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SUMMARY 

Geothermal energy resources have t h e  p o t e n t i a l  . fo r  s u b s t a n t i a l  development 

w i t h i n  t h e  n e x t  few decades. 
geothermal work ing  f l u i d s  f o r  t h i s  energy u t i l i z a t i o n .  These work ing  f l u i d s  may 

c o n t a i n  s u b s t a n t i a l  amounts o f  d i sso l ved  s o l i d s  which may p r e c i p i t a t e  d u r i n g  t h e  

energy e x t r a c t i o n  process. 

may be t o x i c ,  a r e  expected from development o f  geothermal resources. 

Th is  w i l l  i n v o l v e  the  use o f  l a r g e  volumes o f  

Thus, l a r g e  q u a n t i t i e s  0.f s o l i d  wastes, some o f  which 

The c u r r e n t  l i t e r a t u r e  was examined t o  determine the  k inds  and amounts o f  

s o l i d  wastes expected. 

were n o t  h i g h l y  t o x i c ;  however, a d d i t i o n a l  work i s  needed t o  b e t t e r  c h a r a c t e r i z e  

them. I n  a t y p i c a l  case, b r i n e  p r e c i p i t a t e  c o n s t i t u t e s  about one-ha l f  o f  t he  

t o t a l  s o l i d  wastes, w e l l  c u t t i n g s  and d r i l l i n g  mud one-quarter, and t h e  balance 

f rom s c a l e  and sludges. To ta l  s o l i d  wastes were est imated t o  be about 

30,000 tonnes p e r  yea r  f o r  a hypo the t i ca l  100-YWe geothermal e l e c t r i c  p l a n t  

o p e r a t i n g  w i t h  285OC geothermal b r i n e  t y p i c a l l y  found i n  the  S a l t o n  Sea, C a l i -  

f o r n i a  , area. 

Data a v a i l a b l e  t o  da te  i n d i c a t e  t h a t  these s o l i d  wastes 

Techniques a v a i l a b l e  f o r  processing and d isposa l  o f  t he  b r i n e  e f f l u e n t  a r e  

discussed. These i n c l u d e  p o n d i n g - l a n d f i l l ,  convent ional  wastewater t rea tment -  

l a n d f i l l  , and m ine ra l s  byproduct recovery.  

r e l a t e d  and mature water  t rea tment  techno log ies  can be drawn upon and adapted f o r  
use i n  geothermal a p p l i c a t i o n s .  Labora tory -sca le  and bench-scale s t u d i e s  w i t h  

geothermal b r i n e  e f f l u e n t s  a re  needed. 

hand l i ng  o f  coa l  ash from f o s s i l - f i r e d  power p l a n t s  would appear t o  be t r a n s -  

f e r a b l e  i n  p a r t  t o  t rea tment  and d isposa l  o f  s o l i d  geothermal wastes s ince ,  

s u r p r i s i n g l y ,  t h e  q u a n t i t i e s  and compos i t ion  o f  these s o l i d  wastes a r e  s i m i l a r .  
Data a v a i l a b l e  f rom convent iona l  water t rea tmen t  and from d isposa l  o f  coa l  ash 

have been used t o  es t ima te  the  cos ts  of d i sposa l  o f  s o l i d  wastes f rom a hypo- 

t h e t i c a l  100-MWe geothermal power p l a n t .  The c o s t  f o r  d isposa l  o f  t h e  s o l i d  

waste amounts t o  3 mil/kW*h. 

by t r u c k  t o  a l a n d f i l l  s i t e  which has been s p e c i f i c a l l y  prepared f o r  geothermal 

It appears t h a t  exper ience from 

The mature technology a v a i l a b l e  f o r  t he  

Th is  assumes t h a t  the  s o l i d  wastes w i l l  be shipped 
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sol ids .  
be 3 mil/kW-h, giving a total  solids waste treatment cost of 6 mil/kW*h. 
corresponds t o  8% of the costs of geothermal energy i j t  7b/kW*h. T h i s  preliminary 
study i s  encouraging. I t  appears t h a t  further conceptual engineering studies,  
d rawing  upon these mature technologies, would be beneficial i n  solving the sol ids  
waste disposal problems i n  geothermal energy development. 

The cost  for  a c l a r i f i e r / f i l t e r  brine disposal system was estimated t o  
This 

The recovery of metals a n d  minerals from geothermal solid wastes was also 
investigated. 
requires the addition of 1 ime i n  a c la r i f ica t ion / f i l l ; ra t ion  step. 
CaSi03 has a potential value approximately equal to the costs of the lime used 
by t h i s  water purification process. 
zinc, lead, and  s i l ve r  from spent Salton Sea geothermal brine was estimated t o  be 
about 53 mil/kW-h based upon 100% minerals recovery; however, t h i s  estimate does 
n o t  account fo r  costs involved i n  brine treatment t o  recover, separate, and 
purify these metals. More d a t a  are needed to o b t a i n  a better estimate of the 
potential value of recovered minerals from geothermal brines. Priority should 
be given t o  the accumulation of more d a t a  on the composition of solids produced 
from geothermal processing, w i t h  emphasis on the levels of t o x i c  materials t h a t  
are  found in these sol ids .  

Calcium s i l i c a t e  (CaSi03) i s  potentially of some value, b u t  
The recovered 

The total  potential value of iron, manganese, 

2 



I. INTRODUCTION 

A. STATEMENT OF PROBLEM 

Geothermal energy resources have t h e  p o t e n t i a l  f o r  making s u b s t a n t i a l  
1 c o n t r i b u t i o n  t o  t h e  energy needs o f  t h e  U.S. w i t h i n  t h e  nex t  few decades. 

Geothermal energy w i l l  p robably  r e c e i v e  i t s  g rea tes t  use f o r  genera t ion  o f  

e l e c t r i c  power because o f  t h e  r e l a t i v e  ease o f  t r a n s p o r t a t i o n  o f  e l e c t r i c  energy 
and t h e  remoteness o f  geothermal resources t o  major popu la t i on  and i n d u s t r i a l  
cen ters .  However, geothermal energy a l s o  has the  p o t e n t i a l  i n  u t i l i z a t i o n  f o r  

i n d u s t r i a l  process heat  and f o r  space heat ing.  

Geothermal resources a r e  o f  r e l a t i v e l y  l ow  temperature compared t o  the  

o p e r a t i n g  temperatures o f  modern f o s s i l  f u e l  o r  nuc lea r  power p lan ts .  

n e c e s s i t a t e  t h e  use o f  l a r g e  volumes o f  geothermal work ing f l u i d s  f o r  t h i s  energy 

u t i l i z a t i o n .  These work ing f l u i d s  may c o n t a i n  s u b s t a n t i a l  amounts o f  c o r r o s i v e  

elements o r  compounds e i t h e r  as d i sso l ved  gases o r  so l i ds .  

energy e x t r a c t i o n  processes lowers t h e  temperature and pressure o f  t he  geothermal 

work ing  f l u i d .  Th is  r e s u l t s  i n  t h e  d i s s o l u t i o n  o f  gases and, i n  many cases, t h e  

p r e c i p i t a t i o n  o f  s o l i d s  d u r i n g  t h e  energy e x t r a c t i o n  process. 

u t i l i z a t i o n  o f  geothermal energy i s  expected t o  produce l a r g e  q u a n t i t i e s  o f  

byproduct  gases o r  so l i ds .  Some o f  these gases (e.g., H2S) o r  s o l i d s  (e.g., 
a rsen ic ,  cadmium, mercury) a r e  c o r r o s i v e  o r  t o x i c  and a r e  harmfu l  t o  t h e  env i ron-  

ment i f  re leased.  Since i t  may n o t  be p r a c t i c a l  o r  f e a s i b l e  t o  i n j e c t  these 
wastes back under ground, p r o v i s i o n s  must be made f o r  t h e i r  removal o r  t reatment ,  

and subsequent ly,  t h e i r  u l t i m a t e  d isposa l .  

Th is  w i l l  

The very na tu re  o f  

Thus, any major 

B. OBJECTIVES 

I t  i s  t h e  o b j e c t i v e  o f  t h i s  r e p o r t  t o  examine the  l i t e r a t u r e  t o  determine 

t h e  k i n d  and amounts o f ,  s o l i d  t o x i c  wastes expected from development o f  geothermal 

resources- - in  p a r t i c u l a r ,  t o  l o o k  a t  t h e  var ious  stages o f  a t y p i c a l  geothermal 

energy u t i l i z a t i o n  process i n  o r d e r  t o  i d e n t i f y  t he  types and amounts o f  t o x i c  
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wastes generated. 

which p o t e n t i a l l y  can be mod i f ied  o r  adapted f o r  t h e  t rea tment  and d isposal  o f  

t h e  wastes generated i n  geothermal energy development. Th is  approach has been 

most h e l p f u l  i n  o b t a i n i n g  est imates f o r  s o l i d  and f l u i d  waste d isposa l  cos ts  

which a r e  n o t  g e n e r a l l y  a v a i l a b l e  f rom t h e  f l e d g l i n g  geothermal i n d u s t r y .  The 
p o t e n t i a l  f o r  recovery o f  minera ls  and/or meta ls  f rom these wastes was a l s o  

i n v e s t i g a t e d .  Areas where more research and/or  f u r t . h e r  s tud ies  a re  needed toward 

s o l u t i o n  o f  s o l i d  t o x i c  waste t rea tment  and d isposa l  a r e  i nd i ca ted .  

A search was made t o  i d e n t i f y  mature, developed technologies 
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. 
I , 

11. SOURCES OF GEOTHERMAL SOLID WASTES 

A. SOURCES 

A l i s t  of sources of the solid wastes t h a t  may be produced by geothermal 
power generation i s  given. 
wastes, (2) well d r i l l i ng  wastes, ( 3 )  pipe scale wastes, (4 )  f lash t ank  solid 
wastes, (5)  se t t l ing  pond solid wastes or brine precipi ta te ,  ( 6 )  injection well 
f l u i d  wastes, ( 7 )  H2S removal/treatment wastes, (8) cooling tower treatment/ 
blowdown wastes, and (9 )  solid wastes from treatment o f  makeup water. 
sources of these solids wastes from typical geothermal power operation are  shown 
schematically i n  Figure 1. An approximate dis t r ibut ion of the solid wastes 
generated from a liquid-dominated geothermal resource i s  shown i n  Figure 2. 
Brine precipitates result ing from temperature and  chemical changes i n  the brine 
from extraction of energy consti tute about h a l f  of the s o l i d  waste generated; 
well cutt ings a n d  d r i l l i ng  mud consti tute about one-quarter; w i t h  scale,  sol ids  
from cooling water treatment, H2S abatement, and  other miscellaneous sources 
making u p  the balance. 
toxic and therefore require special disposition and/c*r  treatment to  protect the 
environment. The composition, treatment, and disposition of these solid wastes 
w i l l  be discussed i n  further detail  i n  subsequent sections of th i s  report. 

