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PREFACE 

The Ass is tan t  Secretary f o r  Enviionment o f  t he  Department o f  Energy (DOE) 
i n i t i a t e d  the Imper ia l  Va l ley  Environmental P ro jec t  ( IVEP) .  The IVEP i s  6 
reg iona l  case study represent ing a program o f  surveys, f i e l d  measurements 

and analyses aimed a t  cha rac te r i z ing  e x i s t i n g  environmental cond i t ions  i n  
t h e  Va l ley  and assessing the  p o t e n t i a l  impacts geothermal development cou ld  
have on these condi t ions.  This document i s  one o f  two compris ing the  f i n a l  
assessment repor t .  

An Assessment o f  Geothermal Development i n  the  Imper ia l  Va l ley  o f  
C a l i f o r n i a :  

Volume I. Environment, Heal th  and Socioeconomics 

Volume 11. Environmental Contro l  Technology 

The focus o f  Volume I I  i s  t o  i d e n t i f y  environmental c o n t r o l  requirements 

which are assumed e i t h e r  d i r e c t l y  or  i n d i r e c t l y  i n  Volume I and t o  assess 

the  e f f i c a c y  and p r a c t i c a b i l i t y  o f  c o n t r o l  opt ions t o  meet those 
requirements. Sources o f  data inc lude engineer ing s ta te -o f - the -a r t  repo r t s  

prepared by the  O f f i c e  o f  Environmental Compliance and Overview, 

Environmental and Safety  Engineering D i v i s i o n  and other  DOE D iv is ions ,  
other engineer ing data and engineer ing judgment. It i s  an t i c ipa ted  t h a t  
Volume I1 w i l l  e s t a b l i s h  a framework lead ing  t o  the  development and 

implementation o f  e f f e c t i v e  environmental c o n t r o l  technologies f o r  

geothermal development i n  the  Imper ia l  Va l ley  and i n  other  l iquid-dominated 

* 

resource areas. 

Douglas W. Boehm 
Environmental and Safety 

Engineer ing D i v i s i o n  
O f f i c e  o f  Environment 

* 
Former l y  Envi ronmenta 1 Contro l  Techno1 ogy D i  v i  s i on 
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ABSTRACT 

I 

Environmental control technologies are essential elements t o ,  be 
included i n  the overall design of Imperial Valley geothermal power 
systems. This report assesses environmental controls applicable t o  
abatement of hydrogen sulfide emissions, cooling tower dr i f t ,  noise, l i q u i d  
and solid wastes, and induced subsidence and seismicity. 

I 

Several currently available and emerging H2S abatement technologies 
are applicable to  power systems contemplated for the Imperial Valley. For 
optimum abatement of H2S under a variety of p l a n t  operating conditions, 
removal of H2S upstream of the steam turbine is recommended. 

The environmental impact of cooling tower d r i f t  will be closely t ied  t o  
the quali ty o f  cooling water supplies. Although significant technological 
progress has been achieved i n  reducing d r i f t  emissions, the efficiency of 
drift  eliminators may be rapidly degraded if low quality water supplies are 
used. 

Noise emission i s  not expected to  be an important environmental issue 
in the Imperial Valley and strong community reaction i s  n o t  anticipated. 
Conventional noise abatement procedures can be applied and no special 
research and development are needed. 

Injection technology consti tutes the primary and most essential  
environmental control and 1 i q u i d  waste disposal technology for  Imperial 
Valley geothermal operations. Potentially large volumes of solid wastes 
may be generated requiring e f f ic ien t  methods for  handling and h a u l i n g  due 
to  limited land ava i lab i l i ty  for, on-site, interim waste storage. 

Subsurface injection of f l u i d s  is the primary control for  managing 
induced subsidence. Careful maintenance o f  injection pressure i s  expected 
to  control induced seismicity. Precise monitoring of surface elevations 
and the volumes of production and injection f lu ids  are essential  t o  provide 
useful data fo r  making decisions regarding required subsidence and 
seismicity controls in the Imperial Valley. 

x i i i  



INTRODUCTION 

I DENT I FY 
ENVIRONMENTAL 
REGULATIONS 

This report provides an assessment of environmental control technolo- 
gies intended to mitigate anticipated environmental impacts resulting from 
geothermal development in the Imperial Valley of California. The assess- 
ment is based on energy production scenarios and predicted environmental 
impact levels described in Volume 1 of this report. Predictive assessments 
were undertaken because virtually no geothermal development has taken place 
in the Imperial Valley and there is. very limited experience with the unique 
problems anticipated for the area. 

TECHHOLOGIES 

In assessing environmental control technologies a systematic process is 
followed. The environmental concerns and their magnitudes are identified. 
Applicable environmental regulations and standards are weighed, and the 
control technology requirements are defined. Subsequently a survey and 
evaluation of control technologies are performed and the adequacy and cost 
eff ecli veness are determi ned. Findings and recommendations are presented 
regarding appropriateness o f  the. technologies, possible gaps, and required 
research and development. Figure 1-1 illustrates the process. 

OEFINE 
ENVIRONMENTAL- CONTROL 

TECHNOLOGY REQUIREMENTS 

I RESEARCH/DEVELOPMENT 

FIG. '21. Environmental control techno1 ogy assessment process 
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h 
Most o f  t he  experience i n  u t i l i z a t i o n  o f  geothermal resources f o r  gen- 

e r a t i n g  e l e c t r i c i t y  i n  the  Uni ted States has been gained a t  The Geysers 
area i n  Northern Ca l i fo rn ia .  Many of t he  environmental concerns i n  t h e  
Imper ia l  Va l ley  are uniquely  d i f f e r e n t  from those encountered i n  The 

Geysers area because o f  the  nature of t he  Imper ia l  Va l ley  resources, t he  

c h a r a c t e r i s t i c s  and use o f  the  'land and the a v a i l a b i l i t y ,  qua l i t y ,  and 

a l l o c a t i o n  of  water i n  the  region. The f o l l o w i n g  statements summarize some' 
o f  the more important cond i t ions  in f luenc ing  Imper ia l  Va l ley  '.geothermal 

energy system designs and the  inherent  environmental . con t ro ls :  

0 

' 0  

0 

0 

0 

0 

0 

0 

0 

Imper ia l  Va l ley  known geothermal resources are l iquid-dominated. 

The Sal ton Sea and Brawley areas r e t a i n  an es t imated  60 percent of 
t he  t o t a l  ava i l ab le  geothermal energy ' in t he  known geothermal 
resources o f  the Imper ia l  Val ley. 

The Sal ton Sea and Brawley geothermal f l u i d s  conta in  t o t a l  
d isso lved s o l i d s  ranging from 80,000 t o  200,000 mg/l. 

R e l a t i v e l y  l a rge  volumes o f  coo l i ng  water are requ i red  f o r  power 

p lan ts  u t i l i z i n g  l iquid-dominated geothermal resources. 

Most o f  t he  h igh -qua l i t y  water ava i l ab le  t o  the  Imper ia l  Va l ley  i s  

a l l oca ted  f o r  use i n  a g r i c u l t u r a l  i r r i g a t i o n .  

A l a rge  f r a c t i o n  o f  t he  land area i n  the  Imper ia l  Va l ley  i s  

dedicated t o  ag r i cu l tu re .  

Land surface i n t e g r i t y  i s  essent ia l  fo r  e f fec t i ve  maintenance o f  

a g r i c u l t u r a l  a c t i v i t i e s .  

Land a v a i l a b i l i t y  f o r  geothermal power p l a n t  operat ions i s  l im i ted .  

The Imper ia l  Va l ley  has a h i s t o r y  o f  moderate seismic a c t i v i t y .  

' 

This repo r t  focuses a t t e n t i o n  on measures intended t o  m i t i g a t e  impacts 

a r i s i n g  d i r e c t l y  or  i n d i r e c t l y  from the  nature of Imper ia l  Va l ley  geo- 
thermal resources and the  cond i t ions  1 i s t e d  above. Spec i f i c  technology 

assessments are presented f o r  the  m i t i g a t i o n  o f  impacts due t o  hydrogen 
s u l f i d e  emissions, coo l i ng  tower I d r i f t ,  no ise generation, l i q u i d  and . s o l i d  

2 
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@ waste, land  subsidence, and induced se ismic i ty .  Regulatory  p o l i c i e s  and 
standards are reviewed and the. requirements t o  meet t h e  standards are 
presented. C u r r e n t l y  ava i l ab le  environmental c o n t r o l  op t ions  and t h e i r  

a p p l i c a b i l i t y  t o  t h e  Imper ia l  Va l l ey  environmental problems are described 

along w i t h  recent  developments and outs tanding needs. The assessments t h a t  
are. presented here are no t  complete because o f  t h e  lack  of p r a c t i c a l  
experience w i t h  the  types o f  resources and the  cond i t ions  p e c u l i a r  t o  the  

Imper ia l  Val ley.  E x i s t i n g  technologies are no t  immediately o r  e a s i l y  
t rans fe r rab le .  Long-term 'e f fect iveness o f  c e r t a i n  proposed technologies i s  

l a c k i n g  and on ly  l i m i t e d  c a p i t a l ,  operating, and maintenance cos t  data are 
ava i lab le .  

. >  . .  . .  
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I 

HYDROGEN SULFIDE CONTROL TECHNOLOGIES . 

. 3 .  

I .  _ c  

F. Stephens 
L '  * '  * :  

. r < *  
7 .I INTRODUCTION 

Background 
> .  1 -  

The generation OS e l e c t r i c  power from geothermal resources can\ re lease 

a v a r l e t y  o f  gaseous substances i n t o  the  atmosphere. Species such ' a s  
C02, H2S, and NH3, are the  most comnon and may be emi t ted  i n  varyi.ng 
amounts. Hydrogen Sul f ide (H2S) i s  t he  p r i n c i p a l  gas of environmental 
concern because o f  i t s  noxious odor. It i s  a p o l l u t a n t  common t o  both 

vapor-dominated and l iquid-dominated resources. 

Contro l  of H2S emissions from geothermal energy processes i s  neces- 
sary t o  minimize the  odor nuisance and t o  avoid exceeding es tab l i shed 
ambient a i r  q u a l i t y  standards. The con t ro l  requirements depend on the  

a l lowable t o t a l  H2S emissions imp l ied  by these ambient standards. How- 

ever, although emissions and ambient standards are re la ted ,  any c o r r e l a t i o n  

between them must be a rough est imate u n t i l  the  geothermal i n d u s t r y  devel- 
ops improved opera t iona l  and environmental c o n t r o l  technology, adequate 

f i e l d  measurements, and soph is t i ca ted  modeling studies.  

Local r e g u l a t o r y  agencies have the  a u t h o r i t y  t o  spec i f y  H2S emissions 

and c o n t r o l  l e v e l s  f o r  geothermal operations. Emission and c o n t r o l  r e -  

quirements f o r  H2S re leases have been spec i f i ed  f o r  The Geysers KGRA by 
the  Northern Sonoma County A i r  P o l l u t i o n  Contro l  D i s t r i c t  (NSAPCD) i n  

Ca l i f o rn ia ,  and a lso by the State o f  C a l i f o r n i a  A i r  Resources Board (ARB) 
(Moyer, 1978). These requirements, spec i f y ing  c o n t r o l s  through 1986, 
become more s t r i n g e n t  w i t h  t ime because increased power output  w i l l  
r equ i re  increased t o t a l  H2S abatement. S im i la r  emission and c o n t r o l  

requirements f o r  t he  County o f  Imper ia l  i n  Southern C a l i f o r n i a  have no t  

been establ ished. 
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Best Avail able Control Technology (BACT) 

Q Any control technology must be researched, designed, developed, and 
then applied effectively to a particular plant process for several years 
before its applicability, efficiency, reliability, and costs can be evalu- 
ated. If the technology favorably meets these criteria, then it can be 
called the Best Available Control Technology (BACT) for that process. BACT 
does not imply that a proposed technique will provide effective H2S emis- 
sion abatement in geothermal applications simply because it is effective in 
some other industrial applications. The development of BACT for H2S 
abatement in geothermal application will require a collaborative effort by 
participants from both government and industry. Since *the technologies 
discussed in this section have never been applied commercially to Imperial 
Valley systems, none of them can be considered BACT'at this time. 

Technical Control Aspects 

Hydrogen sulfide abatement techniques are new to electric power genera- 
tion and must be viewed as experimental or developmental even though simi- 
lar processes are used in the chemical and petroleum industries. Some of 
the information in this report relating to geothermal abatement technology 
has been obtained from experiences at the vapor-dominated resources of The 
Geysers in Northern California and can also be applied- to liquid-dominated 
KGRA's. It is important that the developing geothermal sites in the 
Imperial Valley include adequate H2S abatement technologies so that some 
o f  the environmental problems encountered at The Geysers can be avoided. 

There are certain ancillary technical requirements necessary for 
environmental control technology to be effective in the abatement 
H2S. These are listed below: - f  

0 The process should not create or add to the already existing corros 
problems associated with. hperial Valley resource fluids:+ Corros 

an 
of 

on 
ve 

situations markedly increase maintenance costs and operational diffi- 
culties, not only to the abatement equipment, but also. to the power 
plant. 

5 



The abatement process should not cause excess reduced eff ic iencies  i n  
power conversion or other negative impacts such as excessive pressure 
or temperature reductions i n  the resource supply. 

The process chosen must be economical so that  the economic penalties t o -  
the producer (and thus to  the consumer) are not prohibitive. 

