on cost  of re inject ing waste o i l  f i e ld  brines, costs of 1 t o  10 mills 
per kW-hr could accrue i n  waste handling alone i n  some geothermal 
e l ec t r i ca l  generating p lan ts .  

Bicarbonate (HCO;) and carbonate 

Use of cooling or  retention 

Need fo r  R&D on Rate of Scaling and Corrosion 

There is  almost a complete lack of short  time data on the - r a t e  t h a t  
deposition problems wil l  occur i n  real  geothermal plants. 
will  move through geothermal plants i n  minutes. However, most of the 
geochemical l i t e r a t u r e  is  oriented i n  geological time towards explan- 

Fluids 
c 

ations of ore body formation. 
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General Corrosion by H g  
Hydrogen su l f ide  has been a general corrosion and environmental problem. 
H2S attacks copper and s i l v e r  e lec t r ica l  equipment. 
release fo r  environmental reasons will reduce this corrosion problem. 

Preventing H2S 

Potential fo r  hydrogen embrittlement due to  H2S must be considered 
materials selection. Corrosion fatigue of turbine components COP 

tinues t o  be a problem. 

Importance of Fluid pH on Corrosion 

i n  

The corrosion of iron-base alloys i n  geothermal waters i s  controlled 

by H 
This means s t ee l s  have acceptable corrosion rates in dry geothermal 
steam. However, carryover of 0.5 t o  1 %  moisture in the steam and 
condensation can create  very acid and corrosive conditions. 
handling parts of the plant,  the f lu id  pH and  temperature will be 
major factors  i n  materials select ion.  

+ reduction, except where O2 accidently leaks in to  the system. 

For water 

P i t t ing  and Stress Corrosion Cracking of Austenitic Stainless  Steel 

The 300 Series s ta in less  s t ee l s  have been successfully used in conden- 
s a t e  systems below 120°C where chlorides are  low. 
and s t r e s s  corrosion cracking are  r ap id  where aus ten i t ic  s ta in less  
s t e e l s  have been t r i ed  i n  geothermal f lu ids  containing chlorides.  

Pi t t ing f a i lu re s  

Other Materi a1 s 

Corrosion o f  aluminum, copper, nickel , titanium, and zirconium and 
their  a1 loys are  discussed. A l l  have some promise. Where p i t t i n g  

can be controlled aluminum has been successfully used, especially 
in  acid condensates and plant s t ructural  applications. Copper alloys 
have often failued due t o  suscept ib i l i ty  to H2S and occasional1 a i r  
leaks. The other alloys have seen l i t t l e  geothermal service.  

Lack of Geothermal Materials Data 

The available published corrosion l i t e r a t u r e  i s  sparse. 
general corrosion experience, major materials problems and unknowns 
e x i s t  f o r  plant designs u s i n g  geothermal water (not steam) above 3OOOF 
especially as the pH becomes more acid t h a n  pH 7. 
materials evaluation work and f i e l d  t e s t s  will be needed. 

Based on 

Considerable 
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GEOTHERMAL SCALING AND INCRUSTATIONS 

P o t e n t i a l  f o r  S i l i c a  Deposi t ion i n  a Geothermal P lan t  Using Hot Water Sources 

S i l i c a  (Si02) i s  h i g h l y  so lub le  i n  both water and pressur ized steam. T 

The s o l u b i l i t y  increases w i t h  temperature. 

s i l i c a  (e.g. , quar tz ,  c r i s t o b a l i t e ,  t r i d y m i t e ,  amorphous (opa l ) ,  and 
s o l u b i l i t i e s  vary w i t h  form. 

1962). 

There are  several  forms o f  

.a 

I (Hol land 1967, Alexander e t  a l ,  1954, Morey 

A s imple c a l c u l a t i o n  i l l u s t r a t e s  why geothermal p lan ts  have s i l i c a  

p rob l  ems : 

Given: 100 MWe Geothermal P lan t  

Thermodynamic E f f i c i e n c y  - 10 kg steam/kW-hr 

Reservoi r  Temperature - 250°C 
20% o f  f l u i d  f l ashed  t o  steam a t  140°C (50 p s i )  

Assume water i n  r e s e r v o i r  sa tura ted  w i t h  quar tz  

(which i s  the l e a s t  so lub le  form o f  S i02)  

Ques t i  on : 
What i s  the p o t e n t i a l  depos i t i on  r a t e  o f  s i l i c a  i n  

the p l a n t ?  

Steam produc t ion  - 100,000 kW x 10 kg/kWhr = 106kg/hr = 2.2 x l o 6  l b / h r  

6 l o  kg/hr = 5 x 10 kg/hr = 1.1 x l o 7  l b / h r  
6 

0.2 To ta l  water p roduc t ion  = 

To ta l  s i l i c a  (qua r t z )  removed = (1.1 x 10 7 )(5.5 x 10- 4 ) = 6.05 x 10 3 l b / h r  

f rom rese rvo i  r = 3 tons /hr  

( S o l u b i l i t y  a t  2 5 O O C  = 0.055%) 

S i l i c a  (amorphous) so lub le  

i n  f l a s h  water  

(80% f l a s h  water)  

( S o l u b i l i t y  a t  140°C = 0.055%) 

P r e c i p i t a t i o n  P o t e n t i a l  a t  f l a s h  Tank = 6.05 x l o 3  - 4.8 x 10 

= (1.1 x 107)(0.8)(5.5 x l oe4 )  = 4.8 x lo3 l b / h r  

3 

= 1.25 x l o 3  = 0.6 tons/hr  
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Si l i ca  (amorphous) soluble i n  
= (1.1 x 107)(0.8)(4.0 x 

(Solubili ty a t  100°C = 0.04%) = 3.5 x 10 lb/hr 

Precipitation Potential i n  Waste Line = 6.05 x lo3 - 3.5 x lo3 

wastewater i f  i t  cools t o  100°C 
3 

3 = 2.6 x 10 lb/hr = 1.3 tons/hr 

Amorphous s i l i c a  i s  the most soluble, b u t  metastable phase of Si02. 
above calculation is  done fo r  quartz deposition, the numbers r i s e  t o  a 

I f  the 

precipi ta t ion potential of over 2 tons/hr. 

The real plant s i tua t ion  must consider the r a t e  processes affecting 
deposition of amorphous s i l i c a  and the growth of c rys ta l l ine  forms of 
s i l i c a .  Most of the s i l i c a  remains i n  the wastewater. What the designer 
of a plant needs t o  know is:  

"Where will  s i l i c a  deposit and a t  what rate?" 

"What parameters of temperature, temperature drop ,  velocity , 
Reynolds number, deposition surface/fluid r a t io ,  time, f lu id  
chemistry, e tc . ,  increase or  decrease the r a t e  and by how much?" 

I f  he knows th i s  before designing the plant he can design around the 
problem o r  a t  l e a s t  make provisions fo r  s i l i c a  removal. 

The Japanese (Yangase 1970) found the f i r s t  hour was c r i t i c a l  and 
ins ta l led  stirred tanks t o  allow precipitation t o  occur i n  order t o  prevent 
deposition i n  the exi t  p i p e .  There is  almost no engineering data available 
on the ra tes  of s i l i c a  deposition. We reviewed several original papers on 
s i l i c a  so lubi l i ty  t o  see what data on r a t e  processes are  available.  
Usually the existing data were taken i n  ;mall (few hundred ml size) bombs. 
E q u i l i b r i u m  i s  generally obtained i n  a few hours a t  200 t o  300°C, b u t  may 
take months or  longer a t  room temperature. 

S i l i ca  Solubi l i ty  During Water Injection Into Granite 

The above discussion concentrated on Si02 so lub i l i t y  in natural water 
reservoirs tha t  had thousands of years t o  form. 
water in to  fractured rock introduces additional complexities. 

The injection of fresh 
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The f r e s h l y  i n j e c t e d  water h i l l  leach i m p u r i t i e s  f rom t h i s  f r e s h l y  

f r a c t u r e d  rock  as t h e  water i s  heated. Since heat  t r a n s f e r  through the  

rock  t o  the  water  i s  slow, i t  i s  c l e a r  t h i s  newly i n j e c t e d  water w i l l  
remain i n  t h e  ground f o r  a few days ( o r  weeks) be fore  reappearing as steam. 

The i m p u r i t i e s  present i n the  p ressu r i  zed steam w i  11 be 1 a r g e l y  determi ned 

by the  i m p u r i t y  conten t  i n  t h e  water phase, and t h e  steam/water d i s t r i b u t i o n  
r a t i o s .  

i n  t h e  water cou ld  be q u i t e  d i f f e r e n t  from n a t u r a l  geothermal r e s e r v o i r s  

t h a t  have undergone hydrothermal a l t e r a t i o n  f o r  thousands o f  years.  
obvious t h a t  t h e  i m p u r i t y  composit ion w i l l  depend on rock  composit ion. 

I n  F igu re  1 the  major mineral  con ten t  o f  e x t r u s i v e  (upper row) and i n t r u s i v e  
( lower row) rocks i s  d iagramed.  On the  bas is  t h a t  most western U.S. h o t  
r o c k  p lu tons  a r e  expected t o  be g ran i te ,  we would expect g r a n i t e  t o  a f f e c t  
t h e  composi t ion o f  t he  steam and water. 

r 

m 

But what a re  these composit ions? C lea r l y ,  t he  i m p u r i t y  composi t i o n s  

It i s  

From F igure  1 i t  can be seen t h a t  f e ldspars  a re  the  major minera l  i n  

g r a n i t e  fo l lowed by s i l i c a ,  and var ious  ferromagnesian minera ls .  Thus we 

should expect t h e  composit ion o f  t h e  water and steam phases t o  be determined 
l a r g e l y  by t h e  hydrothermal a l t e r a t i o n  o f  f r e s h l y  exposed f e l d s p a r  and 

q u a r t z  p lus  any h i g h l y  leachable m a t e r i a l s  present. E l l i s  and Mahon (1964) 

found c h l o r i d e s  and b o r i c  a c i d  were, h i g h l y  leached by h o t  water i n  t h e i r  
leach ing  s tud ies  o f  igeneous rock  done i n  s t a t i c  bombs. Helgeson (1971) 

and Hemley and Jones (1964) have discussed many o f  t he  t h e o r e t i c a l  aspects 
o f  hydrothermal a l t e r a t i o n s  o f  fe ldspar ,  i l l u s t r a t e d  by the  hyd ro l ys i s  o f  

K-Feldspar: 

K-Feldspar K mica 
+ +  

1.5 K A1 Si308 + H + 0.5 K A13Si3010(OH)2 + 3Si02(aq) + K+ (1 )  

K mica 

K A13Si3010(OH)2 + 

Kaol i n i  t e  

AlpSi205(OH)4 2 2 A 

Kaol i n i  t e  

.5 H20 + H+ 1.5 A12Si205(0H)4 + K+ ( 2 )  

Boehmite 

0 (OH) + 2Si02(aq) + H2) 

11 
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Similar reactions can bf? written f o r  a l l  potassium, sodium and calcium 
feldspars.  
Ca", and Si02 (as Si(OH)4). 

(1971) discuss the r a t i o  of the cations k, iia', Ca" t o  H + ,  e.g., 

The products of hydrolysis cf grani te  will include K', Na', 
Both Hemley and Jones (1964) and Helgeson 

7 

a +  H 
h is c r i t i c a l  t o  determining which mineral phase i s  s tab le  acd controlling 

a major source of Si02. Note also these reactions a re  pH dependent. 

A second source of Si02 i s  d i r ec t  solution from the quartz phase in 
granite: 

+ Si02 (amorphous) / 
Si02 (so l id  quartz) + SiOp (aq) + Si02 ( c r i s toba l i t e )  

'+ s io2  (quartz! 

The so lubi l i ty  of Si02 varies with i t s  equilibrium sol id  phase. Si02 
can remain supersaturated w i t h  respect t o  quartz for  very long times. 
and Mahon (1964) found the Si02 concentration i n  t he i r  solutions was in 
between the so lubi l i ty  values f o r  quartz and amxphcus s i l i c a .  

E l l i s  

h 

When hot water contacts grani te ,  the water can pick u p  SiOp sub- 
s t a n t i a l l y  i n  excess of equilibrium so lubi l i ty  because of inadeqtiate time 
f o r  equilibrium to occur i n  the redeposition step. 
moving, as in  a geothermal plant,  the deposition will take place _I stme 
- distance away from the original source. This has been observed in natirral 
hydrotherrilal a1 terat ion o f  grani te  where vei tis ' I .  . . are  vir tual  ly glutted 
with Sio2."  (Holland 1967) 

I t  i s  a very s igni f icant  comment on the present state-of-the-art  t ha t  he 
had only - two experimental studies t o  draw actual data from; Wollast (1967) 
who worked a t  room temperature and one high temperature study (LaGache- 
1967) i n  a French journal. All the existing experimental data a re  a t  con- 
s t an t  temperature and pressure. 
plant, where wide temperature changes in  short  times occur, i s  a d i f fe ren t  
system than has ever been s tud ied  before. 
power plant system will be i n  equilibrium with quartz. 

I f  th i s  water i s  

Helgeson (1971) discussed some of the kinetics of these processes. 

I t  i s  c l ea r  t ha t  a typical geothermal power 

We cannot assume Si02 i n  t h i s  
I f  the water i s  
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supersaturated w i t h  s i l i c a ,  we can expect the pressurized steam produced 
from the bores may contain more s i l i c a  than would otherwise be predicted. 

The Si02 content of the e f f luent  steam can vary with temperature, 
pressure, - and the _L_ am+ r a t i o  i n  the water, 

and boric acid will be present depending on leaching r a t e  and the ionization 
constants of HF, H2S, HC1,  and HB02, which a l so  vary w i t h  temperature and 
pressure. 

Fluorides, su l f ides ,  chlorides 
aH+ 

Control of Impurities i n  Effluent Steam by Controlling Injection Water 
Chemistry 

The interrelat ionships  of - am+, mineral s t a b i l i t y ,  and s i l i c a  content 
aH+ 

i n  the water, o f fe r  an in te res t ing  poss ib i l i ty  of control o f  steam impurities 
by control of injected water chemistry. Note i n  the equation: 

+ +  Feldspar t H + Mica + Si02 t K+ 

tha t  increasing K or  decreasing H (more basic solut ion)  should s t a b i l i z e  
feldspar and reduce Si02 i n  solution. 
how effect ive this chemistry control i s  i n  reducing p i p i n g  system deposits 
by reducing the impurity source r a t e  i n  the steam. 

+ + 
Experiments will  have t o  investigate 

S i l i c a  Deposition and Scaling i n  Turbines 

Si 1 i ca deposi t i  on on turbine blades i s  potenti a1 ly  very se r i  ous , 
because small deposits a l t e r  the vibration frequency of the blades leading 
t o  fa t igue  f a i lu re s .  More extensive scaling can change turbine efficiency. 

Yoshida, e t  a l .  (1968) report  operational experience on a 20 MW turbine 
a t  the Matsukawa geothermal s t a t ion  where turbine deposits,  ' I . .  . affected 
output r a t i n g  seriously." The deposits were f i r s t  noted when the turbine 
was overhauled a f t e r  50 days[!!] o f  operation. Approximately 40% of the 
sca le  was Si02 w i t h  CaS04, Na2S04, A1203, MgO, FeS04, and FeS making u p  
the remainder. They f e l t  much of t h i s  material (especially water soluble 
compounds) was transported via the 1% moisture droplets i n  the steam. 

3 
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They were working on b e t t e r  steam-water separators.  

steam are  a l so  a major source o f  eros ion.  

washed o f f ;  however, i n s o l u b l e  depos i ts  a re  more ser ious.  They f e l t  t h e  
Si02 was t ranspor ted  as dus t  p a r t i c l e s .  

Water d rop le ts  i n  the  

The water so lub le  s a l t s  can be 

I t i s  w e l l  known Si02 i s  so lub le  i n  h igh  temperature steam. 

steam b o i l e r  p r a c t i c e  i s  t o  c a r e f u l l y  c o n t r o l  s i l i c a  i n  b o i l e r  feedwater. 

Th is  c o n t r o l  i s  much more d i f f i c u l t  i n  a geothermal system where the feed- 

water i s  sa tura ted  w i t h  s i  1 i c a .  

p o r t  r e l a t i v e  t o  Plowshare nuc lear  geothermal power p lan ts  and concludes 
scrubbing the  steam w i l l  be essen t ia l .  The approximate e q u i l i b r i u m  s i l i c a  
conten t  ( f rom K r i k o r i a n  1972) i n  the steam phase i s :  

Normal 

K r i  ko r ian  (1972) discusses s i  1 i ea t rans-  

T°C 
150 

200 
250 

300 

350 

- % S i  07 ( ppm ) 
0.08 

0.4 
1 

9 
70 

Using the  previous data on a 100 MWe geothermal power p l a n t ,  and 210- 

230 p s i  steam ( 2 0 0 O C )  t y p i c a l  o f  h igh  pressure bores a t  Wairakei, New 

Zeal and: 

6 Steam produc t ion  = 10 kg/hr  

Oo4 - 0.4 kg/hr = 0.9 l b / h r  S i l i c a  i n  steam = 10 kg/hr x - - 6 
1 o6 

In the  u t i l i z a t i o n  o f  h o t  d r y  rock  t h i s  would r i s e  t o  about 20 l b / h r  f o r  a 
300°C system o r  about 175,000 l b / y r  -- i n t o  the  tu rb ines  (assuming 90% o n - l i n e  

t ime) .  
temperature r i s e .  

Note t h a t  s i l i c a  t r a n s p o r t  i s  a f a c t o r  o f  20 worse w i t h  a 100°C 

Thus we encounter a t rade -o f f .  The thermodynamic e f f i c i e n c y  of a 

geothermal p l a n t  r i s e s  d r a m a t i c a l l y  w i t h  steam pressure, b u t  so does s i l i c a  

carryover .  
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Water is  very effective i n  scrubbing s i l i c a  from steam as seen from 
the following d is t r ibu t ion  coeff ic ients :  

- - m Si07 i n  H7O 
Kamorphous $m Si02 i n  steam 

Si02 

To C K 
150 7500 
- 

200 
250 

2000 . 

1000 

For example, the 100 MWe plant above had 0.4 ppm Si02 i n  the steam a t  
200°C and would normally transport  0.4 k g / h r  in to  the turbines. I t  i s  
interesting t o  calculate  how much scrub water is needed t o  remove this 
s i l i c a  t o  a value of 0.01 ppm i n  the steam: 

pprn SiO, i n  scrub water = (0.01)(2000) = 20 ppm 

20 - 0.4 kg/hr - -  
1 o6 H2° 

4 4 
= 2 x 10 kg/hr  = 4.4 x 10 l b / h r  H2° 

4 % of to t a l  steam condensate - - 4.4 x 10 kg /h r  x 100 = 2% 
2.2 x lo6 used as  scrub water 

T h i s  shows t h a t  when a system i s  r u n n i n g  w i t h  saturated steam the normal 
condensate i n  the steam lines i s  a good scrubber. 
they found ''a moderate amount of p i  pel i ne condensa t i  on is  benef i c i  a1 ; 
... The pipeline i n  e f f e c t  ac t s  as an e f f i c i en t  scrubber." However, if the 
steam system i s  normally superheated as could be the case f o r  hot dry rock, 
there would be a thermodynamic penalty f o r  water scrubbing .  
sc rubbing ,  s i l i c a  t ransport  t o  the turbine could increase dramatically. 

A t  Wairakei (Haldane 1962) 

Without 

Calci te  Transport and Deposition 

3 

is 

In contrast  t o  s i l i c a ,  ca l c i t e  (CaC03) and a l so  gypsum (CaS04.2H20) 
have retrograde solubil  ities--namely so lubi l i ty  decreases w i t h  increasing h 
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temperature. (Holland 1967, E l l i s  1963) T h i s  means tha t  as geothermal 
water cools, cal c i  t e  and gypsum normal ly  increase i n  sol ubi 1 i ty  rather 
than decrease l i ke  s i l i c a .  I f  so, why does ca l c i t e  deposition show u p  
so  often i n  geothermal plants and bores? The answer i s  the so lubi l i ty  
of CaC03 i s  strongly dependent on the C02 gas content of the water. 

3 

(COP 
* is  the major noncondensable gas i n  geothermal systems): 

CaCO3 + H ~ C O ~  Ca++ + Z H C O ~  

co2 + H ~ O  H ~ C O ~  

The calcium ion concentration is  related t o  the C02 overpressure by 
(Holland 1967): 

where: 

K i  = f i r s t  ionization constant of carbonic acid 

Kz = second ionization constant of carbonic acid 

= sol ubi 1 i ty product of ca l c i t e  1 
B = inverse Henry's Law constant f o r  C02 i n  water; 

moles C02/li ter of solution per atmosphere 
pressure 

= fugac i ty  of C02 fC02 

8 

Ta(HC03)2 = mean ac t iv i ty  coeff ic ient  of Ca(HC03)2 i n  solution 

Studies of the interactions o f  temperature and C02 over pressure 
w i t h  calcium solutions show: ' 

Calcite cannot deposit by simply cooling the solution. 
A t  any temperature ca l c i t e  can be deposited by C02 release. 

17 



, 

Calcite can deposit i f  the solution boils and releases COP. Boiling 
can, and usually does, occur when water depressurizes as i t  comes u p  
a geothermal bore. 