Sources typically are (1) production well f i l t e r  

The 

Some of the constituents i-, these solid wastes may be 

Geothermal resources may be conveniently categorized, based upon the thermo- 
dynamic s t a t e  o f  the thermal system,into vapor-dominated and l i q u i d - d o m i n a t e d  

resources. 

1. Vapor-Dominated Resources 

Vapor-dominated resources have been developed to  a greater extent a t  t h i s  
time (principally a t  The Geysers i n  California) t h a n  have liquid-dominated 
resources, although liquid-dominated resources occur over a wider geographical 
area a n d  potentially represent a more abundant resource.’ 
vapor-dominated resources produces relat ively small quantit ies of solid wastes, 

Power generation from 
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p r i m a r i l y  because o f  t h e  na tu re  of t h e  vapor t r a n s p o r t  mechanism o f  t h i s  k i n d  of 
system, wherein mos t l y  v o l a t i l e  m a t e r i a l s  a re  c a r r i e d  t o  t h e  sur face .  
components which c o u l d  r e s u l t  i n  t h e  genera t ion  o f  s o l i d  wastes f rom a vapor- 

dominated geothermal resource  a r e  g i ven  i n  Table 1. The q u a n t i t i e s  shown a r e  

t y p i c a l  i n p u t s  t o  a 100-FIWe power p l a n t  a t  The Geysers, C a l i f o r n i a .  

Tox ic  

TABLE 1 
TOXIC CONSTITUENTS OF STEAM AT THE GEYSERSIJ 

Average I n p u t  Flow 
f o r  100 !lM o f  

Power Genera t i  on 
Cons t i t uen t  ( W h )  

Hydrogen s u l f i d e  (H2S) 360 

B o r i c  a c i d  (H3B03) 150 

Mercury (Hg) 0.008 
Arsen ic  ( A s )  0.032 

6 o r i c  a c i d  i s  seen t o  c o n s t i t u t e  t h e  l a r g e s t  soitrce o f  s o l i d  t o x i c  waste. 

Some o f  these H2S abatement systems, generate t o x i c  m a t e r i a l s  

The amount and k i n d  o f  s o l i d  t o x i c  waste f rom H2S would depend upon t h e  abatement 

system u t i l i z e d .  

such as sludges, copper su l fa te ,  o r  metal  s u l f i d e s .  

2 .  Liquid-Dominated Resources 

Liquid-dominated geothermal resources i n  general c o n t a i n  much h i g h e r  concen- 

t r a t i o n s  o f  s o l i d s  than a r e  found i n  vapor-dominated resources. As a r u l e ,  t h e  
c o n c e n t r a t i o n  o f  t o x i c  components inc reases  as t h e  c o n c e n t r a t i o n  o f  t o t a l  d i s s o l v e d  

s o l i d s  increases. Geothermal b r i n e s  c o n t a i n i n g  up t o  300,000 ppm d i s s o l v e d  

s o l i d s  have been reported. ' '*  Table 2 shows a t y p i c a l  compos i t ion  o f  p o t e n t i a l l y  

t o x i c  c o n s t i t u e n t s  conta ined in, b r i n e  f rom a Sal t o n  Sea , C a l i f o r n i a  , geothermal 

source. 3 
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TABLE 2 
TOXIC CONSTITUENTS IN SALTON SEA B R I N E 3  

Concentration of 
Dissolved Sol i ds 

Constituent ( PPm 1 
~~ 

Manganese (Mn) 3030 
Boron ( B )  2240 
Barium (Ba)  1520 
Zinc (zn) 1280 
Lead ( P b )  3 10 
Arsenic (As) 5 6 
Copper ( C u )  !3 

I n  current practice,  thermal energy for  power generation i s  extracted from 
1 iquid-dominated geothermal resources by (1) flashed steam/steam turbine cycles 
or ( 2 )  by use of organic Rankine binary cycles, particularly i n  the case of low- 
grade, i . e . ,  low-temperature, energy sources. 

Considerable var iab i l i ty  is  found in f lu id  temperature and composition from 
f i e l d  t o  f i e ld  and, i n  f ac t ,  from well to  well in some f i e lds .  

B.  WASTES FROM GEOTHERMAL ACTIVITIES 

The wastes generated i n  the var ious  ac t iv i t i e s  from development of geothermal 
energy resources are  discussed bel ow. 

1. Well Cuttings and Drilling Muds 

Assumptions based on d r i l l i ng  experience in the Imperial Valley suggest t h a t  
600 tonnes of d r i l l i ng  mud and well cuttings will be produced in creating a 
typical 1,500-m 
operation a t  one time. 

This i s  based upon an estimate of 50 production wells i n  
Injection of 100% of the spent brine (or brine makeup 
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water equivalent) i s  assumed i n  order t o  inhibi t  land subsidence. 
mated t o  require 15 injection wells t o  dispose of the spent brine. 
projected 30-year l ifetime of the f a c i l i t y ,  i t  i s  expected t h a t  bo th  the produc- 
t i o n  and injection wells will have t o  be replaced from time t o  time. 
exploration, i n i t i a l  well d r i l l i ng ,  injection monitoring wells, and  replacement 
wells over the l i f e  of the power plant, approximately 13 wells would be d r i l l ed  
i n  an  average year, result ing i n  8,000 tonnes of d r i l l i n g  mud and  well cut t ings.  
The composition of a typical d r i l l i ng  mud i s  given in Table 3. 

This i s  e s t i -  
Over a 

Between 

5 

TABLE 3 
COMPOSITION OF D R I L L I N G  M U D 5  

Component Formu 1 a Percen (vol ume 
~ ~~ ~ 

Water 
Bentonite 
Quebracho 
Caustic soda 
Lignin (tannathin) 
Sodium bicarbonate 
Cottonseed hulls* 
Walnut shells* 
Mica* 

33A1 2. 67si 3. 6°20(:0H) 2 

93.09 
5.39 

H2° 

Organic, wood ex t rac t  0.45 
NaOH 

C212H171 41 3 
N a H C O3 
Organic 
Organic 

0 N S  

KA13Si3010(OH)2 

0.32 
0.12 
0.09 

~~ ~ 

*Materials added to control loss of c i rculat ion by plugging 
the fissures causing the loss. 

The well cuttings are not l ikely t o  be hazardous i n  themselves b u t  may be 
suf f ic ien t ly  contaminated w i t h  brine and d r i l l i ng  mud to require disposal as a 
hazardous waste. Acurex has sampled d r i l l i ng  muds and cuttings a t  six locations.  
A summary of the resul ts  from the analysis of these samples i s  given i n  Table 4.  
I n  only one case (mud from a well near Westmoreland, California,  where the Ra-226 
ac t iv i ty  exceeded 5.0 pCi/g) , d i d  these residues exceed the Resource Conservation 
and Recovery Act ( R C R A )  c r i t e r i a  for  hazardous ~ a s t e s . ~  Drilling muds are  var i -  
able a n d  often of a proprietary formulation, with typical muds containing metals 
such as barium or chromium and organics t h a t  may decompose t o  yield toxic 
substances. 

6 
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TABLE 4 
SUMMARY OF ANALYSES FROM DRILLING  MUDS^ 

Acurex As Ba Cd C r  Pb Hg Se Ag 
Sample R a d i o a c t i v i t y  (Neu t ra l  E x t r a c t )  

No. Loca t i on PH ( p c i / g )  (lJg/L) 
~- ~~~~~~ 

<20 :300 (5 (20 4 0  <1 <20 <20 

<20 <300 <5 <20 4 0  <1 20 <20 

41  6800 <5 4 0  4 0  (1 120 <20 

G- 6 East Mesa, CA 12.0 1.0 

G- 9 Ni land, CA 8.4 2.1 

G-16 Westmoreland, CA 8.8 5.9 

9.6 6-27 The Geyers, CA 
(near  Un i t  13) 0.4 20 <300 <5 <20 <20 (1 <20 (20 

6-30 Steamboat, NV 9.3 1.0 260 <300 <5 (20 <20 (1 <20 <20 

G-31 iiumboldt, NV 9.8 i . 6  i40 500 5 27 400 <i Q~J <20 

6-32 Deser t  Peak, NV 9.1 1.5 (20 <300 <5 39 <20 (1 <20 <20 



2.  Production Well Fil terable Solids 

The f i l t r a t e  from production wells may consist o f  sand and/or other small 
aggregates small enough t o  be carried u p  by the production well f luid flow. I t  
may a l s o  contain some dislodged pipe scale.  No analytical d a t a  appears to  be 
available fo r  the composition of this type of solid waste. 

3 .  Scale 

Estimation of scale formation rates  i s  d i f f i c u l t  due t o  a combination of 
s i t e  dependency, process dependency, and the resul ts  of any pretreatment applied. 
A value of -4,500 tonnes/year may be derived based on an  assumption t h a t  0.014 w t .  % 

of the brine will deposit as scale.8 The compositions of these scales can be 
expected t o  be predominantly calcium carbonate and  amorphous s i l i c a  w i t h  a 
variety of metals ~ o - d e p o s i t e d . ~  Table 5 gives the composition of geothermal 
scale  for  the Geothermal Loop Experimental Faci l i ty  ( G L E F )  a t  Salton Sea, Cali- 
fornia.’ Some of the metals incorporated into the sca le ,  such as barium, may be 
present a t  levels deemed t o  be hazardous. 

4 .  Precipitated Solids/Clarifier Solids 

The largest  source of solid wastes from liquid-dominated geothermal power 
operations i s  generally from the precipitation of supersaturated species from 
the spent brine. In order to  minimize p l u g g i n g  o f  injection wells, i t  will be 
necessary to  eliminate the supersaturated condition by promoting precipitation 
a n d  f i l t e r i n g  o u t  suspended sol ids .  The magnitude of these compounds has been 
estimated a t  0.05 w t .  % of the brine required. For a 100-We plant,  t h i s  solid 
waste amounts to  16,000 tonnes/year.” This waste may be expected t o  contain 
s i l i c a ,  heavy metal sulf ides ,  calcium carbonate, entrapped salts ,  and possible 
contributions from additives to  promote precipitation.” The composition of the 
precipitated solids3 i s  shown i n  Table 6 .  The composition of sol ids  from c l a r i -  
f i e r  operation12 i s  also shown in Table 6. Toxicity i s  expected t o  derive from 
the heavy metal sulf ides  containing antimony, arsenic ,  and mercury, and  from the 
substantial  s a l in i ty  content. 6 

12  



TABLE 5 
COMPONENTS OF GEOTHERMAL SCALE9 

Geothermal 
Constituent Scale 

Major Components ( w t .  X) 

S i  O2 
A1 
Fe 
Ca 
r.1 g 
N a 
K 
Ba 
S 
c1 
Mn 
Pb 
Z n  

25.8-70.3 
0.03-1 .O 
0.88- 17.7 
1.08-4.4 
0.01-1.0 

0.58-1.7 
0.010-5.3 

0.24-2.6 
0.89-4.8 
0.67-1.2 
0.32-1.6 
0.06-1.02 

2- 10 

Y i  nor components (ppm) 