An abatement process should not increase hazards t o  plant workers or t o  
the environment. Some processes require the use of hazardous chemicals 
such as H202 and concentrated NaOH. These materials must be trans- 
ported t o  the p l a n t  s i t e  and i n  so doing 'increase the opportunities for  
dangerous sp i l l s .  Storage of chemicals may also present a hazard. 
Processes that regenerate the needed chemicals are preferred to  those 
that  requ re a continuous new supply. 

0 Processes must minimize the production of excessive sol ids  i n  injected 
f l u i d s  wh ch can cause plugging of injection wells. These solids can 
also create a waste problem requiring transportation t o  dumpsites. 

0 Any process should not  add to  environmental problems because of chemi- 
cals  used for abatement being emitted by cooling tower d r i f t  or from 
evaporat i on ponds. 

THE IMPERIAL VALLEY GEOTHERMAL RESOURCES 

Resource Characterization 

Geothermal resources exis t  as vapor-domi nated resources (steam), 
liquid-dominated resources (hot water/brine), and hot dry rocks. A t  the 
present time, the only power generation i n  the United States is taking 
place a t  The Geysers (a vapor-dominated resource) i n  Northern California. 
In the future,  however, the major developments i n  geothermal power genera- 
tion i n  the United States will most l ikely be on liquid-dominated resources 
such as those existing i n  the Imperial Valley. 

1 s  

In  the ImEerial Valley four known Geothermal Resource Areas ( K G R A ' s )  
are i n  various stages of development for e l ec t r i c  power generation. These 
are the Salton Sea, Brawley, Heber, and East Mesa K G R A ' s .  Estimates of the 
t o t a l  resource s ize  have been made by Towse (1975), Renner e t  a l .  (1975) 
and Biehler & Lee (197.5) estimating the total  e l ec t r i c  power production t o  
be between 3000 and 5000 MW for a 30-year period (Towse, 1975; Nathenson & 
Muffler, 1975). Based on flashed-steam power plants, approximately 50 kg 

I 
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o f  b r i n e  from t h e  Sal ton Sea and Brawley K G R A ' s  are requ i red  per k i l o w a t t  
o f  power compared w i t h  about 100 kg needed t o  produce the same amount o f  
power from the Heber and East Mesa K G R A ' s .  The d i f f e r e n c e  i s  due t o  higher 

downhole f l u i d  temperature. The Sal ton Sea KGRA, f o r  example, averages 
285OC w h i l e  other  K G R A ' s  range from 180 t o  20OoC. 
d isso lved s o l i d s  (TDS), Sal ton Sea resources conta in  about 200,000 ppm, b u t  
Heber TDS i s  about 20,000 ppm and East Mesa 2,000 ppm. 

With respect  t o  t o t a l  

Geothermal reservo i rs ,  both vapor- and l iquid-dominated, are character-  

i z e d  by s i g n i f i c a n t  lack o f  un i fo rmi ty ,  even w i t h i n  the same we l l  f i e l d  
over distances as shor t  as a few k i lometers.  The v a r i a b i l i t y  o f  geothermal 
f l u i d s  i s  i l l u s t r a t e d  i n  Table 1 by the range and average values o f  non- 

condensable gases found i n  several  geothermal resources. These values 
represent  the r e s u l t s  from a l i m i t e d  number o f  samples taken from a few 

w e l l s  i n  each area. When actual  power product ion i n  t h e  Imper ia l  Va l ley  
becomes s i g n i f i c a n t  (hundreds o f  MWe) and operat ional  experience and 

a d d i t i o n a l  data are accumulated, the source measurements may show s i g n i f  i- 
c a n t l y  d i f fe ren t  H2S concentrat ions.  

TABLE 1. Ranges and average values o f  H2S and other  noncondensable gases found i n  geothermal f l u i d s  from 

we l l s  i n  various KGRA's. Values are i n  mg/kg o f  f l u i d  (ppmw). 

Geysersa (steam) Salton Seab (b r i ne )  East Mesab (b r i ne )  BrawlerC (b r ine )  Heberd ( b r i n e 1  &e 1- 
Ave . - f Ave. f - Ave. - Ave. RangeeRange - Ave. Range - 

H2S 5-1600 222 1.6-6.0 3.2 0.12-1.6 0.54 55.1 0.18 60.7 

COP 290-30600 3260 1100-3800 1700 270-2300 1100 23500 34.6 8410.0 
CH4 13-1447 194 3.0-10 6.0 4.0-56 33 319 1.7 0.6 
NH-, 9.4-1060 194 20-41 35 1.3-8.1 4.5 51 

'Data from G i f f i n  & McClure (1974). Average value measurements from 61  producing wel ls .  1972-74. 

bData from Ermak e t  a l .  (1979). 

'Data from Westec Services, Inc. (1979). 

Meakurements'from 2 or 3 wel ls .  

v Average from 2 wel ls :  Veysey 2 and TOW 1. 
sampling e r r o r .  Values are probably c lose r  t o  those found i n  

Sal ton Sea b r ine .  

Average o f  2 we l l s  

(Baca Ranch,>,Sandoval County, New Mexico) 

Data Subject t o  

dData from Bechtel Corporation (1976); Howard (1979). 

eData from U. 5 .  DOE, 1979. 

fMeaningful range data not avai lab le.  
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The emission o f  H2S f rom geothermal power p lan ts  depends on several  
factors :  The H2S content i n  the geothermal f l u i d ,  the  chemical and 
phys ica l  p roper t ies  o f  t he  f l u i d ,  and the  e f f i c i e n c y  o f  conversion and 

abatement technologies. The t o t a l  emission from a given KGRA depends, on, 

the  s ize  o f  t he  i n d i v i d u a l  power p lan ts  and the  t o t a l  number o f  power 
p lan ts  throughout the  area o f  development. There i s  considerable 

uncer ta in ty  i n  a l l  of these fac to rs ,  espec ia l l y  w i t h  Imper ia l  Va l l ey ' s  
l iquid-dominated systems which are on ly  i n  the  i n i t i a l  stages o f  

development. 

Geothermal Development fo r  None lec t r i c  Uses ' 1 '  

I n  general, the  none lec t r i c  uses o f  geothermal energy ob ta in  t h e i r  en- 

ergy from l i q u i d  resource f l u i d s  t h a t  have an enthalpy (heat content )  too  
low f o r  e f f i c i e n t  e l e c t r i c  generation. These f l u i d s  u s u a l l y  have t h e i r  

heat energy ex t rac ted  i n  a c losed system by heat exchangers. The spent 
f l u i d  i s  then i n j e c t e d  i n t o  a nearby i n j e c t i o n  w e l l  (Fig.  1). I n  appl ica-  
t i o n s  where the  source f l u i d  i s  "clean," i t  can be released i n t o  a r i v e r  or  

r 
Hot water 

storage Heat exchangers 

> 
Fluid 
disposal 

Fluid 
well 

FIG. 1. D i r e c t  heat ing  (c losed system). 
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lake. In any case, most nonelectric uses do not resu l t  i n  the release of 
H2S to  the atmosphere. In one application, however, a water desalination 
plant was formerly planned by the Bureau of Reclamation for  their East Mesa 
s i t e .  These p lans  have been cancelled because the capacity of the resource 
reservoir is inadequate to  provide suff ic ient  water for  the project. If 
this project were carried out ,  H2S could be released because the process 
involves the production of steam. 

The Direct Use of Geothermal Energy Symposium sponsored by DOE on 
January 31 to  February 3, 1978, i n  San Diego, California, indicated tha t  
there is  considerable interest  in the nonelectric, uses of geothermal ener- 
gy. Current applications include space heat ing,  industrial  process heat- 
ing ,  crop drying, food processing, aquaculture, and greenhouse operations. 

Geothermal Development for  Electric Power 

Except fo r  The Geysers there is no other geothermal commercial e l ec t r i c  
power f a c i l i t y  in the United States. A u n i t  scheduled to  come on-line this 
year (1979) is the Magmamax Binary 10 MW plant a t  the Imperial Valley East 
Mesa KGRA. The f a c i l i t y ,  owned by Imperial Magma Company, wi l l  use a 
binary cycle (hot water) process ( F i g .  1 2 ) .  

Other e f fo r t s  i n  the Imperial Valley are directed toward tes t ing energy 
conversion equipment and various materials us ing  actual geothermal f lu ids  
under f i e l d  conditions. 

Several ,geothermal f a c i l i t i e s  are proposed for  e l ec t r i c  power produc- 
t ion i n  the near future. Forecasts for  the period from 1979 t o  1987 are 
assembled i n  Table 2. Several hundred megawatts of e l ec t r i c  power produc- 
t ion are projected. Estimates of e l ec t r i c  power available from Imperial 
Valley geothermal sources by 1995 range from 500 t o  8000 MW. The wide 
range re f lec ts  uncertainties i n  the s ize  of the resource and the technolog- 
ical  problems -associated with u t i l i za t ion  o f  brimes from the Salton Sea 
KGRA. Other factors  such as a l ternate  power development and pol i t ical  de- 
cisions,  may also affect  development. . 
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TABLE 2. Imper ia l  Va l l ey  geothermal power p r o j e c t i o n  t o  1987 based on 
announced plans of  u t i  1 i ti es. a 

Date Cumul a t i  ve 
on l i n e  U t i l i t y  Developer Locat i on Mw t o t a l  

1979 
1980 

1982 

1983 

1984 

1985 

1986 

1987 

*SOG&E 
*SOG&E 
*SCE 
*SC E 
*SDG&E 
*SDG&E 

SC E 

SC E 
SDG&E 
*DWR 
*DWR 

SDG&E 
SCE 
SC E 
SC E 
SDG&E 
SC E 
SCE 
SC E 

Magma 
RG I 
Union 

. Chevron 
Magma/NAPCO 
Chevron/EPRI 
Mono/Union/ 
South Pac. 
Land Co. 
Union 
RG 1 /MAPCO 
CU1 Venture 
McCu 1 1 oc h 

Magma 
; Union 

Chevron 
Union 
Chevron 
Chevron 
Uni on 
Mono/Uni on/ 
Southern Pac. 
Land Co. 

E. Mesa 
E. Mesa 
Brawley 
Heber 
Sal ton Sea 
Heber 

Sal ton Sea 

Brawley 
Westmorel and 
S. Brawley 
E. Sal ton Sea 

E. Mesa 
B r aw 1 ey 
Heber 
Brawley 
Heber 
Heber 
Brawley 
Sal ton Sea 

l o b  

l o c  

49b 

48' - 

50' 
50' 

10 

100 
48 
55 
55 

50 
100 

55 
100 
100 I 
100 
100 
40 

(Expanded) 

(Expanded) 

10 
58 
68 

118 
168 
217 

227 

327 
375 
430 
485 

525 
625 
680 
780 
880 
980 

1080 
1120 

*A comnitment has been made between u t i l i t y  and developer. 
a c a l i f o r n i a  Energy Comnission, February 1979. 
b i n a r y  conversion p lant .  
CFlashed steam conversion p lan t .  

Development Scenarios from Modeling Techniques 

To p r e d i c t  t h e  impact o f  f u tu re  power generat ion on t h e  va l ley-wide a i r  
q u a l i t y ,  atmospheric t ranspor t  modeling techniques have been used. Recent 

repo r t s  s tud ies by Ermak e t  al., 1979 and Gudiksen e t  al., 1979 a t  t h e  

Lawrence Livermore Laboratory  (LLL) conta in  p red ic t i ons  o f  ambient a i r  
q u a l i t y  concentrat ions fo r  H2S and other  gaseous 'emissions f rom p ro jec ted  

geothermal development i n  the  Imper ia l  Val ley. Scenarios based on 3000 MW, 
2000 W, 500 MW and 100 MW of +power product ion have -been considered. The 

main power l e v e l  assessed i n  the  s tud ies i s  3000 MW. The s i t i n g  p a t t e f n  
f o r  30 power p lan ts  a t  t h i s  l e v e l  of development i s  shown i n  Fig: 2, w i t h  

i sop le ths  o f  t h e  p red ic ted  annual ground l e v e l  concentrat ions p l o t t e d  i n  
Fig. 3. The l e v e l s  are due s o l e l y  t o  pos tu la ted  geothermal sources and do 
not consi der con t r  i but  i ons from other sources. 

\ 
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FIG. 2 S i t i n g  pattern for  30 power plant u n i t s  by the year 2010 
i n  the 3000 MW level medium-growth Scenario. 

3680 

3660 

E 
Y 

Imperial 

3640 t 
600 620 640 660 680 

km 

FIG. 3. Isopleth plot o f  the annual average ground level H2S 
concentration i n  pg/m . 3 
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Conclusions from t h i s  study i n d i c a t e  t h a t  w i t h  no abatement: 

1 
By the year 2010 a t  t h e  3000-MW l e v e l  t h e  C a l i f o r n i a  l - h  standard f o r  
H2S (42 pg/m ) would be v i o l a t e d  a t  l e a s t  1% o f  the  t ime over an 3 

area o f  approximately 1500 km 2 (about 1/3 o f  the  v a l l e y  area). 
! 

The number of days when inc idents  o f  + v i o l a t i o n s  o f  t h e  C a l i f o r n i a  
standard would occur f o r  se lected c i t i e s  would be 

C a l i p a t r i a  243 Hol t v i  1 l e  14 
N i  1 and 73 Mex ica l i  2 
Brawley 73 E l  Centro 0 
Heber 14 Imperi a1 0 

0 For a s i n g l e  power platr t  the C a l i f o r n i a  l - h  H2S standard would n o t  be 

exceeded beyond 1 km when the  emission r a t e  i s  less  than 0.8 g/s. Th is  
corresponds ’to an emission r a t e  o f  30 g/MWh. Rule 455(b)  i n  t h e  

Northern Sonoma County A i r  P o l l u t i o n  Contro l  D i s t r i c t  (where The 
Geysers i s  located) r e s t r i c t s  emissions t o  50 g/MWh by the  year 1985. 
The e n t i r e  v a l l e y  - approximately 5000 km2 - would experience l e v e l s  

i n  excess o f  10 ug/m ( t h e  average odor threshold)  a t  l e a s t  1% o f  t h e  

time. 