Calcite deposition is  more l ikely t o  occur in production from lower 
temperature reservoirs with h i g h  COP gas content where CaC03 is  more 
soluble. complete release of 70 atm C02 pressure from 
a 150°C solution would deposit 450 mg CaC03/kg solution, whereas 
the same release from a 300°C solution i s  only 60 mg/kg (Holland 1967). 

I 
For example: 

The presence of NaCl i n solution increases ca l c i t e  sol ub i  1 i ty.  
estimated tha t  a t  any temperature up  t o  300"C, boiling could easi ly  deposit 
a t  l ea s t  100 mg CaC03/kg solution. 

Going back t o  the 100 MWe geothermal plant,  the steam production r a t e  
was 10 kg/hr .  CaC03 deposition = kg C03/kg x 10 k g / h r  = 100 kg/hr  = 
220 l b / h r .  T h u s  i t  i s  not surprising tha t  bores have plugged w i t h  c a l c i t e  
i n  cases where h i g h  calcium waters are  encountered. I t  i s  a l so  c lear  t ha t  
maintaining C02 overpressures can inh ib i t  ca l c i t e  deposition which favors 
pressurized water heat exchangers vs. f lash steam type systems. 

Holl and 

6 6 

We have not found any data on ca l c i t e  deposition ra tes  as a function 
of engineering plant design variables. The indications are  tha t  ra tes  a re  

I much more rapid than the s i l i c a  deposition. 

~ 

~ 

Scale Formation Due To Water Soluble Sa l t s  

Not a l l  scale  formed i n  geothermal plants i s  caused by compounds w i t h  
low water so lubi l i ty  such as s i l i c a  and ca lc i te .  
(Ozawa 1970) had a measurable content o f  FeS04 and Na2S04. 
t o  be dissolved i n  small moisture droplets carried in the steam. 
Matsukawa bores began del i veri ng superheated dry steam (Ozawa 1970) the 
sca le  deposition r a t e  "remarkably decreased". 
sca le  is  consistent w i t h  the work of Staub (1946) who c lass i f ied  turbine 
scale  deposits i n  two types ( 1 )  water soluble such as su l fa tes ,  chlorides, 
and hydroxides, and (2)  water insoluble such as s i l i c a .  S t a u b  found the 
l e a s t  soluble compounds deposit f i r s t ,  and most turbine scale  contained 

Turbine scale  a t  Matsukawa 
This was thought 

When the 

Formation of su l f a t e  turbine 

6 

h 
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s u l f a t e  as the f i r s t  deposi t ions species. 
seen i n  geothermal tu rb ines .  He recomnended c o n t r o l  of mois ture d r o p l e t  

carryover .  
s i l i c a  i n  feedwater, o r  i f  t h i s  was n o t  poss ib le ,  t o  use water scrubbers. 

His  advice i s  s t i l l  v a l i d  today f o r  geothermal p lan ts .  

Th is  i s  cons i s ten t  w i t h  what i s  
a 

For i n s o l u b l e  s i l i c a  deposi ts ,  Staub recommended reduc t ions  i n  

Ih 

Some i r o n  ox ide and i r o n  s u l f i d e  scales a re  occas iona l l y  seen as 

t u r b i n e  scale, e s p e c i a l l y  on s ta r tup ,  due t o  t ranspor t  o f  i r o n  co r ros ion  

products f rom the  bore l i n e r s  and p ipe l i nes .  

A t  L a r d e r e l l o  ( A l l e g r i n i  1970) r a p i d  s i l i c a  scale bu i l dup  has been 

observed when "dragged water"  gets i n t o  the  steam l i n e s .  
h i g h  the  s i l i c a  s o l u b i l i t y  i n  water i s ,  t h i s  i s  n o t  s u r p r i s i n g .  

Consider ing how 

Chlor ides a re  a continuous co r ros ion  problem. A t  L a r d e r e l l o  ( A l l e g r i n i  

1970) a number of p i p i n g  cor ros ion  f a i l u r e s  occurred due t o  ch lo r i des .  I n  

some cases they have had t o  r e s o r t  t o  i n j e c t i o n  o f  a l k a l i n e  so lu t i ons  i n t o  

the  p i  pe l  i nes t o  m i  n imi  ze c h l o r i d e  carryover  i n t o  the  t u r b i  nes and condenser 

sys tem. 

Where very h igh  concentrat ions o f  b r i n e  are  encountered such as Sa l ton  

A1 t e r n a t i  ve l y  water drop1 e ts  c a r r y i n g  a h igh  d i  sso l  ved sa l  t 

Sea hydrothermal f l u i d s ,  the  process o f  b o i l i n g  can exceed the  s o l u b i l i t y  

o f  s a l  t s  . 
conten t  can be c a r r i e d  w i t h  the  steam, evaporate and depos i t  t h e i r  s a l t  

content  as scale.  

The c o n t r o l  o f  these water s o l u b l e  sca le  formers depends p r i m a r i l y  on 
good steam separator  e f f i c i e n c y  and t h e  use o f  scrubbers. 

where water so lub le  sca le  b u i l d s  up, they  can u s u a l l y  be removed by water 

washing. Obviously,  w i t h  h ighe r  t o t a l  d i sso l ved  so l  i d s  i n  the  feedwater, 

For tunate ly  even 

a 

carryover  o f  water so lub le  sca le  becomes more ser ious.  Conve 

p r a c t i c e  i s  t o  h o l d  t o t a l  d isso lved s o l i d s  t o  below 4000 ppm. 

thermal waters comnonly are commonly 10,000 t o  30,000 ppm and 
t o  350,000 ppm, problems w i th  s c a l i n g  a r e  t o  be expected i f  d 

steam generat ion i s  attempted on h igh  s a l i n e  b r ines .  

t i  onal bo i  1 e r  

Since geo- 

can range up 

r e c t  f l a s h  

d 
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RE1,NJECTION OF GEOTHERMAL FLUIDS INTO THE RESERVOIR 
1 

i 

i. 

Injecting water i n t o  the reservoir i s  often assumed as a necessary 
technology to: 

Dispose of excess brine wastes 
Maintain reservoir pressure 
Ar t i f i c i a l ly  create an aquifer i n  h o t  dry rock 

Conserve water in an ar id  region 

There i s  considerable experience in  reinjecting waste brines from 
o i l  f i e lds ,  and limited experience i n  reinjecting steam condensate a t  the 
Geysers geothermal plant. 

The Office o f  Saline Water (OSW) has extensively examined the technical 
f eas ib i l i t y  and costs of deep well brine injection. 
plant produces large volumes o f  waste brine similar t o  a geothermal plant. 
OSW surveyed o i l  f i e l d  experience and costs (OSW R&D reports 432, 456, 555, 
587, 650). They concluded waste brine disposal could be a major expense, 
varying over the range o f  $0.10 per 1000 gal where no pretreatment and 
low inject ion pressures are encountered, t o  over $1.00 per gal where pre- 
treatment and/or high injection pressure a re  encountered. 
f i e l d  experience one study (OSW 432) indicated a range of costs t o  be 
expected was $0.25 t o  $0.70 per 1000 gal .  

An inland desalinization 

Based on o i l  

We have calculated i n  Table 1 the cost  impact on geothermal power of 
The waste treatment costs i n  the range of $0.10 t o  $1.00 per 1000 gal .  

cost  advantage of a Geysers type system where only 25% of the steam con- 
densate remains t o  be injected i s  obvious. I t  i s  c lear  any geothermal 
system w h i c h  works on a l iquid phase water cycle will  be a t  a cost  disad- 
vantage on waste handling. 
f l u i d  m u s t  be handled, and because of higher impurity so lub i l i t i e s  more 
extensive waste treatment wil l  be required. 
river costs under $0.01 per 1000 g a l ,  i t  is easy t o  see why today's geo- 
thermal plants dispose of wastewater t o  the nearest r iver  or  lake (Wairakei 
New Zealand; Larderello, I ta ly ;  Otake, Japan; Cerro Prieto, Mexico). 

In a water system, up  t o  f ive  times more 

Since dumping waste i n  a 
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TABLE 1.  Water Treatment and Injection Costs 

SYSTEM TYPE 
Natural Hot Water 

$/lo00 gal Condensate Water Produce Steam Produce Hot Water 

Cost of Treating Natural Steam ( l )  (Binary Cycle)(2) Hot Rock(3) Hot Rock(4) 
& Injecting Water In jec t  Steam Inject A1 1 Waste Inject  Water Inject  Water 

$0.05 0.03 mils/kW-hr 0.6 mils/kW-hr 0.1 mils/kW-hr 0.5 mil s/kW-hr 
0.10 0.06 1 '  0.2 1 
0.50 . 0.3 6 1 5 
1 .oo 0.6 12  2 10 

BASES: 

(1) 18 l b  steam/kW-hr required - 25% of steam condensate reinjected (Barton, 1970). 

(2) 100 l b  H20/kW-hr required - 100% reinjected - 380°F well temperature, 100°F condenser 
temperature (Anderson, 1973). 

( 3 )  

(4)  

18 l b  steam/kW-hr required - 100% of water injected. 

17 l b  steam/kW-hr required - 80 lb/kW-hr water, 100% reinjected.  
Wairakei performance data - 21% flashed to  steam (Bolton, 1970). 

Calculations based on 

Density of injected water assumed 8 lb/gal (3 100°C. 



I 

Since foss i l  fuel and nuclear power plants are producing e l e c t r i c i t y  
below 15 mils/kW-hr, some o f  the geothermal systems i n  Table 7 are  not 
competitive. 

Deep well inject ion usually requires pretreatment (OSW R&D Report 
432, 1969): 

1 )  Removal of suspended so l ids ,  

2) Removal o f  iron and manganese which form gelatinous 
precipi ta tes  i n  neutral pH waters, 

3) Biocide treatments t o  prevent growths (may n o t  be 
applicable t o  h o t  geothermal water). 

In a d d i t i o n  t o  pretreatment, costs of deep well disposal a re  strongly 
dependent on the volume t o  be injected and the required pressure head. 
Figure 2 (OSW R&D Report 456, 1969) shows the dramatic e f f ec t  of well head 
pressure on costs .  
meability and the volume of water injected per well. 
to  note t h a t  in Figure 3 (OSW RAD Report 456) most of the western U.S. 

considered unsuitable for  deep well disposal of brines. 
of the low permeability of igneous rocks which led t o  very h i g h  pressures 
and costs .  
s t ruc ture  can be a r t i f i c i a l l y  induced, b u t  does p o i n t  o u t  the importance 
of achieving and maintaining h i g h  underground permeability. 

Well head pressure i n  t u r n  depends on formation per- 
I t  i s  interest ing 

This i s  because 

This may n o t  be a valid assumption i f  an extensive crack 

Since a geothermal p l a n t  produces large volumes of water t h a t  probably 
will have a large impurity burden, we must examine the specif ic  problems. 

Steam Condensate 

I f  a hot dry rock system i s  operated t o  produce only steam u p  the bores, 
the amount of s i l i c a  brought t o  the surface wil l  r i s e  exponentially w i t h  
steam pressure and temperature. 
are  h i g h ,  s i l i c a  could be a reinjection-problem. As caluclated above a 
100 MWe plant operating w i t h  300°C steam will b r i n g  about 79,000 lb/yr of 
s i l i c a  dissolved i n  the steam t o  the surface. To prevent plant and turbine 

Early i n  bore l i f e ,  when rock temperatures 
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deposition, most of this s i l i c a  should remain i n  the return condensate 
e i t h e r  as a supersaturated solut ion,  or  probably as a gel i n  suspension, 
Plugging of a formation could occur i f  t h i s  material i s  injected in to  a 
f i n e  pore s t ructure  before the temperature r i s e s  to  increase the s i l i c a  
s ol ub i  1 i ty . 
Waste Water from Flash System 

The large volumes of waste water from a f lash  steam system would be 
a more serious case because much more s i l i c a  will  be brought t o  the 
surface--17,000 tons/year f o r  the MWe plant example. This was the cause 
of the wastewater l i ne  plugging observed by the Japanese (Yangase 1970). 
Obviously any scheme t o  re in jec t  such large quant i t ies  of s i l i c a  should 
be looked a t  carefully.  
and f i l t r a t i o n  t o  remove the s i l i c a  before re inject ing the water. 

I t  may be necessary t o  have a s e t t l i n g  basin 

Calcium and Gypsum 

The retrograde s o l u b i l i t i e s  o f  ca lc i t e  and gypsum could cause a 
re inject ion problem. 
reservoirs i s  low i n  CaC03 and CaS04 because of the low so lubi l i ty  of 
these materials a t  h i g h  temperature. T h u s  the Sal ton Sea brines (>3OO0C) 
have only 10 ppm su l f a t e ,  b u t  40,000 ppm calcium (as  chlor ide) .  If such 
waters a re  exposed t o  oxygen or  carbon dioxide while cooling above ground 
appreciable quant i t ies  of soluble bicarbonate, carbonate and su l f a t e  
could form as indicated in these equations: 

Normally water produced from high temperature 

(Oxidation of hydrogen su l f ide)  H2S + SO2 z SO,- + 2H+ 

(pH dependent solubi l i  ty  of C02) C02 + H20 z HCO; + H+ 

HCO; C O i -  + H+ 

When reheated d u r i n g  re inject ion,  the SO,- and C0,- would become insoluble 
i n  the presence of the excess calcium and precipi ta tes  would form: 
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Ca++ t- SO,- z CaSO4 J. 

Ca++ t- CO,- z CaCO3 -C 

Low Temperature High Temperature 

An open a i r  s e t t l i n g  pond t o  remove s i l i c a  could lead t o  c a l c i t e  o r  

gypsum deposi ts  i n  t h e  r e i n j e c t i o n  w e l l .  

may r e q u i r e  an i n e r t  cover gas o r  remain pressur ized and oxygen f r e e .  

This suggests a s e t t l i n g  pond 

Hot rock  geothennal systems us ing i n j e c t e d  water w i l l  need make up 

Natura l  waters u s u a l l y  con ta in  calc ium and magnesium together  w i t h  water. 

carbonates , bicarbonates, and s u l f a t e s  e.g. , "hardness". When such waters . 
a re  heated sca le  i s  formed; sca le  which cou ld  p l u g  an i n j e c t i o n  w e l l  o r  
rock format ion.  The p r i n c i p l e  i s  e x a c t l y  the  same as heat ing  water f o r  

b o i l e r  use, and t h e  same b o i l e r  feedwater technology cou ld  c o n t r o l  the  

problem; however a t  a cost .  

It i s  poss ib le  t h i s  s c a l i n g  mechanism could be an advantage t o  a h o t  
By l e t t i n g  scale s lowly  b u i l d  up i n  rock r e s e r v o i r ,  i f  proper ly  managed. 

rock cracks, f l o w  w i l l  be r e s t r i c t e d  a t  the  same t ime t h e  heat i s  withdrawn. 

Thus o l d  areas o f  t h e  format ion could be "sealed o f f "  as they cool  , f o r c i n g  

t h e  water t o  f o l l o w  new cracks i n t o  f r e s h l y  f r a c t u r e d  h o t  rock. 

Ferrous/Ferr i  c Ions 
++ 

Geothermal f l u i d s  o f t e n  conta in  fe r rous  ion,  Fe , which i s  s o l u b l e  

as c h l o r i d e .  
hydro1 i zes t o  increase t h e  a c i d i t y :  

When exposed t o  a i r  t h e  Fe* i s ' o x i d i z e d  t o  Fe+++ which 

+ 2H20 -+ 4Fe +++ + 40H- 4 Fe++ + O2 

Fe+++ + H20 FeOH" + H+ 

When such an a c i d i c  s o l u t i o n  i s  n e u t r a l i z e d  by r e i n j e c t i o n  i n t o  rock, pre- 
c i p i  t a t i o n  o f  f e r r i c  hydroxide can occur. Under t h e  b u f f e r i n g  cond i t ions  

t y p i c a l  o f  some hydrothermal so lu t ions ,  i n s o l u b l e  i r o n  hydroxide can form 

i n  the  c o o l i n g  pond. 
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Conclusions on Reinjection 

The above discussion i s  indicative of some of the complexities. 
i s  clear we should not assume reinjection will be successful wi thou t  care- 
ful control of pH, and the chemical species and solids present in the fluid 
and compati bi 1 i ty w i t h  underground formations. 

I t  
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CORROSION OF MATERIALS FOR GEOTHERMAL ENERGY SYSTEMS 

State-of-the-Art i n  Geothermal Corrosion 

The  selection of  materials f o r  a geothermal plant i s  a trade-off 
between i n i t i a l  cost  v s  l i f e  time and replacement cos t  (including cost  of 
l o s t  production d u r i n g  downtime). All power plants a r e  under constraints 
t o  minimize capi ta l  costs ;  the plant capital  cost  amortization v i s i b l y  
a f f ec t s  the cost  of e l ec t r i c i ty .  
accurate knowledge of corrosion of various materials in the geothermal 
f lu ids  t o  be used. Lack of this knowledge will a f f ec t  the plant design. 
Either capi ta l  cost  wi l l  be unnecessarily increased by excessive use of 
corrosion r e s i s t an t  materials,  o r  operating costs will be increased by down- 
time and replacement costs  of components w i t h  inadequate corrosion resistance.  
In Figure 4, a vivid example of r e t ro f i t t i ng  a desalting plant w i t h  more 
corrosion r e s i s t an t  materials was recently discussed (Morin, 1974). Exces- 
sive corrosion of various components caused plant ava i lab i l i ty  t o  d r o p  from 
70% t o  41% i n  four years while product water costs doubled. 

T h u s ,  the plant design engineer must have 

T h i s  review has resulted i n  several conclusions about the present 
state-of-the-art  i n  geothermal corrosion: 

Very l i t t l e  geothermal corrosion data have been p u b l i s h e d .  

Those corrosion data available a re  reported f o r  one specif ic  s e t  of 
cond i t ions  a t  one si te.  
d i f f i c u l t .  

Extrapolation t o  other types of plants i s  

Corrosion data a re  nonexistent f o r  hot dry rock geothermal plants 
and hot water binary cycle plants. 

Some relevant information is  available from desalting plant technology, 
although usually only up t o  about 110°C temperatures, and often corrosion 
data a r e  i n  oxygenated systems, w h i c h  are  i r re levant  t o  geothermal f luids .  
There is  considerable l i t e r a t u r e  on corrosion and sulf ide cracking of 
''sour brine" encountered i n  petroleum technology, b u t  a t  lower temperatures 
than geothermal applications. 
i s  needed. 

I t  i s  c lear  more geothermal corrosion work 

29 



w
 
0
 

--
I 

G
) 
t
 

A
 

rn
 

P
 

U
 

UN
IT

 C
OS

T 
OF

 P
RO

DU
CT

IO
N 

$1
10

00
 G

AL
 

p
 

v
l 
0
 

I 
I 

I 
I 

PL
AN

T 
FA

CT
OR

 
%

 T
I M

E 
AV

A 
I L

A 
BL

E 
TO

 O
PE

RA
TE

 

P
 
0
 

00
 
0
 

I
1

1
1

1
 



With  so  few geothermal corrosion data avai lable ,  extrapolation t o  rlew 
geothermal concepts becomes risky and speculative. 

This report attempts to  in te rpre t  what has been observed i n  the l i g h t  
Once some of the basic principles are  under- of general corrosion theory. 

stood, the usefulness of a single data point can be be t te r  judged when con- 
sidering a new geothermal plant design. 

Need for Specific Analysis and Corrosion Tests of Each Geothermal S i t e  

Depending on whether the geothermal resource i s  steam, hot water, or 
hot brine, corrosion problems and material selection can vary. 

I t  has been past practice t o  begin an experimental corrosion t e s t  
program as soon as geothermal f l u i d s  a r e  available a t  a s i t e .  
the spec i f ic  chemicals present and the pH wil l  suggest a s e r i e s  of materials 
fo r  each par t  of the system. Specific corrosion t e s t  data wi l l  permit an 
economic trade-off between l i f e  and cost .  Generally, one t o  two years i s  
the minimum exposure time needed t o  measure corrosion ra tes ;  t h u s  such 
corrosion t e s t  work needs to  begin well i n  advance of detailed plant design. 
The corrosion monitoring program should continue into the f i rs t  years of 
plant operation t o  verify proper materials performance and ident i fy  any 
problem areas.  

Study of 

TYPES OF CORROSION IN GEOTHERMAL PLANTS 

Corrosion i s  a general word f o r  a number o f  material degrada t ion  pro- 
cesses. 
"corrosion," the engineer seeking a materials selection must consider a1 1 
the diverse types of-corrosion before selecting a remedy. 

While the plant manager may lump - a l l  such f a i lu re s  together as 

Geothermal plants a r e  a f f l i c t ed  w i t h  so many d i f fe ren t  types of cor- 
rosion t h a t  a complete discussion would f i l l  a textbook (such a book needs 
t o  be wri t ten) .  As an introduction t o  this discussion the following com- 
ments on types of corrosion may be of assistance: 

Uniform Corrosion - Uniform corrosion is  a general loss  of metal and wall 
t h i n n i n g .  Failure occurs when remaining metal cannot support mechanical 

31 



P- 

s t resses .  
corrosion of  many metals. 
passive corrosion product films t o  reduce corrosion. 