A S  
Sb 
Ag 
Sr 
cu 
L i  
Rb 
cs 
B 
N i 
Mo 
Se 
T i  
Th 
Cr 
U 
V 
Ga 
Be 

100-400 
50- 1200 
80- 1200 

200- 1100 
400- 3800 -- 
40-50 

200-700 
3- 100 
3-30 

-- 
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TABLE 6 
COMPOSITION OF DISSOLVED SOLIDS, PRECIPITATED SOLIDS, AYD 

CLARIFIER SOLIDS FROM A LIQUID-DOMINATED GEOTHERMAL SOURCE ,12 

D i  ssol vgd Prec ip i t a t ed  Clar i  f i r s  
Consti tuent Sol i d s  Sol i ds3 Sol i d s  

Major Consti tuents ( w t .  %:I 

S i  O2 
A1 
Fe 
Ca 
14 9 
N a 
K 
Ba 
S 
c1 
M n 
Pb 
Zn 

0.238 
0.005 
0.102 

10.16 
0.037 

25.92 
4.57 
0.152 -- 

57.84 
0.303 
0.031 
0.128 

96.9 
0.02 
0.98 
1.15 
0.003 
0.10 
0.60 
0.05 
0.1 
0.1 
0.80 
0.029 
0.170 

74.4 -- 
5.44 
2.29 

0.26 
0.27 

2.12* 
8.6 
0.35 
0 .1  
0.1 

-- 

4.80 

Minor Consti tuents (ppm) 

As 
Sb 
Ag 
S r  
c u  
L i  
Rb 
cs 
B 
N i  
M 0 
Se 
T i  
Th 
Cr 
U 
V 
Ga 
Be 

56 

-- 
1730 

5 
630 
26 5 
55 

2240 
1 

20 -- 

-- 

zoo 
20 
30 

160 
10 
20 

600 

-- 

-- 
-- 

-- 
30 , ZOO 

5,000 

-- 
*All of the sulfur i n  the-geothermal - c l a r i f i e r  s o l i d s  i s  i n  
the form of  su l fa te ,  SO4 . 
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5 .  Injection Well Fluid Wastes 

The r e j ec t  f lu id  from the geothermal power plant potentially cen serve as a 
vehicle fo r  disposal of most of the dissolved solid toxic wastes when injected 
back i n t o  an  aquifer. From d a t a  i n  Table 2 ,  i t  can be determined t h a t ,  in 
general, concentrations of the t o x i c  elements are considerably below saturation, 
even a t  ambient temperature.* Thus, injection of the spent brine i s  a convenient 
means for  disposal o f  these solid toxic wastes. Furthermore, 100% or near 100% 
injection may be required to mitigate subsidence a n d ,  on the other h a n d ,  may aid 
i n  recharge of the producing aquifer. 

Brine injection i s  complicated by precipitation of s i l i c a  in the u t i l i za-  
t i o n ,  and subsequent cooling, of the geothermal f l u i d .  
so lubi l i ty  constant for  amorphous s i l i c a  as a function o f  reciprocal ( l / T ,  K-’) 
temperature.13 
ut i l ized and  rejected a t  100°C, the so lubi l i ty  o f  amorphous s i l i c a  decreases from 
about 1 g per 1000 l i t e r s  to  about 0 .3  g per 1000 l i t e r s  d u r i n g  this temperature 
decrease. Thus, the amount  of s i l i c a  t h a t  will precipi ta te  (or ex i s t  i n  a super- 
saturated s t a t e )  i s  appreciable. 
occur i f  the r e j ec t  brine i s  reduced t o  ambient temperature in the c l a r i f i e r /  
s e t t l i ng  pond operation. The precipitation of s i l i c a  has the tendency to  occlude 
or  cause co-precipitation of other dissolved ions present in the brine. Thus, 
the s i l i c a  precipi ta te  may, i n  t h i s  manner, contain heavy metals a t  concentra- 
t i o n s  s u f f i c i e n t l y  h i g h  t o  be considered toxic (see Table  6 ) .  

Figure 3 shows the 

For example, i n  a brine a t  a well-head temperature o f  200°C, 

Further precipi tat-ion or supersaturation will 

6. Solid Wastes from H,S Abatement 
L 

Hydrogen sulfide abatement operations from vapor-dominated geothermal power 
p l a n t  operations, such as The Geysers, California,  generate significant amounts 

*However, precipitation of the toxic elements may occur due to  chemical chanqes 
i n  the geothermal brine caused by loss of noncondensables such as C O Z Y  changes 
in H2S concentration, or the use o f  additives.  

15 
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of sulfur o r  sulfur-containing sol id  wastes. 
sludges, copper su l fa te ,  and metal sulfides are toxic and  therefore require 
special handling for the i r  disposal. 

Some of these wastes such as 

Brines from 1 iquid-dominated geothermal resources such as found i n  Imperial 
Valley, California, contain substantially less  hydrogen sulfide than present i n  
f lu ids  a t  The Geysers, b u t  the quantit ies are  s t i l l  significant.  
Salton Sea area yields f l u i d s  containing - 3  mg of  hydrogen sulfide per kilogram 
o f  brine.4 
100 tonnes. 
sulf ide.  
process ( E I C ,  Inc.)14 the resultant ammonium sulfate will contribute -400 tonnes 
of so l id  waste. 
H3B04 does lend i t s e l f  t o  recovery rather t h a n  disposal as a toxic substance. 

The Brawley- 

For a 100-MWe power plant,  this would represent an annual release of 
There a re  numerous competing processes for removal o f  hydrogen 

I f ,  for  example, i t  is  abated w i t h  95% efficiency by the copper su l fa te  

The product will probably be contaminated w i t h  boric acid b u t  

7. Wastes from Treatment o f  Makeup Water 

One h u n d r e d  percent f luid injection i s  required i n  many locations where 
geothermal power p l a n t s  are  t o  be located. Makeup water will be required to  
compensate fo r  water losses i n  the power p l a n t  operation. Treatment of this 
makeup water may be required t o  prevent material problems w i t h i n  the p l a n t  and/or 
to  maintain the in jec t iv i ty  w i t h  respect t o  the aquifer. 
operations would be expected to  generate sol id  wastes such as f i l t e rab le  insoluble 

be expected t o  be similar t o  those generated by the usual or customary domestic 
water treatment operations. 
sidered toxic. 

These water treatment 

s o l i d s  and  c h e m i c a l s  used  i n  t h e  treatment o p e r a t i o n .  These s o l i d  wastes would  

These sol id  wastes would not, i n  general, be con- 
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111. DESCRIPTION OF SOLID TOXIC WASTES 

A .  QUANTITY 

The sources of solid waste from geothermal power were described i n  Section 11. 
These sources were found to  be d r i l l i ng  muds, precipitated sol ids  from the brine, 
scale ,  and cooling water-treatment solids.  

I n  order to  i l l u s t r a t e  the amounts of solid wastes involved i n  geothermal 
development, t h i s  study has selected a representation of conditions which might 
be found i n  the Brawley-Salton Sea area and  incorporates values reported i n  "An 

A 100-1\1We generating s ta t ion  operating 6,500 h/year and  u t i l i z i n g  brine a t  a 
downhole temperature of 285OC and a flow ra te  of 50 kg of brine per kilowatt-hour 
produced i s  assumed. 
sol ids  and  0.05 w t .  % precipi ta t ible  solids.1° The average annual amounts o f  

sol id  wastes generated by this hypothetical power plilnt are shown i n  Table 7 .  

Assessment of Geothermal Development i n  the Imperial Valley of California. 114 15 

The brine i s  assumed to  contain 80,000 ppm total  dissolved 

-- 

TABLE 7 
AVERAGE ANNUAL SOLID WASTES GENERATED 

IN SUPPORT OF A 100-MW POWER PLANT* 

Solid Waste Tonnes ?/Y ea r 
~ ~ ~- 

D r i l l i n g  mud & well c u t t i n g s  8,000 

Scale 4,500 
Brine precipi ta te  16,000 
H2S abatement 400 
Cooling water treatment 1,500 

To ta  1 30,400 

*Assuming 6,500 hours of operation per year 

f l  tonne = 1000 kg = 2200 lb  

using typical Salton Sea brines requiring 
50 kg of brine per kilowatt-hour. 
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The t o t a l  amount of solid wastes from t h i s  100-$lWe plant was estimated t o  be 
30,400 tonnes/year. 
Salton Sea geothermal power plant are  shown in Figure 4.  
a n n u a l  ra tes  of production of waste solids have been averaged over 6,500 hours of 
operation per year. 
so l ids ,  such as the c l a r i f i e r  sol ids;  i t  i s  not properly representative of an 
intermit tent  source, such a s  the well-dril l ing so l ids .  
ready means of comparing the re la t ive  magnitudes of the solid waste streams and 
the flow ra t e  of the hot brine. 
r a t e ,  2,500 k g / h ,  i s  the predominant solids source. 
small compared t o  the 5,000,000 k g / h  of hot brine t h a t  are processed. 

The q u a n t i  t i e s  from the various, operations of t h i s  100-MbJe 
’. I n  t h i s  f igure,  the 

This average hourly ra te  assumes a continuous source of 

However, i t  provides a 

For example, the c l a r i f i e r  solids production 
However, t h i s  value i s  quite 

The geothermal power plant solids production shown i n  Figure 4 includes the 
A en t i r e  geothermal power process from production wells t o  the injection wells. 

byproduct recovery s tep has been included i n  the plant as a potential means of 
improving the overall economics o f  the plant by recovering mineral values from 
the brines. The exact type of byproduct recovery system t h a t  would be used is 
yet  t o  be developed. A t  the present time, the most ‘likely minerals t h a t  would be 
recovered a re  lead, zinc, s i l ve r ,  iron, and rnanganese.16 The use of a byproduct 
recovery s tep i s  a n  option t h a t  will be very dependent on the economics of the 
recovery process. 
ta ted sol ids  (mainly s i l i c a )  from the brine. 
fo r  t h i s  purpose in demonstration-scale f a c i l i t i e s  in the Imperial Valley. 
T h e  c lear  overhead l i q u i d  from the c l a r i f i e r  i s  mixed w i t h  abou t  10% makeup 
i r r iga t ion  water and  injected i n t o  the geothermal source. l8 However, care must 
be exercised i n  m a i n t a i n i n g  chemical compatibility between the makeup water a n d  
the geothermal brine (par t icular ly  su l fa tes )  t o  prevent plugging the aquifer 
formati on. 