3 

Contro l  Requirements 

The amount o f  abatement of H2S emissions requ i red  t o  avoid v i o l a t i o n s  
of the C a l i f o r n i a  standard (42 p g  H2S/m ) i s  shown i n  Table 3. As pre- 

v i o u s l y  discussed i n  Volume 1, Sect ion 5, the  source emission r a t e  by 

modeling s tud ies was pred ic ted  t o  be less than 0.8 g/s i n  order t o  prevent 

v i o l a t i o n s  of t h e  l - h  average concentrat ion standard. To keep t h e  peak 
3 

concentrat ions (as opposed t o  l - h  average concentrat ions) below 42 pg/m 
beyond 1 km from t h e  source, the.emission r a t e  must be reduced by another 
order of magnitude, 0.08 g/s. These peak concentrat ions are very dependent 

on atmospheric s t a b i l i t y  and occur when t h e  wind speed i s  low. I n  addi- 
t i o n ,  the  concentrat ions ” ,  depend on the he igh t  and s i z e  o f  the  source. For 

these reasons t h e  percent abatement “.required f o r  peak concentrat ions o f  

H2S are on ly  approximations (Ermak e t  al., 1979). 

3 

1 0 
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TABLE 3. Contro l  requirements f o r  H2S abatement. 

Percent Abatement Requireda 

Brawley/Sal ton Sea b - Heber/East MesaC 

peak conc. 1-h ave.conc. peak conc. 1-h ave.conc 

S ing le  100 Md Plant  8 2 . 0 ~  9a.ze 47.0d 94.7e 

M u l t i p l e  100 Md 8 5 . 0 ~  - 16.0g - 
Development Model 

Development 
(3000 MW) Model 

acalcu lated from in fo rma t ion  by Ermak e t  a l .  (1979). 

bSal ton SealBrawley H2S emissions = 4.4 g/s per 100 MA p l a n t  (3.2 ppmw H2S and 50,000 kg/MWh f l u i d ) .  
cHeber/East Mesa H2S emissions = 1.5 g/s per 100 EaJ p l a n t  (0.54 ppmw H2S acd 100,000 kg/MWh f l u i d ) .  
dLess than 0.8 g/s H2S emissions per 100 EIW p l a n t  t o  avoid v i o l a t i o n s  o f  the 1-hr (42 pg/m3) standard 

eLess than 0.08 g/s H2S emissions per 100 MW p l a n t  t o  avoid peak v i o l a t i o n s  o f  t he  42 pg/m3 standard 

fLess than 0.7 g/s H2S emissions per 100 MW p l a n t  t o  avoid v i o l a t i o n s  o f  the 1-hr. (42 pg/m3) standard 

OLess than 0.8 g/s H2S emission per 100 W p l a n t  t o  avoid v i o l a t i o n s  o f  the 1-hr (42 pg/m3) standard 

w i t h i n  a 1 km rad ius  o f  the source. 

beyond 1 km from source. 

i n  the Sal ton Sea and Brawley areas. 

i n  Heber, H o l t v i l l e ,  and Calexico.  

It is important to emphasize that the controls on a single power plant 
should be sufficiently stringent to eliminate the possibility of violations 
of the H2S standard when multiple plants are sited in the same region. 

In volume 1, section 5 of this report, H2S control requirements for 
the. Imperial Valley were determined using a 3000 MW, multiple power plant, 
full-field development model. The model consisted o f  30 power plants o f  

which 20 were located in the Salton Sea-Brawley areas. A requirement 
analysis was made for H2S controls based on predicted levels of H2S at 
22 independently located measurement sites throughout the Val ley (Figure 
5-6, Volume 1). The analysis determined that 85% control of H2S 
emissions would be needed for each power plant located in the Salton 
Sea-Brawley areas in order to reduce emissions to less than 0.7 g/s and 
thereby maintain ambient, ground level H2S concentrations below the 
California, 1 hour, average standard o f " 4 2  pg/m . This level of control 
compares to the 82% requirement (Table 3) 'that was based' on the single, 100 
Mw power plant model. Far less H2S emission control, amounting to 16%, 
was calculated for the Heber-East Mesa areas based on the multiple plant 
model using measurement sites in Heber, Holtville, and Calexico. This 

3 

@ 
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calcu lated leve l ,  however, was lower than the requ i red  47% c o n t r o l  (Table 
3 )  based on the s i n g l e  100 MW power' p l a n t  model and needed t o  prevent 

v i o l a t i o n s  o f  the C a l i f o r n i a  standard w i t h i n  a 1 km rad ius  o f  p l a n t  
f ac i 1 i t i  es . 

Based on the above analysis,  i t  can be concluded t h a t  i n d i v i d u a l  power 
p lan ts  constructed i n  the  Sal ton Sea-Brawley areas w i l l  r e q u i r e  85% c o n t r o l  

o f  H2S emissions, r e f l e c t i n g  the  more s t r i n g e n t  c o n t r o l s  imposed by 

analysis o f  data from t h e  3000 MW, m u l t i p l e  p l a n t  model. This compares t o  

47% c o n t r o l  o f  H2S emissions fo r  

areas based on the more s t r i n g e n t  
the 100 MW s i n g l e  p l a n t  model. 

i n d i v i d u a l  p l a n t s  i n  the  Heber-East 

requirements imposed by data der ived 

Mesa 

from 

HYDROGEN SULFIDE CONTROL PROCESSES 

Discuss i on 

A DOE r e p o r t  prepared by Stephens e t  a l .  (1980) on the  s ta te -o f - the-ar t  

experience f o r  environmental c o n t r o l  of H2S emissions i s  avai lab le.  Most 
o f  the present research and experimental techniques are being developed f o r  

The Geysers. The greatest  e f fo r ts  are being d i rec ted  a t  the  abatement o f  

H2S emissions from the major re lease points ;  the  condenser vent gas ejec- 
t i o n  systems and the coo l ing  towers. I n  addi t ion,  p i l o t  p l a n t  s tud ies are 
being made on removing H2S from the raw steam before i t  reaches the  gen- 

e r a t i n g  p l a n t .  Any successful abatement technologies developed a t  The 

Geysers should be d i r e c t l y  appl icable t o  H2S removal from steam der ived 
from l i q u i d  dominated resources. 

The m a j o r i t y  of the technologies used fo r  the  c o n t r o l  o f  H2S i n  o ther  

i n d u s t r i a l  proces'ses, such as the d e s u l f u r i z a t i o n  of coal  gas are not  s u i t -  
able f o r  geothermal a p p l i c a t i o n  due t o  slow k i n e t i c s ,  h igh cost, o r  the  

chemical form o f  the s u l f u r  waste product. 

e l e c t r i c a l  energy 

source f l u i d  t o  a 

not  re lease H2S. 

Methods o f  conver t ing the energy contained i n  the geothermal f l u i d  i n t o  

t h a t  u t i l i z e  the d i r e c t  t rans fer  o f  heat f rom t h e  r e -  
secondary f l u i d ,  such as isobutane o r  freon, genera l l y  do 

This i s  because the f l u i d  i s  s imply cooled dur ing  t h e '  

14 



process and then injected into another well. These systems, however, have 
W 

other problems, mainly the precipitation of dissolved so l ids  (due to  the 
cooling) which  plug the injection well. 

Most of the other energy conversion systems involve the production of 
steam ( f lash  system) fo r  use in the turbine generation of power. A sche- 
matic representation of such a system is  shown i n  Fig. 4. The hydrogen 
sulf ide control technology used for  this type of system is  one tha t  t r e a t s  
a .noncondensable gas stream. When the H2S i s  removed in t h i s  manner 
from the noncondensable gas stream generated by the steam production u n i t ,  
i t  is termed an upstream abatement process. I f ,  however, the noncondens- 
able gases are separated i n  the turbine condenser, and the H2S is  remov- 
ed from the turbine off-gas stream, the removal is called a downstream 
abatement process. 

Noncondensable Gas SeDaration 

Regardless of whether the noncondensable gases are separated upstream 
or downstream, a major factor  i n  the overall abatement of H2S i s  how i t  
par t i t ions  between the gas phase and the aqueous (condensate) phase. In 
addition t o  temperature, a s ignif icant  factor  in the dis t r ibut ion of the 
hydrogen su l f ide  i s  the pH of the condensate. This i s  shown i n  Table 4 
where i t  can be seen t h a t  the lower the pH, the more the hydrogen sulf ide 
par t i t ions  into the gas phase. 

The type of turbine condenser is  also important. More hydrogen sul- 
f ide  remains in the gas phase ( a t  the same pH) when surface condensers are 
used because the steam i s  condensed on tubes and i s  i n  contact w i t h  only 
the small amount of i t s  own condensate. In a direct-contact condenser, 
however, the steam i s  condensed by contacting a spray .ofi,cooling tower 
water whose volume is  about twenty times >greater than. the condensate. 
T h i s  large volume of water along w i t h  the more intimateicontact provided 
by the spray increases the amount of noncondensable,, gases t h a t  can 
dissolve i n  the aqueous phase result ing.  i n  lower amoun,ts of gases i n  the 
gas phase. 

A 
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A $' 
r'*iSteam stacking 
I !emergency 
I ,bypass 
Ll-J(muffled) 

I 
I 
I 
I 
I 

,--A 
I H 2 0  vapor -- 

Production system 
noncondensable 

gases 

1,134 kg/MWh I Production (2.34 k g  H2S/MWh) 
wells Resource fluid Steam production * - - 2 45,360,kglMWh (flash system) 

* 
Steam 
9,980 kg/MWh 

(2.5 kg H2S/MWh) 

- - - 

Injection 
wells Injection 

Brine reinjection 

- - 

2,495 kg/MWh 

FIG. 4. Schematic of a power p l a n t  u t i l i z i n g  a l i q u i d  dominated resource t o  
produce flashed steam. Source: Westec Services, Inc., (1979), p. 37. 
* 
Assuming a l l  gases emitted. 

TABLE 4. Dependence of H2S partitioning on pH and condenser.a 

-2 % H S in gas phase -2 % H S in aqueous phase 

(pH,' aqueous phase) (6.5) (7.0) (7.5) (6.5) (7.0) (7.5) 
Surf ace condenser 93 89 79 7 11 21 ' 

Contact condenser 40 30 16 60 70 84 * 

aAssuming 4000 ppmw.noncondensable gases in steam (0.4%), the cubic feet of gas 
per pound of steam = 0.4/8 = 0.05. 
curves in Fig. 5. 

The values in the table were estimated fran the 
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FIG. 5. Calculated H2S distribution ratio i n  vent gas for direct contact 
and surf ace condensers. Source: A1 len (1975) .  

. .  
* 

Cu ft/lb = (percent by w t  noncondensable gas i n  steam)/8.?* 
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The pH o f  the  aqueous phase a lso  p lays  an impor.tant r o l e  i n  t h e  p a r t i -  

t i o n i n g  o f  carbon dioxide, ammonia, and b o r i c  ac id  i n  the  steam. A discus- 

s ion of condensate chemist ry  i n  contact  condensers and sur face condensers 
has been d e t a i l e d  by Weres e t  a l .  (1977) Sections S11.6 and S11.7. 

The S t r e t f  ord Process I 

The S t r e t f o r d  process was o r i g i n a l l y  designed f o r  , t h e  removal o f  hydro- 
gen s u l f i d e  from syn the t i c  f u e l  gases. Many S t r e t f o r d  u n i t s  are opera t ing  

throughout the  wor ld  f o r  t h i s  purpose. The process i s  very  e f f e c t i v e ;  i t  

removes more than,  99 percent o f  t h e  hydrogen s u l f i d e  t h a t  en ters  t h e  

system. 

The f i r s t  opera t iona l  app l i ca t i on  o f  the  S t r e t f o r d  process i n  t h e  geo- 
thermal i n d u s t r y  has been on U n i t  15 a t  The Geysers' f o r  t h e  downstream 
removal o f  the o f f jgas  hydrogen su l f i de :  Recent t e s t s  conf i rm t h e  perform- 

ance o f  t h e  S t r e t f o r d  process by removing a t  l e a s t  99 percent o f  t h e  hydro- 
gen s u l f i d e  t h a t  enters  , ' t he  u n i t .  I n i t i a l  t e s t s  i n d i c a t e d  about 75-80 
percent o f  the  H2S was be ing p a r t i t i o n e d  i n t o  the  gas phase stream. 
La ter  f i n d i n g s  by PG&E {reveal t h a t  by s h i f t i n g  t h e  pH t o  between 6.5 and 7 
approximately 91% o f  the  H2S was p a r t i t i o n e d .  The l a t t e r  improvement i n  

p a r t i t i o n i n g  cou ld  y i e l d  a t o t a l  H2S abatement o f  approximately 90%. 

The S t r e t f o r d  process is. a lso s u i t a b l e  f o r  upstream abatement o f  H2S 
on the  o f f -gas  stream of a f lashed steam product ion u n i t .  The o f f -gas  i s  

scrubbed w i t h  a s o l u t i o n  conta in ing  sodium carbonate, sodium metavana- 

date, and anthraquinone d i s u l f o n i c  a c i d  (ADA). 