Galvanic Corrosion - When two diss imilar  metals are  placed i n  e lec t r ica l  
contact i n  a conducting brine, a galvanic ce l l  (e.g., bat tery)  i s  s e t  up. 
Corrosion i s  accelerated i n  the less  noble metal i n  proportion t o  the 
surface areas.  Thus ,  iron r ive ts  i n  copper sheet i n  sea water will f a i l  
rapidly. Iron i s  anodic t o  copper and the e n t i r e  anodic current i s  concen- 
t ra ted  on the iron r ive ts .  
be reduced by painting the noncorroding copper, t h u s  reducing the effect ive 
cathode surface area and the to ta l  galvanic current.  
t o  avoid such noncompatible couples. 

Formation of passive protective films reduces reduces uniform 
The objective of alloying is  often to  generate 

I t  i s  interest ing tha t  such iron corrosion can 

A bet ter  solution i s  

P i t t i n g  and Crevice Corrosion - Many metals such as aus ten i t ic  s ta in less  
steel ,  a l u m i n i m ,  and t i t a n i u m  depend upon a passive protective film fo r  
corrosion resistance.  Under certain conditions localized breakdown of the 
protective fi lm occurs, and localized galvanic c e l l s  a r e  set u p  i n  the same 
piece of metal. The potential difference between the p i t  area (anodic) and 
the r e s t  of the metal (cathodic) causes electrons t o  flow through the base 
metal and the corrosion becomes self-sustaining. Often p i t t i n g  i s  associated 
w i t h  chemistry changes (such as oxygen gradients) between the b u l k  environ- 
ment and the p i t .  
concentration differences between the crevice and the bulk solution can s e t  
u p  1 oca1 i zed gal vani c c e l l  s. 

Crevice corrosion i s  a special case where such chemical 

Frett ing and Erosion Corrosion - When mechanical abrasion removes the pro- 
tec t ive  passive film on a metal, r a p i d  corrosion can occur since the protec- 
t i ve  fi lm i s  l o s t  as  f a s t  a s  i t  reforms. 

Intergranular Corrosion - In some media, grain boundaries are less  corrosion 
r e s i s t an t  than the r e s t  of the grain and corrosion can proceed along these 
less r e s i s t an t  paths a t  a h i g h  ra te .  

Corrosion Fatigue - In the absence of a corrosive media, metals can be 
subjected t o  cycl ic  stress without fa t igue f a i lu re .  
of a corrosive media - and cycl ic  s t r e s s  there no longer i s  a fa t igue s t r e s s  

However, i n  the presence 

i) 
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limit, and the fat igue strength decreases w i t h  time. 
a r e  s t r e s s  r i s e r s  from which a corrosion fat igue crack will propagate a t  
r i g h t  angles t o  the s t r e s s .  
section f a i l s  by mechanical fatigue.  

Often corrosion p i t s  

The crack will  grow until  the remaining metal 

Sulfide CorrosionlHydrogen Embrittlement - H2S enhances uptake of corrosion 
product hydrogen i n  s t ee l s .  
b r i t t l e  f rac ture  i n  h i g h  strength s t e e l s ,  especially s t ee l s  w i t h  hardness 
above Rc22. 

S t ress  Corrosion Cracking - Stress corrosion cracking generally occurs under 
conditions tha t  produce l i t t l e  uniform corrosion. 
occurs as a r e su l t  of intergranular o r  transgranular corrosion cracking. 
Some examples a re  cracking of 300 ser ies  aus ten i t ic  s t e e l s  and h i g h  strength 
aluminum al loys i n  chloride solutions,  and copper a l loys i n  ammonia. 

T h i s  nacent hydrogen in the metal can produce 

Sudden b r i t t l e  f racture  

High Temperature Oxidation - High temperature oxidation i s  a gas phase, 
d i r ec t  chemical reaction between the metal and the corroding species. 

5 
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CORROSION OF CARBON STEEL AND LOW,ALLOY STEELS 

Uniform Corrosion i n  Water 

A t  the temperatures encountered in geothermal plants,  the corrosion of 
s t e e l s  i s  more severe in l iquid environment. 
i s  electrochemical: 

T h i s  uniform corrosion process 

(1  1 ++ (anode reaction) Fe -f Fe + 2e- 

In order for  iron t o  dissolve, there must be a companion cathode reaction 
i n  order to  conserve e lec t r ica l  neutral i ty .  
reactions are: 

Two o f  the most common cathode 

ZH+ + 2e- -+ H ~ +  (2 1 

(sometimes accelerated by 1/2 O2 + 2H2 -+ H20) 

and 

O2 + 2H20 + 4e- -f 40H- 

(followed by Fe++ + 20H- -F Fe(OH)2) 

Since geothermal f luids  are normally oxygen f r ee ,  the corr 

( 3 )  

sion rate  of 
s t ee l  i s  controlled primarily by the hydrogen evolution reaction ( E q .  2 )  

(T. Marshall , 1957; Tskhvirashvili , 1970). 
evolution cathodic control has three important implications: 

This mechanism of hydrogen 

I n  150°C dry geothermal steam corrosion o f  carbon s t e e l s  will  be 
low, since an aqueous phase i s  needed t o  complete the e lec t r ica l  
c i r c u i t  of the electrochemical c e l l .  

In steam condensate and i n  water dominated systems, the pH o f  the 
water will  be of great importance i n  determining the corrosion rate .  

Introduction of s ign i f icant  oxygen levels  will  accelerate corrosion 
rates  by the depolarizing reaction (Eq. 2 ) ,  and adding a second . 

cathode reactions ( E q .  3 ) .  
. 

3 5  



E f f e c t  o f  pH* 

Extensive s tud ies o f  the e f f e c t s  o f  pH on corros ion o f  s t e e l s  i n  

b o i l e r s  has shown minimum co r ros ion  o f  s t e e l  occurs between pH 10 and 

pH 11. This i s  why a l l  b o i l e r  water t reatment maintains a l k a l i n e  condi- 

t i o n s  (see Figure 5).  Since geothermal waters are r a r e l y  over pH 10, and 
more commonly pH 5 t o  8, one can p r e d i c t  pH 4.9 b r i nes  from the Sal ton 

Sea ( E l l i s ,  1970) w i l l  be s u b s t a n t i a l l y  more co r ros i ve  than pH 8.7 t o  9.4 

waters from Ice land  (Hermannson, 1970) o r  pH 7.8 t o  8.3 waters a t  

Wairakei, NZ ( E l l i s ,  1970). 
from severa l  geothermal p l a n t s  on a corros ion us pH curve o f  corros ion 

by h o t  seawater (seawater data - Behrens, e t  a l .  , 1970). 
from Russian geothermal spr ings us pH i s  i n  Figure 7. These data show 
c l e a r l y  t h a t  carbon s t e e l s  become l e s s  s a t i s f a c t o r y  as the pH becomes 

lower. Assuming a 0.125 i n c h  (1/8 i n . )  co r ros ion  allowance on p ipe,  l i f e -  
t imes of carbon s t e e l  p ipe  us pH can be est imated from Figure 6 f o r  40°C - 
50°C geothermal water as i n  Table 2. 

I n  F igu re  6 we have p l o t t e d  co r ros ion  data 

Corrosion data 

TABLE 2. Estimated L i f e  o f  Carbon Steel  Pipe i n  Oxygen-Free 
Geothermal Water @ 40-50°C 

pH 
4 *  
5 *  
6 *  
7 

8 

9 

* Note a t  F,, <6 p ipe  l i f e  can 

Y r  

2 

15 
30 

40 

60 
100 

be s t r o n g l y  i n f l uenced  

by v e l o c i t y  e f f e c t s  and o the r  anions present. 

Note e s p e c i a l l y  t h a t  below pH 6 t h e  curve begins t o  r i s e  s teep ly  and o t h e r  

e f f e c t s ,  such as v e l o c i t y ,  can be pronounced. 

* pH values r e f e r  t o  room temperature pH measurements r a t h e r  than pH a t  
temperature. 

n 
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Unfortunately the corrosion r a t e  is  not a simple function of pH, 
since other anions can s h i f t  the hydrogen evolution point. 
depolarization e f fec ts  are  what necessitates individual corrosion ra te  
measurements i n  each geothermal f lu id  a t  each proposed s i t e .  

Such hydrogen 

Effect of Oxygen 

Comparison of the geothermal data plotted i n  Figure 6 versus the 
original seawater data shows a t  pH 8 t h a t  the geothermal corrosion rates  
a re  lower. 
of H2 evolution i n  seawater ( E q .  2 ) .  (Note the seawater has 60 ppb 02.) 

This i s  probably due t o  the e f f ec t  of oxygen depolarization 

A number of discussions of geothermal plants ca l l  a t tent ion t o  the  
severe corrosion tha t  can occur i f  oxygen from the a i r  enters the p i p i n g ,  
turbine o r  condenser system (Marshal 1 1957, Haldane 1962 , To1 i v i  a 1970). 
In Table 3 corrosion data i n  oxygen f r ee  and aerated geothermal f lu ids  
i l l u s t r a t e  t h e  necessity o f  e x c l u d i n g  oxygen and a i r  inleakage. 

TABLE 3 .  Effect of Oxygen on Corrosion of Steel 
i n  Geothermal kF1 u ids  

Marshall & Hugill (1957) Gas free (140°F) Aerated Steam (140°F) 
Condensate Condensate 

Wai rakei , NZ 
Carbon Steel 

0.01 mnjyr 
(0.4 mil/yr) 

0.8 mm/yr 
(30 mil/yr) 

Tolivia (1970 Separated Steam Aerated Separated 
CerroPri e to  , Mexi co (1 47°C) Steam ( 7OoC)* 

ASTM 285 0.004 mm/yr 
(0.15 mils/yr) 

0.4 mm/yr 
(17 mils/yr) 

* 
Note: Rate is fac tor  of 100 higher even w i t h  

1 ower temperature. r 



Hermannson (1970) s t a t e s  tha t  1 t o  2.6 ppm dissolved oxygen i n  munici- 
pal hot geothermal water (86°C) a t  Rekjavi k ,  Iceland 'lcaused severe internal 
corrosion of metals in the heating system of the town .  
d i t ions were used t o  reduce 02. 
0.4 ppm O2 "does n o t  cause any appreciable corrosion." 

Sodium s u l f i t e  ad- 

* Another water system w i t h  only 0.1 t o  

In present day geothermal plants oxygen inleakage has been a re la t ive ly  
minor problem, b u t  cases of "standby corrosion'' due t o  a i r  leaks have been 
reported (Mal dane 1963). 

New geothermal concepts, such as  hot dry rock, which in j ec t  water into 
the reservoir could carry substantial  amounts of dissolved oxygen i n t o  the 
reservoir i f  untreated, a i r  saturated,  makeup water, i s  used. 

Until proven otherwise a proposed geothermal plant should provide fo r  
(and cos t )  equipment fo r  deoxygenating - a1 1 water t o  be injected underground. 
Deoxygenation of injected water i n  o i l  f i e l d  flooding operations has proved 
necessary (Cubine 1973). 
strophic corrosion of the injection well pumps and casing, and possible 
chemical incompatibilities w i t h  underground formations. Various deoxygena- 
t ion schemes a re  available including vacuum, gas scrubbing, and reaction 
w i t h  sodium s u l f i t e .  Sodium s u l f i t e  should be used with caution since the 
su l fa te  ion 'formed could result i n  p lugg ing  the injection well with CaS04 
which becomes insoluble on heating. 
gases are usually pumped off  the turbine condensers i n  a geothermal plant 
an i t  may be possible t o  use these gases t o  deoxygenate makeup water. 

Deoxygenation t o  below 0.05 ppm O 2  avoids cata- 

Substantial volumes of C02 and H2S 

Effect of H2S, C02 and N H 3  on pH 

The gases H2S, C02 and NH3 occur i n  geothermal f luids  and can produce 
s ignif icant  pH e f fec ts .  In aqueous solution, H2S and C02 are  weak acids: 

H2S H+ + HS- 

C02 + H20 2 H+ + HCO; 

NH3 i s  a weak base: 

NH3 + H20 : NH; + OH- 
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In the absence of other species i n  the water, H2S and C02 combine t o  
create  acidic  conditions which corrode carbon s tee l  and low alloy s t ee l s .  
These ef fec ts  are  especially pronounced i n  steam condensate systems since 
H2S and C02 are  gases carried w i t h  the steam phase through the turbine 
in to  the condensor. T h u s  a geothermal water which is alkal ine can produce 
acidic  steam condensate since the alkal ine species (except N H 3 )  a re  non- 
vo la t i l e  and remain w i t h  the  water dur ing  f lash boiling. 
condensate can be highly corrosive (Figure 6 ) .  

Such acidic  

I n  the design of s t r ippers  to  remove H2S from low pH refinery waste 
waters (Hildebrand, 1974), describes a t e s t  a t  82°F) where the only 
r e s i s t an t  materials were tantalum, titanium, Hastelloy B & C ,  and aluminum. 
However, i n  s p i t e  of h i g h  corrosion ra tes ,  carbon steels a re  used w i t h  a 
1/8 t o  1/4 inch ( 3 . 2  t o  6.4 mm) corrosion allowance. 

I t  has been known fo r  many years tha t  corrosion i n  pa r t i a l ly  disso- 
c ia ted acids i n  the pH range of 4 t o  7 i s  highly dependent on the H+ a c t iv i ty  
a t  the metal surface (Ulig, 1948). 
highly dependent on hydrogen overvoltages on the metal (e.g., a l loy e f f e c t s ) ,  
H a c t iv i ty  i n  solution (e.g., degree of dissociation of weak acids and 
bases), and velocity since tu rbu len t  mixing a t  the metal surface enhances 
H t ransfer  across the boundary layer.  
sion ra tes  above 100°C is  highly uncertain since l i t t l e  work has been done 
i n  pressurized aqueous solutions i n  the 100 - 300°C range. 
change i n  dissociation by orders o f  magnitude in this temperature range, 
the net e f f ec t  of changing reaction kinet ics  i n  a multiparameter system is 
highly uncertain. 

Because of this f a c t  corrosion becomes 

+ 

+ The e f f ec t  of temperature on corro- 

Since weak acids 

Sometimes NH3 is  present i n  suf f ic ien t  quantity (such a s  a t  the Geysers 
Geothermal Plant)  t o  neutral ize  the H2S and C02 i n  the steam condensate 
making i t  much l e s s  corrosive t o  cooling tower and reinject ion pumps and 
wells. 
data t o  other systems containing I_ l ess  NH3. 

Caution should be exercised i n  extrapolating Geysers plant materials 
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Effect of Elemental S u l f u r  on pH 

Elemental sulfur  i s  sometimes encountered in geothermal and volcanic 
regions. Hot water reacts  w i t h  sulfur  ( E l l i s ,  1970):  

c 

4H20 + 4s + 3H2S + H2S04 

Such ef fec ts  can produce water of  pH 3 or over, such as i n  the Tatus area 
on Taiwain, and some shallow New Zealand areas. 
produces low pH water so corrosive as t o  make carbon s tee l  components 
unacceptabl e.  

Effect of Sa l t  Content of Geothermal Brine 

Obviously such a s i tua t ion  

There is  a tendency t o  consider h i g h  s a l in i ty  brines as more corrosive 
than low s a l i n i t y  brines. 
cases, i t  i s  erroneous - t o  ascribe the increasing corrosiveness t o  increases 
i n  NaC1, KC1,  and CaC12 concentrations, per se .  
ionic  strength of the s a l t  solution can accelerate electron conductance i n  
galvanic c e l l s ,  b u t  t h i s  is a second order e f fec t  since a l l  geothermal 

While t h i s  may be t rue  f o r  most actual f i e l d  

Certainly increasing the 

waters are highly conductive. A number of s tudies  (Foley, 1970) have shown 
t h a t  chlorides and other anions can profoundly a f fec t  the character of  the 
protective films on i ron  alloys (Foley l i s t s  81 references).  However, unless 
there i s  O2 or  H t o  provide the cathode reaction, iron alloys corrode 
very l i t t l e  i n  qui te  high concentrations of neutral pH, g2-free,  LI s a l t  
solutions. 

+ 

Since geothermal f l u i d s  a re  02-free (excluding design and operating 
mistakes), the e f f ec t  of s a l t  content on pH, and the e f f ec t  of s a l t  content 
anions on the hydrogen evolution reaction produce the major e f fec ts  seen 
i n  geothermal f lu ids .  
acid: 

One such e f f ec t  i s  the dissociation of hydrochloric 

HC1 2 H+ + C1-  
, 

Normally we t h i n k  of HC1 as a highly dissociated strong acid t h a t  i s  very 
corrosive to  iron al loys.  
ground geothermal systems, HC1 i s  predominately i n  molecular form, Figure 8. 

However, a t  h i g h  temperatures typical of under- 
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Substantial amounts of undissociated HC1 can form a t  the expense o f  H2S 

When such f lu ids  a re  
and HS- (Helgeson, 1964) i n  the concentrations of  chloride a t  temperatures 
and pressures encountered i n  the geothermal reservoir.  
rapidly produced up a well ,  the molecular HC1 can dissociate  and produce 
highly acidic  solution a t  the surface. 
on the combinations of  other species present t o  react w i t h  the H 
as HC1 dissociates and the kinetics of t h a t  reaction. 
which consume the H+ are  - not present, the h i g h  chloride brines wi l l  be acid 
and highly'corrosive t o  carbon s t ee l s .  
Salton Sea brines t h a t  a r e  below pH 5. 

Whether this happens o r  n o t  depends 
+ released 

When other species 

A typical example is probably the 

A second e f f ec t  of s a l i n i t y  (pointed out by E l l i s ,  1970) i s  the equi- 
librium of the h o t  water i n  the reservoir w i t h  the surrounding rocks: 

1/2K Mica + 3 Quartz + K+ 2 3/2 K-Feldspar + H+ 

+ +  2 Na Montmorillonite + 10 Quartz + 6 Na + 7 Albite + 6 H+ 

As the amount of K+ and Na i n  solution goes u p ,  reaction with the rocks 
will make the equilibrium solution more acid. 

+ 

T h u s  i n  the general case we can conclude as  s a l i n i t y  increases we 
would expect the solutions t o  become more acid and more corrosive t o  s t e e l s  
unless a lkal ine species a re  a l so  present t o  o f f se t  these e f f ec t s .  

Effects of Cations More Noble Than H+ i n  The Cathode Reactions 

Geothermal f l u i d s  conta in  traces of a number of ca t ions  more electro- 
chemically noble than H+ and capable o f  absorbing electrons i n  a cathode 
reaction. Examples of  some such reactions occur in Salton Sea brines: 

Concentration i n  Sal t o n  Sea Brine (Werner 1970) Cathode Reaction 

- cu+  10 PPm cu+ + e + C u  

AS+++ 15 PPm As+++ + 3e- + As 

1 PPm A!3+ + e + A g  

Not Reported M+ + e + H g  

- 
- A: 

Not Reported 
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While the concentrations are  small, and the to ta l  e f f ec t  on corrosion 
may be small compared w i t h  H+ reduction, these species could play a role  in 
localized corrosion. I t  i s  t o  be noted t h a t  Werner (1970) reports copper 
and s i l v e r  a s  over 1% concentration in the scale  formed on s tee l  pipe 
pumping Salton Sea brine,  Antimony (Sb) and arsenic were a l so  found. 
Scanning electron microscope studies of a fractured turbine blade from the 
Geysers revealed the presence of arsenic on the fracture  surface (Shannon, 1974). 

An assessment of the impact of these cations on corrosion i n  geothermal 
brines and the e f f ec t  of deposits of these metals on s teel  and the result ing 
impact on galvanic c e l l s  has ye t  n o t  been studied. 

Corrosion by Geothermal Steam a t  140°C - 150°C 

In the absence of a water phase, or  02, the gas phase reactions produce 
corrosion of l e s s  than 1 mil/year i n  geothermal steam: 

Fe + H2S +- FeS + H 2  

FeS + H2S -f FeS2 + H2 

3Fe + 4H20 +- Feq04 + 4H2 

Hildebrand (1974) discusses design of units t o  s t r i p  H2S from water by 
d i s t i l l a t i o n  a t  212°F and says, "The overhead vapor l i n e  i s  made of carbon 
s t e e l .  I f  there is l i t t l e  or  no condensation i n  t h i s  l i n e ,  there i s  l i t t l e  
corrosive attack on the metal . I '  

However, i n  pract ice  i n  a geothermal plant,  some water almost always 
accompanies the steam e i the r  as entrained water droplets from incomplete 
steam separation (usually 0.5 t o  1% moisture). or from condensation d u r i n g  
steam transport .  Galvanic c e l l s  can be s e t  up when l i q u i d  i s  present. 
i n  real  l i f e ,  geothermal steam i s  measurably corrosive t o  carbon s t e e l .  
The corrosion ra tes  l i s t e d  i n  Table 4 a re  low enough t o  be acceptable 
provided a small corrosion allowance i s  made i n  the p i p i n g  design. 

Thus 

i 
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TABLE 4. Corrosion o f  Carbon Steel  i n  Geothermal Steam 

Japan* Mexico New Zea 1 and 
Mats ukawa Cerro P r i e t o  Wa i rake i 

(iJakanishi, e t  al-1970) (Nakanishi, e t  al-1970) (Marshal l  1957) 
Steam 
Temp. 140°C 147°C 140°C 

Corrosion 
Rate 11 

m i  1 s / y r  
2-5 6 

mm/y r ' 0.28 0.04 - 0.13 0.15 

*Matsukawa has a very a c i d  (pH 4-5) water  accompanying t h e  steam which 
causes h igher  cor ros ion  ra tes .  