A se t t l ing /c la r i f ica t ion  s tep i s  used t o  separate the precipi- 
A c l a r i f i e r  i s  presently being used 

17 

I t  i s  informative a t  this time to compare some of the features of undeveloped 
geothermal power w i t h  a mature technology such as power generation from a fossi l  
fuel such as coal, where much d a t a  are available.  A comparison of the solid 
waste production from a 100-MWe coal-fired power plant with a hypothetical geo- 

i’. thermal plant i s  made in Table 8. Da ta  for  two high-sulfur eastern coals,  
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Figure 4. Solids Production From a 100-MWe Salton Sea Geothermal Power Plant" 
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TABLE 8 
COMPARISON OF COAL AND GEOTHERMAL SOLID WASTE PRODUCTION - 1004lWe SITE 

Estimated Solid Waste Production 
(tonnes/year) 

Energy Source Ash 
Sulfur 

Abatementa Total 

28,000 b I l l i n o i s  No. 6 coal 
(10,750 Btu/lb, 10 w t .  % ash, 

Kentucky No. 9 coal 
(13,100 B t u / l b ,  11 w t .  % ash, 

b Montana Rosebud coal 
(8,750 Btu/lb, 8.5 w t .  % a s h ,  
0.75 w t .  % s u l f u r )  

4 w t .  % su l fu r )  
25 , 000 b 

4 w t .  % su l fu r )  
29,400 

45,000 73,000 

37,000 62 , 000 

10,400 40 , 000 

Ni land-type geothermal brine 8,000 (d r i l l i ng )  400 30,400 
(high-sal i n i  t y )  16,000 ( prec . sol i tis) 

4,500 (scale)  
1,500 (cooling water) 

4,500 ( scal e )  
1,500 (cool i ng water) 

East Vesa geothermal brine 8,000 ( d r i  11 i ng ) 400 i4,OOO 
(1 ow-sal i n i  t y )  

Based on dry f l u e  as  desulfurization product equal t o  four times the weight 

Reference 21. 

a 

bBased on 33% conversion efficiency of coal to e l e c t r i c i t y ;  composition from 
o f  su l fu r  burned .  2! 

I l l i n o i s  No. 6 and Kentucky No. 9 ,  and a low-sulfur western coal ,  Montana Rosebud, 
a r e  included i n  Table 8. 
basis o f  the coal ash tha t  would be produced and the so l ids  t h a t  a r e  introduced 
by dry f l u e  gas scrubbing of the sulfur  i n  the coal. 
geothermal brines i s  estimated on the same basis as described previously i n  
Table 7 .  I t  i s  found tha t  the to ta l  amount of geothermal waste so l ids  i s  about 
equal t o  the amount of so l ids  tha t  a re  produced just  from the ash i n  coal b u r n i n g .  
The amount of so l ids  tha t  a r e  produced from high-sulfur eastern coals i s  apDroxi- 
mately twice t h a t  of geothermal brine sol ids .  The b u r n i n g  o f  I l l i n o i s  No. 6 coal 

The sol id  waste production f o r  coal is estimated on the 

The sol id  waste from 
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produces 73,000 tonnes/year o f  s o l i d  waste, and 62,000 tonnes/year a re  est imated 

t o  be produced f rom the  bu rn ing  o f  Kentucky No. 9. 
produces approx imate ly  40,000 tonnes/year. A h i g h - s a l i n i  t y  geothermal b r i n e  such 

as t h e  N i l a n d  t ype  w i l l  produce about 30,400 tonnes/year o f  t o t a l  s o l i d s ,  w i t h  

about a l i t t l e  ove r  h a l f  of these s o l i d s  coming from t h e  p r e c i p i t a t e d  s o l i d s  f rom 

t h e  b r i n e .  A l o w - s a l i n i t y  geothermal b r i n e  such as t h e  East Mesa t ype  has ve ry  

l i t t l e  p r e c i p i t a t e d  s o l i d s .  I t  i s  es t imated  t o  produce o n l y  14,000 tonnes/year 

o f  waste s o l i d s .  

t h e  magnitude o f  t h e  problem o f  d i sposa l  o f  geothermal s o l i d s  does n o t  s i g n i f i -  

c a n t l y  d i f f e r  f rom t h a t  o f  bu rn ing  coa l .  The technology from hand l i ng  waste 

s o l i d s  f rom c o a l  bu rn ing  has been w e l l  developed and cou ld  be a p p l i e d  t o  t h e  

d i s p o s a l  o f  geothermal s o l i d s .  

A l o w - s u l f u r  western coal  

On the  bas i s  o f  t h i s  general  comparison, i t  can be seen t h a t  

B. COPIPOSITION 

The compos i t ion  of geothermal b r i n e  has been s tud ied  by a number o f  i n v e s t i -  
g a t o r s  and i s  w e l l  d o ~ u m e n t e d . ~ ~  

a r e  expected t o  be produced f rom process ing  o f  geothermal b r i n e s  i s  n o t  r e a d i l y  

a v a i l a b l e .  

t o x i c i t y  o f  t h e  waste. 

I m p e r i a l  V a l l e y .  These da ta  have been presented i n  Tables 5 and 6 and are a l s o  

compared i n  Table 9, a long w i t h  compos i t ion  of waste s o l i d s  f rom coa l  f l y  ash. 

The c o a l  f l y  ash da ta  have been i n c l u d e d  t o  p rov ide  a means o f  comparison o f  t he  
expected geothermal s o l i d s  w i t h  s o l i d s  produced from use o f  o t h e r  energy sources, 

However, t he  cornposit ion o f  t h e  s o l i d s  which 

The compos i t ion  o f  these s o l i d s  i s  impor tan t  t o  t h e  e s t i m a t i o n  of t h e  

There a r e  some data  a v a i l a b l e  f rom t h e  r l i l and  s i t e  i n  t h e  

Two d i f f e r e n t  s o l i d s  composi t ions a r e  a v a i l a b l e  f o r  geothermal s o l i d s .  The 

f i r s t  i s  t h e  compos i t ion  of p r e c i p i t a t e d  s o l i d s  f rom f r e s h  geothermal b r i n e  t h a t  
has been a l l owed  t o  cool  and s e t t l e .  

t h a t  has been c l a r i f i e d  and f i l t e r e d  such as t h a t  a t  t he  GLEF near N i land.  The 

compos i t ion  of these two s o l i d s  d i f f e r s  s i g n i f i c a n t l y ,  e s p e c i a l l y  i n  concentra- 

t i o n s  o f  s i l i c a ,  i r o n ,  barium, and s t ron t i um.  Th is  i s  p robab ly  due t o  some a i r  

o x i d a t i o n  wh ich  occur red  d u r i n g  process ing  o f  the  c l a r i f i e r  s o l i d s .  

o x i d a t i o n  produced the  i n s o l u b l e  s a l t s ,  i r o n  hydrox ide  and barium and s t r o n t i u m  

The second i s  the  composi t ion o f  s o l i d s  

This a i r  
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sulfate .  
would go t o  a l andf i l l  s i t e ,  and  additional d a t a  on nonoxidized solids are n o t  
avai 1 ab1 e .  

However, the c l a r i f i e r  solids are  most representative of solids which 

I n  general, the precipitated solids from geothermal processing are very high 
i n  concentrations of s i l i c a ,  w i t h  minor amounts of iron, calcium, and manganese. 
This i s  a l so  t rue for  the scale t h a t  i s  produced in geothermal processing. These 
quant i t ies  are  different  from the coal ash in t h a t  very l i t t l e  alumina i s  present 
i n  the geothermal sol ids .  I n  addition, the geothermal solids are  high in zinc, 
arsenic,  a n d  lead. 
coal f l y  a sh .  The geothermal sol ids  are  very low i n  titanium, which i s  found in 
h i g h  quant i t ies  in coal f l y  ash. 
thermal sol ids  may be used as an advantage i n  t h a t  i t  may be recovered for  
industrial  uses as s i l i c a  or calcium s i l i c a t e .  This may require some processing 
o f  the sol ids  t o  remove some of the trace elements such as arsenic and  lead. I n  
addition, the high q u a n t i t y  of zinc i n  the sol ids  may be recoverable. I t  should 

These quantit ies are  much higher t h a n  are found in normal 

The high concentration of s i l i c a  i n  the geo- 

be noted t h a t  the geothermal d a t a  presented i n  Table 9 come from only one s i t e .  
Since geothermal s i t e s  vary s ignif icant ly  i n  solids concentration, more studies 
should be made on precipitated sol ids  and scale from other s i t e s ;  in particular,  
evaluating the concentrations of t race metals such a!; arsenic and lead t o  provide 
a sounder basis for  an evaluation of sol ids  treatment processes. 

C .  TOXICITY 

There a re  very l i t t l e  data available on the toxicity of solids t h a t  are 
produced from geothermal energy production. Acurex has made one study o f  a 
variety of solid and  l iquid samples from various geothermal sources. 
of t h i s  program was t o  evaluate solid wastes i n  comparison t o  the RCRA hazardous 
waste character is t ics .  
exhibited corrosivi ty ,  radioactivity,  tox ic i ty ,  or bioaccumulation values which 
exceeded proposed or promulgated RCRA c r i t e r i a  for  being considered hazardous 
sol id  wastes. 
These samples a l l  came from Imperial Valley, California, s i t e s .  

6 

The focus 

Of 20 samples which were selected for analysis,  only 5 

The analyses of these f ive  samples are presented i n  Table 10. 

(Samples from 
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T A B L E  3 
COMPARISON OF SOLIDS FROM GEOTHERMAL AND COAL ENERGY PRODUCTION 

Geo the rma 1 

Dissolved Precipitated Clar i f ier  Geothermal Coal 

Geo the rma 1 
Brine, Brine, Bri ne, 

Geo therma 1 

Constituent Soli ds3 Sol i ds3 Sol i  d s  12 Scal e9 Fly Ash22 

Major Constituents ( w t .  %) 

Si O2 
A 1  
Fe 
Ca 
Mg 
Na 
K 
Ba 
S 
c1 
Mn 
Pb 
Zn 

0.238 
0.005 
0,102 

10.16 
0.037 

25.92 
4.57 
0.152 
-- 

57.84 
0.303 
0.031 
0.128 

96.9 
0.02 
0.98 
1.15 
0.003 
0.10 
0.60 
0.05 
0.1 
0.1 
0.80 
0.029 
0.170 

74.4 -- 
5.44 
2.29 

0.26 
0.27 
4.80 
2.12* 
8.6 
0.35 
0 .1  
0.1 

-- 

25.8-70.3 
0.03-1.0 
0.88- 17.7 
1.08-4.4 
0.01-1 .o 
0.58-1.7 

0.010-5.3 
0.24-2.6 
0.89-4.8 
0.67-1.2 
0.32-1.6 
0.06-1.02 

2-10 

57.4-63.4 
13.8-14.2 
2.5-3.2 
2.1-3.8 

0.47-0.63 
1.2-1.9 

0.74-0.82 
0.17-0.41 

-- 
0.007-0.075 
0.007-0.028 
0.007-0.075 

M i  nor Cons t i  tuents (ppm) 

As 
Sb 

56 200 

20 
30 

160 
10 
20 

-- 100-400 
50-1200 
80-1200 

200-1100 
400-3800 -- 

40-50 

200-700 
3-100 
3-30 

-- 

14-132 
3-26 -- 

410-700 
56-137 -- 

Ag 
S r  

-- 
1730 

630 
265 

55 
2240 

1 
20 

5 .  