.' 

A f l o w  diagram of t h e  S t re t fo rd  process i s  shown i n  Fig. 6. The gas 

The H2S i s  d isso lved form- stream i s  scrubbed i n  a countercurrent  flow. 
i n g  b i s u l f i d e  ion: d. . _ .  

H2S + C03 -' + HS- + HCO;. 
, 1 :*P 
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The b i s u l f i d e  i o n  r e a c t s  w i t h  qu inqu iva len t  vanadium t o  form s u l f u r  and 
quadravalent vanadi um: 

Noncondensable 
gas from power 

plant - 

The reduced vanadium i s  regenerated t o  the  5-valent s t a t e  through a 
mechanism i n v o l v i n g  oxygen t r a n s f e r  by t h e  ADA: 

Centrifugation 
and heating 
c - - Sulfur to 

storage + 
4 

V+4 + ADA + V+5 + reduced ADA 

Vent 

Skim tank Surge tank 

\ -  

\ I.; . ,  
. .  

reduced ADA + O2 + ADA + H20 

I '  

A i r  passed through the s o l u t i o n  i n  the o x i d i z e r  tank no t  o n l y  ox id i zes  

t h e  ADA, but  a l so  br ings  the  elemental s u l f u r  t o  the  surface as a f r o t h .  

The s u l f u r  f r o t h  i s  removed t o  a skim tank, separated, washed and melted t o  
produce high q u a l i t y  s u l f u r .  

. ,  

t 
A 

t ,, 
.. . Air 

. .  

- - 

FIG. 6. Flow diagram of the  S t r e t f o r d  process. 
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Brine Scrubbing Process 

A simple and inexpensive method for removing H2S from noncondensable 
gas streams was identified and i n i t i a l l y  tested by Quong e t  a l .  (1979). 
The method involves scrubbing the .noncondensables w i t h  spent brine eff lu-  
ents which contain h i g h  concentrations of heavy metal ions such as Pb, Zn,  
and Fe. The H2S is absorbed i n  the brine and reacts t o  form insoluble 
heavy metal sulfides which precipitate.  out and are removed prior t o  injec- 
tion. The method i s  particularly applicable for  use w i t h  Salton Sea and 
Brawley Geothermal Field brines which are known to  contain high concentra- 
t ions of heavy metal ions. A t  the Salton Sea Geothermal Field, the brines 
contain on the order of 65 ppm Pb, 280 ppm Zn,  and 270 ppm Fe, f a r  i n  ex- 
cess of the stoichiometric quantity necessary to  ' react w i t h  a l i  the H2S. 
The readsorption of H;S i n  the spent brine i s  favorable because of the 
new equilibrium established between the gas and l i q u i d  a t  lower temperatube 
and higher pH, the l a t t e r  due to  the evolution of C02 form the brine. 

The precipitation of metal sulfides is  also the H2S eliminating s tep 
i n  the CuS04 (EIC) process. B u t  unlike the EIC process, the use of spent 
effluents eliminates chemical feed costs,  regeneration steps,  and problems 
that  may be associated with s lur ry  pumping and recirculation. 

1 

A brief t e s t  a t  the Geothermal Loop Experimental Fac i l i ty  ( G L E F )  by 
Magma Geothermal and SDG&E u s i n g  the reaction chamber of a 30 gpm EIMCO 
c l a r i f i e r  as the contactor indicated scrubbing eff ic iencies  on the order of 
97%. T h i s  adaptation of the process combines H2S abatement w i t h  

preinjection c la r i f ica t ion  w i t h  minimal added plant costs. There are also 
other potential beneficial effects  such as increased c l a r i f i e r  efficiency 
and mineral recovery from the Sludge. 

In order to  achieve h i g h  overall abatement of H2S, a surface type 
steam condenser will be required t o  minimize the volume of l i q u i d  i n  con- 
t a c t  w i t h  H2S i n  the gas phase 'and thereby maximize the amount of gaseous 
H2S. to  be ultimately scrubbed. 

Parti t ioning of the H2S in the surface condenser will be a factor i n  
the overall abatement efficiency. The amount of H 2 S f  retained i n  the 
brine and subsequently desorbed i n  the lower f lash stages and evolved w i t h  
the low pressure steam, may s t i l l  pose a problem. 

', 
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The E I C  Copper Su l fa te  Process 

Absorption o f  H2S by scrubbing steam w i t h  aqueous copper s u l f a t e  
(CuS04) s o l u t i o n  i s  being i nves t i ga ted  (EIC Corporation, 1977; Harvey, 

1976), w i t h  fund ing  from both DOE and PG&E. The process i s  undergoing 

exhaustive t e s t i n g  by PG&E and E I C  on U n i t  7 a t  The Geysers as an upstream 
abatement technology. The p i l o t  p l a n t  i s  one-tenth scale ( f o r  a 55 MW 
p l a n t )  and processes 100,000 pounds of steam per hour. Copper su l fa te  i s  
regenerated by the  pressure-leaching method. The r e s u l t s  have been en- 

couraging. Recent tes ts ,  a f t e r  about 350 hours o f  operation, have shown 
t h a t  95 t o  98 percent removal o f  the H2S from the  steam i s  f e a s i b l e  
(A l len ,  1979). 

I n  the E I C  process, the steam i s  contacted i n  a scrubber w i t h  a r e c i r -  

c u l a t i n g  d i l u t e  s o l u t i o n  of CuS04. Copper was se lec ted  because i t s  
s u l f i d e s  are s u f f i c i e n t l y  insoluble,  even a t  h igh temperature and a c i d i t y ,  

t o  y i e l d  favorab le  e q u i l i b r i a  and chemical k i n e t i c s .  The i n i t i a l  chemical 

r e a c t i o n  t a k i n g  place w i t h i n  the  scrubber i s  approximately: 

HpS ( i n  steam) + CuS04 (aqueous) + CuS (pp t )  + H2S04 (aqueous). 

With extended residence t ime o f  the  p r e c i p i t a t e d  CuS, s u l f u r  i s  formed by 

the  f o l l o w i n g  reac t ion :  

2 cus  + cu2s + s 

A s i m p l i f i e d  f l o w  diagram of the  E I C  scrubbing process i s  shown i n  
Fig. 7. The scrubber used i s  a simple t ray - t ype  tower, although Ventur i  

scrubbers and packed towers have also been evaluated. The geothermal steam 
passes through the  scrubber where H2S and o ther  p o l l u t a n t s  ( N H 3  and 

boron) are removed. The scrubber s o l u t i o n  con ta in ing  i n s o l u b l e  p r e c i p i -  
t a t e s  i s  p a r t l y  . recyc led  t o  the scrubber, the  remainder being sent t o  the  
regenerat ion system. Ammonia i s  added t o ,  t h e  scrubbing s o l u t i o n  t o  main- 

t a i n  the pH within the range o f  0.8 t o  1.5 (EICICorporatsion, 1977; Harvey, 

1976; I r fan,  1975). The p r e c i p i t a t e  i n  t h e  s l u r r y  recyc le  i s  a m ix tu re  o f  
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cuprous s u l f i d e  (chalcoc i te ,  Cu2S), cupr ic  s u l f i d e  (Cove l l i te ,  CuS), and 
elemental s u l f u r .  The cuprous s u l f i d e  f r a c t i o n  has a composit ion o f  f rom 

Two methods for  regenerat ing CuS04 f o r  r e c y c l e  t o  the scrubber column 

Both are adaptations o f  methods used f o r  product ion o f  copper 

CUIe8S t o  cu1*95s. . a  

can be used. 
metal from s u l f i d e  ores. 

One i s  t o  use a " s u l f a t i n g  roast," which y i e l d s  CuS04 and dr ives  o f f  

s u l f u r  d ioxide, which would have t o  be recovered by absorpt ion or conver- 
s ion  t o  s u l f u r i c  acid. The reac t ions  are as fo l lows:  

Purge steam - 
Pump 

cus + 202 -t cuso4 

cus + $I2 -+ CUO + so* 3 

I 

Regeneration 
and sulfur 
reject ipn 

1~ Steam Power generation 

FIG. 7. S i m p l i f i e d  f low char t  of copper su l fa te  (EIC) emission c o n t r o l  

process. 
a 
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The other method i s  ac id  pressure-leaching i n  which a s l u r r y  o f  copper 

s u l f i d e  i n  s u l f u r i c  ac id  s o l u t i o n  i s  t r e a t e d  w i t h  a i r  o r  oxygen under e l -  
evated pressure and temperature. Depending on the cond i t ions  used, the  
s u l f i d e  can be ox id ized  t o  elemental s u l f u r  or  ox id ized  t o  s u l f a t e .  

@ 

The poss ib le  reac t ions  f o r  CuS04 regenerat ion are: 

C ~ S  + 2 0 ~  -+ cu+' + so4-' 

Cu2S + %2 + ZH++ZCU+~+ SO,' + H20 

The poss ib le  reac t ions  f o r  elemental s u l f u r  format ion are: 

CuS + !j02 + 2H+ -+Cu+' + S + H20 

The k i n e t i c s  o f  the  regenerat ion process are b e t t e r  than t h a t  a n t i c i p a t e d  
from labora tory  experiments. I f  these o p t i m i s t i c  r e s u l t s  continue, plans 

f o r  a f u l l - s c a l e  p l a n t  a t  The Geysers may be scheduled. 

One o f  the  concerns o f  t h e  E I C  process has been the  poss ib le  e f f e c t s  o f  
CuSOq and elemental s u l f u r  entrainment i n  the  scrubbed steam. Analysis 

o f  the  steam downstream o f  the p i l o t  p l a n t  shows the  presence o f  copper i n  

amounts less than- 1 ppm. It has been feared t h a t  even very small amounts 
w i l l  eventua l l y  cause s i g n i f i c a n t  p l a t i n g  o f  copper on the  t u r b i n e  blades 

and other p a r t s  o f  the power conversion equipment, leading t o  cor ros ion  due 

t o  b i m e t a l l i c  coupl ing.  Because o f  t h i s ,  PG&E has not  been r e t u r n i n g  t h e  

scrubbed steam t o  the t u r b i n e  steam supply l i n e .  It i s  now thought, how- 
ever, t h a t  copper ent ra ined i n  the  scrubbed steam w i l l  r e a c t  w i t h  the  
r e s i d u a l  hydrogen s u l f i d e  i n  the steam t o  form CuS p a r t i c l e s  and thus e l im-  
i n a t e  the  p l a t i n g  and b i m e t a l l i c  cor ros ion  problems. On consider ing t h i s  

hypothesis, PG&E w i l l  soon begin r e t u r n i n g  the scrubbed steam t o  the t u r -  

b ine  supply l i n e .  The amount o f  elemental s u l f u r  i n  the scrubbed steam and 

i t s  e f f e c t  on the t u r b i n e  have not  been determined. 
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Dow Oxygenation 

The Dow oxygentat ion process i s  an upstream technology developed f o r  

the  removal o f  H2S f rom the  resource l i q u i d  before f lash ing .  Most o f  t he  
experimental work (Wilson e t  al., 1977) has invo lved the  treatment o f  
simulated hot geothermal b r ine .  The o v e r a l l  r e a c t i o n  which i s  be l ieved t o  

take place i s  as fo l lows: 

I 

Corrosion 
monitor 

J 

H2S (aqueous) + 202 (gas) -+ H2S04 (aqueous). 

, 

Lesser but  s i g n i f i c a n t  amounts of s u l f i t e  and f r e e  s u l f u r  are a lso  

formed by other r e a c t i o n  paths., Close t o  90% H2S abatement was achieved 

i n  the labora tory  a t  pH 7 and 17 loC a t  a 1.5 mole r a t i o  o f  i n j e c t e d  
oxygen t o  H2S. The oxygen i s  i n j e c t e d  through a f l o w  c o n t r o l l e r  i n t o  a 

packed column. 

Corrosion i s  a major problem if excess oxygen i s  in jec ted .  This re -  
qu i res  very c lose mon i to r ing  and c o n t r o l  o f  t he  oxygen i n j e c t i o n  system. A 
proposed design concept f o r  the system i s  shown i n  F ig .  8. 

To power 
1 I-- plant r - -T---- --- 

I I 
I I 
I I 

From oxygen controller 
compressor 

Magnetic 
flowmeter geothermal 

From well 

Packed 
column 

J 

FIG. 8. Conceptual design o f  Dow oxygenation processing us ing a packed 
column (design case 11). 
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Reaction times with all-liquid resource fluid is about 1 min. However, 
the reaction with vapor is too slow to be feasible with steam or two phase 
fluids. Two phases can be expected with high temperature liquid-dominated 
resources unless down-hole pumps are used t o  keep the fluid in an all- 
liquid state. The long term reliability of down-hole pumps is yet to be 
established. Because of these problems work on this process has been 
dis cont i nued. 

SRI El ec tro lyt i c Oxi dat i on Process 

SRI International, under Environmental Protection Agency (EPA) funding 
is studying a direct electrolytic oxidation procedure for the removal o f  
H2S from saline solutions. The present laboratory-scale experiments are 
being performed in a single stage process using solutions that contain from 
1 to 30 ppmw H2S with salinities of 16 g NaCl and 200 g NaC1/1 (McKubre, 
1980). 

I The oxidation reaction 

HS- + S  + H+ + 2e 

takes place at a flow-thru vitreous carbon anode with a porosity of 95%; at 
a temperature of 200°C; and a pressure of 900 to 1000 psi. Early results 
indicate that better than 95% removal of H2S can be achieved by the pro- 
cess. The system is precisely controllable, and the electrochemical as- 
pects should be easy to scale-up. However, difficulties may be encountered 
with mechanical and physical scale-up. 