Corrosion i n  a Hot Dry Rock Geothermal P l a n t  by 
High Temperature Geothermal Steam Above 150°C 

Discussions of ho t  d r y  rock geothermal p l a n t s  o f t e n  discuss the  thermo- 

dynamic advantages o f  the  super heated steam o f  up t o  500°C (932°F) t h a t  

might  be generated. 

f o r  such a system. 

deoxygenated d r y  steam a t  these temperatures s ince  a p r o t e c t i v e  magnet i te 

(Fe304) f i l m  forms which reduces cor ros ion  r a t e s  t o  acceptable l e v e l s .  

add i t ions  o f  chromium increase cor ros ion  res is tance s i g n i f i c a n t l y  i n  t h e  
reg ion  above 400°C by format ion o f  a Fe-Cr s p i n e l  p r o t e c t i v e  f i l m .  

No cor ros ion  data have y e t  been developed s p e c i f i c a l l y  

Carbon s t e e l  could be completely acceptable i n  

Small 

However, f o r  geothermal a p p l i c a t i o n s  we may, o r  may no t ,  have s u f f i c i e n t l y  

o x i d i z i n g  cond i t ions  t o  form t h e  p r o t e c t i v e  f i l m  such as occurs i n  pure 

steam. 

such as: 

As temperatures r i s e  above 150°C one must consider gas phase reac t ions  

Fe + 2H2S -t FeS2 + 2H2 

Thermodynamic s t a b i l i t y  c a l c u l a t i o n s  i n d i c a t e  geothermal steam t y p i c a l  

o f  the  Geysers p l a n t  has s u f f i c i e n t  H2 and H2S t o  reduce the  oxygen chemical 
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ac t iv i ty  (fugacity-fo2) to  below fo2 = atrn. The calculated oxygen 
and su l fur  fugaci t ies  f o r  a geothermal steam typical of the Geyser's plant 
( H 2  = 0.0018 - 0.019%; H2S = 0.0005 - 0.16%) i s  plotted on an iron phase 
diagram (from Helgeson 1969) Figure 9. I t  i s  interest ing t o  note e i the r  
magnetite (Fe304) or Pyrite (FeS2) may be s table .  Subject t o  the usual 
reservations about the  accuracy of such calculat ions,  one can estimate 
t h a t  a t  higher H2S concentrations iron sulf ides  may be more s tab le  t h a n  
the more protective oxide i n  geothermal steam. 

In Figure 10 we examine the reduction of magnetite by hydrogen sulf ide:  

I -+ Fe304 + 6H2S -+ FeS2 + 4H20 + 2H2 

magnetite pyri te  

When the f r ee  energy change ( A F )  of this reaction is negative pyri te  tends 
t o  form. When A F  i s  posit ive the reverse reaction goes t o  form magnetite. 
In Figure 7 we have calculated AF fo r  a number of cases using the relat ion-  
shi ps : 

( ~ ~ ~ 0 1 ~  ( P H , ) ~  

(PH,SI6 
AF = AF"T t RT I n  

0 

AFoT = A H - TAS" 

Free energy data were used from tables i n  Garrels and Christ (1965) and 
Krauskopf (1967). 
levels  found i n  real geothermal systems. T h i s  indicates a system could 
f luctuate  from forming protective Fe304 t o  nonprotective Fe2S and back again. 
I f  H2S is  low enough (note, Wairakei, N Z ) ,  corrosion rates of carbon s t ee l s  
should be lower. 

The equilibrium point, AF = 0, i s  i n  the range of H2S 

We have examined i n  Case 5 i n  Figure 10 a hot dry rock system producing 
steam a t  54.4 atm (800 psi) and 345°C (650°F). 
tends to  s t a b i l i z e  Feg04 to  qui te  h i g h  H2S levels .  
may be re la t ive ly  low i n  H2S, i t  appears carbon s tee l  o r  Fe-Cr s t e e l s  could 
be used to  a t  l e a s t  500°C. 

The higher steam pressure 
Since hot dry rock systems 

Where H2S is low enough f o r  magnetite t o  be 
s tab le ,  corrosion rates  of Fe-Cr s t ee l s  should be less  than 5 mils/year. 



- 2.000 

- 3.000 

NATIVE IRON 

1 I 

- 4.000 
E 
c, m 

- 5.000 c- * 
I 0 
l-4 

x_ 

rc O - 6.000 
cu 

c3 
0 
A 

PYRRHOTITE 

I 

- 7.000 

- 8.000 

- 9.000 

- 10. Ooo 

HEMAT I TE 

GEYSERS, CAL IF  E 
PYRITE 

L 

-60.000 -40. OOO -20.000 

LOGfS2  (atm) 

FIGURE 9. Fugacity Diagram - The System HC1-H20-FeS-H2S-H2S04 
a t  150°C 

49 



+30 

+20 

+ 10 
Q, - 
E 

I y o  
a 

: 
(D u 

U 

> 
c3 
w 

-10 
W 
W 
E 
U 

20 

-30 

-40 
10 

Patm T, OC H ppn --2 CASES 

(1) 0 GEYSERS STEAM 7.7 170 100 
(2) 0 FLASHWATER - HIGH H2 4.1 150 400 

(4) X INSIDETURBINE 1.0 100 100 

(5) A HOT DRY ROCK - STEAM 54.4 345 100 

(3) 0 FLASHWATER - LOW H2 4.1 150 4 

(BASED ON GEYSERS DATA) 

I R I T E  STABLE MAG 

rl LARDERELLO, ITALY 
CERRO PRIRO.,MD(ICO K A 

FIGURE 10. Free Energy o f  Reaction FegOq + 6H2S 3FeS2 + 4H20 + 2H2 

10, ooo 



However, i f  d i rec t  reaction of H2S w i t h  i ron  a t  these temperatures i s  prob- 
able ( in  preference t o  oxide formation) then some estimate of the H2S corro- 
sion ra tes  on s t ee l s  can be obtained from the o i l  refinery data in Figures 11 
and 12  (McCoy 1974). If  we assume an H2S concentration of 0.025 t o  0.05%, 
the expected corrosion rates  f o r  carbon s t ee l s  a re  i n  the 20 t o  30 mils/yr 
range a t  400°C (750°F). 
Figure 13 shows the corrosion r a t e  r i s e s  rapidly i n  the low H2S par t ia l  
pressure range o f  interest t o  geothermal plants. Scanning electron micro- 
scope studies by McCoy showed'the existence of an inner protective scale,  
primarily of  composition FeCr2S4. One of the most interest ing findings in 
McCoy's study was the pronounced reduction i n  corrosion ra tes  achieved by 
aluminizing chrome-moly al loy steels, "which were almost completely res i s -  
t an t  t o  H2S attack i n  these tests a t  temperatures below 900°F. For example, 
a t  900°F the corrosion r a t e  of 9 Cr - 1 Mo a l loy  was 335.8 mils/year versus 
2.1 mils/year fo r  aluminimized coupons prepared by a diffusion technique. 
Such aluminizing should be investigated for  geothermal applications where 
h i g h  temperature gas phase corrosion by H2S may be encountered. 

Corrosion Fatigue and Geothermal Turbine  Blade Failures 

Chromium additions only reduce the ra tes  s l igh t ly .  

Corrosion fatigue has caused innumerable f a i lu re s  in i ron  base a1 loys 
Evans (1960) fo r  many years and geothermal applications are  no exception. 

provides an en t i r e  chapter on corrosion fat igue i n  h is  book and discusses 
the principles involved. 
corrosion f a t i g u e  i n  d e p t h .  

may be stress-cycled below their fatigue limit. 
environment the concept of a fa t igue limit i s  no longer valid,  and fat igue 
strength decreases w i t h  time, ultimately causing a fatigue fracture ,  
Figure 14. 

A recent review (McEvily & Staehle, 1971) discusses 
In the absence o f  corrosion e f f ec t s ,  materials 

However, i n  a corrosive 

Corrosion fat igue is often associated w i t h  families of pits which s t a r t  
as  pure p i t t ing  attack. 
angles t o  the applied stress and a corrosion crack begins t o  form i n  the 
base of the p i t s .  
f racture  occurs by pure mechanical fatigue.  

The p i t  begins  t o  grow preferent ia l ly  a t  r ight  

Eventually the metal section i s  weakened where the f ina l  
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Geothermal f lu ids  can produce corrosion fat igue.  Tolivia (1970), 
discusses corrosion fatigue t e s t s  a t  Cerro Prieto where some s tee l  speci- 

f a i l ed  a t  l ess  t h a n  half the s t r e s s  cycles of unexposed specimens. 

geothermal steam a f t e r  only 3% a s  many cycles a s  unexposed specimens. 

mens exposed to geothermal steam 150 days a t  147"C, and a s t r e s s  of 50 kg/m 2 

h i g h  strength s teel  (B50-Al25H) tens i le  101 kg/m 2 (144,000 psi)  fa i led  i n  
One 

Nakanishi (1970) reports the fat igue l imit  drops 7.5 kg/mn (11,000 psi) 
f o r  12% Cr steel  i n  150 days i n  Cerro Prieto steam. However, i t  must be 
kept i n  mind such t e s t s  a re  time dependent and the fat igue strength would 
be expected t o  drop fur ther  i n  longer t e s t s .  

Corrosion fat igue i s  especially important i n  geothermal turbines where 
corrosive conditions - and high cycl ic  s t resses  a re  encountered. 
been several turbine blade and band fa i lures  i n  the 12% Cr Type 410 s teel  
i n  the Geysers p l a n t  turbines w h i c h  probably are caused by corrosion 
fatigue (Shannon 1974).  

turbines a r e  subject to  p i t t i ng  i n  geothermal steam (Shannon 1974, 
Nakanishi 1970, Marshall 1957, Yoshida 1968). 
a material t h a t  pits i s  especially prone to  corrosion fat igue,  i t  would 
appear tha t  an R&D t e s t  program t o  find a replacement turbine blade mate- 
r i a l  i s  needed. 

There have 

I t  i s  c l ea r  the 12% Cr s t ee l s  now used fo r  turbine blades i n  geothermal 

Since i t  i s  axiomatic t ha t  

The corrosion resistance of the 12% Cr s t e e l s  depends upon the forma- 
t ion of a passive Fe-Cr oxide film. W i t h  the equilibrium oxygen ac t iv i ty  
i n  geothermal steam approximately fop = t o  atm we showed i n  
Figures 9 and 10 tha t  this passive protective film may n o t  be s tab le  2nd 
p i t t i n g  corrosion can begin. 
passive film and this may be involved,too. 

Chlorides a lso promote breakdown of the 

A t  the very low equilibrium oxygen levels  i n  geothermal steam one can 
speculate t h a t  very small a i r  leaks could r a i se  the oxygen chemical ac t iv i ty  
and create  a non-equilibrium si tuat ion where O2 i s  h i g h  enough (e.g. ,  
even 1 ppb) to  achieve a passive film and reduce p i t t i n g  of 12% Cr s t ee l s .  
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T h i s  suggests i t  m i g h t  be of i n t e re s t  to  t e s t  very small O2 additions t o  
the steam as  i t  enters the turbine. 

The cure to  corrosion fat igue i n  geothermal turbines is  par t ly  to  
reduce cycl ic  s t resses  to  the minimum. 
would be a blade material w i t h  inherent passivity t o  the geothermal steam 
as  well a s  adequate mechanical properties. 

However, a more fundamental cure 

Speculating about the passivity aspects onlx (not the mechanical 
requirements) titanium, aluminum al loy additions or coatings, and the 
Ni-Cr-Mo al loys may be of i n t e re s t .  
Cr-Mo s tee l  i n  H2S is interest ing (McCoy 1974) .  There are  some organic 
coatings fo r  service a t  temperatures < 400°F i n  geothermal systems t h a t  
could be explored. 
turbine materials.  Geothermal projects t o  data have been too sparsely 
funded and the geothermal turbine market too small t o  support R&D f o r  
improvements. 

The excellent performance o f  aluminized 

I t  would appear we --_I- do not now have optimum geothermal 

Erosion Corrosion 

When geothermal brine impinges on s tee l  a t  h i g h  velocity the protective 
passive film can be mechanically removed as  f a s t  as  i t  forms. 
r e s u l t  i n  accelerated a t tack ,  especially i n  more acid so lu t ions .  
corrosion problems would be especially severe on brines containing suspended 
sol i d s  which would "sandblast" the protective film. 

This will 
Erosion 

Erosion corrosion would n o t  be limited t o  Fe a l loys  b u t  i s  a general 
problem w i t h  a l l  corrosion construcfion materials t ha t  depend on passive 
films fo r  corrosion resistance.  

Applications where erosion corrosion is  to  be expected a re  valve sea t s ,  
pipe turns, turbine par ts ,  and o r i f i c e  plants.  
turbines ( A u s t i n  1973) on hot brines may be subject t o  severe erosion corro- 
sion on the impeller blades. 

The proposed use of impulse 

Sul f i de  Cracking and Hydrogen Embri ttl ement 

In an H2S - brine-oil mixture the H2S promotes the absorption o f  nacent 
corrosion product hydrogen in to  the metal l a t t i c e .  In s o f t  s t ee l s  t h i s  can 
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lead t o  b l i s t e r s  i n  the s teel  where nacent hydrogen recombines t o  H2 i n  
metal voids creating internal pressure. In  higher strength s t e e l s  b r i t t l e  
f rac ture  occurs. By 
specifying the hardness of a l l  s t e e l s  below R,22, cracking is  minimized. 
Some fa i lu re s  s t i l l  have occurred however, b u t  i n  every case i t  appears 
localized work hardening o r  tool marks increased local hardness which caused 
f a i l u r e  (Tut t le  1974). 
the temperature increases since H2 diffuses -out of the metal l a t t i c e .  

hardness l imitat ion.  
produce a l i gh te r ,  cheaper mechanical design. 
strength is l i m i t i n g  so the search goes on f o r  - both h i g h  strength - and H2S 
cracking resistance.  
on 28-day laboratory t e s t s  (not ye t  f i e l d  tes ted)  is  given i n  Table 5 
(Rice, e t  a l .  , 1973). 

The cure t o  the problem is i l l u s t r a t ed  i n  Figure 15. 

The hydrogen embrittlement problem can decline a s  

There is  a s ign i f icant  engineering and cost  impact imposed by the Rc22 
T h i s  eliminates many h i g h  strength s t e e l s  tha t  would 

In some cases materials 

A l i s t  of promising h i g h  strength materials based 

S 

Type 410 s t a in l e s s  s tee l  (12% Cr) i s  very subject to  hydrogen embrit- 
tlement cracking i f  i n  the hardened condition. However, t e s t s  i n  geothermal 
steam (Marshall 1957, Haldane 1962) have shown Type 410 s tee l  r e s i s t s  
cracking i f  i n  the s o f t ,  annealed condition. 

Effect of Scale Deposits on Corrosion 

I t  has been known f o r  years t h a t  scale  deposits of calcium and magnesium 
carbonates substant ia l ly  reduce the uniform corrosion of s tee l  p i p i n g  i n  
water systems. 
Another very s ignif icant  scale forming species i s  s i l i c a .  
these scales on the inside of s tee l  pipe - can reduce corrosion ra tes  substan- 
t i a l l y .  However, the practical  problem may turn from pipe corrosion t o  pipe 
plugging due t o  scale.  

In geothermal waters such carbonate scales a re  often seen. 
The formation of 

- 
P i t t i n g  under deposited scale may sometime occur. 

The formation ra tes  of scale  a re  a highly specif ic  function of the 
individual water chemistry under consideration. 
C02 is lo s t .  
exceeded. 
e f f ec t ,  i f  any, scale 'deposits will have on corrosion and deposition. Where 

Carbonate scales occur if  
S i l i ca  scales form on cooling i f  the so lub i l i t y  of s i l i c a  is  

Tests must be conducted on specif ic  waters to  determine what 
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TABLE 5. Promising High S t rength  Materials t o  Resist 
Sulfide Cracking Based on Laboratory Tests 
(Rice e t  a l . ,  1973) 

Cri ter ia :  

( 1 )  0.2% o f f se t  y ie ld  stress 

( 2 )  10 f t  l b  minimum and average 18 f t  l b  average f u l l  s i z e  

transverse Charpy V impact strength a t  -70°F (-57°C). 

Minimum 0.2% o f f se t  t ens i l e  yield stress of 60,000 psi ( 3 )  

(4) Resist su l f ide  cracking i n  sour crude o i l  d r i l l i n g  

operations 
(no preferred order of merit) 

AlSi 4340 (Quench & Tpmper, 26 Rc) 

Vulcan Steel Astralloy (Quench & Temper, 25 Rc) 

INCO k Monel (mill annealed & age hardened 29 Rc) 

A286 (solution treated 1800°F (982°C) & Age 1325°F (718°C) 

a l l  by mill 32 Rc) 

Titanium Alloy 6 Al- 4 V mill annealed 33 Rc 

J&L 304 N (cold worked by mill 26 Rc) 

Armco 22-13-5 (cold worked by mill t o  26 Rc) 

Armco pH 13-8 Mo (Annealed & heat t reated t o  

condition H 1150 M 30 Rc) 

r 
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such waters a re  used i n  cooling towers the adjustments to  cooling tower 
water chemistry must be considered. 
this subject which i s  beyond the scope of this report .  

Effect of Temperature 

b 
There is  a voluminous l i t e r a t u r e  on 

B 

The corrosion r a t e  of iron al loys about doubles f o r  every 10°C tempera- 
tu re  r i s e  - i f  a l l  other factors  s tay the same. 
the other fac tors  never stay the same. 

However, in the general case 
This is  i l l u s t r a t ed  by Figure 16  

where corrosion decreases w i t h  increasing temperature because H2S and C02 
a re  l e s s  soluble i n  the l i q u i d  a t  1 atm pressure a t  90°C than a t  60"C, so 
the pH changes with the par t ia l  pressures. 
w i t h  temperature. 

The C02 and H2S change concurrently 

The f l u i d  chemistry, mineral s t a b i l i t y  f i e l d s ,  s o l u b i l i t i e s  o f  scale  
forming minerals and reaction ra tes  and equi l ibr ia  a re  highly tempera- 

- 

tu re  dependent. 
temperature diagrams u n t i l  the environment i s  very careful ly  specified.  

Thus i t  i s  - not feasible  t o  plot  corrosion r a t e  versus 
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AUSTENITIC STAINLESS STEELS 

P i t t i n g  Corrosion and Passive Films 

The 300 se r i e s  18% Cr - 8% Ni s t e e l s  a r e  successfully used fo r  some 
geothermal applications.  
on these s t e e l s  mus t  never be overlooked, Under oxidizing conditions the 
300 ser ies  s t e e l s  a r e  much more s tab le  than i n  the reducing conditions of 
a geothermal plant.  Chlorides a re  e f fec t ive  i n  destroying the passive 
character of the protective fi lm. 
p i t t i n g  corrosion r e su l t s ,  often penetrating the s tee l  f a s t e r  than corrosion 
of carbon s tee l  under the same conditions. 

However, the role  o f  the passive protective film 

When passive film breakdown occurs 

Successful Use i n  Desalting Plants 

Stainless s tee l  (especially Type 316) has been successfully used i n  
desalinization plant service a t  250°F (Lawson 1974). 
p i t t i n g  or  crevice corrosion was reported. 

Some charac te r i s t ic  

Stainless  s t e e l s  perform well i n  refreshed seawater (which has dissolved 
oxygen) b u t  p i t  t o  f a i lu re  rapidly under biological growths where local ized 
oxygen depletion occurs ( Fi nk 1970). 
reduce pi t t i  ng tendencies (Kopecki 1973). 
to  maintain passivity i n  choride brines suggests poor performance of s ta in-  
l e s s  s t e e l s  f o r  geothermal brine service.  

Molybdenum additions (type 31 6SS) 
The necessi ty of dissolved oxygen 

Application t o  Geothermal Systems 

Allegrini (1970) describes p i t t i n g  corrosion f a i lu re s  o f  AIS1 316 
s t a in l e s s  s tee l  i n  the steam system a t  Larderello, I t a ly ,  a f t e r  only a few 
months a t  130°C - 220°C. 
years were replaced by s t a in l e s s  steel pipes tha t  fa i led  i n  two t o  s ix  
months. Marshall (1957) a l so  reports s ign i f icant  p i t t i n g  o f  18/8 CrNi 
s t e e l s  i n  steam a t  Wairekei, NZ. 

Carbon s tee l  bellows which las ted eight t o  nine 

In the general case the corrosion performance o f  aus ten i t ic  s t e e l s  i n  
chloride containing geothermal steam o r  water will be infer ior  *to carbon 
s t e e l ,  and the extra cost  fo r  s ta in less  s t ee l  unjust i f ied.  
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However, i n  the steam condensate systems of geothermal plants,  tempera- 
tures  and chlorides a re  much lower. T h u s ,  aus ten i t ic  s t a in l e s s  s t ee l s  
(especially Type 316) perform well and a re  used extensively i n  the condensed 
steam parts  of the system, Corrosion ra tes  a re  almost unmeasurable i n  
chloride-free condensate below 100°C. The passivity of the s ta in less  steel  
is maintained and affords much more protection tothe acidic ,  and occasionally 
oxygen containing environment, than carbon s t ee l s  would (Marshall , 1957, 
Yoshida 1970, Tolivia 1970). 

Stress  Corrosion Cracking 

a 

?! 