-- 
30, ZOO 
5,000 -- c u  

Li 
Rb 
cs 
B 
Ni 
Mo 
Se 
Ti 
Th 
Cr 
U 
V 
Ga 
Be 

-- 
600 -- 

25-43 
9-50 

19-198 
6200 -7800 

26-30 
28-71 

9-29 
86-327 
43-178 

-- 
80-800 

3-30 
-- 

-- 
50-100 -- 

*All-of - the sulfur in the geothermal c l a r i f i e r  solids. i s  in the form of su l fa te ,  
SO4 . 
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TABLE 10 
EXAMPLES OF GEOTHERMAL BRINE AND SOLIDS WHICH EXCEED RCRA CRITERIA FOR HAZARDOUS W A S T E S ~  

R a d i o a c t i v i t y  
C h a r a c t e r i s t i c :  C o r r o s i v i  t y  Ra -226 EP T o x i c i t y  (mg/L)* Bioaccumulat ion 
Ana lys is :  PH - '5 pCi/g o r  Poten ti a1 
RCRA L i m i t :  - '2 o r  112.5 50 pCi/L As Ba Cd C r  Pb Hg Se Ag Log P > 3 

C1 a r i  f i e r  s ludge 
(GLEF near  N i  l a n d )  

B r i n e  ( w e l l  near 1.6 
N Ln N i  land)  

S o l i d s  ( l a n d f i l l ,  
Imper i  a1 County) 

B r i n e  ( w e l l  i n  
IlUl C l l t l  I I  Imperial 
Va l  l e y )  
nnr+hnv.n 

Mud p i t  ( n o r t h e r n  
I m p e r i a l  V a l l e y )  

78 pCi/g 

363 

P o s i t i v e  

1320 pCi/L 14 4 83 5 .1  

5.9 pCi/L 

*Ac id  e x t r a c t s  and l i q u i d  sample f i l t r a t e  



The Geyers geothermal steam f i e lds  and northern Nevada s i t e s  were not found to  
exceed RCRA limits i n  any category. 
samples i s  due t o  the h i g h  s a l in i ty  o f  the brine a t  these s i t e s . )  
solids noted i n  Table 10 ( c l a r i f i e r  sludge, landfi l l  sol ids ,  and mud p i t )  are 
only hazardous due t o  h i g h  radioactivity or  bioaccumulation potential .  
chemical tox ic i ty  of these samples d i d  not exceed RCRA 
barium and strontium levels may be due to  the formation of barium sulfate  and 
strontium su l fa te  i n  the c l a r i f i e r  solids. These sulfates  are considered non- 
toxic due t o  t h e i r  extremely low ~ o l u b i l i t y . ~ ~  According t o  EPA hazardous waste 
 regulation^,^ a sol i d  waste exhibits the character is t ic  of EP toxici ty  i f  the 
extract  from a representative sample o f  the waste contains any o f  the contami- 
nants l i s t e d  i n  Table 11 a t  a concentration equal to  or  greater than the maximum 
concentration given i n  Table 11. The waste will be designated by the EPA haz- 
ardous waste number of the toxic contaminant which causes i t  to  be hazardous. 
The maximum allowable EP concentrations for  the principle heavy metals found i n  
geothermal sol ids  are  listed i n  Table 11. 

The hazardous nature of the Imperial Valley 
However, the 

The 
Relatively low 

TABLE 11 
MAXIMUM CONCENTRATION OF CONTAMINANTS FOR 

CHARACTERISTIC OF EP TOXICITY7 

Maxi mum 
E PA Concent ration 

Hazardous (mi 11 i grams 
Waste Number Contaminant per 1 i t e r )  

DO04 

DO05 
DO06 

DO0 7 
DO08 
DO09 
DO 10 

D O 1 1  

Arsenic 5.0 
Bari um 100.0 
Ca dm i um 1.0 
Chromi urn 5.0 
Lead 5.0 
Mercury 0.2 
Seleni um 1.0 
Si lver  5.0 
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6 The Acurex study provides only a limited amount o f  d a t a  on the toxicity o f  

geothermal solids.  
s a l in i ty  brine sources such as near the Salton Sea. 
wastes produced a t  these s i t e s  should be more thoroughly studied. 

In par t icular ,  much more d a t a  should be taken from h i g h -  

I n  par t icular ,  the solid 
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IV. SOLID WASTE TREATMENT AND DISPOSAL 

Current practices for  treatment and/or  disposal of  s o l i d  wastes generated 
from geothermal power operations are  discussed. 
practices from other technologies can potentially be applied for  the disposal of 
toxic sol i d  wastes from geothermal operations are  po-inted out. 
minerals recovery from geothermal-derived s o l i d  wastes are  also discussed, and 
f i n a l l y ,  recommendations are made for fur ther  studies i n  areas where data are 
needed fo r  solutions t o  the disposal of toxic solid wastes. 

Areas where current and mature 

Potential byproduct 

A. WELL CUTTINGS AND DRILLING MUDS 

In current practice,  sol id  wastes consisting of well cutt ings are screened 
from the d r i l l i ng  fluid/mud d u r i n g  the d r i l l i n g  operation, and the d r i l l i n g  mud 

i s  circulated down the hole. In  some cases, a i r  or foam has been used as the 
d r i l l i n g  f l u i d . '  The well cutt ings go to  a p i t .  If  they are n o t  contaminated, 
they may be buried a t  the location or e l se  hauled to  a conventional l andf i l l .  
However, the cuttings may be contaminated with brine or,  i n  some cases, brine 
containing toxic components such as boron, arsenic, 'lead, etc.8 In this case, 
the cutt ings should be hauled t o  a sui table  disposal s i t e .  D r i l l i n g  muds are  
customarily dried and then hauled t o  a landfi l l  s i t e  or another sui table  disposal 
s i t e ,  depending upon the i r  toxic material content. 

B. PRODUCTION WELL FILTERABLE SOLIDS 

The sand ,  small aggregates, dislodged pipe scale,  e tc . ,  i n  this f i l t e r a b l e  
s o l i d  residue would not be expected t o  contain suff ic ient  toxic materials t o  
require treatment or special handling unless the pipe scale i s  contaminated. 
such an event, this sol id  waste could be combined w i t h  the scale waste for 
disposal . 

In 
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C. SCALE 

As indicated i n  Figure 2 ,  scale can constitute approximately 15% of the 
solid wastes requiring disposal. 
Table 5. Many factors influence the deposition of sc:ale, i .e. , temperature, 
pH, chloride and su l fa te  ion concentration, and  dissolved gases (COP, H2S, N H 3 ) .  
In actual practice,  scaling and p l u g g i n g  may resul t  from one or more of the 
following: (1) precipitation and polymerization of s i l i c a  and s i l i ca t e s ;  
( 2 )  precipitation of a1 kaline earths as insoluble carbonates, sulfates ,  and 
hydroxides; (3)  precipitation of heavy metals as sulf ides;  and (4 )  precipitation 
of redox reaction products, e.g., iron compounds. 

Typical composition of scale was given i n  
3 

One of the major problems i n  geothermal energy conversion and injection 

The 
systems i s  s i l i c a  precipitation and scale formation. 
solution will not precipi ta te  nor adhere u n t i l  i t  s t a r t s  t o  polymerize. 
tendency t o  lessen polymerization can be achieved i n  several ways: 

Monomeric s i l i c a  i n  

. By m a i n t a i n i n g  a suff ic ient ly  h i g h  temperature to keep the s i l i c a  
sol ub i1  i t y  above saturation 
By reducing turbulence i n  order t o  a v o i d  fluctuations i n  the 
velocity gradients a n d  col l is ion of particles 
By lowering the pH of the solution--a reduction i n  pH below 6 .5  
causes a substantial decrease i n  polymerization. 

. 

. 

Many of the processes l ead ing  t o  deposition of scale from an aqueous solution 
would be expected t o  be reversible; t h u s ,  i t  i s  very l ike ly  t h a t  scale would e x h i b i t  
some so lubi l i ty  t o  surface waters under ambient conditions. 
t ha t  any toxic substances present i n  the scale would be potentially leachable. 

1. Scale Removal 

T h u s ,  i t  i s  possible 

Scale removal methods include chipping, chiseling, hammering, and other 

Dissolution of scale by use 
fracturing methods. 
en t i r e  s t ructure  member, i . e . ,  pipe or conduit. 

In some cases, i t  may be necessary to  remove and discard the 
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of acids, solvents, or chemical complexing agents offers an al ternat ive method 
for removal. Work i s  needed t o  investigate the f eas ib i l i t y  of t h i s  approach. 

2.  Scale Disposal 

Solid waste scale and attached structural  membei-s such as pipe, plates ,  
e tc . ,  can be disposed of by: 

1) 
2 )  Hauling t o  a landf i l l  i f  nontoxic 
3 )  

Hauling to  a s i t e  sui table  for toxic substances 

Chemical dissolution with use of  acids or complexing agents or  
thermal dissolution, i .e. ,  autoclaving, o r  a combination of these 
techniques. This could be followed by separation of toxic and/or 
valuable components. 
sui table  s i t e .  
approach for  d i sposa l  of scale. 

The residue could then be disposed of a t  a 
Here a l s o ,  more work i s  needed t o  investigate th i s  

D. B R I N E  EFFLUENT/PRECIPITATED SOLIDS 

As pointed out i n  the previous section, the geothermal brines are often of 
h i g h  s a l in i ty  and contain appreciable concentrations of elements such as arsenic,  
lead, boron, and fluoride,  which may affect  h u m a n ,  animal ,  fish, or p l a n t  l i f e .  

Most waste geothermal waters t o  be returned t o  the reservoir will be super- 
saturated w i t h  s i l i c a  i f  there i s  t o  be optimum ut i l izat ion of heat. 
amorphous s i l i c a  may not deposit readily from water flowing i n  a pipe, separator, 
o r  heat exchanger, i t  i s  known t o  do so on concrete o r  brick surfaces. I t  w i l l  
therefore, reduce the in jec t iv i ty  w i t h  time by blocktng the aquifer formation, 
unless the chemical conditions a re  carefully controlled. 
brines will have a major impact on the type and amount of solids which must be 
disposed I t  i s  necessary therefore t o  adequately t r e a t  this brine effluent 
i n  order t o  main ta in  i t s  in jec tab i l i ty  i n  the accepting aquifer. 
require treatment procedures t o  rec t i fy  i t s  supersaturated condition w i t h  respect 
t o  d i  ssol ved sol ids. 

Although 

T h u s ,  treatment of the 

T h i s  will 
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1. Waste Processing Techniques 

The ideal method for disposing the spent brine ,from geothermal power pro- 
duction would be the injection of a l l  of the brine and i t s  constituents back 
under ground. 
sol ids  in the brine, par t icular ly  s i l i c a ,  see for  example Figure 3, i t  can be 
expected t h a t  some sol ids  will come out of these h igh ly  sal ine solutions. 
processing methods which could be used fo r  treatment of  geothermal brines are: 
(1) ponding of the spent brine w i t h  injection of the c lear  liquor back under 
ground and landf i l l  of any precipitated sol ids ,  ( 2 )  use of conventional water 
treatment technology f o r  treatment of the brine so t h a t  any precipitated solids 
and other toxic materials may be removed a s  a solid product which is disposed of 
a t  a landfi l l  s i t e ,  w i t h  the injection of the wastewater, and ( 3 )  processing of  
the geothermal brine i n  such a way t h a t  minerals and useful byproducts may be 
recovered from the brine wherein sol id  wastes are  disposed i n  a l and f i l l ,  and the 
c lear  l iquid i s  injected into the aquifer. These options for  brine treatment are 
shown schematically i n  Figure 5. 