UOP Catalytic Oxidat ion 
* UOP catalytic oxidation (Sulfox . process) utilizes a metal phthalo- 

cyanine compound supported by an activated carbon base to catalytically 
oxidize H2S to sulfur, utilizing air as the oxidant. 

I The basic reaction m a y  be written: 

2H2S + O2 * 2s + 2H20. 

The oxidized sulfur products can vary considerably with the variations of 
reaction conditions. For example in an aqueous ammonical solution, the 
following oxidations to sulfur, thiosulfate, .sulfite,' and sulfate can 
occur: 

Registered trademark of UOP Incorporated 
@ *  
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2NH4SH + O2 + 2s + 2NH4qH, 

2NH4SH + 202 -F (NH4)2S203 + H20, 

2NH4SH + 302 + 2NH40H * 2(NH4)2SO; + 2H20, 

NH4SH + 202 + NH40H 3 (NH4)2S04 + H20. 

This process was developed f o r  use w i t h  hydrocarbon streams. A s tudy  has 
been r e c e n t l y  funded by DOE t o  determine the  a p p l i c a b i l i t y  o f  t h i s  method 

t o  l i q u i d -  o r  vapor-dominated geothermal streams. 

Any comments concerning the  e f f i c i e n c y  o f  t h i s  process must awai t  t h e  

r e s u l t s  o f  t h i s  study. 

Steam Converters 

Although not  a t r u e  H2S abatement process, steam conver ters  have t h e  

c a p a b i l i t y  of separat ing H2S and o ther  d isso lved gases from steam. 
Abatement c o n t r o l s  t o  remove H2S f rom the  separated gases would be r e -  

qu i red  t o  supplement t h i s  proce'ss. 

A schematic o f  a t y p i c a l  steam conver ter  i s  shown i n  F ig .  9. The en- 
t h a l p y  of t he  geothermal steam f r a c t i o n  i s  t r a n s f e r r e d  i n  a heat exchanger 

t o  a secondary stream o f  condensate. The steam loses p a r t  o f  i t s  heat, 

condenses, and gases are removed i n  a gas s t r i p p i n g  column. The condensate 
i s  then ref lashed i n  the  secondary c o i l s  o f  the  heat exchanger. The bas ic  

p r i n c i p l e  o f  t he  steam conver te r  i s  t h a t  when steam i s  condensed by remov- 

i n g  heat, t he  r e s u l t i n g  condensate i s  r e l a t i v e l y  f ree  of d isso lved gases 
which remain most ly  i n  the  gas phase. The heat from the condensing steam 

i s  used t o  r e b o i l  the c lean condensate 'producing r e l a t i v e l y  c lean steam. 

The condensing and r e b o i l i n g  processes are the  two sides o f  t he  heat ex- 

changer (conver ter ) .  

A small  steam converter,  process ing o n l y  severa l  hundred pounds of 

steam per hour, i s  being tested,  f o r  "proof of concept" a t  The Geysers by 

PG&E and Coury Associates, Inc.  (Lakewood, Colorado). P re l im ina ry  informa- 

t i on ,  which i s  sparse a t  t h i s  time, i nd i ca tes  about 90% separat ion of hy- 
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drogen sulfide from the steam. Additional tes t ing will probably reveal the 
extent o f  scaling, corrosion, heat loss and other operational problems. 

The practical  use o f  steam converters w i t h  steam produced from Imperial 
Valley l iquid resources i s  not cer ta in  a t  this time because of the low 
enthalpy o f  the steam. Use o f  steam converters should not be ruled out 
however. 

4 

,Gas 
stripper 

Steam containing 
gases and B(OHI3 

4.9 bar 
2854 Jlg 

From well 
or flash 
system 

Gases + steam - to H,S control 

FIG. 9. Schematic of a typical steam converter u n i t  (Weres e t  a l . ,  1977) 
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Technica 1 Comparison o f  H2S Abatement Technologies 

Q The candidate H2S c o n t r o l  systems f o r  var ious process streams are 
compared i n  Table 5. A l l  o f  them should be r e a d i l y  adaptable t o  Imper ia l  

Va l ley  geothermal e l e c t r i c  power systems. The r e l i a b i l i t y  o f  these abate- 

ment technologies when used w i t h  the  l i q u i d  resources of t he  Imper ia l  
Va l ley  cannot be pred ic ted  w i t h  confidence. It i s  l i k e l y ,  however, t h a t  

the  Stret ford,  EIC,  and b r i n e  scrubbing techniques w i l l  work we l l  w i t h  the  

noncondensabl e gas streams. 

Because near l y  a l l  of the abatement methods w i l l  produce a waste sludge 
by-product, t h i s  w i l l  probably be the  on ly  cross-media environmental impact 
o f  concern. If the b r i n e  scrubbing technique r e s u l t s  i n  economical ly 

recoverable heavy metal compounds, then a b e n e f i t  r a t h e r  than a negat ive 
impact would r e s u l t .  

A judgement as t o  the  best c o n t r o l  technology fo r  t he  Imper ia l  Va l ley  
w i l l  have t o  await  f u r t h e r  research and t e s t i n g  under actual  opera t ing  

condi t ions.  

TABLE 5. Comparison of candidate H2S control systems for various process 
streams related to geothermal electric power development in the 
Imperial Valley. 

Potential Geothepal Negative PROCESS STREAM 
H2S control system H2S removal,% status factors 

NONCONDENSABLE GAS STREAMS 
Stretford 99+b U None 
Brine Scrubbing 80 to 90 L Unknown 
EIC Copper Sulfate 98 to 99 P Unknown 
UOP Catalytic Oxidation Unknown L Unknown 

SINGLE~FLASH STEAM STREAMS 
EIC Copper Sulfate 
Steam Convertorsc 90+ 

LIQUID RESOURCE STREAMS 
Oow Oxygenation 90 to 100 
SRI Electrolytic Oxydation >95 

98 to 99 P 
P 

L 
L 

Entrainment? 
Heat loss 

Corrosion 
Unknown 

aU - Used currently for geothermal H2S abatement. 
L - Laboratory or very small-scale field evaluation. 
P - Pilot plant studies being conducted. 

bBetter than 99% applies to Stretford unit only. Overall abatement efficiency depends on 
partitioning (See text). 

cTechnology to apply this process to a full scale unit has been demonstrated by Resources, 
Conservation Company (RCC). Steam convertors separate noncondensable gases from the steam. 
They require H2S abatement equipment for the noncondensable gas stream. 
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@ ENERGY CONVERSION TECHNOLOGIES 

Several conversion technologies have been proposed to  produce e l ec t r i -  
c i t y  from geothermal fluids.  In general, these processes involve the use 
o f  a h i g h  enthalpy f lu id  to  drive a turbine/generator. In a vapor domina- 
ted system such as The Geysers, geothermal steam is used direct ly  i n  the 
turbine. Although there are no power plants now operating i n  the United 
States u t i l i z ing  l i q u i d  dominated systems, processes are currently being 
developed. These include: flashed steam, flashed steam-binary cycle, hot 
water-binary cycle. Geothermal f lu ids  may a l s o  be used as a d i rec t  source 
o f  heat for  non-electrical applications such as space heating and process 
heating. Some of the processes for  Imperial Valley resources under 
development for  e lec t r ica l  power generation are discussed below. 

Flashed Steam Power Generation 

Liquid-dominated resources require flashing of the geothermal f l u i d  t o  
produce steam. Flashing is a process, i l lus t ra ted  i n  F ig .  10, whereby the 
superheated well f l u i d  is allowed to  boil a t  a pressure that is lower t h a n  
i t s  equilibrium subterranian pressure. The lower pressure also decreases 
the so lubi l i ty  of the gases dissolved i n  the l i q u i d .  The resu l t  is  that  
the hot f l u i d  i s  transformed into two phases, a liquid phase containing 
dissolved gases, and a vapor phase containing steam p lus  most of the non- 
condensable gases including hydrogen sulfide.  The f lash chamber also acts 
as a centrifugal separator t o  remove water and particulate matter from the 
steam. I f  the separator discharge l i q u i d  is h o t  enough, i t  can be flashed 
again i n  subsequent stages to  produce additional steam. Once the steam is  
formed, i t  is then used for  power generation by a turbine/ generator u s i n g  
e i ther  surface or direct-contact condensers. The spent l i q u i d  may be i n -  
jected underground together w i t h  the cooling tower blowdown f l u i d .  

For a single f lash  system the.abatement of H2S could be accomplished 
by an upstream technology that  removes the gas from the whole steam stream. 
The EIC process is such a technology. The Stretford or brine scrubbing 
process could be used for  downstream abatement. 
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FIG. 10. Flashed steam process. Separator discharge l i q u i d  can be f lashed 

again i f  i t s  temperature i s  s u f f i c i e n t l y  high. 
* 
Hydrogen s u l f i d e  re lease po in t .  

F lashing B inary  Cycle 

This conversion process, shown i n  Fig.  11, uses steam from f lashed geo- 

thermal b r i n e  as described i n  the previous paragraph. The steam thus pro- 

duced i s  passed through heat exchangers, a b o i l e r ,  and superheater, t o  
vaporize a low b o i l i n g  secondary f l u i d  such as isobutane. The high- 

pressure secondary f l u i d  i s  used t o  generate power by means o f  a tu rb ine /  

generator u n i t  as before. The secondary f l u i d  (vapor) exhausted from t h e  
t u r b i n e  i s  condensed and returned a t  h igh pressure t o  the  heat exchanger. 

The spent steam from the heat exchangers i s  condensed and t h e  noncondens- 

able gases are removed. The steam condensate i s  then cooled i n  a c o o l i n g  

tower and recyc led as 'a coolant fo r  the  barometr ic and working f l u i d  
condensers. 

For t h i s  type of conversion system, H2S could be abated upstream by 

the  Dow oxygenation process, or downstream by one o f  the processes 

described ear 1 i er . 
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FIG. 11. Binary  cyc le  ( f lashed steam) process. Flashed steam i s  used t o  

heat a secondary f l u i d .  
* 
Hydrogen s u l f  i de re1  ease poi  n t  . 

B inary  Cycle 

This process i s  s i m i l a r  t o  the f lashed b i n a r y  cyc le  except t h a t  t h e  hot  
geothermal f l u i d  i s  used d i r e c t l y  t o  vapor ize the  secondary f l u i d .  The 
heat from the hot we l l  f l u i d  i s  t r a n s f e r r e d  t o  the  secondary f l u i d  by coun- 

t e r c u r r e n t  f l o w  through a b o i l e r  and superheater. A f t e r  expanding through 

the  turb ine,  the secondary f l u i d  i s  condensed w i t h  water f rom a c o o l i n g  

tower and pumped t o  the heat exchangers a t  a h igh pressure. The c o o l i n g  

water used i n  t h i s  process must be suppl ied by an outs ide source since no 

steam condensate i s  generated f o r  c o o l i n g  purposes. The e n t i r e  spent geo- 

thermal f l u i d ,  i n c l u d i n g  the  H2S, i s  i n j e c t e d  underground. A schematic 
diagram i s  shown i n  Fig.  12. 

It i s  g e n e r a l l y  be l ieved t h a t  noncondensable gases are no t  emi t ted from 
b i n a r y  cyc le  hot  water systems because f l a s h i n g  i s  not requi red.  I f  tk 
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FIG. 12. B ina ry  cyc le  (ho t  water) process. 

secondary f l u i d .  

Hot water i s  used t o  heat a 

resource contains two phases or  i f  gases separate a f t e r  l eav ing  t h e  we l l ,  
vent ing o f  t he  gas phase may be necessary t o  p r o t e c t  pumps from c a v i t a t i o n  

erosion. Some p lan ts  may r e q u i r e  a treatment t o  separate t h e  s o l i d s  from 
the  cooled spent b r i n e  t o  prevent p lugging o f  t h e  i n j e c t i o n  wel ls ;  t h i s  

treatment could be another source of H2S release. These types o f  H2S 
releases may be c o n t r o l l e d  by the  b r i n e  scrubbing system p r e v i o u s l y  

described. 

CONCLUSIONS 

Because the  geothermal resources of t h e  Imper ia l  Va l ley  are i n  t h e  i n -  

i t i a l  stages o f  development, t he  spec i f i c  choices and app l i ca t i ons  o f  H2S 
con t ro l  technologies can on ly  be estimated. However, some genera l ized r e -  
marks and conclusions can be made: 

The major H2S *emissions w i l l  emanate from re lease po in ts  i n  t h e  

geothermal power p lants .  H2S emissions from other  sources such 

as we l l - t es t i ng ,  we l l -ven t ing  and steam s tack ing  are expected t o  
0 be r e l a t i v e l y  l ess  s i g n i f i c a n t .  
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0 Several H2S abatement technologies are capable o f  reducing H2S 
emissions t o  concentrat ions t h a t  meet the  C a l i f o r n i a  ambient a i r  

standard. They have been used a t  the Geysers geothermal 
f a c i l i t i e s  or have been evaluated i n  labora tory  o r  p i l o t  p l a n t  

tes ts .  Add i t iona l  experimentation and t e s t i n g  are necessary 

before t h e i r  a d a p t a b i l i t y  t o  proposed Imper ia l  Va l ley  power 

systems can be determined. 