Austenitic s t a in l e s s  s t ee l s  a re  notorious fo r  b r i t t l e  f ractures  due to  
stress corrosion cracking. 
present, although the amounts required a re  only i n  the ppm range. Alternate 
wet t ing  and drying can concentrate chlorides and increase the possibi l i ty  
of s t r e s s  corrosion cracking. Marshal 1 (1 958) reported severe s t r e s s  cor- 
rosion cracking of austenit ic s ta in less  s t e e l s  i n  aerated geothermal steam 
a t  Wairekei, N.Z. ,  however, no cracking occurred i n  a i r - f ree  geothermal 
steam. A1 l egr in i  (1970) reports s t r e s s  corrosion cracking of aus t en i t i c  
s t a in l e s s  s tee l  a t  Larderello, I t a ly ,  geothermal steam systems. 

Generally both chlorides and oxygen must be 

Except where chlorides and temperatures a r e  low (such a s  i n  steam 
condensate systems) the probabili ty of s t r e s s  corrosion cracking of austen- 
i t i c  s t a in l e s s  s t e e l s  i n  geothermal f luids i s  extremely h i g h .  Latanision 
and Stahle (1967) surveyed many aspects of s t r e s s  corrosion cracking of 
aus ten i t ic  s t e e l s  and gave data tha t  75°C and very d i lu t e  chloride solutions 
a re  adequate t o  produce cracking. Generally, however, s t r e s s  corrosion 
cracking is more comnon above 100°C. The number of documented cases of 
stress corrosion cracking i n  the 150°C t o  300°C temperature range f i l l  t he  
l i t e r a t u r e .  

I t  would be dangerous t o  assume the normal lack of oxygen i n  geothermal 
f l u i d s  wil l  prevent s t r e s s  corrosion cracking i n  a geothermal system. 
Systems a re  periodically exposed to  the a i r  f o r  maintenance. Given the 
r i g h t  combination of s t r e s s ,  chloride, oxygen level , and temperature, 
aus ten i t ic  s t a in l e s s  s t e e l s  can crack i n  minutes! 
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Application to  Water-Binary Cycle and Hot Dry Rock Systems 

Chlorides will be a t  a s ignif icant  concentration i n  almost any geo- 
thermal f l u i d .  
s t a in l e s s  s tee l  p i t t i ng  corrosion and cracking, there will be few appli-  
cations f o r  aus ten i t ic  s t e e l s ,  w i t h  the notable exception of h a n d l i n g  
steam condensate below temperatures o f  abou t  100°C - 120°C. 
temperature range there i s  a risk of s t r e s s  corrosion cracking. 

Because of the severe impact of chlorides on aus ten i t ic  

Even i n  th i s  
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ALUMINUM AND ITS ALLOYS 

Corrosion i n  Geothermal Water and Steam 

Aluminum i s  a very chemically act ive metal which has corrosion res i s -  
tance due t o  a passive protective film. Aluminum al loys a re  subject t o  
p i t t i ng  and crevice corrosion, especially i n  chloride containing oxygen- 
f ree  systems. Like aus ten i t ic  s ta in less  s t e e l s ,  aluminum can p i t  badly 
under scale  (Verink 1974) or biological fouling. 

The protective fi lm i s  generally s table  over a pH range of 4.5 t o  8.5 
(Dix 1961), which i s  the pH range often encountered i n  geothermal systems. 
Corrosion ra tes  a re  usually lowest about pH 6. Corrosion r a t e s  fo r  alumi- 
num in geothermal steam and i n  steam condensate a re  given in Table 6. 

i 

TABLE 6. Corrosion of Aluminum Alloys i n  
Geothermal Systems 

Steam 1 40°C-1 50°C Steam Condensate 100°C PH 
m / y r  mm/y r 

Wairakei, N.Z. 0 ( p )  0.005 ( P )  6 

4.5 Matsukawa, Japan 0.06 nnn ( P )  0.025 ( P )  

p i t t i n g  r a t e  1.1 

Cerro Pri e to ,  Mexico 0 0.08 ( P )  6 

( P )  = Corrosion p i t t i ng  observed 

I t  can be seen from Table 6 t h a t  p i t t i n g  corrosion i s  the major corro- 

Note the p i t t i n g  r a t e  of 1 .1  mmlyr 
sion problem encountered w i t h  aluminum and once a corrosion p i t  forms 
complete perforation can occur rapidly. 
(43 mi 1 s /y r )  measured a t  Matsukawa, Japan. 

The  A1 clad aluminum was developed t o  resist p i t t i n g  a t tack.  An alumi- 
num tube  i s  clad by metallurgically bonding t o  another aluminum al loy t h a t  
is  anodic t o  the base al loy.  When a corrosion p i t  reaches the base al loy,  
the clad cathodically protects the base metal from fur ther  penetration 
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u n t i l  the clad is consumed. 
clad technique being used i n  geothermal plants ,  b u t  i t  would appear prom- 
i s i n g  fo r  those low temperature applications where the s t ructural  properties 
of a1 uminum are sat isfactory.  

There a re  no specif ic  references t o  the AL 

Aluminum has been used successfully i n  the steam condensate l ines  a t  
the Geysers plant (Finney 1973) and other low temperature applications i n  
o ther  geothermal plants (Haldane 1962). 

Because o f  low cos t ,  good general corrosion resistance to  H2S brines, 
and good heat t ransfer ,  aluminum alloys may have considerable application 
t o  the lower temperature-binary cycle systems and related applications.  

Galvanic Corrosion 

Aluminum is highly susceptable to  galvanic corrosion e f fec ts  which 
must be considered i n  any design. 
s t e e l )  make aluminum the anode and subject t o  accelerated a t tack .  
t r i c a l  insulators  and/or coatings must be used i n  mixed metal systems. 
Aluminum i s  subject t o  rapid f a i l u r e  by contamination with copper, or  i t s  
compounds. As would be expected, the 2000 ser ies  A1-Cu a l loys have poor 
corrosion resistance i n  chloride brines. 

Stress Corrosion Cracking 

Coupling a l u m i n u m  t o  s tee l  (or s ta in less  
Elec- 

There a re  numerous reports of s t r e s s  corrosion cracking of h i g h  
strength aluminum alloys (see F i n k ,  1970, f o r  cracking i n  seawater). 
e r a l l y  stress corrosion cracking is confined t o  those al loys especially 
formulated and heat t reated f o r  h i g h  strength.  
especially aggressive, and a 3.5% NaCl solution is  often used as  a labo- 
ra tory t e s t  medium for  s t r e s s  corrosion t e s t s .  

Gen- 

Chloride solutions a re  

Stress  corrosion cracking should not be a serious problem f o r  geother- 
mal applications so long a s  the proper a l loys a re  used. 
temperature applications where strength may be l i m i t i n g ,  caution should be 
used about specifying h i g h  strength aluminum al loys;  s t r e s s  corrosion 
cracking is l i ke ly  t o  occur. 

However, i n  h i g h  
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It should be mentioned mercury causes catastrophic corrosion and crack- 
ing of all aluminum materials. 

Atmospheric Corrosion 

Aluminum alloys have outstanding corrosion resistance to the H2S con- 
taminated air atmospheres around a geothermal plant. Aluminum has been 
successfully used for transmission lines and hardware (Finney 1973). 
vanic corrosion must be considered if aluminum is used in the same struc- 
ture as other metals, especially crevices where rain water can collect. 

Gal- 

i 
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TITANIUM AND ZIRCONIUM 

Ti tanium and z i rconium are  bo th  extremely a c t i v e  elements t h a t  form 

very p r o t e c t i v e  ox ide f i l m s .  

T i tan ium 

Ti tan ium i s  an outstanding m a t e r i a l  f o r  a g rea t  many cor ros ive  env i -  

ronments. Corrosion res is tance i s  e x c e l l e n t  i n  s a l t  water. F ink  (1970) 

l i s t s  three 'problem areas w i t h  t i t a n i u m  i n  s a l t  water environments: 

1 ) cor ros ion  p i t t i n g  observed i n  oxygen-starved c rev ices  above 

temperatures o f  120°C (250°F) , 
s t r e s s  cor ros ion  crack ing under t e n s i l e  s t r e s s  w i t h  a sur face 

f law,  
2) 

3) s t r e s s  cor ros ion  crack ing under t e n s i l e  s t r e s s  i n  d r y  NaCl 

above 260°C (500°F). 

For geothermal app l i ca t ions ,  t h e  p i t t i n g  tendencies a r e  t h e  most s e r i -  

ous, as a l l  geothermal f l u i d s  a r e  low i n  oxygen. I n  F igure 17 the  p i t t i n g  

tendency i s  p l o t t e d .  

concentrat ions below 1 t o  2% and a l l  NaCl b r i n e s  below 120°C (250°F). 

These data i n d i c a t e  e x c e l l e n t  performance a t  NaCl 

T i tan ium has performed w e l l  i n  a number o f  app l i ca t ions ,  r e l a t i n g  t o  

geothermal service,  see Table 7. 

Ti tan ium may be the  bes t  m a t e r i a l  f o r  heat exchangers invo lved i n  t h e  
proposed b i n a r y  c y c l e  geothermal p l a n t ,  e s p e c i a l l y  i f  t h e  pH i s  below about 
7 and t h e  water i s  below 3% NaC1. 
poss ib le) .  As t h e  s a l i n i t y  and temperature increase, t h e  tendancy t o  p i t  

increases and any proposed a p p l i c a t i o n s  o f  t i t a n i u m  i n  t h e  " p i t t i n g "  zone 

of F igure  14 should be checked by f i e l d  t e s t s  ( e s p e c i a l l y  t e s t s  f o r  

c r e v i c e  cor ros ion) .  

(Above about pH 7-8 carbon s t e e l  i s  
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TABLE 7. Successful Use of Titanium i n  Service Related t o  
Geothermal Plants 

Ei7 v i  ronmen t Temperature Corrosion Remarks 

Geothermal Steam 1 40°C 
Matsukawa, Japan 
(Joshida, 1970) 

' L o  steam contained 
0.06% H2S 

"Sour Brine" ambient no cracking T i  -6A1-4V a1 loy 
5% NaC1, - H2S 
a t  pH 2.8 

(Rice 1973) 

28 days 

High Pressure Sa l t  ambient no corrosion T i  -Cp70 

(Stormer 1972) operating a t  

Water Well fa t ique a f t e r  
Injection Pump 584 million cycles 

4000-5000 psi 

Refinery Sour 180°F-200°F "slight etching one case of 
water stripper refluxing brine a f t e r  3-4 years p i t t i n g  f a i lu re  

( H i  1 debrand 1974) i n  H2S service" under carbonate 
sca le  

h 

Desalinization u p  t o  250°F 
Plants 

Zirconium 

% O  T i  used to  replace 
f a i  1 ed copper 
a1 loys 

No data a r e  available on application of zirconium and i t s  a l loys t o  

geothermal systems. Zirconium has excellent corrosion resistance t o  d i lu t e  
+E acids ,  neutral s a l t s  (except Fe+3 and C u  

100°C. Few h i g h  temperature data a re  avai lable  except f o r  the outstanding 
corrosion resis tance o f  Zircaloy-E up t o  750°F i n  nuclear reactor service.  
These f ac t s  suggest zirconium al loys could have applications t o  geothermal 
systems if  the h i g h  i n i t i a l  material cost  could be overcome by superior 
performance. 

), and alkal ine solutions up  t o  
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HIGH NICKEL ALLOYS 
c 

i 

Alloys with high nickel content have not been extensively used in geo- 
In today's geothermal thermal plants except for some application of Monel. 

plants, materials problems have been solved with less expensive materials. 

With the exception of the 54Ni-15Cr-16Mo alloys (Hastelloy C, Inconel 
625), most nickel alloys are subject to crevice corrosion and pitting cor- 
rosion in saline systems, and high nickel alloys are not much better than 
Type 316 stainless steel which costs less. 
crevice corrosion, and corrosion under scale and fouling. Even the Ni-Cu 
alloys (Monel), which are excellent in oxygenated seawater, pit badly in 
oxygen deficient systems (Fink 1970). The addition o f  Mo increases the 
resistance of nickel alloys to pitting (as it does for Type 316 stainless). 
The corrosion of Hastelloy C and Inconel 625 in seawater is excellent, 
equaled only by titanium. 
exchangers and other geothermal components where less costly materials are 
not adequate. Field tests in geothermal fluids would be essential. 

This is especially true of 

These alloys may be candidates for pumps, heat 

There are very few data available for nickel alloys in geothermal 
systems. 
tional Nickel Co. (Banning 1973). 
brine strippers where Hastelloy B and C performed well in refluxing H2S 
brine at 180°F. 

Table 8 gives data from Marshall (1957) and data from Interna- 
Hildebrand (1974) reports a test in some 

As a general rule pure nickel does not have good corrosion resistance 

Thus one should not expect nickel to sulfur and H2S at high temperatures. 
base alloys to have good high temperature corrosion resistance in geothermal 
steam. 
to H2S atmospheres up to 300OF. 

Swardby (1963) indicates the 54Ni-15Cr-16Mo alloys are resistant 
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(1 1 TABLE 8. Corrosion o f  Nickel Alloys in Geothermal Systems 
Gas Rich 

Steam Condensate 
70°C (containing 

H2S & co2) Geothermal Steam Aerated Steam 
140-1 50°C 1 1  0°C 

Wairakei, NZ 
(Marshal 1, 1956) 

Inconel 
(78% N i  , 1.3 Cr, 9Fe) 

Monel 
(Ni-30% Cu) 

GT Paul International 

2 mm yr 
0.0000 (80 mils/yr) Not reported 

0.1 mm/yr 0.25 mm/yr 0.1 mm/yr (3) 
(4 mils/yr) (IO mils/yr) 4 mils/yr) 

Nickel Co. 
(Published by Banning 81 Oden 1973) 

Geothermal Steam Steam Condensate 
150°C 115°C pH 5.25 

Monel 0.13 m / y r  5.0 mils/yr 0.13 mm/yr 5.2 mils/yr 
Nickel 0.06 2.3 0.07 2.8 
Inconel 0.003 0.1 0.003 0.1 
N i -0- Ne 1 < 0.003 < 0.1 < 0.003 < 0.1 
Hastelloy F < 0.003 < 0.1 < 0.003 < 0.1 
Ni -Res1 s t 0.09 3.8 0.07 2.4 

1. 
2. Aerated steam test-carbon steel only corroded 20 mils/yr 

3. Steam condensate tests (carbon steel corroded 3 mils/yr and 

No stress corrosion cracking observed. 

and Type 316 stainless steel was essentially zero. 

Type 316 stainless steel was essentially zero. 
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COPPER AND COPPER ALLOYS 

5 

~ 

Tests conducted t o  date on copper alloys have indicated moderate t o  
h i g h  corrosion ra tes  i n  geothermal f l u i d s ,  especially when oxygen leaks 
into the system. Copper i s  avoided i n  e lec t r ica l  instruments, relays and 
switch gear because of attack by H2S (Finney 1973). Corrosion ra tes  for 
several copper materials i n  geothermal steam and condensate a re  given i n  
Table 9. ~ 

0 

Hermannsson (1970) reports mixed resu l t s  i n  u s i n g  copper a l loys for 
transporting h o t ,  geothermal water i n  Iceland. 
a l loys i s  limited by the content of a lka l i  sulf ide i n  the water and Cu-Zn 
and Cu-Sn a1 1 oys have g i v e n  'Ivery bad" resul ts .  Where copper materi a1 s 
were successful i t  was because the water chemistry and velocity permitted 
the formation of a protective--cuprosilcate film. Marshall (1957) and 
Tskhvirashvili (1970) report dezincification of brass. 

He s t a t e s  the use of copper 

The e f f ec t  of H2S on copper a l loys i n  desalting plants i s  discussed 
by Morin (1974) where 0.5 t o  1 ppm H2S i n  seawater produced severe attack 
t o  copper a l loys,  most o f  which  a r e  being replaced w i t h  titanium. 

In H2S contaminated water copper a l loys form copper sulfide film which 
is more cathodic than the oxide film ( F i n k  1970). When breaks occur i n  the 
sulfide film the large cathode area causes stimulated local attack. 
avai lable  data suggest copper a l loys will no t  have very wide application t o  
geothermal systems which contain H2S. Certainly no copper a l loys  should be 

specified without careful f ield tests. 

The 
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TABLE 9. Corrosion o f  Copper Alloys i n  Geothermal Systems m / y r  

Wairakei, NZ 
(Marshal 1 1956) 

Copper . 

S i  1 icon Bronze 

Phosphor Bronze 

Brass 

A1 umi num Bronze 

Cerro Prieto,  Mexico 
(Tolivia 1970) 

Copper 

Naval Brass 

Matsu kawa , Japan 
(Yoshida, 1968) 

Copper 

Phosphor Bronze 

Naval Brass 

Gas Rich 
Steam Condensate 

Geothermal Steam Aerated Steam 70°C (containing 
H S & CO,] 4 140 - 150°C 110°C 

0.05 (2  mpy). 1.0 (40 mpy) 0.13 (5  mpy) 

0.08 (3  mpy) -- 0.5 (20 mpy) 

-- 0.05 ( 2  mpy) 0.2 ( 9 mPY) 

-- 0.01 (0.4 mpy) 1.0 (40 mpy) 

0.08 ( 3 mpy) 0.2 (10 mpy) 0.005 (0.2 mpy) 

0.6 (25 mpy) 0.2 (9 mpy) 

0.06 ( 3  mpy) -- 

0.4-1.0 (16-40 mpy) ' - -  0.07 (3  mpy) 

0.05-0.3 (2-14 mpy) -- 
0.05-0.4 (2-16 mpy) -- 0.03 (1 mpy) 

-- 
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MATERIALS APPLICATIONS 

T h i s  section has been placed l a s t  i n  the hope tha t  an engineer seeking 
. quick answers will consider the preceding discussion before j u m p i n g  t o  

rash conclusions. 

In Table 10 a re  l i s t e d  some general guides to  materials selection for 
geothermal systems. 
selection f o r  economic analyses of geothermal concepts and t o  se lec t  candi- 
date  materials fo r  f i e ld  tests. The b i g  data gap i n  geothermal water above 
180°C is an obvious problem. 
data a re  inadequate, b u t  some extrapolation i s  possible. The brief comment 
i n  the problems column i s  t o  f lag  some of the s ignif icant  problem areas 
which were discussed i n  preceding sections.  

The usefulness of Table 10 i s  limited t o  materials 

Even i n  the 120°C - 180°C range corrosion r a t e  
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TABLE 10. Candidate Materials f o r  Oxygen-Free Geothermal Systems 

123 C (250 'F)  1 2 0 - 1 8 0  C (250 F - u  ,180 C (,350 F )  

M a t e r i a l  Problems M a t e r i a l  Pro b 1 ems M a t e r i a  1 Problellls ______________ - _ _  __ 
Cr-Mo s t e e l s  Cor ros ion  f a t i g u e  

Corrosion fatigue 12 C r  s t e e l s  
c o r r o s i o n  al lowance 

R&D on t u r b i n e  'I m a t e r i a  1 s 

Eros ion  

S p e c i f y  c o r r o s i o n  
a1 lowance 

Lack o f  da ta  

steam condenses Tltanlua 

Z i rcon ium 

Dry  S t e a z  Carbon s t e e l  

12 C r  s t e e l  

Water 

pH 43 Carbon s t e e l  E r o s i o n  Carbon s t e e l  

pH 6-8 Carbon s t e e l  Eros ion  Carbon s t e e l  

A 1 umi num Test  f o r  p i t t i n g  

T i  t a n  i urn A1 uininum 

316 SST .50 ppm c l -  
r e q u i r e d  

T i  t a n  i um 

56Ni -1 5Cr-16Mo 

pH 4-6 Carbon s t e e l  S h o r t  l i f e  
uses o n l y  

A1 uninum Test  f o r  p i t t i n g  Aluminum 

T i t a n i u m  

Z i r c o n i  urn 

T i t a n i u m  

Z i rcon ium 

.,50 ppm C1- 56Ni -16Cr-l6Mo* 
r e q u i r e d  

316 SST 

56Ni -1 5Cr-l6Mo* 

, pH 4 T i t a n i u m  R&D Required 

Z i  r c o n i  um 

56Ni -1 5Cr-l6Mo* 

T i t a n i u m  

Z i  r c o n i  um 

* Such as H a s t a l l o y  C 
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Hydrogen A l l o y  s t e e l s  Hydrogen 

Eros ion  
S p e c i f y  c o r r o s i o n  S p e c i f y  c o r r o s i o n  

Need R&O f o r  da ta  

embri t t l  e w n t  embri ttl ement ( f o r  s t r e n g t h  Erosion 

a1 1 owance a l lowance 

R&D Required 

I 
a l lowance 

T e s t  f o r  p i t t i n g  Use t i t a n i u m  o r  56Ni-15Cr-l6Mo* 
f o r  c o s t  s t u d i e s .  I r o n  a l l o y s  
w i t h  heavy c o r r o s i o n  al lowances 

Tes t  f o r  p i t t i n g  
and c r e v i c e  
c o r r o s i o n  ( e s p e c i a l l y  
i n  b r i n e s )  

P i t t i n g  Tes t  
r e q u i r e d  

R&D Required 
iJse t i t a n i u m  o r  56Ni-15Cr-l6Mo* 

f o r  c o s t  s t u d i e s  

R&O Required R&O Required 



. GEOCHEMICAL AND MATERIALS CONSIDERATIONS I N  

ECONOMIC MODELING OF GEOTHERMAL ENERGY SYSTEMS 

INTRODUCTION 

The geothermal water and steam chemistry w i l l  a f f e c t  both the p l a n t  

c a p i t a l  c o s t  and operat ing costs :  

Cap i ta l  Cost Factors 

equipment needed t o  c o n t r o l  s c a l i n g  and cor ros ion  
m a t e r i a l s  s e l e c t i o n  t o  combat cor ros ion  

Operating Cost Factors 

opera t ion  o f  s c a l i n g  and cor ros ion  c o n t r o l  equipment, i n c l u d i n g  

temperature and pressure losses caused by such equipment 

replacement o f  equipment t h a t  f a i l s  by cor ros ion  i n  l e s s  t ime than 
p l a n t  l i f e  

l o s s  o f  p l a n t  a v a i l a b i l i t y  dur ing  fo rced shutdowns caused by 
s c a l i n g  and corros ion.  