However, due t o  the temperature coefficient of so lubi l i ty  of 

Three 

a .  Ponding - L a n d f i l l  

A h o l d i n g  pond has been used a t  the East Mesa s-ite for treatment of spent 
brine.4 
added t o  one end of a large h o l d i n g  pond. 
residence time so tha t  l iquid withdrawn from the other end of the pond i s  clear  
enough so t h a t  i t  may be injected back into the aquifer. 
i n  the pond may be dredged and then evaporated t o  dryness and transported by 
t ruck  to  a suitable landf i l l  s i t e .  This method of t rea t ing  the spent brine i s  
successful i n  those cases where the sa l in i ty  of the brine i s  low. A t  the East 
Mesa s i t e ,  the sa l in i ty  of the brine i s  low compared to  Salton Sea s i t e s .  The 
East Mesa s i t e  presently uses a closed-binary system w i t h  d i rec t  injection of the 
spent b r i  ne. 

In  t h i s  application, the brine t h a t  leaves the geothermal power p l a n t  i s  
This holding pond has suff ic ient  

Solids which accumulate 

25 

31 



w 
N 

4 

.. _ _  
SPENT 
GEOTHERMAL (1111111( 
BRINE 

I - ...... .... .... __.I_---- 
I LIQUID TO WELL INJECTION 

-. .......... .- . 
... . .............. MINER A ~7.- 

BY-PRODUCT, I SALE OF MINERALSIBY-PRODUCTS 
RECOVERY 

__.-. ............................................ 
WASTE SOLIDS TO LANDFILL 

i 

LIQUID TO WELL INJECTION 

..... .. - 
INSOLUBLE SOLIDSTO LANDFILL HOLDING POND 

.. .- ........ ......... - . 
LIQUID TO WELL INJECTION 

-- .-. - . - . - - - - - . . 
SOLIDS TO LANDFILL OR 
SALE OF CALCIUM SILICATE 

- - - __. 
CONVENTIONAL WASTEWATER 

TREATMENT (MAY INCLUDE 
LIME ADDITION) 

_ -  .- 

Figure 5. Options for Spent Geothermal Brine Treatment 



-. . . . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . . . . . - . . . . . . . . 

This technology has been highly developed for solid waste disposal i n  other 
industries,  f o r  example, the use of an ash pond i s  the simplest and, h is tor ical ly ,  
the most widely used ash disposal method fo r  coal-fired power plants.26 Water 
from any convenient large-volume source (such as from once-through cooling water 
or d i rec t ly  from power plant water intakes) i s  used to  sluice both f ly  ash and 
bottom ash to  disposal ponds. The transportation water that  flows from the ponds 
i s  t reated to  meet pH requirements and returns to  the body of natural water from 
which i t  came. As an o p t i o n ,  the water may be returned t o  the power p l a n t  fo r  
reuse. 

The ash pond fo r  a coal-fired power plant i s  designed to  accumulate ash over 
the en t i r e  l i f e  of the plant. A typical f l y  ash pond occupies 200 acres, and the 
bottom ash pond occupies 60 acres. 
costs of ash ponding are  approximately 2 mils/kW-h (1981 $). Smaller costs could 
be expected fo r  a geothermal power plant u t i l i z i n g  t h i s  option because much less  
acreage would be necessary. The eff luent  water i n  t h i s  case would be returned t o  
the aquifer. 

A detailed study by TVA26 found t h a t  the 

b. Water Treatment - Landfill 

In the case of a geothermal brine which may have h i g h  sa l in i ty  and h i g h  
levels of toxic materials, one useful method of  treatment of the brine will be to  
use conventional water treatment technology. 27-29 

T h e  wastewater treatment technologies which are  usually applied are sedimen- 
ta t ion ,  f i l t r a t i o n ,  and chemical precipitation. 

(1) Sedimentation 

Sedimentation i s  a physical treatment operation tha t  removes set t leable  
sol ids  from wastewaters. 
wastewaters t h a t  have been chemically treated t o  precipi ta te  constituents. Any 
one of several configurations of s e t t l i ng  ponds, t a n k s ,  and gravity separators 
may be used fo r  sedimentation. 

I t  i s  generally applied t o  raw wastewaters and t o  
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Sedimentation process efficiency i s  a function of temperature, hence vis- 
cosity,  of  the wastewater, the density and s ize  of suspended par t ic les ,  the 
amount and character o f  the suspended material, and the se t t l i ng  time. 
separation can normally remove 50 t o  65% of the suspended solids.  

Gravity 
30 

( 2 )  Fi l t ra t ion 

Fi l t ra t ion is  a solids-l iquids separation technique t o  remove par t iculate  

In f i l t r a t i o n ,  the wastewater t o  be treated is  passed through a porous 
matter from wastewater. 
t i o n .  
medium. Solids separation is  accomplished largely b.y sieving action. The 
mechanisms involved i n  the removal of suspended or colloidal material from 
wastewater by f i l t r a t i o n  are complex and interrelated.  
depend on the physical and chemical character is t ics  of the par t iculate  matter and 
f i l t e r ing  medium, the ra te  of f i l t r a t i o n ,  and the biological-chemical charac- 
t e r i s t i c s  of the water. 
matter vary w i t h  each treatment system. 

I t  may be used instead o f ,  o r  i n  a d d i t i o n  t o ,  sedimenta- 

The dominant mechanisms 

The mechanisms responsible ,for the removal of particulate 

F i l t ra t ion  can be accomplished by the use o f :  (1) microstrainers, ( 2 )  d i a -  
tomaceous earth f i l t r a t i o n ,  ( 3 )  sand  f i l t r a t i o n ,  or ( 4 )  mixed-media f i l t r a t ion .  
The microstrainer i s  a screen i n  the form of a par t ia l ly  submerged rotating drum 
or cylinder. Water flows continuously by gravity through the submerged portion 
from inside the drum t o  a clear-water storage chamber outside the drum. 
i s  carried out by backwashing w i t h  sprays o f  product water. 
have been reported for  the following parameters: 
biodegradable - 40 t o  70%, and turb id i ty  - 60 t o  76%.30 

Cleaning 
Removal eff ic iencies  

suspended sol ids  - 50 t o  80%, 

( 3 )  Chemical Precipitation 

Chemical precipitation i s  a chemical treatment process involving chemical 
addition, par t ic le  aggregation, and par t ic le  precipitation. 
process i s  used t o  a s s i s t  the sedimentation of colloidal and highly dispersed 
particles i n  the waste stream by aggregation and coalescence of small par t ic les  

This treatment 
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i n t o  larger ,  more readily se t t leab le  or f i l t e r ab le  aggregates. 
(and unsaturated) inorganic constituents may a1 so be precipitated by chemical 
coagulants. T h u s ,  i f  there are  dissolved toxic materials i n  the eff luent ,  they, 
i n  a l l  likelihood, will be precipitated i n  the procecis, thus perhaps requiring 
the precipi ta tes  to  be treated i n  a toxic waste. 

Some dissolved 

The function of chemical coagulations and mechariical flocculation of waste- 
water i s  the removal of suspended solids by destabilization of colloids and 
removal of soluble inorganic compounds, such as trace metals and phosphorus, by 
chemical precipitation o r  adsorption on chemical floc:. Coagulation involves the 
reduction of  surface charges of colloidal par t ic les  a n d  the formation of complex 
hydrous oxides or  precipitates.  
the only time required i s  tha t  necessary for  dispersing the chemical coagulants 
throughout the l i q u i d .  
la ted par t ic les  t o  form se t t leab le  or f i l t e r ab le  solids by agglomeration. 
Agglomeration i s  hastened by stirring the water t o  increase the coll ision of 
coagulated par t ic les .  

Coagulation i s  essentially instantaneous i n  t h a t  

Flocculation involves the bonding together of the coagu- 

Unlike coagulation, flocculation requires def ini te  time 
intervals  t o  be accompl ished. 

In general, coagulation reactions vary significantly w i t h  changes i n  pH; 
therefore,  pH adjustment of  the wastewater may be required to  achieve optimum 
conditions. W i t h  proper design of the coagulation/flocculation system and 
sedimentation tank, removal eff ic iencies  of 80 to  902; of suspended solids and 20 
t o  40% o f  dissolved solids can be readily attained. 30 

Si1  ica-laden discharge waters have been successfully treated w i t h  slaked 
lime t o  precipi ta te  s i l i c a  and any arsenic, i f  present. 
Otake geothermal f i e ld  i n  Japan31 i s  treated w i t h  slaked lime and ponded for  
about 1 hour. Colloidal s i l i c a  i s  formed, polymerization ceases, precipitation 
and s e t t l i n g  takes place, and the water can then be disposed of.  

The wastewater i n  the 

I t  has been shown t h a t  geothermal waters treated w i t h  a minor quantity o f  

slaked lime produce a flocculant precipitate which consists essentially of 
hydrated calcium  silicate^.^' The precipitates,  w h i c h  s e t t l e  rapidly, can 
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e a s i l y  be separated f rom t h e  waters by decanta t ion  o r  f i l t r a t i o n ,  and can be a i r -  

d r i e d  t o  amorphous ca l c ium s i l i c a t e s  o f  low mois tu re  content.  

these p r e c i p i t a t e s  g i v e  a pure and f i n e  w o l l a s t o n i t e .  It was discovered t h a t  
a r s e n i c  i n  t h e  waters was a l s o  removed i n t o  t h e  ca l c ium s i l i c a t e  p r e c i p i t a t e ,  

p a r t i c u l a r l y  i f  t h e  a r s e n i c  was f i r s t  o x i d i z e d  t o  arsenate by a smal l  concentra- 

t i o n  o f  c h l o r i n e .  

When i g n i t e d ,  

Ex tens ive  work was done a t  Wairakei  and Broadlands on t h e  l i m e  t rea tment  o f  

geothermal waters.24 I t  was found t h a t  t he  p r e c i p i t a t i o n  o f  s i l i c a  by l i m e  was 

cons ide rab ly  more e f f i c i e n t  i f  t h e  waters were aged t o  a l l o w  po lymer i za t i on  o f  

s i l i c a .  

p o l y m e r i z a t i o n  was almost complete w i t h i n  2 t o  3 h; f o r  Broadlands waters, t h e  

t ime  was - 30 min. 

Fo r  Wairakei  w e l l  waters and a h o l d i n g  temperature o f  85OF, s i l i c a  

A con t inuous - f l ow  p i l o t  p l a n t  was operated a t  Wairakei and a t  Broadlands t o  

t r e a t  2,000 t o  5,000 l / h  o f  w e l l  water, and a l a r g e r  p l a n t  t o  take  t h e  d ischarge 

o f  two t o  t h r e e  w e l l s  was b u i l t  a t  Broadlands. 

p roduc t  was found t o  be 1.7 when t h e  gel  produced a h i g h  s o l i d  conten t  and was 

e a s i l y  f i l t e r a b l e  on a ro ta ry -drum vacuum f i l t e r .  

formed, 93% was recovered, and t h e  t r e a t e d  water had a s t a b l e  s i l i c a  concentra- 

t i o n  of about 100 ppm and a much reduced a rsen ic  concent ra t ion .  