The optimum l o c a t i o n  fo r  H2S separat ion and/or abatement i s  
I n  t h i s  way H2S re lease dur ing  

0 A s i n g l e - f l a s h  steam producing f a c i l i t y  may r e q u i r e  an upstream 
abatement technology t h a t  i s  appl ied d i r e c t l y  on t h e  H2S 
conta in ing  steam. The E I C  copper s u l f a t e  process has been shown 

t o  be very e f f i c i e n t  i n  t h i s  type o f  app l i ca t ion .  Whether t h e  

successful  p i l o t  p l a n t  performance a t  The Geysers w i l l  be as 

e f f e c t i v e  on steam produced from Imperi a1 Val 1 ey resources remains 

upstream o f  the steam turb ine.  
steam s tack ing  inc idents  w i l l  be minimized. 

t o  be seen. 

Steam product ion systems t h a t  separate the non-condensable gases 
from the  steam can use H2S- abatement technologies on t h e  of f -gas 
stream. The S t r e t f o r d  process, b r i n e  scrubbing process, and prob- 
ab ly  the € I C  copper s u l f a t e  process are app l i cab le  technologies. 

D i r e c t  t reatment o f  the l i q u i d  resource t o  remove d isso lved H2S 

may be e f f e c t i v e  f o r  a l l  energy conversion technologies. Here, 

t h e  Dow Oxygenation process appears feas ib le .  

0 Research now being c a r r i e d  out  a t  S R I  on the  e l e c t r o l y t i c  reduc- 

t i o n  of H2S i n  b r i n e  so lu t ions  may prov ide another technique f o r  
d i r e c t  abatement i n  the  l i q u i d  resource. 

The b i n a r y  cyc le  (ho t  water process) i s  no t  expected t o  have l a r g e  
o f  H2S released. The r e l a t i v e l y  small amount o f  H2S 

cou ld  be e f f e c t i v e l y  abated us ing the  b r i n e  scrubbing technique. 

Should downstream 'abatement be requi red,  i n s t e a d ' o f  - o r  i n  addi- 

t i o n  t o  - upstream abatement, the  St re t fo rd ,  E I C ,  o r  b r i n e  scrub- 

b ing  process would be e f f e c t i v e  c o n t r o l  technologies. 

0 
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CONTROL TECHNOLOGIES FOR THE ABATEMENT OF 
COOLING TOWER DRIFT I 

C. R. Molenkamp 

INTRODUCTION 

One o f  the major elements of a geothermal power p l a n t  i s  a system f o r  
condensing and coo l i ng  the  s te& t h a t  e x i t s  from the  tu rb ine .  The e f f i -  

c iency o f  the p lan t  i s  determined p r i m a r i l y  by the  drop i n  temperature o f  
the  geothermal f l u i d  as it passes through the  tu rb ine .  For geothermal 
power p lants ,  where the  i npu t  cond i t ions  are c o n t r o l l e d  by the  character-  
i s t i c s  o f  the  geothermal f l u i d ,  t he  temperature is lower than f o r  f o s s i l  o r  

nuclear p lants .  Therefore, t he  amount o f  water vapor passing through the  
tu rb ine  o f  a geothermal power p l a n t  w i t h  a thermal e f f i c i e n c y  o f  5-15% i s  
2-6 times la rger  than f o r  an equiva lent  f o s s i l  or  nuclear p lan t .  

Most o f  t he  geothermal rese rvo i r s  i n  the  Un i ted  States w i t h  adequate 

temperatures t o  be used fo r  product ion of e l e c t r i c  power are located i n  the  
a r i d  West where near l y  a l l  t he  ava i l ab le  surface and ground water has been 

appropriated. Consequently the  major ava i l ab le  source of makeup water f o r  
a coo l i ng  system i s  the  condensed geothermal steam. When t h i s  i s  used i n  a 
coo l i ng  tower, the  d isso lved s a l t s  and suspended p a r t i c u l a t e s  c i r c u l a t e  i n  

the  coo l i ng  tower and are emi t ted w i t h  the  water d rop le ts  t h a t  are blown 

out  o f  the coo l i ng  tower, i.e. w i t h  the  d r i f t .  Since these cons t i tuents  
can be t o x i c  or  harmful t o  receptors  i n  the  v i c i n i t y  o f  the  coo l i ng  tower, 

d r i f t  can be a s i g n i f i c a n t  environmental problem. 

APPLICABLE STANDARDS 

There are no emissions or  a i r  q u a l i t y  standards t h a t  apply d i r e c t l y  t o  

coo l ing  tower d r i f t  f rom geothermal power p lan ts .  However, as p a r t  o f  t he  
environmental review process, i t  i s  necessary t o  demonstrate t h a t  m i t i ga -  

t i o n  measures have been incorporated t o  guarantee - t h a t  no s i g n i f i c a n t  

impacts w i l l  occur. 
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IMPERIAL VALLEY 

The Imper ia l  Va l ley  i s  a very important and product ive a g r i c u l t u r a l  

region; any p o t e n t i a l  adverse e f f e c t s  o f  d r i f t  depos i t ion  on th i s  a g r i c u l t u r e  
must be c a r e f u l l y  evaluated and s a t i s f a c t o r i l y  mi t iga ted .  The purpose o f  an 
assessment i s  t o  determine whether there  are probable impacts, t o  est imate 
the  poss ib le  e f fec ts ,  and t o  determine the l e v e l  o f  c o n t r o l  necessary t o  
insure  t h a t  t he  impacts are neg l i g ib le .  Such an assessment includes th ree  

main aspects: I 

0 emission f l u x e s  and cha rac te r i s t i cs ,  

t ranspor t  and deposi t ion,  and 
0 e f f e c t s  on receptors.  

M i t i g a t i o n  measures ava i l ab le  i nvo l ve  reducing the  emission o f  d r i f t .  

The f l uxes  o f  s p e c i f i c  p o l l u t a n t s  and the  emission c h a r a c t e r i s t i c s  
depend main ly  on the  composit ion o f  the  coo l i ng  water makeup and the  design 

o f  t he  coo l i ng  system. Since these f a c t o r s  vary among i n d i v i d u a l  power 

p lants ,  it i s  necessary t o  evaluate each p l a n t  i n d i v i d u a l l y .  

I n  t h e  Imper ia l  Va l ley  there  are two major sources o f  coo l i ng  water f o r  
geothermal p lan ts ,  steam condensate and i r r i g a t i o n  drainage water. Both o f  

these sources conta in  h igh  l e v e l s  o f  d isso lved and suspended substances, some 
o f  which could be det r imenta l  t o  crops and vegetat ion.  Colorado River  water, 
used f o r  i r r i g a t i o n  i n  the  Imper ia l  Val ley,  i s  considered unava i lab le  f o r  

c o o l i  ng water. 

, Wet mechanical d r a f t  coo l i ng  towers are the  most l i k e l y  system t o  be 
used i n  t h e  Imperia-1 Val ley.  The processes--tak. ing p lace ,in such coo l i ng  

towers are not  we l l  enough, understood t o  p r e d i c t  the  emission f l u x e s  of 

s p e c i t i c  substances. Measurements can be made w i t h  an accuracy est imated a t  

25%, but  on l y  a f t e r  a coo l i ng  tower i s  operat ing.  Determin ia t ion  o f  t he  
important emission c h a r a c t e r i s t i c s  of drop s i ze  d i s t r i b u t i o n ,  v e l o c i t y  and 

buoyancy can be measured, bu t  they  are sub jec t  t o  considerable v a r i  abi  1 i t y  

and s i m i l a r  uncer ta in ty .  

Many models have been developed to simulate the  plume r i s e ,  t ranspor t ,  

and depos i t ion  o f  coo l i ng  tower d r i f t  f o r  s p e c i f i e d  emission parameters and 

meteorology, bu t  these models disagree widely  w i t h  one another. 

ly, p r e d i c t i o n s  based on a p a r t i c u l a r  model inc lude a l a rge  uncer ta in ty ,  and 

Consequent- A 
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the results are often viewed with considerable skepticism. Since none of 
these models has been validated .by adequate comparison with measurements of 
drift deposition, there is no reliable basis for selecting one model over 
another. In addition the models Athat have been developed simulate drift 
deposition in a particular meteorological situation while most of the impacts 

@ 

occur as a result of continuing deposition and build-up .of . deposited 
mater i a1 ., 

Even if we could predict the deposition rates over relevant time periods 
as a function o f  distance and direction from, the cooling tower, there are 
very little data specifying the effects of deposited trace elements on 
receptor crops in the Imperial Valley. What little data that exist are 
widely scattered and not readily ava,ilable. There are considerable data on 
effects of sea salt deposition on coastal vegetation, and that may provide 
some guidance for estimating effects, but even these data do not apply 
directly to the important crops grown in the Imperial ‘Valley. 

Mitigation techniques, based on interception of drift,drops before they 
leave the cooling tower, can reduce the flux of drift from 1-2% of the cool- 
ing water flow rate for uncontrolled towers to 0.001%. This reduction may be 
sufficient to mitigate the possible impacts of drift deposition, but since 

6 the amount of water flowing through the cooling tower is very large (10 
gallons per hour per cell and 8-10 cells per 50 MWe plant), the amount of 
material emitted with drift by continuously operating cooli.ng towers can 
still be significant. Therefore, it will be necessary to examine the 
possible impacts for specific pollutants in greater detail. This need can 
only be met by measuring the emission characteristics’ of operating cooling 
towers’ equipped with state-of-the-art drift eliminators, validating appro- 
priate models of drift deposition, and conducting research to determine the 
effects of deposited substances on sensitive Imperial Valley crops. 

COOLING TOWER DESIGNS 

There are a variety of cooling systems that have been used in the 
electric power industry. While all these methods could be used for geo- 
thermal power plants only a few are currently being considered as desirable. 
Robertson, (1978) has- provided a recent review o f  the ’ various cooling systems 
and evaluated their potential for application at geothermal power plants. He 
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concludes tha t  wet, mechanical-draft cooling towers will be used most 
widely. Because of the low thermal efficiency of geothermal plants,  t he i r  
cooling systems must dissipate 2-6 times as much waste heat as a comparably 
sized fossil  or nuclear plant. 

The various cooling systems i n  use today include 
Once-through cooling systems, 
Cooling ponds and lakes, 
Spray ponds and canals, and 
Cooling towers. 

Because o f  lack o f  available water i n  areas where geothermal resources ex is t ,  
once-through cooling will probably not be used i n  the geothermal industry. 
Cooling lakes or ponds are also not l ike ly  to  be used because of  the large 
land area required. T h i s  is especially true i n  the agricultural  areas of the 
Imperial Valley. Spray ponds are a potential cooling method for geothermal 
power plants and are being used in the Imperial Valley for  the 10 MWe Magma 
power plant a t  East Mesa. Since spray ponds use substant ia l ly  more land area 
than cooling towers, their use i n  the Imperial Valley i s  probably limited t o  
the East Mesa KGRA, and t o  re la t ive ly  small power plants. Therefore, most 
power plants i n  the Imperial Valley will use some type of cooling tower. 

The cooling towers used i n  the e l e c t r i c  power industry can be divided 
into various types. The f i r s t  division is  between wet and dry cooling 
towers. Dry cooling towers work much as a car radiator w i t h  the f l u i d  t o  be 
cooled contained i n  pipes .  Such cooling towers are rather inef f ic ien t  and 

expensive. They have been used only i n  special s i tuat ions and for  small 
power plants. They have no problem w i t h  d r i f t  since the f lu id  i s  en t i re ly  
contained. Wet cooling towers allow the water t o  be d i rec t ly  exposed t o  the 
a i r  and derive most of their cooli-ng from evaporation. Nearly a l l  e l e c t r i c  
power industry cooling towers are weticooling towers, although there are a 
few combination wet .and dry cooling towers,, which  will be discussed br ie f ly  
1 a ter  . c 

A second major division i n  cooling tower ‘types is the method used t o  
induce a i r  flow t h r o u g h  the tower. There are mechanical draf t  towers i n  
which a large fan is  used t o  draw a i r  i n  and t h r o u g h  the tower, and natural 
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d r a f t  towers i n  which the a i r ,  heated as i t  passses i n t o  the  tower a t  the  

base, r i s e s  because of i t s  buoyancy and leaves t h e  top  o f  the c o o l i n g  tower 
drawing more a i r  i n  through the  base. 

The f i n a l  major d i v i s i o n  i n  coo l ing  tower types i s  the r e l a t i v e  mot ion 
o f  a i r  and water. I n  a cross- f low c o o l i n g  tower the  a i r  and water move 

perpendicular t o  each other, u s u a l l y  w i t h  the  a i r  moving h o r i z o n t a l l y  through 
the f i l l  wh i le  the  water drops are f a l l i n g  v e r t i c a l l y .  I n  a counter- f low 

coo l ing  tower the water and a i r  move i n  opposi te d i r e c t i o n s  wi th  the  a i r  
moving upward through t h e  f a l l i n g  water drops. The f o u r  bas ic  types o f  wet 

coo l ing  towers are depicted i n  F igure 13. 

Natural  d r a f t  c o o l i n g  towers are best s u i t e d  t o  operate ' i n  c o n d i t  
where temperatures are low, r e l a t i v e  humid i t ies high, and t o t a l  coo 
requirements very large. Because o f  t h e i r  r e l a t i v e  i n e f f i c i e n c y  i n  ho t  

on s 
i ng 

dry  
weather c h a r a c t e r i s t i c  of most geothermal areas i n c l u d i n g  the  Imper ia l  Va l ley  
and the  r e l a t i v e l y  small s i z e  o f  geothermal power p lants ,  they are expected 

t o  have very l i m i t e d  use i n  geothermal app l i ca t ions .  