The chemistry parameters which a f f e c t  p l a n t  costs  have been discussed 

i n  prev ious sect ions and a r e  summarized i n  Table 11. 

concentrate on methods t o  evaluate the economic impact of those parameters. 

This  sec t ion  w i l l  

It would be desirable to have equations describing plant costs as 

funct ions o f  each parameter i n  Table 11. 
a r t  and publ ished data do n o t  permi t  such an i d e a l i z e d  approach. 

because the  l i s t e d  parameters a r e  func t ions  o f  each other ,  and very l i t t l e  

experimental work has been done t o  descr ibe the  i n t e r r e l a t i o n s h i p s ,  r a t h e r  

the p r a c t i c a l  approach has been t o  measure s c a l i n g  and cor ros ion  r a t e s  i n  
f i e l d  t e s t s  a t  a s p e c i f i c  geothermal s i t e  and t a i l o r  the  p l a n t  design t o  

cope w i t h  the  s p e c i f i c  problems. Thus, geothermal p l a n t  design and c o s t  

es t imat ing  i s  bes t  handled on an i t e r a t i v e  bas is :  

However, t h e  present s ta te -o f - the-  
This i s  
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TABLE 11. Parameters Affecting Scaling and 
Corrosion in Geothermal Plants 

Scale and Incrustation 

Silica (Si02) 
Cal c i te  ( CaC03) 

Gypsum (CaS04-2H20) 
Soluble Salts and Salt Carryover 
Temperature and Temperature Changes 
Pressure changes including partial pressure change 

Velocity and Turbulence 
Residence time i n  each pa r t  of p lan t  
Surface effects and surface t o  volume r a t i o  effects. 
Phase (e.g., steam o r  water) 

i n  COP, H2S. NH3 

Materi a1 s Corrosion 

pH OF water (pH i s  affected by temperature, gas par t ia l  

Temperature and AT 
Phase (e.g. water or  steam?) 
Moisture carryover i f  steam phase 
Partial pressures of C02, H2S, NH3, H2 
O2 leakage into system. 
Stress levels in materials and especially cyclic stresses 
Crevices 
Presence o r  absence of scale deposits 
Passive or active s ta te  of metal protective films 
Velocity 
Suspended sol id content 
Ionic strength 
Galvanic coupling o f  dissimilar metals 

pressure, and mineral content) 

’ 

k. 

t 
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Step 1 .  
properties of the geothermal f lu id ,  scope a plant design t o  extract  
power and cope w i t h  the obvious problems. 

W i t h  a knowledge of the thermodynamic, chemical, and corrosion 

Step 2. Define the range of values f o r  parameters i n  Table 1 for  
various par ts  of the plant--since the l i t e r a t u r e  data a re  l imited,  l a b  
and f i e ld  t e s t s  are needed f o r  accuracy. 

Step 3. 
lems and decide what methods will  be used t o  cope w i t h  scaling problems. 

Select materials of construction to  cope with corrosion prob- 

Step 4. 

Step 5. 

Estimate the capital  and operating costs for the p l a n t .  

I t e r a t e  back t o  Step 1 t o  a f f ec t  design and cost  optimization. 

CASE 1 - LOW SALINE HOT WATER - GEOTHERMAL RESOURCE - 
FLASH WATER TYPE PLANT 

Examples of the f lash  water type plant a re  a t  Cerro Prieto,  Mexico, 
and Wairakei, New Zealand (Figure 18). 
ter ized by a large underground reservoir of h i g h  temperature water under 
suf f ic ien t  hydrostatic pressure t o  maintain a 100% l i q u i d  phase i n  the 
reservoir.  

This geothermal resource i s  charac- 

Wells d r i l l ed  into this reservoir do not produce steam i n i t i a l l y .  
First the column o f  water must be blown out o f  the  well (by a i r  inject ion)  
t o  reduce the hydrostatic head. W i t h  reduced pressure, boiling begins 
w i t h i n  the well, and a se l f  sustaining two-phase flow begins. T h e  steam- 
water mixture has cooled substant ia l ly  by the time i t  reaches the steam 
separator a t  the surface. Steam temperature, pressure, well flow ra t e ,  
and reservoir l i f e  a r e  in te r re la ted  variables and the i r  optimization i s  
beyond the scope of t h i s  report. 
s iderat ions are:  

For our purposes here the important con- 

The geothermal f lu ids  have cooled 100-200°C i n  the process of 
production up t o  the well head by adiabatic expansion 

About 20-25% i f  the mass flow leaves the steam separator as  steam 

(remainder as waste water) 
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The gases C02, H2S, NH3 largely fract ionate  with the steam phase. 

The soluble s a l t s  largely fract ionate  in the l iquid phase: 

We will now examine the scaling and corrosion problems i n  the waste water, 
steam, and well systems fo r  s ign i f icant  design and cost  impacts. 

Waste Water System 

1 )  S i l ica  - Si02 

Si l ica  i s  highly soluble i n  the reservoir water and has been shown t o  
be i n  equilibrium w i t h  quar tz  a t  reservoir temperatures ( E l l i s ,  1964). 
During the cooling t h a t  occurs d u r i n g  production, quartz so lub i l i t y  i s  
quickly exceeded, and the higher so lub i l i t y  l imit  of amorphous s i l i c a  may 
be exceeded. 
the amorphous s i l i c a  so lub i l i t y  is exceeded precipitation i s  rapid,  ( in  
minutes). 
i n  slow deter iorat ion o f  well production, b u t  i s  not as important t o  plant 
design as i s  the e f f ec t  of exceeding the amorphous s i l i c a  so lubi l i ty .  

Deposition r a t e  data a r e  not available,  b u t  i t  i s  known i f  

The slow precipi ta t ion of quartz (over years) may be involved 

The so lub i l i t y  of Si02 i n  the reservoir i s  a function of reservoir 
temperature, TR over the range of 25 t o  300°C: 

1 5.38 
[OoZ3 - 0.00458TR S (ppm) = (60060) x 10 Q 

where TR is i n  O K  3 C"+ 273 25" ST 5300°C 

(Above 300°C quartz so lub i l i t y  drops s l i gh t ly  so use T - 300°C fo r  
range 300 - 370°C) 

The so lub i l i t y  o f  amorphous s i l i c a  is:  

= 40 + (3.8) TM where TM is i n  "C 

where 
precipitation potential is t o  be evaluated. 

TM is  the minimum temperature i n  tha t  region of the plant where the 
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Only about 75 t o  80% o f  the to t a l  flow (FT)  ends up a s  waste water (Fw) 

t h u s  concentrating the s i l i c a  
s i l i c a  i n  the waste water, Sw 

s" = s 
The t o t a l  potential  r a t e  of s i  

n the water phase. The potential  suspended 
s :  

'P 

ica  deposition, ST is :  

x 8 x S w  

Example: In a 100 MWe geothermal plant ,  what is  the potential  deposition r a t e  
of s i l i c a  a t  a waste water re inject ion pump, given the following parameters: 

TR = Temperature Reservoir = 300°C 

TM = Temperature a t  Reinjection Pump = 100°C 

FT = Total Flow = 10 x lo6 I b / h r  

= 1.2 x lo6 ga l lhr  

- 0.75 T h u s ,  Fw = 0.94 x lo6 gal/hr FW 
FT 
- -  

= 22.5 x lo6 gal/day 

Calculate the following 

1175 
= (60060) x 10 [Q*23 - 573 = 907 ppm sQ 

SA = 40 + 3.8 (100) = 420 ppm 

Sw = (907)(1.25) - 420 = 714 ppm 

ST = 22.5 x 8 x 714 = 128 x lo3 lb/day 

T h i s  enormous potential  s i l i c a  deposition is  readi ly  seen by observers 
i n  the waste canals a t  f l a sh  water plants.  
these wastes t o  a river o r  surface pond a r e  unacceptable under present 

The past  practice of dumping 
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environmental laws. T h u s  reinjection i s  often ci ted.  I t  i s  qui te  probable 
tha t  attempts t o  re in jec t  such massive suspended sol ids  would p lug  the 
reinject ion formation in a short  time. 
impact of a s i l i c a  f i l t r a t i o n  system should be evaluated. 
plant i s  shown i n  Figure 19. For purposes o f  cost  study we have assumed 
such a plant would be analogous to  a municipal water treatment plant and 
have developed cost  equations based on a study reported i n  Office of 
Saline Water Report OSW 257. 

Thus we conclude the economic 
Such a f i l t r a t i o n  

In order t o  permit evaluation of the economic 
impact of various 
pended so l ids ,  i s  
where most of the 
f i l t e r  plant flow 
can be evaluated. 

degrees of f i l t r a t i o n  the parameter, SI = allowable sus- 
specified as  i n p u t .  By varying the values of SI  from 0 ,  
waste flow is f i l t e r e d ,  t o  values of  S I  above Sw, where 
and costs become zero, any desired degree of f i l t r a t i o n  
Credit i s  taken fo r  any steam condensate waste Fc, which 

contains no suspended so l ids ,  t o  d i lu t e  Fw. 
a r e  given i n  Appendix A. 

Details of the cost  evaluation 

2 )  Materials for  Waste Water System 

The corrosion of carbon s t ee l s  i s  suf f ic ien t ly  low i n  the pH 7-8 waste 
waters a t  Wairakei, N.Z., t o  provide 20 years '  service. A t  l e a s t  no s ig - .  
n i f ican t  replacement costs a r e  indicated i n  published reports.  The pH of 
the waste water i s  of major importance i n  establishing corrosion ra tes .  
Carbon s tee l  in some of the Salton Sea (pH 4.5 - 5) brines l a s t s  only a 
couple of years. 
times i s :  

An estimate of carbon s teel  waste water p i p i n g  replacement 

2 pH 7 2 20 years f 5 
pH 6 - 10 years ? 5 
pH 5 - 5 years f 3 
PH 4 - 2 years -I. 2 

Below pH 6 the use of corrosion inhibi tors  o r  plastic-l ined pipe should be 
evaluated. 
corrosion inhibi tors  i n  o i l  f ield flooding operations where mildly acid 
"sour brines" a r e  pumped into the f i e ld .  

An extensive technology has been developed for  using filming 
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An order of magnitude cost  estimate i s  t h a t  a 100 MWe plant producing 
7 10 

cost  of 4 mils/kW-hr; ra ther  expensive! 
lb/hr  of waste water would use $1000 of inhibi tor  per day. This i s  a 

Alternate materials such as aluminum and s ta in less  s tee l  cannot be 
recomnended because of potential p i t t i n g  problems. 

Steam System 

1 )  S i l ica  (Si02) 

A t  steam pressures used in conventional 
boi lers ,  s i l i c a  above 0.1 ppm i n  the steam causes serious turbine deposits. 
However, f lash  water type geothermal p l a n t s  operate a t  steam temperatures 
and pressures (around 75 to  100 psig) where s i l i c a  so lub i l i t y  i n  steam i s  
a minor problem. Cleaning the turbine once a year during a maintenance 
shutdown i s  suf f ic ien t .  However, i f  plant designs cal l  f o r  steam above 
about 230°C and 400 ps i ,  s i l i c a  scale deposits will become signif icant .  
Such h i g h  steam temperatures would not be expected i n  a f lash  water type 
plant.  

S i l i ca  is soluble in steam. 

2 )  Soluble Sa l t  Transport in  Moisture Droplets and Need f o r  Scrubbers 

The steam-water separation i n  a f lash type plant leaves 0.5 t o  1% mois- 
tu re  droplets in the steam. These droplets contain dissolved s a l t s  a t  the 
same concentration as the water phase. Mechanical carryover r e su l t s  i n  
scale  buildup a s  these moisture droplets evaporate in the steam system and 
turbine. T h i s  mechanism has been the largest  source o f  steam p i p i n g  scale 

i n  f l ash  water plants. 
goes u p ,  the carryover of dissolved s a l t s  increases, too. 

Obviously as the s a l t  content of the feed water 

T h i s  same mechanical carryover problem occurs in conventional boilers 
and i s  controlled by l imiting boi ler  water to  4000 pprn dissolved sol ids  
and 1 ppm carryover i n  steam. A geothermal water containing 35,000 ppm 
s a l t  o r  even 350,000 ppm exceeds these l imits .  

89 



One solution i s  t o  in se r t  a scrubber as shown in Figure 20. The 
scrubber washes the steam to  remove the carryover s a l t  content t o  1 ppm. 
The volume o f  scrub water t o  do this can be estimated as follows: 

Fs = steam flow ( l b / h r )  

Fw = Scrub water flow ( l b / h r )  

Cw = Concentration of dissolved sol ids  i n  water phase in 

Cs = Concentration of carryover sol ids  i n  steam from 

Cs' = Concentration of sol ids  i n  steam ou t  of scrubber 

steam separator (pprn) 

steam separator (ppm) 

= 1 ppm by specification 

Steam separator efficiency 99% (e.g., 1% moisture carryover) 

I 
(csw Fsw 

3 3  - - -  
Fsw 100 csw 

The design basis of scrubber efficiency is CS's  1 ppm when Csw i 100 pprn. 

cs - 1 Since cw - - 100 

- cs Fs 
106 

- -  Then : Fsw 

c 

The scrubber water flow increases a s  the s a l t  content of the geothermal 
water increases. 
t ha t  must be subtracted from steam enthalpy. 

There is  a thermodynamic cost  of heating the scrub water 
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For this application, carbon steel probably would have a short  l i f e  

Titanium would probably be the best material for scrubber con- 
(c5 years)  due t o  the acid character is t ics  of the scrub water absorbing C02 
and H2S. 
s t ruct ion,  which would cos t  about $30/ft of material used. 
u n i t  will depend on plant size. Austenitic s ta in less  steel and nickel a l loys 
probably would f a i l  rapidly due t o  p i t t i n g  (or stress corrosion cracking 
f o r  aus ten i t ic  stain1 ess steel ). 

2 The size of the 

Turb ine  Failures and H2S i n  Steam 

Turbine  blade fa i lures  have occurred a t  the Geysers, CA,  Matsukawa, 
Japan, and Larderel lo ,  I ta ly ,  geothermal plants. No definit ive causes 
have been p u b l i s h e d  b u t  corrosion fatigue appears most l ikely.  A t  the 
Geysers plant the fa i lures  a re  reducing plant ava i lab i l i ty  a t  l ea s t  10% 
(Finney, 1974). See Table 12. I t  i s  believed H2S in the steam i s  the 

TABLE 12. Turbines Operating Availabil i ty - Geysers, CA 

Turb ine  
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Average 

1972 
% 

87.6 
77.2 
79.3 
79.1 
87.4 
86.2 
79.2 
84.2 

- 

-- 
-- 
- 
82.5 

1973 
% 

90.6 
90.3 
82.0 
91.8 
78.7 
82.2 
80.7 
87.3 
63.9 
90.4 

83.8 

Note: 

Source: G. Horton, Plant Engineer, PGE,  Personal Communication 

Capacity factors  average about 71% (allowing fo r  l o s t  production 
due t o  operating turbines w i t h  stages out) .  

i 

'Y 

92 



prime corrosive agent. No such fa i lures  have been reported a t  Wairakei, N.Z.; 

however, their H2S is  an order of magnitude lower than the above plants.  
Cerro Prieto has h i g h  H2S, b u t  has had no blade f a i lu re s  i n  one year o f  
operation--perhaps insuf f ic ien t  time for the problem t o  show up.  

In the absence of more def in i t ive  information the economic impact 
of H2S in the steam can be estimated: 

H S Content Plant Factor Shutdowns Turbine Maintenance Cost 4 
500 - 3000 ppm 82 % 1 per year $1 00 , 000/yr 
50 - 500 ppm 92 % 1 per 5 years $ 20,00O/yr 

Raising p l a n t  fac tor  10% w i t h  a to ta l  of 500 MW of instal led capacity 
represents 50,000 kW x 8760 hr x 0.92 x 0.01 = $4,300,000/yr increased 
revenues a t  an e l e c t r i c i t y  price of 10 mils/kW-hr. There i s  consider- 
able incentive to  develop solutions t o  the turbine blade cracking 
problem. 

Condenser and  Cool i ng Tower P i  p i  ng 

All the materials handling steam condensate should be of aus ten i t ic  
s t a in l e s s  s tee l  or aluminum fo r  condensate piping. The steam condensates 
are acid due t o  H2S and C02. 
have been reported i n  this application. Note tha t  chlorides a re  very low 
i n  steam condensate, thus avoiding the p i t t i n g  corrosion of aus ten i t ic  
s t a in l e s s  s tee l  often c i ted ,  Austenitic s ta in less  s tee l  would not be 
acceptable i f  chlorides a re  present. Specific l i m i t i n g  chloride concentra- 
t ions have not been established f o r  geothermal condensate systems. 

No s igni f icant  problems or corrosion f a i lu re s  

P1 uggi ng of Production We1 1 s 

Because boiling occurs j r~  the well casing i n  a f lash  type plant,  wells 
plug periodically and require rework. A. Majon (1974) of Cerro Prieto i n d i -  
cated low enthalpy wells (e.g., 400 B t u / l b )  p l u g  w i t h  c a l c i t e  i n  about one 
year; h i g h  enthalpy wells (‘450 Btu/lb) are expected to  p lug  w i t h  s i l i c a  i n  
3 t o  4 years,  
takes 5 t o  10 days a t  Cerro Prieto costing about 15,000 pesos/day ($1200/day). 

Cleaning the well involves redr i l l ing  w i t h  a small rig and 
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Costs would expect t o  be h igher  i n  the  U.S. Assuming t h e  rework r i g  
was a v a i l a b l e  w i t h  no "move charge," a rework cos t  o f  $10,000 t o  $30,000 

i s  est imated. 

A n a l y t i c a l  expressions t o  p r e d i c t  w e l l  p lugg ing  ra tes  r e q u i r e  data 

n o t  y e t  developed. 

CASE 2 - LOW SALINE HOT WATER RESOURCE - VAPOR TURBINE - 
BINARY CYCLE TYPE PLANT 

I n  the  vapor tu rb ine -b ina ry  cyc le  concept a secondary f l u i d  such as 

isobutane o r  Freon i s  b o i l e d  by h o t  geothermal water. 

and condensor system operates w i t h  t h e  organic  f l u i d  i n  a sealed system 
between the  h o t  l e t  geothermal water heat exchanger and a c o l d  l e g  coo l i ng  

water heat exchanger (F igure  21 ) . 
i n  d e t a i l .  

The e n t i r e  t u r b i n e  

Anderson (1  973) discusses the  concept 

The major a p p l i c a t i o n  o f  such a system would be t o  e x t r a c t  power from 
medium temperature geothermal water t h a t  cannot p rov ide  economic quant i  t i e s  

o f  f l a s h  steam t o  d r i v e  a tu rb ine .  
t h i s  system must move l a r g e  q u a n t i t i e s  o f  water (70 t o  200 l b  H20 per  kW-hr 
generated) and must have l a r g e  heat exchangers. We7 1s w i l l  requ i  r e  mechan- 

i c a l  pumps s ince  the geothermal water remains pressur ized and does n o t  
f l a s h  b o i l  t o  make w e l l s  s e l f  pumping as i n  Case 1. 

Because o f  t he  lower temperature invo lved,  

Some o f  t he  p o t e n t i a l  s c a l i n g  and cor ros ion  problems i n  t h i s  concept 

are:  

Fou l ing  o f  heat exchangers 

Plugging o f  r e i n j e c t i o n  w e l l s  w i t h  s i l i c a  

Corros ion o f  heat exchangers and pumps 

Cool ing water supply and cor ros ion  c o n t r o l  

S i  1 i c a  Deposi ts 

The b ina ry  c y c l e  type p l a n t  may be sub jec t  t o  heat  exchanger f o u l i n g  

i 

... 

due t o  s i l i c a  deposi ts  because of the  temperature drop i n  the  heat exchangers. 
1 
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The equations developed i n  Case 1 a re  applicable t o  estimate potential  sus- 
pended s i l i c a  contents, (except a correction does not need t o  be made fo r  
concentration of s i l i c a  due t o  steam l o s s ) .  

S i l i c a  i n  Hot Water: 
5.38 3 

r0'23 - 0.0458TR SQ (ppm) = (60060) x 10 

TR = T O C  - 273 

For example, a t  TR = 297 K = 204C = 400 F 

SQ = 440 ppm 

Sol ubi 1 i t y  of amorphous si 1 ica:  

SA = 40 + 3.8(TM) 

W i t h  water leaving the heat exchanger a t  5OoC (123OF) 

SA = 40 + 3.8(50) = 230 ppm 

- SA = 440 - 230 = 110 ppm sQ Sw = suspended so l ids  = 

A t  a water flow r a t e  of 3.7 million gallons per day required fo r  a 
10 MWe plant ,  the potential  s i l i c a  deposition r a t e  is: 

ST = 3.7 MGD x 8 lb/gal x 110 ppm = 3,256 lb/day 

This s i l i c a  could pose a serious problem i n  heat exchanger fouling and 
inject ion well plugging. 
subs tan t ia l ly  lower because of k ine t ic  e f f ec t s .  