The optimum Si02/Ca0 r a t i o  i n  t h e  

O f  t h e  ca l c ium s i l i c a t e  

24 

The ca l c ium s i l i c a t e  m a t e r i a l  i s  be ing  eva lua ted  f o r  use as an i n s u l a n t ,  an 
i n d u s t r i a l  f i l l e r ,  and a p a i n t  extender, as w e l l  as f o r  use i n  low-dens i ty  

b u i l d i n g  b locks  and high-temperature ceramics. 

A l t e r n a t i v e  means o f  removing p o l l u t i n g  element!; f r om waters, such as 

f i l t e r i n g  th rough c l a y  m ine ra l s  and f l o c c u l a t i o n  w i t h  i r o n  hydroxides, a r e  be ing  

t r i e d  i n  New Zealand. The l a t t e r  i s  p a r t i c u l a r l y  e f f e c t i v e  f o r  a rsen ic  removal. 
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c.  Mi neral /Byproduct Recovery 

Due t o  the concentration of potentially recoverable minerals i n  the geo- 
thermal brine, there i s  interest i n  a viable technology to  recover these minerals 
t o  improve the economics of geothermal energy development. 
clarification/filtration, lime may be added t o  the brine t o  b r i n g  down calcium 
s i l i c a t e s .  
would require 2,500 k g / h  of lime a t  a cost  of 8.6 m i ' l / k W * h .  
calcium s i l i c a t e  from this  operation potentially has a value of 7.0 mil/kW-h. 
The wastewater treatment costs  of single-stage 1 ime addition w i t h  f i l t r a t i o n  a re  
estimated t o  be 3.5 mil/kW-h. 
depend on the purity and use of the material t h a t  i s  recovered. 
calcium s i l i c a t e  i s  presently b e i n g  done a t  Wairakei:, New Zealand.33 The poten- 
t i a l  recovered value of calcium s i l i c a t e  greatly exceeds the value o f  other 
minerals i n  the precipitated sol ids .  
Table 12. The value o f  the iron, manganese, zinc, arid lead i n  the sol ids  i s  less 
than 0.6 mil/kW-h. 

As an option t o  

I t  i s  estimated t h a t  a 100-MWe liquid dominated geothermal plant 
The recovered 

The  actual value o f  the calcium s i l i c a t e  may 
Recovery of 

A comparison of these values i s  given i n  

TABLE 12 
VALUE OF RECOVERABLE MINERALS FROM PRECXPITATED SOLIDS 

Concentration Estimated Annual Po tent  i a1 
i n  Solidsa Productionb Pri cec Val ue 

M i  neral ( w t .  % )  (tonnes ) ($/tonne ) (mi 1 /kW* h ) 

Si O2 96.9 41,200 (as CaSi03) 100 7.0 

Fe 0.98 308 (as  Fe203) 84 0 0.4 

Zn 0.17 37 ( Z n  metal) 810 0.05 

21,300 (as  Si02) 34 1.1 

Mn 0.80 176 (Mn metal) 7 30 0.2 

Pb 0.03 7 ( P b  metal) 620 0.1 

aFrom Reference 3. 
bBased on a 100-MWe geothermal power plant operating 6,500 h/year. 

'From Reference 34. 

Total 
precipitated sol ids  account f o r  500 ppm of the brine. 
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The principal d i f f icu l ty  in the recovery of  minerals from geothermal brine 
i s  the low concentration of valuable materials. In a 1974 l i t e r a tu re  review of 
mineral extraction techniques from geothermal brines, B1 ake35 found that  extract-  
i n g  minerals was technically feasible ,  b u t  the major mineral products had l i t t l e  
or  no market value, and there were insufficient amounts of more valuable minor 
products. 

A detailed review of various processes for recovering chloride s a l t s  from 
b r i  nes was made by Hazen Research36 before developing thei r hydroxi de preci p i  t a -  
t ion process. 
where large holding ponds fo r  so la r  evaporation could be used. In  addition, the 
requirement fo r  injection of the spent brine back i n t o  the aquifer eliminates 
t h i s  poss ib i l i ty  i n  the Salton Sea area and other geothermal s i t e s  where l a n d  
subsidence may be a problem. 

They found t h a t  chloride recovery was only economically possible 

Development has been done on processes for  the recovery of minerals from 
Hazen Research developed a process fo r  the Bureau of spent geothermal brine. 

Mines based on the select ive precipitation of iron, manganese, zinc, and lead as 
hydroxides. The process was based on the i n i t i a l  removal of s i l i c a  by a thickener, 
followed by metals recovery by 1 ime addition. 
t e s t s  were run. However, the s i l i c a  removal step was not very effect ive,  and 
i t  was d i f f i c u l t  to  process the lime precipitates t o  obtain iron, lead, and zinc 
in materials pure enough to  be of commercial interest .  
precipitated z inc  can be useful l y  recovered from the Hazen process. 

L a b o r a t o r y - ~ c a l e ~ ~  and pilot-scale 
33 

Only about  50% of the 
33 

The Bureau of Mines has a lso funded the development of a sulfide-precipitation 
process by SRI International.16 In t h i s  process, Na2S i s  added t o  the brine, 
followed by solids recovery i n  a thickener. 
sulf ides  was demonstrated. 
a re  considered undesirable) along w i t h  about 20 other elements i n  minor amounts. 
The recovered product had the composition of 31% ZnS, 5% PbS, 9% FeS, 14% MnS, 
41% Si02, and the 20 other elements. This process i s  currently being studded t o  
improve the sulfide precipi ta te  g r a i n  s ize  and t o  produce a Zn product suitable 
for  industrial  Z n  reduction. 

The recovery of Pb, Zn,  and Ag as 
However, Fe and Mn sulfides were also recovered (they 

38 



The p o t e n t i a l  va lue from the  recovery  o f  i r o n ,  manganese, z inc ,  lead, and 

s i l v e r  i s  n o t  g rea t ,  as shown by t h e  da ta  i n  Table 13. The t o t a l  p o t e n t i a l  va lue 
o f  these m ine ra l s  is 53 mils/kW h. T h i s  i nc ludes  no cos ts  f o r  b r i n e  t reatment  o r  

f u r t h e r  o r e  t rea tment  f o r  separa t ion  and recovery 01' t h e  byproduct minera ls .  

d e t a i l e d  economic a n a l y s i s  o f  t h i s  process should be made. 

A 

TABLE 13 

POTENTIAL VALUE OF MINERAL REXOVERY 
FROM SPENT SALTON SEA GEOTHERMAL  BRINE^ 

Recovered 
Value b B r i n e  Concentrat ion 

C o n s t i t u e n t  ( P P d  P r i  ,ec (mi 1 s/kW*h) 

I r o n  272 $0.84/kg Fe203 11.4 

Z inc  207 $0.81/kg Zn 8.4 

Manganese 685 $0.73/kg Vln 25.0 
Lead 53 $0.62/kg Pb 1.6 

S i  1 v e r  0.5 $257/kg Ag 6.4  
T o t a l  52.8 

Based on process ing  50 kg/kW h w i t h  100% minera l  recovery.  
cos ts  o f  recovery have been inc luded.  

No a 

bFe, Zn, Mn, Pb from Reference 18; Ag f rom Reference 38. 
'From Reference 34. 

Another a1 t e r n a t i  ve process has been proposed by Lawrence Livermore Labora- 
t o r i e s  i n  which t h e  b r i n e  coming f rom t h e  w e l l  i s  a c i d i f i e d  w i t h  HC1 be fore  going 

i n t o  t h e  geothermal power p lant .38 T h i s  a c i d i f i c a t i o n  i n h i b i t s  t h e  p r e c i p i t a t i o n  

o f  ca lc ium carbonate and s i l i c a .  I r o n  meta l  i s  added t o  p rov ide  nuc lea t i on  s i t e s  

f o r  t h e  meta ls  i n  t h e  b r ine .  

p r e c i p i t a t e s  t h a t  may be recovered by process ing  t h e  product  b r i n e .  The pH of 

t h e  b r i n e  must be reduced from 5.6 t o  about 3 be fo re  e n t e r i n g  t h e  power cyc le .  

Two disadvantages o f  t h i s  approach a re  t h e  c o s t  of  h.ydrochlor ic ac id ,  which i s  
about 1 mil/kW h, and t h e  increased c o r r o s i o n  which w i l l  occur on a l l  t h e  wet ted  

p a r t s  o f  t h e  power p l a n t .  

These meta ls  then accumulate i n t o  l a r g e  enough 
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2 .  Disposal Costs 

Only meager amounts o f  information are  available fo r  the costs of treatment 
and disposal of geothermal wastes; therefore, cost  data from other industries using 
similar treatment or disposal methods have been used where applicable. 

a .  Wastewater Treatment Costs 

These wastewater treatment methods have been used i n  other industr ies ,  
particularly i n  the treatment of f l y  ashes from coal-fired power plants,  espe- 
c ia l ly  i n  the case where the power p l a n t  i s  near a populated center. 39 
technology i s  available and  well developed. 
treatment technologies are estimated i n  Table 14. 
nique for  t reat ing geothermal solids i s  a combination o f  c lar i f ica t ion  and 
f i l t r a t i o n ,  as demonstrated a t  the GLEF.18 This technology will cost  about 
3 m i l s / k W - h .  
account for  4% of the power production costs. 
i s  f i l t e r ed  and then returned t o  an injection well. 
lated from the c l a r i f i e r  may be allowed t o  evaporate t o  dryness and are  then 
hauled by truck to  a landf i l l .  
geothermal brines to  determine i f  these sol id  wastes are toxic. 

T h i s  
The costs of conventional wastewater 

The most well-developed tech- 

For geothermal e l ec t r i c i ty  se l l ing  a t  7#/kW=h,  this treatment would 
The clear  liquor from the c l a r i f i e r  

The solids t h a t  a re  accumu- 

More experimental work needs to  be performed w i t h  

b. Landfill Costs 

The estimated costs for  sol ids  disposal from a 100-MWe geothermal power 
p l a n t  are given i n  Table 15. These costs have been based on the assumption t h a t  
a l l  of the solids produced will be sh ipped  by truck to  a designated landf i l l  s i t e  
that  has been specif ical ly  prepared fo r  geothermal solids.  
t h i s  time, i t  appears that  solid wastes from geothermal operations are  of re la t ively 
low toxicity;  therefore, i t  i s  expected tha t  t h i s  landf i l l  s i t e  will  not require 
the particular precautions t h a t  are necessary f o r  industrial  toxic and hazardous 
chemical wastes. The s i t e  will require precautions for  the leaching of soluble 
s a l t s  and toxic metals from the solids.  
minerals or  solids recovery values from the sol id  wastes. 