Wet mechanical-draf t  cross- f low c o o l i n g  towers w i l l  be most w ide ly  used 

i n  geothermal power p lants .  A t  The Geysers t h i s  type o f  c o o l i n g  tower i s  
used exc lus ive ly .  A l l  development plans f o r  the  Imper ia l  Val ley, except t h e  

Magma p l a n t  a t  East Mesa, have t h i s  type of c o o l i n g  tower i n  t h e i r  designs. 
Consequently, we w i l l  consider techniques employed t o  c o n t r o l  d r i f t  o n l y  f o r  

wet mechanical-draf t  cross-f low coo l ing  towers; however the  design o f  d r i f t  
e l im ina tors  and t h e i r  e f f i c i e n c i e s  are s i m i l a r  f o r  a l l  f o u r  bas ic  types of 

wet coo l ing  towers. 

The t y p i c a l  geothermal coo l ing  system f o r  a 50 MWe p l a n t  cons is ts  o f  
about 10 mechanical d r a f t  cross-f low c e l l s  arranged s ide  by s ide  i n  a long 

row. Each c e l l  i s  constructed as.shown i n  F igure 13a w i th  a i r  f l o w i n g  i n  on 

two sides and being drawn out the  top by a fan. The fans are about 7-8m i n  
diameter and are dr iven  by 150 kW motors. The a i r  t y p i c a l l y  e x i t s  the  stack 
a t  about 10 m/sec. Each c e l l  i s  about 15m high, 20m wide and 25m across. 

The two sides of each c e l l  are u s u a l l y  separated 'by a b a f f l e  t o  prevent a i r  
from blowing h o r i z o n t a l l y  , *  through t h e  c e l l .  Hot water f lows i n t o  each s ide  

a t  the t o p  and i s  broken up i n t o  drops by the  f i l l  mater ia l .  The cooled 
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F ig .  13. Types o f  wet coo$ling towers (Holmberg and Kinney, 1973). 
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water i s  
placed i n  
Each cell 
depending 

withdrawn by pumps a t  the base. Drift  eliminators are usually 
the a i r  stream jus t  downwind of the f i l l  as shown i n  Fig. 13a. 
can cool about 1 m3 sec-' (15,000 gpm) of circulating water, 

on thermal efficiency, temperature drops desired, and wet bulb 
temperature. 

In certain s i tuat ions,  particularly where fogging i s  a potential 
problem, wet-dry mechanical d r a f t  cross-flow cooling towers are being 
considered. A wet-dry cooling tower is a wet cooling tower w i t h  a dry 
cooling tower on top and i s  i l lus t ra ted  i n  F ig .  14. In these towers the hot 
water is pre-cooled i n  a dry section a t  the t o p  of the tower before'entering 
the f i l l  material. Air t h a t  flows th rough  the wet section becomes nearly 
saturated w i t h  water vapor. In the upper p a r t  of the cooling tower t h i s  
nearly saturated a i r  i s  mixed with a i r  that  has been heated inside the dry 
section so that  the exhaust a i r  is subsaturated. From a cooling tower d r i f t  
perspective this mix ing  i s  important because d r i f t  drops from the wet section 
part i a1 l y  or to ta l  l y  evaporate. 

Warm dry 
effluent 

Dril 

Heat 

Dampers 

it Elirninatoi 

exchanger 

FIG. 14. Wet-dry cross-flow mechanical d r a f t  cooling tower cel l  (Reisman and 
Ovard, 1973) 
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DRIFT EL I MINATOR S 

Q As problems w i t h  deposi t ion o f  coo l ing  tower d r i f t  have emerged, a major 
e f f o r t  has been made by c o o l i n g  tower designers t o  e l i m i n a t e  d r i f t  e f f l u x  
from coo l ing  towers. Uncontro l led coo l ing  towers have d r i f t  r a t e s  o f  1-2% o f  
the c i r c u l a t i n g  water f l o w  ra te .  Since t h i s  represents a s i g n i f i c a n t  r a t e  o f  

water loss and has unacceptable v isua l  impacts, s imple d r i f t  e l im ina tors  have 
been incorporated i n  c o o l i n g  towers f o r  many years. I n  a recent  t e s t  by 

Wistrom and Ovard, (1973) these standard d r i f t  e l im ina tors  such as the 

Herringbone e l i m i n a t o r  shown i n  Fig. 15a reduced t h e  d r i f t  loss  f rom 0.02% t o  
0.12% o f  the c i r c u l a t i n g  water f l o w  ra te .  

A v a r i e t y  o f  geometrical con f igura t ions  have been used t o  improve the  

e f fec t i veness  o f  d r i f t  e l iminators ;  the most common are the s inusoida l  wave 

e l i m i n a t o r  (Fig.  15b) o r  the  " H i - V "  e l im ina tor ,  which i s  V shaped r a t h e r  than 
s inusoida l .  The distance across these two e l im ina tors  i n  the  d i r e c t i o n  o f  
the  a i r  f l o w  i s  t y p i c a l l y  about 10-15cm. The i n s t a l l a t i o n  o f  a " H i - V "  

e l i m i n a t o r  i n  a t y p i c a l  c o o l i n g  tower i s  i l l u s t r a t e d  i n  F ig .  16. Note t h a t  

the  channel o f  t h e  V i s  sloped so t h a t  c o l l e c t e d  water i s  drained t o  the  
d r i f t  e l i m i n a t o r  support beam and then down the beam t o  the  c o l d  water 

basin. More r e c e n t l y  honeycomb m a t e r i a l  (Fig.  15c), o r ien ted  such t h a t  the  

a i r  f l o w  i s  de f lec ted  a t  the  entrance, has been added t o  remove drops t h a t  
passed through t h e  upstream e l im ina tors  t o  improve t h e  e f f i c i e n c y  of drop 

c o l l e c t i o n .  The l a t e s t  innovat ion (Kinney, 1977) breaks the a i r  stream i n t o  
many small paths de f lec ted  a t  f i r s t  upward and then l a t e r a l l y .  

a 

flow 

A& 
flow 

Air --+ 
flow 

Wipers, C 

FIG. 15. Types o f  coo l ing  tower d r i f t  e l im ina tors  (Holmberg, 1973). 
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1. "HI-V" PVC drift eliminators 
2. Plywood D.E. air seal 

6 3. Structural tie 
4. C.A.B. air seal 
5. Structural column 
6. Transverse partition 
7. D.E. blade 
8. Drain slots 
9. D.E. support 

10. Rivulet of water droplets 
extracted from airstream 
follows 2 X 3 D.E. support to 
cold water basin 

3 

7 

Typical drift elminator installation 

FIG. 16. Installation of "Hi-VI' drift eliminator in cross-flow cooling tower 
(Reisman and Ovard, 1973). 

The efficiency of the current drift eliminators available for geothermal 
cooling towers range from 0.001% - 0.004%. In tests of the "Hi-V" eliminator 
the drift rate was 0.001%-0.008% with a typical value of 0.004% (Wistrom and 
Ovard, 1973). The duplex eliminator employed on the Chalk Point cooling 
tower was guaranteed for a maximum drift rate of 0.002% (Holmburg, 1973). 
The new dual path eliminator (Kinney, 1977) is claimed to be about 4 times as 
efficient as the duplex eliminator. 

Drift eliminator designs based on inertial impaction are most efficient 
at collecting large drops because of their greater inertia. This is fortu- 
itous because the large drops carry most of the drift mass and are most 
likely to be deposited. Smaller drops have a high probability of evaporating 
completely before they fall to the ground, thereby leaving the emitted 
pollutants suspended in the atmosphere as particulates. The cut-off for 
minimum deposited size is 100-200 microns, but depends greatly on ambient 
atmospheric conditions. Most modern drift eliminators are very efficient at 
collecting drops larger than 100-200 microns. 

I I  
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An important effect that limits the design options for drift eliminators 
is restriction of air flow through 9 cooling tower; this tends to decrease 
the cooling efficiency of the system: As drift eliminators collect water, 
the air flow is further reduced, so it is important to provide for rapid 
drainage of the collected water to reduce the back pressure on the air flow. 

@ 

For modern efficient drift eliminators there are two major ways that 
drops can escape the cooling tower, leaks or bypasses of the eliminators, and 
reentrainment of water drops from the eliminators. Leaks or bypasses occur 
around the edges and at joints in the eliminator support structure. Careful 
design can reduce this problem. If the water collected by the eliminators is 
not rapidly drained, it can be forced to the back of the eliminator and be 
reentrained into the air stream. These separated droplets are typically 
fairly large ( >lo00 microns) and are the major source of drift mass efflux 
for cooling towers equipped with modern drift eliminators. Separation of 
water drops from the drift eliminator support structure also contributes to 
this source of drift efflux. 

A new cooling tower may be very efficient at removing drift, but the 
high dissolved and suspended particulate content of makeup water from geo- 
thermal condensate or agricultural drains leads to a build-up of  residues on 
the drift eliminator surfaces. This can eventually clog the passages and 
plug the drainage routes. For geothermal plants that use the cooling tower 
as a pollutant scrubber, this residue build-up problem is greatly increased. 

DRIFT EMISSION CHARACTERISTICS AND MEASUREMENT TECHNIQUES 

The important characteristics of drift that have major impacts on 
deposition and possible detrimental effects are chemical composition, 
emission velocity and buoyancy, and size distribution. Each> of these factors 
depends in part on the particular design and operating parapeters of the geo- 
thermal power plant and cooling tower. Techniques have ;been developed to 
measure these characteristics, but the data generally are diffdcult to obtain 
and subject to some uncertainty. In this section we present'*he data avail- 
able on these characteristics and how the characteristics depend on plant 
parameters, and we list the measurement techniques and their relative 
usefulness. 

@ 

43 



Chemical ComDosition o f  Coolina Tower D r i f t  

For p l a n t s  designed t o  use geothermal condensate f o r  c o o l i n g  tower 

- makeup, data are a v a i l a b l e  on the chemical composit ion o f  the  geothermal 

f l u i d ,  but  techniques t o  ex t rapo la te  th&e data i n t o  the  chemical composit ion 

o f  d r i f t  are unavai lab le because knowledge o f  the t ransformat ions and 
p a r t i t i o n i n g  t h a t  take p lace i n  the  p l a n t  and c o o l i n g  towers i s  incomplete. 

Consider, f o r  example, the two-stage flashed-steam 50 MWe power p l a n t  pro- 
posed f o r  Ni land, C a l i f o r n i a  shown i n  Fig. 17. The geothermal f l u i d  f rom t h e  
we l ls  enters the p l a n t  a t  the  f l a s h  tanks. Here a p o r t i o n  o f  the  h o t  b r i n e  

becomes steam and the  r e s t  remains as ho t  water which i s  i n j e c t e d  i n t o  t h e  

geothermal reservo i r .  Each p o t e n t i a l  p o l l u t a n t  w i l l  be p a r t i t i o n e d  

between these two streams depending on i t s  own phys ica l  p r o p e r t i e s  and t h e  

operat ing cond i t ions  o f  the  f l a s h  u n i t s .  The p a r t i t i ' o n i n g  o f  t h e  var ious 

p o l l u t a n t s  a t  t h i s  p o i n t  i's not  understood and adequate data w i l l  no t  be 
a v a i l a b l e  u n t i l  some o f  these u n i t s  have been i n  operat ion.  Most l i k e l y  t h e  
p a r t i c u l a t e  and d isso lved m a t e r i a l s  w i l l  remain w i th  t h e  unf lashed component, 
but  s i g n i f i c a n t  q u a n t i t i e s  may f i n d  t h e i r  way through t h e  t u r b i n e  and con- 

denser and i n t o  the coo l ing  tower. Most o f  the  v o l a t i l e  and noncondensable 

Flash tanks 1-f 

To atmosphere 

f, 
7 

Turbine-gc----*-- 

1 d--j H2S scrubber 

Evap and drift 
:I lei a w l  
I 

- Steam-jet ejector 
, and direct-contact 

' TO reinjection well From geothermal 
wells 

FIG. 17. Flow diagram for  two-stage flashed-steam 50 MWe power 
proposed f o r  Ni land, C a l i f o r n i a  (Robertson, 1978). 
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substances w i l l  go w i t h  t h e  f lashed steam and e i t h e r  be released t o  t h e  

atmosphere through the H2S scrubber or enter the coo l ing  tower. Once i n  
the  coo l ing  tower, the  concentrat ion o f  . r  n o n - v o l a t i l e  p o l l u t a n t s  w i l l  b u i l d  up 
because o f  evaporation o f  water, although d isso lved and p a r t i c u l a t e  mater ia l  
w i l l  be cons tan t ly  removed w i t h  the  blowdown t h a t  i s  in jec ted .  The chemical 

composition o f  the c o o l i n g  tower w i l l  probably come t o  an equ i l ib r ium,  and i t  
should be poss ib le  a t  t h a t  t ime t o  measure the  amount o f  p o l l u t a n t s  i n  the  

c o o l i n g  tower and emi t ted as d r i f t .  

@ 

I I n  the Imper ia l  Val ley,  a g r i c u l t u r a l  d r a i n  water i s  a v a i l a b l e  f o r  cool -  
i n g  tower makeup and i s  being considered i n  some power p l a n t  designs. An 
example i s  the mul t i s tage b i n a r y  power cyc le  50 MWe geothermal power p l a n t  

c i r c u l a t i n g  water f o r  coo l ing  i s  i n  a c losed loop, and the  makeup water 
composit ion has been measured. Based on mass balance considerat ions i t  i s  
poss ib le  t o  est imate the mean composition o f  coo l ing  tower d r i f t  drops. 