The actual r a t e  of deposition probably would be 
R&D i s  needed. 

However, a different set of water temperatures can prevent s i l i c a  
in so lub i l i t i e s ,  i f  SA is la rger  than S 
water i s  163°C (325OF) a t  heat exchanger i n l e t  and exits a t  5OoC (123OF): 

For example, i f  the geothermal Q' i *  

ST = SQ - SA = 205-220 = -15 ppm 

Or a t  a water temperature of 204°C (4OOOF) entering the heat exchanger and 
leaving a t  106OC (223°F): 

96 



. 

There i s  a t r a d e o f f  t h a t  must be f u r t h e r  evaluated t o  determine if 
accept ing a thermodynamic l o s s  i s  more economical than a1 t e r n a t i v e  approaches 

c t o  prevent ing s i l i c a  problems. For example, dual heat exchangers could be 

i n s t a l l e d  and cleaned p e r i o d i c a l l y .  The expensive s i l i c a  f i l t r a t i o n  p l a n t  

discussed i n  Case 1 may be needed i f  r e i n j e c t i o n  o f  l a r g e  q u a n t i t i e s  of 

suspended s i l i c a  i s  planned, however, t h e  problem can be avoided by keeping 
s i l i c a  so lub le.  

e 

C a l c i t e  Deposi t ion 

The b i n a r y  c y c l e  concept avoids problems w i t h  c a l c i t e  depos i t ion  

because the  system remains pressur ized thus keeping t h e  C02 p a r t i a l  pres- 

sure high. 

should avoid c a l c i t e  i n c r u s t a t i o n  o f  medium enthalpy we l ls .  

Since c a l c i t e  s o l u b i l i t y  increases on coo l ing ,  the  b i n a r y  cyc le  

Corrosion and M a t e r i a l s  Considerat ions 

The pH of t h e  geothermal water w i l l  be o f  major importance i n  t h e  mate- 
r i a l  s e l e c t i o n  and l i f e  o f  pumps, pipe, and heat exchangers i n  the  geothermal 

c i r c u i t .  In water of pH 8-9, which occurs i n  Ice land,  carbon s t e e l  compo- 

nents would have adequate l i f e  (probably 20 years) .  
carbon s t e e l  s t i l l  would s u f f i c e ,  b u t  f a i l u r e  o f  t h i n - w a l l  heat  exchanger 

tubes might occur i n  about 10 years. 
would have s h o r t  l i v e s .  

I n  t h e  pH 7-8 range 

Below pH 6 carbon s t e e l  heat exchangers 

T i tan ium should be considered f o r  y e a t  exchangers f o r  a c i d  geothermal 

water a1 though p i t t i n g  and c r e v i c e  cor ros ion  must be considered above 300°F 

i n  h i g h  s a l i n e  br ines  above 3% NaCl. 

For a c i d  s a l t  b r ines  (>3% NaC1, pH 6) a t  temperatures above 3OOOF there  
are no proven m a t e r i a l s  o f  const ruct ion,  except expensive m a t e r i a l s  such as 

zirconium, tantalum, gold, plat inum, and p o s s i b l y  54Ni-15Cr-16Mo a l l o y s .  

Cool ing Water Problems 

The b i n a r y  c y c l e  system does n o t  have l a r g e  q u a n t i t i e s  o f  steam conden- 

sate t o  cool  t h e  condensers l i k e  n a t u r a l  steam o r  f l a s h  water geothermal 

p l a n t s  do. Thus a c o o l i n g  water source o r  d r y  c o o l i n g  towers ( a i r )  w i l l  
have t o  be considered. 
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One obvious source of water i s  the large volume of geothermal water 
exiting the ho t  leg heat exchanger. This water source has numerous problems: 

. calcite deposition when C02 pressure i s  released 

s i l ica  deposition i n  the cooling process 

soluble sa l t  deposition when water i s  evaporated 

H2S release t o  the atmosphere 

The scaling rates in a cooling tower operated on h igh  solids geothermal 
water have no t  been measured, b u t  one would predict they would prove unaccept- 
able. However, i t  m i g h t  be possible on 
An alternative would be t o  flash dis t i l  
desalting plant) and then use the steam 
Economics would have t o  be evaluated. 

A conventional s o l u t i o n  u s i n g  cool 

some low dissolved solids waters. 
p a r t  of the water (e.g., a small 

condensate in the cooling towers. 

ng towers and local rivers o r  ground 

water i s  another alternative i f  water i s  available. The solutions t o  con- 
ventional cooling tower corrosion and scaling problems are within established 
technology. 

CASE 3 - HIGH SALINE HOT WATER GEOTHERMAL RESOURCES 

The major example of a h i g h  saline, high temperature geothermal brine 
occurs i n  the Sal ton Sea areas of California. 
made t o  uti l ize these brines including an unsuccessful attempt t o  generate 
electricity from separated steam. 
h i g h  pipe scaling rates and general corrosion problems handling the brine. 

Various attempts have been 

The problems encountered have included 

Silica 

The potential rate of deposition of s i l ica  depends primarily on the 
temperature changes between reservoir and plant. 
have about  the same s i l ica  deposition potential as low saline brines since 
s i l ica  solubility i s  largely independent of  pH and sa l t  content. 
developed for estimating the potential insoluble s i l ica  were given i n  
Case 1. 

High saline brines should 

Equations 
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However, 
Salton Sea b r  

scaling rates  
(1 967) report  
pipes from on 

comparing observed pipe scaling ra tes  between high sa l ine  
nes and low sa l ine  Cerro Prieto b r i n e s i t  has been observed 
are  much higher with the Salton Sea brines. 
deposition of 2 t o  3 tons per month of s i l iceous scale in 

Skinner, e t  a l .  

Salton Sea well (No. 1 Imperial I r r iga t ion  D i s t r i c t ) .  This 
i s  in marked contrast  t o  experience a t  Cerro Prieto where s i l i c a  does n o t  
deposit in s ign i f icant  quant i t ies  except in the waste water system. 
content in the brine a t  Cerro Prieto i s  400 t o  1000 ppm (Mercado 1970) which, 

S i l ica  

i f  anything, i s  h igher  than s i l i c a  contents reported for  Salton Sea brines 
of 400 ppm (Helgeson 1968, Skinner 1967) .  

I n  attempting t o  resolve t h i s  apparent discrepancy in s i l i c a  deposi- 
t ion ra tes  i t  must f i r s t  be observed tha t  neither system approaches the 
maximum potential scaling r a t e .  For example the IDD No. 1 well a t  a flow 
ra t e  of 50,000 gal/hr and cooling from 325OC t o  150°C has a potential s i l i c a  
deposition r a t e  of a b o u t  2 to  3 tons/day; much more than the 2 t o  3 t ons /  
m o n t h  observed. T h u s ,  we can conclude kinetic factors  a re  playing a major 
ro le  i n  the r a t e  of scaling. 

One factor  which could cause higher scaling rates  in Salton Sea brines 
is  the precipi ta t ion of iron and copper su l f ides .  
reports the composition of pipe scale  i s  a 60-70% amorphous s i l i c a  matrix 
surrounding sulf ide minerals (30-40%) r ich i n  copper, iron and s i l v e r  ( i n  
t h a t  order) .  These sulf ides  become insoluble on the temperature-pressure 
drop accompanying two-phase flow up the well. 
have much higher concentrations o f  cations such as Fe, Cu, Ag than the 
Cerro Prieto brines, i t  i s  not s u r p r i s i n g  su l f ide  scaling occurs. The 

deposition of these sulf ides  could provide deposition s i t e s  t ha t  would 
increase the adhesion of s i l i c a  t o  the pipe wall. 

Skinner, e t  a l . ,  (1967) 

Since the Salton Sea brines 

In Figure 22 the three scaling ra tes  observed in the No. IID well 
piping (Skinner  1967) are plotted versus the average temperature of the 
pipe a t  t h a t  point. 
ties of quartz and amorphous s i l i c a ,  SQ - SA. 

(SR) is  proportional t o  SQ - SA: 

T h i s  i s  compared w i t h  the difference i n  the  so lubi l i -  
I t  appears the scaling r a t e  
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The values o f  k f o r  the  three r a t e s  repor ted f o r  by Skinner a re  given i n  

Table 13. 
a b l y  constant, averaging 0.05. 

Consider ing t h e  tenuous nature of the  data, k i s  r a t h e r  remark- 
t 

TABLE 13. Values o f  k f o r  Scal ing i n  Sal ton Sea Br ine  

Sca l ing  Rate Ca l  cu l  a ted 
Sample No. T "C SR ~/~ So (300°C) - SA ( T )  ppm 

h igh  
w769 avg 

1 ow 

h i g h  

w767 avg 

1 ow 

h igh 

avg 
1 ow 

W768 

250 
220 
190 

200 
170 

130 

150 

130 

110 

2.8 
2.8 

2.8 

9 

12.5 

16 

20 

28 

35 

-83 
31 

145 

107 

22 

373 

297 

373 
449 

k 

- 0.03 
0.09 

0.02 

0.08 
0.06 

0.03 

0.07 

0.08 
0.08 

av 9 0.05 

These values o f  k are s p e c i f i c  f o r  t h i s  w e l l  and f l o w  r a t e  b u t  should 

be u s e f u l  i n  es t imat ing  s c a l i n g  r a t e s  i n  o ther  Sal ton Sea br ines .  
f l o w  was n o t  s t a t e d  by Skinner, however, these measurements appear t o  be 
made d u r i n g  a 3-month f l o w  t e s t  where t h e  w e l l  f l o w  was about 200,000 kg/hr 

o r  55,000 g a l / h r  (Helgeson 1968). 

Well 

The h i g h  s c a l i n g  r a t e s  i n  t h i s  b r i n e  have discouraged use of f l a s h  

boi l ing-s team c y c l e  geothermal p lan ts .  

Economic Considerat ions i n  a F lash Water Type P l a n t  

Economic considerat ions f o r  such a f l a s h  water p l a n t  inc lude these 

rough est imates made i n  the absence o f  publ ished data on these parameters: 
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Well Rework - Plugging i n  two-phase flow regions i n  about 3 years. 
Requiring $10,000 to  c lear .  

Steam-Water P i p i n g  - 50% downtime for cleaning. (Piping should be 
instal led i n  duplicate from wellhead, if  continuous plant operation i s  
expected. ) 

Scrubber - Steam scrubber will be required t o  remove carryover s a l t s ,  
as  discussed and sized i n  Case 1 .  

Turbine - Assume 85% avai lab i l i ty .  

S i l i ca  F i l t r a t ion  Plant - Suspended s i l i c a  removal from brine prior 
t o  re inject ion should be included i n  cost  estimates. The Salton Sea reser- 
voir  permeability may be high enough tha t  fu l l  flow f i l t r a t i o n  will not be 
needed. 

Corrosion of Materials - Use carbon s tee l  w i t h  5-year l i f e  for  well 
casing, 5-year estimated l i f e  fo r  a l l  waste brine p i p i n g ;  20-year l i f e  
fo r  steam and condensate system. 

The Total Flow Concept 

The to ta l  flow concept of power generation from h i g h  sa l ine  brines has 
In this concept no attempt i s  made been proposed by A u s t i n ,  e t  a1 . (1973). 

t o  generate steam fo r  a conventional turbine; ra ther  the two-phase steam- 
water mixture i s  directed d i r ec t ly  t o  an impulse turbine t o  generate elec- 
t r i c i t y  by d i r e c t  use of kinetic energy, Figure 23. 

A u s t i n  discusses some of the serious corrosion and scaling problems 
inherent i n  this concept. They conclude there a re  no inexpensive metals 
w i t h  su f f i c i en t  corrosion resistance t o  the acid Salton Sea brines. 
sideration i s  given t o  p las t ics  and ceramics or  tantalum coatings. They 
concl ude a ma t e r i  a1 s devel opmen t program would be needed. 

Con- 

They present an analysis of s a l t  so lub i l i t i e s  and conclude most chlo- 
r ides  will remain soluble throughout the power cycle. This means tha t  the 
to ta l  h i g h  sa l ine  content i s  not the factor  t ha t  causes the h i g h  scaling 
r a t e ,  since most consti tuents i n  the brine remain soluble. 
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They mention the observed buildup of magnetite (Fe304) and Hausmanite 
(Mn304) and s i l i c a  (Si02) i n  well head equipment. We disagree however w i t h  
their  proposed mechanism of formation by reaction of H w i t h  iron well 
casing by the reaction they propose: 

+ 

+2 More l ike ly  the deposits simply r e f l ec t  a shif t  of the equilibrium. 
and Mn+3 i n  solution, which are  i n  equilibrium w i t h  reservoir-minerals pre- 
c ip i ta te  as depressurization and cooling occur. 
concentrations a re  quite h i g h  i n  Salton Sea brine (Fe, 2000 ppm, Mn 1560 ppm) 
there is  considerable source material. 

Fe 

Since iron and manganese 

This means, however, t ha t  the scaling is  inherent i n  the cooling pro- 
cess and cannot be readily prevented by avoiding construction materials 
t ha t  react  w i t h  acids as A u s t i n ,  e t  a l . ,  s u g g e s t .  

Using the relationship SR = 0.05 (S S ) developed above, scaling Q- A 
ra tes  i n  the to ta l  flow concept can be roughly estimated as i n  Table 14. 
Obviously there a r e  so many unknowns such a s  the e f fec t  of flow ra te .  The 
scaling ra tes  in Table 14 a re  of limited use, b u t  demonstrate scaling rates 
may be very h i g h .  

TABLE 14. Estimated Scaling Rates i n  Total Flow 
System Using Salton Sea Brine 
(Reservoir T - 300OC) 

Location p s i  T O C  Scaling Rate mm/mo P 

I n l e t  Pipe 360 223 (434OF) 1 (0.04 in/mo) 
Turbine 1.5 46 (115OF) 35 (1.4 in/mo) 

Condensor 1.5 46 (115OF) 35 (1.4 in/mo) 
Outlet Stage 

Austin, e t  a l . ,  estimate the potential for  s i l i c a  deposition t o  be 
2 25,920 lb/day/ft of well; wh ich  is consistent w i t h  this report. 
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The above considerat ions i n d i c a t e  t h a t  t h e  impulse t u r b i n e  and con- 
densor system w i l l  be sub jec t  t o  heavy s c a l i n g  r a t e s .  
a t i o n s  a t u r b i n e  a v a i l a b i l i t y  r a t e  o f  50% w i t h  50% downtime f o r  c leaning 

should be used, e.g., 1 month on--1 month o f f .  

For economic evalu- 

Because o f  t h e  a c i d i c  pH o f  Sal ton Sea br ines  cor ros ion  r a t e s  w i l l  be 

high. 
u n t i l  s p e c i f i c  t e s t  data a re  a v a i l a b l e :  

The f a l l o w i n g  component l i f e t i m e s  should be used i n  economic ana lys is  

We1 1 Casing, P i  p ing,  and Condensor System 5 years 

Turbines 10 years 

(assuming success fu l l y  developed) 

As i n  t h e  o ther  h o t  water concepts i t  i s  n o t  c l e a r  t h a t  the  r e i n j e c t i o n  w e l l s  

can t o l e r a t e  t h e  heavy s i l i c a  l e v e l ,  so the  c o s t  of a s i l i c a  f i l t r a t i o n  

p l  a n t  s houl d be eval uated . 

CASE 4 - HOT DRY ROCK - STEAM CYCLE PLANT 

I n  t h i s  concept w e l l s  are d r i l l e d  i n t o  a h o t  rock mass and f rac tu red .  

Water i s  then i n j e c t e d  t o  generate steam o r  h o t  water, which i s  withdrawn 

under pressure t o  d r i v e  a tu rb ine .  Two basic  concepts are t o  recover the  

geothermal f l u i d  as pressur ized water o r  as pressur ized steam. 

Since p l a n t s  o f  t h i s  type have n o t  been b u i l t  y e t ,  ana lys is  w i l l  neces- 

s a r i l y  be speculat ive.  

Pressur l  zed Water 

From the p o i n t  o f  view o f  cor ros ion  and sca l ing ,  recovery o f  pressur ized 

f n  the medium temperature case (e.g., water 150-200°C), the  problems 

water from h o t  rock appears l e s s  promising than recover ing steam. 

a re  q u i t e  analogous t o  those discussed i n  t h e  b inary  c y c l e  vapor t reatment 

p l a n t  i n  Case 2. 
heat exchanger f o u l i n g ,  r e i n j e c t i o n  o f  suspended so l  ids ,  makeup water, and 

c o o l i n g  water sources w i l l  be problems as discussed i n  Case 2. 

The pH o f  the  recovered water w i l l  d i c t a t e  cor ros ion  rates,  
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If attempts were made t o  recover h o t t e r  water (>200°C) under pressure, the 
cor ros ion  and s c a l i n g  problems would be magnif ied. Unless t h e  recovered 

water i s  a l k a l i n e  (>pH 8), where low a l l o y  s t e e l s  can be used, cor ros ion  
r a t e s  w i l l  probably be unacceptable. However, there  are no actual  corro-  
s i o n  r a t e  data a v a i l a b l e  y e t .  

The p o t e n t i a l  s c a l i n g  r a t e s  w i l l  become large,  because of the  range 

d i f ference i n  s i l i c a  s o l u b i l i t y  t h a t  occurs w i t h  t h e  l a r g e  system AT, and 

t h e  l a r g e  t o t a l  s i l i c a  i n  s o l u t i o n  a t  h igh temperatures (900 ppm a t  300°C). 
Other s h i f t s  i n  o t h e r  minera l  s o l u b i l i t i e s  w i l l  a lso increase s c a l i n g  ra tes .  

Steam Cycle 

Sca l ing  and cor ros ion  r a t e s  i n  geothermal steam are  much lower than 

i n  water a t  the same temperature. A concept t o  i n j e c t  water i n t o  h o t  f r a c -  

tu red  rock and recover steam which i s  f e d  t o  a t u r b i n e  i s  i l l u s t r a t e d  i n  
F igure 24. 

If steam i s  recovered a t  about 115 p s i  and 18OOC a t  t h e  t u r b i n e  i n l e t ,  

p l a n t  design and economics would be q u i t e  s i m i l a r  t o  a n a t u r a l  steam p l a n t  

such as t h e  Geysers, CA, p l a n t  (Figure 25) .  Unless s u l f i d e  minera ls  are 

encountered and decompose, t h e  HpS l e v e l s  i n  a Hot Dry Rock p l a n t  might  
be lower than a t  t h e  Geysers p l a n t .  

No data are y e t  a v a i l a b l e  on steam p u r i t y  composit ion i n  e q u i l i b r i u m  w i t h  
h o t  rock  t o  judge ac tua l  problem areas. 

P l a n t  a v a i l a b i l i t y  could be over 90%. 

I f  i t  i s  planned t o  use h igh  temperature h igh  pressure steam above 

200°C, considerable caut ion  should be used i n  eva lua t ion  of t h e  economics. 
Corrosion and s c a l i n g  data a re  l a r g e l y  unavai lab le,  b u t  c e r t a i n  problems 

are  pred ic tab le .  

1) S i l i c a  

I n  convent ional  steam b o i l e r s  s i l i c a  depos i t ion  on t u r b i n e  blades 

becomes a problem i f  s i l i c a  content  i n  t h e  steam becomes too  h igh.  

(1946) showed t h a t  s i l i c a  content  o f  steam above 0.1 ppm caused t u r b i n e  

deposi t ion.  

Staub 

B o i l e r s  operate w i t h  s i l i c a  below 5 ppm i n  feedwater t o  c o n t r o l  

e 

B 
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s i l i c a  i n  steam to  below 0.05 ppm. 
c u l t  to remove tha t  prevention of deposits i s  the preferred method of com- 
bating the problem. 
about 230°C (400 ps i )  ( K .  Krikurian 1973). As turbine i n l e t  temperatures 
increase above 23OoC, s i l i c a  removal from the steam will be increasingly 
necessary. 
content in the steam may not be even close t o  the calculated equilibrium 
value. However, unt i l  bet ter  data become available the use o f  scrubbers 
and the associated cost  penalt ies appear l ike ly  above 230°C. 
for  discussion on evaluating scrubber water flow. 

S i l ica  turbine deposits a r e  so d i f f i -  

The s i l i c a  so lubi l i ty  i n  steam reaches 0.1 ppm a t  

As discussed above (pp. 14-16) there are  many reasons why s i l i c a  

See page 89 

Staub (1946) indicates the deposition of s i l i c a  in the turbine increases 
as steam superheat increases. T h u s  i n  the wet parts of a condensing turbine,  
s i l i c a  deposition will be less  because the s i l i c a  dis t r ibut ion coeff ic ient  
favors solution i n  the condensing water. Attempts t o  generate superheated 
steam above 230-250OC are  l ike ly  t o  encounter serious s i l i c a  deposition i n  
the turbines. Development of s i l i c a  removers tha t  do n o t  degrade steam 
qual i ty  would appear necessary t o  exploit  very high temperature h o t  dry 
rock. 