From data available a t  

These costs do not take into account any 
The t o t a l  cost  of  
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TABLE 14 
ESTIMATED WASTEWATER TREATMENT COSTSa 

Process 
$/1,000 l i t e r s  
(h 100,000 lpm mil s/kW* hb 

Sed i menta t i on 
One-stage 1 ime addi t ion 
Two-stage lime a d d i t i o n  
A1 um addi t ion 
Fe r r i c  ch lor ide  addi t ion 
F i  1 t r a t i o n  
Ion exchange 
Reverse osmosis 
Elec t rodia lys i s  
Vapor compression evaporation 
Mu1 t i e f f e c t  evaporation 
Mu1 t i s t a g e  evaporation 

0.01 

0.02 
0.01 

0.06 
0.07 
0.06 

0.09 
0.12 
0.30 
0.20 
0.50 
0.50 

0 . 4  
0.8 

0.4 
2.5 
2.9 
2.5 
3.8 

5.0 
12.5 
8 . 3  

20.8 
20.8 

6 aAdapted from Reference 33. 
bBased on a 100-MWe geothermal power p l a n t  processing 5 x 10 k g / h  

(70,000 lpm) of brine. 
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TABLE 15 

ESTIMATED COSTS OF SOLIDS DISPOSAL FROM A 100-MWe GEOTHERMAL POWER PLANT 

Source 

Produc t ion  c o s t  O f a  
Rate Main Disposal  

( tonnes /year )  Const i tuents  (mils/kW*h) 

D r i l l i n g  muds 8,000 Benton i te  0.6 
Sepio l  i t e  

So l i ds  f rom spent b r i n e  16,000 S i  '1 i ca 1.2 
Heavy metal  

! j U l  f i d e s  

Scal e b u i  1 dup 

S o l i d s  f rom H2S abatement 

Cool i ng tower  s l  udge 

4,500 

400 b 

1 , 500 

S i  'I i c a  
Ca'l c i  t e  

Amrnon i um 
S u l f a t e  

0.4 

0.03 

0.1 
2.3 

a A t  $50/tonne, ope ra t i ng  6500 h/year  
b E I C  copper s u l f a t e  process assumed 
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d isposa l  o f  these s o l i d s ,  on t h e  bas i s  o f  $50/tonne, i s  es t ima ted  t o  be 2.3 mil /kW*h. 

A r e c e n t  s tudy  f o r  t h e  d isposa l  o f  coa l  ash has been used as a bas i s  f o r  d isposa l  

c o s t s  f o r  a 1981 power p l a n t  which burns coa l  t o  be i n  t h e  range o f  $28 t o  

$35/t0nne. '~ I n  a d d i t i o n ,  t h e  c o s t  o f  l a n d f i l l  d isposa l  o f  hazardous waste f rom 

coa l  g a s i f i c a t i o n  and l i q u e f a c t i o n  has been es t imated t o  be $ l8 / tonne (1981 $ ) .  
It i s  expected t h a t  t h e  c o s t  f o r  d i sposa l  o f  geothermal s o l i d s  shou ld  n o t  be 

s i g n i f i c a n t l y  g r e a t e r  than t h e  d i sposa l  o f  coa l  ash s o l i d s .  However, even i f  t h e  

d i sposa l  o f  geothermal s o l i d s  were t o  i nc rease  by a f a c t o r  o f  th ree ,  t h i s  wpuld 

o n l y  make t h e  c o s t  lQ/kW'h. Th is  would s t i l l  be smal l  compared t o  energy cos ts  

of '7@/kW*h. 

economics which would be requ i red ,  such as c l a r i f i e r s  and f i l t e r s  t o  separate t h e  

s o l i d s  f rom t h e  b r i n e .  

es t ima ted  as 3 mil/kW'h, g i v i n g  a t o t a l  s o l i d s  t rea tment  c o s t  o f  6 mil/kW*h. 

T h i s  corresponds t o  8% o f  t h e  c o s t  o f  geothermal e l e c t r i c i t y  a t  7$/kW-h. 

The cos ts  g iven i n  Tab le  13 do n o t  cons ider  t rea tment  technology 

The c o s t  o f  a c l a r i f i e r / f i l t r a t i o n  system was p r e v i o u s l y  
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V .  REGULATORY MEASURES 

O f  the various federal regulatory agencies, i t  i s  clear that  the Environ- 
mental Protection Agency ( E P A )  will dominate the regulation of geothermal solid 
wastes. 
so primarily under the auspices of the Resource Conservation and Recovery Act 
( R C R A ) . 4 1  This produces some confusion i n  t ha t  the regulations t h u s  f a r  promul- 
gated under RCRA,  Subt i t le  C ,  specif ical ly  exclude ' I .  . . d r i l l i n g  f l u ids ,  
produced waters, and other wastes associated w i t h  the exploration, development, 
o r  production of crude o i l ,  natural gas, or geothermal energy. These same 
regulations s t a t e  t h a t  materials excluded under Section 261.4(b) of RCRA are 
subject t o  control under Subt i t le  D of the same act.  T h i s  simply means tha t  
s t a t e  and local laws may be applied.43 This lack o f  current federal regulation 
i n  the geothermal area i s  based on the Department o f  Energy's schedule of pro- 
v i d i n g  only regulatory guidance t o  s t a t e  and local government du r ing  the precom- 
mercial ization phase.44 The s t a t e s  may be expected t o  apply substantially the 
same def ini t ions of w h a t  consti tutes hazardous waste as the EPA has implemented 
under RCRA.7 The character is t ics  most l ike ly  t o  render a geothermal waste 
hazardous are  corrosivi ty ,  radioactivity,  EP (extraction procedure) toxici ty ,  and 
possibly bioaccumulation potential. 

Documents published by the EPA have made i t  c lear  t h a t  they intend do ing  

6 

The Sta te  of California regulates the disposal of solid wastes as described 
i n  T i t l e  23, s ta r t ing  w i t h  Section 25100 of the California Administrative Code. 
Section 25143 of this code s t a t e s  t h a t  "Any d r i l l i n g  for geothermal resources 
shall  be exempt from the requirements of t h i s  chapter because the disposal o f  

geothermal wastes i s  regulated by the Regional Water Quality Control Boards.'' 
Class I dumpsites are  regulated under t h i s  chapter by the Hazardous Waste Manage- 
ment Branch of the California Department of Health Services. 

Another category of landfi l l  t o  be considered i s  the Class 11-1 s i t e .  The 
Colorado River Water Qual i ty  Control Board, which has jurisdiction over the 
Imperial Valley,  will permit wastes containing over 6,000 ppm total  dissolved 
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s o l i d s  t o  be disposed o f  i n  a C l a s s  11-1 dump.45 E f f o r t s  a r e  now be ing  made t o  

e s t a b l i s h  a l a r g e  Class 11-1 s i t e  i n  t h e  I m p e r i a l  V a l l e y  p r i m a r i l y  t o  s e r v i c e  t h e  

g eo t he r  ma 1 i nd u s t ry . 46 

Wastes c o n t a i n i n g  t o x i c  substances such as heavy metal  s u l f i d e s  w i l l  have t o  

be deposi ted i n  a Class I dumpsite, whereas wastes which a re  o n l y  h i g h  i n  s a l t  

con ten t  may be taken t o  a Class 11-1 l a n d f i l l .  Some p o t e n t i a l  wastes, such as 

suspended so l  i d s  f rom a g r i c u l t u r a l  wastewater, may n o t  r e q u i r e  d isposal  t o  e i t h e r  

o f  these r e s t r i c t i v e  l a n d f i l l s .  

The term " s o l i d  waste d i sposa l "  g e n e r a l l y  i s  taken t o  mean d isposal  on l a n d  

whether t h e  waste deposi ted i s  s o l i d ,  l i q u i d ,  o r  a s l u r r y .  I n  t h i s  sense, t h e  
47 spent b r i n e  may be considered a s o l i d  waste unless o r  u n t i l  i t  i s  i n j e c t e d .  

I n  t h e  case o f  I m p e r i a l  County, t h e  geothermal element o f  t h e  county code spec i -  

f i e s  t h a t  a l l  f l u i d s  removed from geothermal resources must be f u l l y  r e i n j e c t e d .  

T h i s  i s  mo t i va ted  l a r g e l y  by concerns ove r  subsidence and may r e q u i r e  t h a t  losses 
i n  geothermal f l u i d s  due t o  d i v e r s i o n  of  f l a s h e d  steam o r  evaporat ion be made up 

by i n j e c t i o n  of c o o l i n g  tower blowdown o r  some o t h e r  wa te r  source. 

48 

For a g iven geothermal operat ion,  t h e  impact o f  t h e  va r ious  r e g u l a t i o n s  can 

o n l y  be assessed f o l l o w i n g  a ca re fu l  a n a l y s i s  o f  t h e  generated waste forms. 

many reg ions,  t h e  geothermal wastes have been found n o t  t o  be hazardous under 

RCRA c r i t e r i a .  
been found t o  be restricted only by their salinity.  

I n  

Even i n  t h e  I m p e r i a l  Va l l ey ,  t h e  m a j o r i t y  o f  wastes s t u d i e d  have 
a 
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I ,  

VI. RECOMMENDATIONS FOR F U R T H E R  STUDY 

The  two most significant problems for the operator of a geothermal power 

Both  of 
plant will be the inhibition of scale formation on the power plant surfaces and 
the s t a b i l i t y  of the water which will be injected back under ground. 
these problems will affect  the amount of solid t o x i c  waste t h a t  i s  produced. 
Studies have been made o f  inhibitors which may be used t o  minimize the formation 
of scale.  9y40 Further study i n  t h i s  area i s  recommended. 
pr ior i ty  should be given t o  studies which will ensure the s t ab i l i t y  of the c l ea r  
l iquor from c la r i f ica t ion  processes and minerals recovery processes tha t  are  used 
i n  the treatment of spent brine. I n  addition, studies should be made of conven- 
t ional treatment technology tha t  has been applied for the treatment of coal f l y  
ash and other types o f  s o l i d  wastes. 
converted for the application t o  geothermal sol i d  wastes. All advantages should 
be taken of technology t h a t  has already been developed. Economic studies should 
be made fo r  the application o f ’ th i s  technology to  tbe geothermal problem. 
addition, a f i r s t  step t h a t  should be made on any o f  the minerals recovery 
processes i s  study of the overall e f fec t  o f  the minerals recovery process on the 
geothermal power plant. In particular,  t h i s  study should take into account any 
increase i n  corrosion or  power plant operating d i f f icu l ty  which will come a b o u t  
due t o  the minerals recovery process. 
economic advantages should be studied. 
the accumulation of more d a t a  on the composition of sol ids  produced from geo- 
thermal processing. I n  particular,  these studies should concentrate on the 
levels  of toxic elements t h a t  are  found i n  these solids.  
i n  this area presently available. 

In  a d d i t i o n ,  a top 

T h i s  treatment technology may be readily 

In  

Only those processes w i t h  s ignificant 
The top pr ior i ty  should also be given to  

There are very few d a t a  
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