2 )  Corrosion Rates 

The corrosion ra tes  of carbon s tee l  or  low alloy s t e e l s  would be com- 
pletely sa t i s fac tory  in dry geothermal steam up t o  a t  l ea s t  500'C. The 
major uncertainties would be the acidi ty  of moisture droplet  carryover, 
and the H2S content of the steam. For purposes of i n i t i a l  cost  estimates 
carbon s tee l  steam components can be considered sat isfactory.  The steam 
condensate and cooling tower p i p i n g  components ( a t  below 100°C) should be 
estimated u s i n g  aus ten i t ic  s t a in l e s s  s t e e l ,  since acid pH i s  l ike ly .  

3) Cooling and Makeup Water 

Considerable quant i t ies  of makeup water a re  required fo r  the hot dry 
rock concept, since no natural water reservoir i s  tapped. 

. 
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Equipment f o r  makeup water w i l l  be requ i red  and includes: 

f i l t r a t i o n  t o  remove suspended s o l i d s  

so f ten ing  t o  remove ca lc ium and magnesium (which would 

p r e c i p i t a t e  on heat ing  and p l u g  the  formation) 

! 

oxygen removal (vacuum on gas sparging) 

poss ib le  b ioc ide  t reatment  

poss ib le  adjustments o f  pH and c a t i o n  content (see page 14) 
If a d r y  coo l i ng  tower i s  used w i t h  a completely sealed steam condensate 

system, t h e  makeup water and treatment f a c i l i t i e s  w i l l  be minimized. 

should be compared f o r  a sealed steam condensate system versus an open wet 
coo l i ng  tower system ( l i k e  the  Geysers p l a n t )  which w i l l  r e q u i r e  considerable 

makeup water . 

Costs 

11 0 



BIBLIOGRAPHY 

Alexander, G .  B . ,  W. M. Heston and R .  K. I l e r  (1954), "The 
Amorphous S i l i c a  i n  Water," J. Phys. Chem. 58, pp. 453-455 

A1 l eg r in i ,  G. and G .  Benventi (1970), "Corrosion Character 
thermal Power Plant Protection," United Nations Symposium, 
Geothermics Special Issue 2, vol. 2, par t  1 ,  pp. 865-881. 

Anderson, J .  H. (19731, Vapor Turbine  Cycle for Geotherma 

Sol u b i  1 i t y  of 

s t i c s  and Geo- 
Pisa,  I t a l y ,  

Power Generator, I' 
Chapter 8 . in  Geothermal Energy, Kruger and Otte, Ed , ,  Stanford University 
Press. 

Austin, Al, G. H. Higgins, and J. H.  Howard (1973), "The Total Flow Concept 
fo r  Recovery of Energy from Geothermal Hot Brine Deposits,'' Lawrence Liver- 
more Laboratory, University of California,  TID-4500-V-C-51, April 3, 1973. 

Banning, L. ti. and Lloden (1973), "Corrosion Resistance o f  Metals in Hot 
Brines: A Li terature  Review," Bureau of Mines Circular/l973. Note: This 
reference reports  previously unpublished data by G. T. Paul International 
Nickel Company. 

Barnes, H. L. (1967), "Geochemistry of Hydrothermal Ore Deposits," Holt 
R i  nehart & Wins ton Company 

Barton, D. B. (1970), "Current Status  of Geothermal Power Plants a t  the 
Geysers, Sonoma County, California," United Nations Symposium, Pisa,  I t a l y ,  
Geothermics Special Issue 2,  vol. 2, pa r t  2, pp. 1552-1559. 

Behrens e t  a1 . (1 970), Seawater Corrosion Test Program, "Second Report , I '  
Office Saline Water Report 623. 

Bolton, R.  S. (1970), "The Behavior of the Wa'irakei Geothermal Field 
During Exploitation," United Nations Symposium, Pisa, I t a l y ,  Geothermics 
Special Issue 2, pp. 1426-1435. 

Brinkley, T. W. (1973), "Nature o f  Rocks and Fluids a t  Ultra Depths," 
Petroleum Engineer, July 1973, pp. 46-52. 

Cubine ,  J.  K. and S. G.  Randolph (1973), "Offshore Treating Fac i l i t i e s  fo r  
Seawater Injection," Petroleum Engineer, August 1973, pp. 38-40. 

Dix, J. H. Jr.  e t  a l .  (1961), "The Resistance of A l u m i n u m  Alloys t o  Corro- 
sion," Metals Handbook, American Society f o r  Metals, 8 t h  ed i t ion ,  vol. 1 ,  

El l i s ,  A. J.  (1970), "Quant i ta t ive Interpretat ion of Chemical Character- 
i s t i c s  of Hydrotherm Systems," Geothermics Special Issue 2,  vol. 2,  p. 516. 

pp. 916-920. 

111 



E l l i s ,  A. J. (1963), "The S o l u b i l i t y  o f  Ca lc i t e  i n  Sodium Chlor ide Solu- 
t i o n s  a t  High Temperatures," Am. J. o f  Science, 261, pp. 259-267. 

E l l i s ,  A. J. and A. J. Mahon (1964), "Natural Hydrothermal Systems and 
Experimental Hot Water/Rock In te rac t ions  ,'I Geochim. Cosmochim. Acta, 28 

Evans, U. R. (1960), "The Corrosion and Oxidat ion o f  Metals: 
P r inc ip les  and Prac t i ca l  Appl icat ions,"  Edward Arnold Publ ishers LTD. 
London. 

Feige, N. G. and T. J. Murphy (1969), "Corrosion Resistance of Titanium 
and Ti-2Ni i n  Hot Br ine  Environments," Nat ional  Associat ion o f  Corrosion 
Engineers Annual Meeting, 1969. 

Fink, F. W. and W. K. Boyd (1970), "The Corrosion o f  Metals i n  Marine 
Environments ,'I DMIC Report 245, Beyer and Company. 

Finney, J. P. (1973), "Design and Operation o f  the Ge sers Power Plant," 
Chapter 7 i n  Geothermal Energy, Kruger and Ot te  (eds. J , Stanford Un ive rs i t y  
Press . 

pp. 1323-1357. 

S c i e n t i f i c  

Garrels and Chr i s t  (1965), "Solut ions, Minerals and Equ i l ib r ia , "  Harper and 
Row, New York. 

Geothermics (1970), "Proceedings o f  the United Nations Symposium on the  
Development and U t i 1  i z a t i o n  o f  Geothermal Resources," Geothermics Special 
Issue No. 2, vols.  1 and 2, publ ished 1973. 

Haldane, G. N. and J. C. H. Armstedd' (1962), "Geothermal Power Development 
a t  Wairakei, New Zealand," Proc. Ins tn .  Mech. Engrs., 176, No. 23, pp. 603- 
634. 

Helgeson, H. (1964), "Complexing and Hydrothermal Ore Deposition," Pergamon 
Press. 

Helgeson, H. (1968), "Geologic and Thermodynamic Charac ter is t i cs  o f  t he  Sal ton 
Sea Geothermal System," Amer. J. o f  SOC., vo l .  266, pp. 129-166. 

Helgeson, H. (1969), "Handbook o f  Theoret ical  A c t i v i t y  Diagrams Depic t ing 
Chemical E q u i l i b r i a  i n  Geologic Systems Invo lv ing  an Aqueous Phase a t  
1 ATM and 0" t o  3OO0C," Freeman Cooper and Company. 

Helgeson, Harold (1 971 ), "K ine t ics  o f  Mass Transfer  Among S i  1 i ca tes  and 
Aqueous Solut ions," Geochemica e t  Cosmochimica Acta, vo l .  35, pp. 421-469. 

Hemely, J. J. and W. R. Jones (1964), "Chemical Aspects o f  Hydrothermal 
A l t e r a t i o n  w i t h  Emphasis on Hydrogen Metasomatism," Economic Geology, 
V O ~ .  59, pp. 538-569. 

112 



Hickel , Walter J .  e t  a l .  (1972) , "Geothermal Energy - A National Proposal 
f o r  Geothermal Resources Research," University of Alaska, September 1972. 

Hermannson, S. (1970) ,  "Corrosion o f  Metals awd the Forming o f  a P ro tec t ive  
Coating on the Ins ide  o f  Pipes Carrying Thermal Waters Used by the Reykjavik 
Municipal Heating D i s t r i c t , "  Geothermics Special  I ssue  2 ,  p .  1602. 

Hildebrand, H. L .  (1974),  "Sour-Water S t r i p p e r s  - A Review o f  Construction 
Mate r i a l s , "  Ma te r i a l s  Performance, May 1974. 

Holland, D. E .  (1967),  "Gangue Minerals i n  Hydrothermal Depos i t s , "  Chap- 
ter  9 i n  Geochemistry of Hydrothermal Ore Deposi ts ,  H .  L .  Barnes ( ed . ) ,  
Holt  Rinehart  and Winston Inc . ,  pp. 382-436. 

Koenig, J .  E. (1973) , "Worldwide S t a t u s  o f  Geothermal Resources Development," 
Chapter 2 i n  Geothermal Energy, Paul Kruger and Care1 Otte ( e d s . ) ,  Stanford 
Uni versi t y  Press. 

Kopecki (1973),  " S t a i n l e s s  S tee l  f o r  S u l f i d e  Water Se rv ice , "  Chemical Engi -  
neer ing ,  January 22, 1973, p. 124. 

Krauskop, F. (1967) , "In t roduct ion  t o  Geochemistry," McGraw-Hill Book Company, 
New York. 

Krikorian,  0. H .  (1972) ,  "Corrosicn and Scal ing by Steam i n  Nuclear Geother- 
mal Power P l a n t s , "  Lawrence Livermore Laboratory,  UCRL-73939, June 2 ,  1972. 

LaGache, M .  e t  a l .  (1965),  "Contr ibut ion a l ' e t u d e  de a l t e r a t i o n  des felds- 
pa ths ,  dans l ' e a u ,  entre 100 e t  ZOOC, sous diverses press ions  de CO , e t  
a p p l i c a t i o n  a l a  synthese de mineraux angi leux ,"  Bul l .  SOC. Fr. Minzral 
C r i s t a l l o g r .  88, pp. 223-253. 

La tan is ion ,  R .  M .  and R .  W .  S t a h l e  (1967), " S t r e s s  Corrosion Cracking of 
I ron - Nickel - Chromium Alloys,"  Proceedings of  Conference Fundamental 
Aspects o f  S t r e s s  Corrosion Crackings,  National Associat ion of Corrosion 
Engineers NACE 1 - 1969. 

Lawson, H. H., S. E. Doughty, and R .  T .  Jones (1974) ,  "Evaluating the Mate- 
r ia l  Performance On - 3000 G P D  S t a i n l e s s  S tee l  Desa l ina t ion  Tes t  P l a n t , "  
Ma te r i a l s  Performance, March 1974, p. 11. 

Marshall T. and A.  J .  Hugill (1957) ,  "Corrosion by Low Pressure Geothermal 
Steam," vol .  13, May, 1957, p. 329. 

McCoy, J .  D.  (1974),  "Corrosion Rates for H2S a t  Elevated Temperatures i n  
Refinery Hydro Desul fur iza t ion  Processes ,"  Mater ia l s  Performance, May 1974, 
p. 19. 

McEvily and S taeh le  (1972) , "Corrosion Fa t igue ,"  National Associat ion Cor- 
ros ion  Engineers ," NACE-2. 

113 



McSpadden, W. R. (1974), "Comments on H. R .  11212, the Geothermal Energy 
Research, Development, and Commercial Demonstration Act of 1973. I' 

Morey, G. W . ,  R.  0. Fournier and J. J .  Rowe (1962), "The Solubi l i ty  of 
Quartz i n  Water i n  the Temperature Interval from 25" t o  3OO0C," Geochim. 
Cosmochim. Acta, 26, pp. 1029-1043. 

Morin, 0. J. J r .  (1974), Desalting Plant Design Update," Power Engineering, 
May 1974, p. 58-6 I. 

Nakanishi, H. e t  a l .  (1970), "Geothermal Power Plant," Toshiba Review, 
November 1970. 

Office of Saline Water R&D Report No. 432, W. 3. Boegly e t  a l . ,  "The Feasi- 
b i l i t y  of Deep Well Injection of Waste Brine from Inland Desalting Plants," 
March 1969. 

Office of Sal ine Water R&D Report No. 456, P.  G .  LeGros e t  a l . ,  "A Study of 
Deep Well Disposal of Desalination Brine Waste," June 1969. 

Office of Saline Water R&D Report No. 587, P.  G .  LeGros e t  a l . ,  "Systems 
Analysis of Brine Disposal from Reverse Osmosis Plant," Augus t  1970. 

Office of Saline Water R&D Report, W .  L .  Prehn, Jr .  e t  a l . ,  "Desalting Cost 
Cal cul a t ing  Procedures , I' May 1970. 

Office of Saline Water R&D Report No. 650, L .  G. Wilsos e t  a l . ,  "Investi-  
gations on the Subsurface Disposal of Waste Effluents a t  Inland Si tes , "  
May 1971. 

Olmstedt, L. M. (1973), "24th Annual Electrical  Industry Forecast," Elec- 
t r i c a l  World, September 15, 1973. 

Ozawa, T. and Y .  F u j i i ,  "A Phenomenon of Scaling i n  Production Wells and the 
Geothermal Power Plant i n  the Matsukawa Area," United Nations Symposium, 
Pisa, I t a ly ,  Geothermics Special Issue, vol. 2 ,  pp. 1613-1618. 

Ramey, H. J. J r . ,  Paul Kruger and R .  A.  J .  Raghavan (1973), "Explosive 
Stimulation of Hydrothermal Reservoirs ,I' Chapeer 13 i n  Geothermal Energy, 
Kruger and Otte (eds. ), Stanford University Press. 

Rice, P. W. e t  a l . ,  "New Alloys for Oil and Gas Hydrogen Sulfide Service," 
Materials Performance, p. 35, October 1973. 

Shannon, D. W. (1974) - unpublished data.  

S m i t h ,  Morton, R .  Pot ter ,  D.  Brown and R. L. Aamodt (1973), "Induction and 
Growth of Fractures i n  Hot Rock," Chapter 14 i n  Geothermal Energy, 
Paul Kruger and Care1 Otte (eds.) ,  Stanford University Press. 

114 



Staub, R .  G. (1946), "Steam T u r b i n e  Blade Deposits," Univers i ty  of I l l i n o i s ,  
Engineering Experimental S t a t i o n  Bulletin No. 364. 

T o l i v i a ,  E. (19701, "Corrosion Measurements i n  a Geothermal Environment," 
United Nations Symposium, P i sa ,  I t a l y ,  Geothermics Special  I s sue  2 ,  vo l .  2 ,  
pp. 1596-1 601. 

Tskhvirshvili, D .  e t  a l .  (1972), "On Corrosion o f  Metals i n  Geothermal Power 
P lan t s , "  Geothermics, vol . 1 ,  No. 3. 

Tuttle,  R.  N. , "Deep Drill ing - A Mater ia l s  Engineering Challenge," Mate r i a l s  
Performance, February 1974, p. 42. 

U l i g ,  H. H.  (1948),  "The Corrosion Handbook," John Wiley & Sons, New York. 

Verink, E.  D .  J r .  (1974), "Aluminum Alloys f o r  S a l i n e  Waters," Chemical 
Engineering,, April 15, 1974, p .  104. 

Werner, H.  H. (1970), "Contribution t o  the Mineral Ext rac t ion  fran Super- 
s a t u r a b l e  Geothermal Brines," Sa l ton  Sea, C a l i f o r n i a  Geothermics Special  
I s sue  2, vol .  2, p a r t  1 ,  p. 1651. 

White, D. E .  (1973),  " C h a r a c t e r i s t i c s  o f  Geothermal Resources," Chapter 4 
i n  Geothermal Energy, Kruger and Otte ( eds . ) ,  Stanford Un ive r s i ty  Press. 

Wollast ,  R .  (1967), "Kinetics o f  the A l t e r a t i o n  of  K Feldspar i n  Buffered 
So lu t ions  a t  Low Temperature," Geochim. Cosmochim. Acta, vo l .  31 , 

Yangase, T. e t  a l .  (1970), "The Properties of Sca le s  and Methods t o  Prevent 
Them," United Nations Symposium, P i sa ,  I t a l y ,  Geothermics, Special  I ssue  2 ,  

Yoshida, H . ,  J .  Hoashi , M .  Miyazaki (1968), "Corrosion Control i n  Geothermal 
Steam Turbines," vol.  30, Proceedings o f  the American Power Conference. 

pp. 635-648. 

V O ~ .  2, pp. 1619-1623. 

5 

11 5 



APPENDIX A 

COST CALCULATIONS - GEOTHERMAL WASTE WATER TREATMENT P R I O R  TO REINJECTION 

1 )  START 

2 )  Obtain t o t a l  waste water f l o w  from program s tep  - = F W ' ( l b / h r )  

conver t  t o  m i l l i o n  gal/day - Fw 

- l o 6  gal/day (MGD) Fw - 

3) Obtain res idua l  steam condensate f l o w  l e f t  a f t e r  c o o l i n g  towers from 
program s tep  = Fc' ( l b / h r )  

convert  t o  m i l l i o n  gal/day = Fc 

MGD - 
Fc - 

4 )  Ca lcu la te  suspended s o l i d s  conten t  i n  waste = Sw 

a. I n p u t  r e s e r v o i r  temperature = TR "C and t o t a l  bore f l o w  FT ( l b / h r )  

b. From data on Quar tz  s o l u b i l i t y  o b t a i n  s i l i c a  conten t  o f  bore water:  

1 5.38 
= (60060) (10) - 0.00458 Tk 

SQ 

c. I n p u t  minimum temperature o f  s e t t l i n g  tank = TM, O C  

d. From data on amorphous s i l i c a  s o l u b i l i t y  o b t a i n  s i l i c a  (amorphous) 

so lub le  a t  TM + SA = 40 + 3.8 (TR) 

e. Ca lcu la te  suspended s o l i d s  i n  f l o w  = Sw 

(Fw' = Fw converted t o  l b / h r )  

FT 

FW 
SW = SQ ( -I - SA 
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f .  Print o u t  Sw 

g. Calcu la t e  t o t a l  suspended s o l i d s  load  pe r  day 

sw ST = Fw x X8 

lb/day = (Mgal/day x lb/gal x lb/1061b 

5 )  Input max. permiss ib le  suspended s o l i d s  con ten t  i n  i n j e c t i o n  water  t o  
avoid plugging i n  well o r  formation: PPm - 

SI - 

6 )  Test Sw > S I  

yes - go t o  7 

no - FF = 0 and s k i p  step 7 

7 )  Ca lcu la t e  wa te r  f i l t r a t i o n  p l a n t  flow = FF (MGD) 

FF = Fw - - (Fw + Fc) 
sW 

8) Test: i f  FF is nega t ive  enter FF = 0 

9 )  Print o u t  FF = 

10) Calculate f i l t r a t i o n  p l a n t  c a p i t a l  c o s t  (Data from OSW 257) 

Note: Esca la t ion  o f  equat ions  based on Engineering News Construction Index 
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a )  Construction Cost 

For 0 f capacity ,< 1 MGD 
$Cost - 240,000 (FF) 0 *56  ( E )  

For 1 5 capacity 2 10 MGD 
$Cost = 240,000 (FF) 0*72  ( E )  

For 10 I capacity 5 lOOMGD 
$Cost = 240,000 (FF) 0076 (E)  

Select correct 
formula based 
on value o f  

FF 

b) Calculate engineering and contingencies 

$Cost = 0.21 (cost  of a )  

c )  Calculate in te res t  on construction funds  

Capital Cost of f i l t r a t i o n  plant = a + b + c 

11. Calculate Operating Cost of  F i l t ra t ion  Plant 

a )  Power consumed 1 kW-hr/lOOO gal f i l t e r e d  

kW-hr/day = 1000(FF) 

Subtract from plant o u t p u t  - kW-hr/day 

b) Calculate cost  of operation and maintenance of f i l t r a t i o n  plant 
1993 June 1974 = 3.03 
.*- 

E - escalation fac tor  - Engineering News Construction 

For 0 ’ capacity 0.4 MGD 

CF = cost  $/lo00 gal 6.31 - C6.75 X log FF](E) 
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S e l e c t  c o r r e c t  
formula based 

va lue  o f  

FF 

For 0.4 capac i ty  ’ 10 MGD 
CF = Cost $/IO00 = (6.64 - C4.46 X l o g  FF] + 

1.74 [ log  FT]*)(E) 

For 10 MGD ’ capac i ty  100 MGD 

C F  = Cost &/lo00 gal = 4.35 - (1.31 x l og  FF)(E) 

cF FF x 1000 = 10 C,FFF 
= Opera t ing$  Cost/day = mo C~~ 

P r i n t o u t  CFT = $/day x opera t ing  days/year - cos t /yea r  

F i  1 t r a t i o n  chemi cal  s = 2$’1000 gal  
Cost/day - ( FF X 1000 X 0.02)(E) 

P r i n t o u t  cost/day x opera t ing  days /yr  e= $ Cost/yr 

Amortize P lan t  Costs Per Year 

I n t e r e s t / y e a r  on Capi ta l  Invested 

Total  Operating Cost/Year = b + c + d + e 

DERIVATION OF F, EQUATION 

Fw = Waste Water - MGD 

Fc = Condensate - MGD 

FF = Filter p l a n t  flow 

SI = Sol ids  con ten t  i n j e c t e d  water (ppm) 

Sw = Sol ids  con ten t  waste water  (ppm) 

i 
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1 
FW SI = sw (1 - ) (  

w Fw + Fc 

F i l t e r e d  Flow = FF = Fw - - SI (Fw + Fc) 
S W 
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