Measurement o f  t h e  d r i f t  composit ion w i l l  be necessary t o  conf i rm these 
e s t  imates. 

I proposed f o r  Ni land, C a l i f o r n i a  and shown i n  F ig .  18. I n  t h i s  case t h e  
I 

. .  
Blowdown 

To reinjection well 
Prom geothermal 

wells I 
FIG. 18. Flow diagram f o r  the mul t i s tage b i n a r y  50 MWe power p l a n t  proposed 
f o r  Ni land, C a l i f o r n i a  (Robertson, 1978). . 
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E f f l u x  Charac te r i s t i cs  

The d r i f t  drops e x i t i n g  the  top  , o f  a coo l i ng  tower have an i n i t i a l  

upward v e l o c i t y  and p o s i t i v e  buoyancy which tends t o  accelerate them upward; 
therefore,  the  drops r i s e  above the  coo l i ng  tower and are t ranspor ted down- 
wind by the ambient a i r f l o w  before f a l l i n g  t o  the  ground. 

These e f f l u x  cond i t ions  are p a r t  o f  the  design c r i t e r i a  o f  t h e  c o o l i n g  

tower and depend on ambient temperature and humidi ty.  They can be adequately 

spec i f i ed  f o r  a given design and meteoro log ica l  condi t ions,  a l though they  are 

subject  t o  considerable s p a t i a l  and temporal inhomogeneity. Adequate 

techniques e x i s t  t o  measure t h e  v e l o c i t y  and buoyancy o f  c o o l i n g  tower 

e f f l u x ;  an example i s  provided i n  F ig .  19. 

Measurement position 
Rim 
south 1 2 3 4 5 6 Center 7 8 9 10 11 12 

I 1  I I 1 I 1 I I I I I 1  

oTDry bulb - 
15 - - OTWet bulb 

-5 I I I I I I I I I 
4 3 2 1 c 1 2 3 4 

Distance itom center - m 

R irn 
north 

38 v 
36 I 

2 
34 a 

2 
32 a 

30 

28 

al 

E 

FIG. 19. V e l o c i t y  and temperature p r o f i l e s  across the  top  o f  a cool ing-tower 
fan stack fir U n i t  11 cool ing-tower c e l l  6 (Rosen and Molenkamp, 1978). 
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integration of the drop size d i s t r i b u t i o n  w i t h  size. Drop s ize  distributions 
and mass fluxes vary consid rably among cooling towers and depend s igni f i -  
cantly on the effectiveness of the d r i f t  eliminators. An example of a drop 
s i ze  distribution measured a t  the top of the fan stack fo r  a cooling tower 
w i t h  a d r i f t  ra te  of 0.001% of the circulating water ra te ,  i .e. representa- 
t i ve  of the state-of-the-art i n  d r i f t  eliminators, i s  given i n  F i g .  20. Note 
that  there is a re la t ive ly  large percent by number of small drops  and that  a 
few very large drops are also observed. These small drops are presumably too 

0.m1 I 1 I 1 I I 1 1 1  I I I 1 1 . 1 1 1 l  .I I 1 1 1 1 1 1  

10 100 lo00 10,000 
Droplet size - micron 

FIG. 20. Number of d r i f t  droplets as a function of droplet s ize  (Wistrom and 
Ovard, 1973). 
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small t o  impact the d r i f t  eliminators, while the very large drops are con- 
sidered to  be "generated i n  the tower plenum area where impinging d r i f t  and 
vapor condensation accumulates on s t ructural  members (Wistrom and Ovard, 
1973)." No part icular  significance is placed on the peak near 200 microns 
which may be peculiar t o  this set of observations. These data are replotted 
i n  a different form i n  F ig .  21 where they are compared t o  one of the operat- 
i n g  cooling tower c e l l s  a t  The Geysers. The d r i f t  r a t e  for The Geysers 
cooling tower is 0.02%-0.05%, i.e. about 20 t o  50 times a s '  large as the 
state-of-the-art d r i f t  eliminator equipped cooling tower. The actual numbers 
of drops a t  a l l  s izes  including the large s izes  ( >lo00 microns) i s  larger 
fo r  The Geysers tower. The percent of droplets a t  smaller s izes  (100-1000 
microns) is much larger for  The Geysers cooling tower; i t  is  these drops tha t  
are effect ively removed by the advanced design drift  eliminators. The  mea- 
surements taken a t  The Geysers were made a f te r  the cooling tower had been in 

98 

7 95- 

I 1 0 1  

- 
/' 

- 
Geysers 
State of art - - 

-- 
/ 

Droplet diameter, d - microns 

FIG. 21. Comparison betwee.n fract ion o f  dr i f t  mass as a function o f  droplet 
s ize  fo r  a Geysers cooling tower ce l l  and fo r  a cooling tower equipped with 
state-of-the-art d r i f t  eliminators (Wistrom and Ovard, 1973; Rosen and 
Molenkamp, 1978). 
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operation for  some time, and the efficiency of the d r i f t  eliminators i n i t i -  
a l l y  instal led had degraded w i t h  time. This u n i t  a t  The Geysers i s  also 
equipped w i t h  the iron catalyst  H2S abatement system, and the cooling tower 
performance has been very adversely affected by the build-up of sludge. Note 
also that  the mass median diameter for The Geysers cooling tower i s  about 200 

8 

microns while the mass median diameter for  the state-of-the-art  eliminator i s  

over 1000 microns. If these largest  drops are made up substant ia l ly  of vapor 
condensed on structural  members i n  the cooling tower, they would contain 
considerably lower pollutant concentrations than the mean cooling tower 
c i  rcu 1 a t  i ng water. 

Measurement Techniques 

The only re l iab le  way t o  measure the mass flux and drop s ize  distribu- 
tion of cooling tower d r i f t  i s  -- i n  s i t u ,  i .e. by attaching various sensors and 
sample collectors to  a boom extended across the fan stack. An excellent 
review o f  the measurement techniques and instrumentation available i s  given 
by McVehil, Heikes and Cole, (1975). They describe a l l  of the instruments 
that  have been used and the i r  operating principles and assess the i r  ease of 
use and accuracy. 

The major conclusions of McVehil, Heikes and Cole, (1975) concerning 
measurement of d r i f t  residue f l u x  and drop s ize  distributions,  which have n o t  
changed s ignif icant ly  i n  the intervening years, are 

A summary of the i r  evaluations i s  reproduced as Table 6. 

Total mass flux of water and mineral constituents and d r i f t  d r o p  
s ize  dis t r ibut ions can be measured with an accuracy o f  - + 25% or 

~ better. 

Such data can,.be obtained- only w i t h  a .g rea t  deal of e f for t  u s i n g  a 
variety o f  instruments and a s ignif icant  amount of data analysis. 

There i s ,  no routine procedure available fo r  measuring these 
parameters. 

Laser l i g h t  -scat ter ing instruments show promise of providing a 
f a i r l y  reli 'able technique of monitoring cooling tower d r i f t .  

Heated isokinetic sampling probes and cyclone' separators provide an 
acceptable method of periodically verifying cooling tower d r i f t  

perf ormance. 

0 Cyclone separators have the 'potential of providing a means of 
o b t a i n i n g  d r i f t  mineral concentration as a function of drop size.  

Q 
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TABLE 6. Sumnary of drift and residue measurement meth0ds.a 

East' of Use 
Method or Apparent Data Reduction and Experience 
Instrument Accuracy Sampling Interpretation In Field Use 

Measurement of Total Drift Rate (D) 
or Drift Residue Flux (R) 

(R) Isokinetic 
Sampli ng Tube Very Good Good ' Good Good ' 

(R) Cyclone 
Separator Good Good Good Good 

(D) Sensitive 
Paper Fair Good Fair Good 

(D) Coated Slides Fair Fair-Good Poor Good 

' Balance Poor Good Good . * -  Fair 

, 

~ (R) 'Chemical 

Calorimetry ~ Poor Good I 'Fair Unknown 
(measures total water content, neither ( D )  nor ( R )  

Met hods Poor Fair Fair Fair 
(D) Optical 

cost 

Moderate ' 

' .  
Moderate 

Moderate 

Moderate 
.. . 

Low 

Moderate 

Moderate 
/High 

Measurement of Drop-Size Distribution 

Holography Good Poor Poor 

Laser 
Scattering Good Good Fair-Good 

Laser Imaging Good Good Good 

Sensitive 
Paper Good Good Fair 

Coated Slides Good Fair Poor 

< 

None High 

Very Good /High 

None High 

Moderate 

Good Moderate 

Good Moderate 

Measurement of Drift Residue (R) and Background (6)  

(R,B)Single 

(R,B)APS(mesh) Very Good Good Good Good Moderate 

(R) High-Volume 
S amp 1 er Fair-Good Good Good Fair Moderate 

(R) Deposition 
Pans Good Good , Fair Good Low 

a McVehil, et al., 1975. 

Strands Very Good Fair Good Fair Low 
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ATOMSPHERIC TRANSPORT, DEPOSITION, AND MODELING 

Factors Affecting Transport and Deposition @ 
A d r i f t  drop emitted into the atmosphere moves w i t h  the wind ,  while 

f a l l i n g  a t  i t s  terminal velocity and evaporating i f  the a i r  i s  subsaturated, 
unti l  i t  either f a l l s  on a receptor or evaporates completely. As drops 
evaporate, t h e i r  mineral concentrations increase because the dissolved 
substances remain i n  the drop. Pollutants dissolved i n  drops tha t  evaporate 
completely do not contribute s ignif icant ly  t o  local d r i f t  deposition; they 
are transported away by the wind and ultimately are deposited by dry deposi- 
t ion or precipitation scavenging. Drif t  drops may co l l ide  and coalesce w i t h  
one another, thereby changing the drop s ize  distribution and making i t  a r t i -  
f i c i a l  t o  t a lk  about the f a t e  of individual drops. 

Drif t  parameters most important i n  affecting pollutant deposition are  
the drop s i z e  dis t r ibut ion,  emission velocity and buoyancy, and the concen- 
t ra t ion  of pollutant as a function of d r o p  s ize  if  there i s  a s ignif icant  
variation. Properties of the ambient atmosphere w i t h  major influences are 
wind velocity, r e l a t ive  humidity, and turbulence. 

Once d r i f t  material has been deposited on the ground or on plants,  i t  
can be fur ther  redis t r ibuted by wind, ra in ,  i r r iga t ion ,  e tc .  This aspect i s  
usually not considered i n  making estimates of d r i f t  depos i t i on ,  b u t  i t  may be 
important in assessing detrimental effects .  

Types of Problems 

Problems associated w i t h  d r i f t  deposition can be d i v i d e d  into two 
categories: short-term or episode impacts, and long-term b u i l d - u p  of dam- 
aging material. Nearly a l l  d r i f t  deposition problems are due t o  long-term 
build-up. We draw this dis t inct ion t o  point out tha t  the perspective taken 
i n  modeling is more relevant t o  short-term deposition than t o  long term 
b u i l d - u p  because models usually attempt t o  simulate what happens t o  emitted 
drops i n  par t icular  representative atmospheric conditions. Assessment o f  
long term build-up depends on properly combining simulations i n  many meteo- 
rological conditions t o  give the long term to ta l  deposition. Such an 
approach i s  very cumbersome w i t h  currently available models and represents a 
basic deficiency i n  cooling tower drift  assessments. 
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Q Modeling 

The usual technique for estimating the distribution pattern of deposited 
d r i f t  i n  the v ic in i ty  of a cooling tower i s  t o  calculate  the transport  of 
d r i f t  droplets w i t h  a numerical simulation model. Chen,  (1977) has provided 
descriptions of the ten most widely used models and compared these models f o r  
a particular se t  of i n p u t  data. The original reports are given by Refs. 26, 
35, 48, 69, 72, 74, 75, 88, 90. Table 7 provides a summary of the basic 
features and differences of these models. The approach taken in each model 
i s  specified as b a l l i s t i c ,  Gaussian, and K-theory. 

The b a l l i s t i c  method assumes tha t  drops follow t r a j ec to r i e s  through the 
atmosphere that  have a horizontal component o f  the wind velocity and a ver- 
t i ca l  (downward) component 'given by the terminal velocity, which may or may 
not  change depending on whether evaporation i s  considered. The b a l l i s t i c  
t ra jec tory  is assumed to  originate a t  the point where the drop emerges from 
the r i s ing  cooling tower plume. The purely b a l l i s t i c  models do not account 
for  atmospheric turbulence. 

The Gaussian method assumes tha t  the motion of the drops is  dominated by 
atmospheric diffusion w i t h  t he  Gaussian approximation used t o  represent the 
horizontal and ver t ical  spread of a cloud of droplets of a given s ize .  In 
order t o  account f o r  the terminal velocity of large drops the center l ine of 
the Gaussian prof i le  is assumed t o  approach the ground a t  a r a t e  equal t o  
drop terminal velocity; such an approach i s  cal led a Ballistic-Gaussian 
met hod. 

The K-theory method is  similar t o  the Gaussian method b u t  uses a 
different  technique t o  specify the parameters governing turbulent diffusion. 

The comparison of these models by Chen, (1977) provides an important 
i n s i g h t  i n t o  the state-of-the-art  i n  cooling tower dr i f t  modeling. The i n p u t  
conditions specified fo r  this comparison were chosen t o  be typical of a large 
natural d raf t  cooling tower a t  Chalk Point, Maryland; however, the general 
conclusions are just  as relevant t o  simulations of smaller mechanical draf t  
cooling towers. Results from these simulations are given i n  F i g .  22a through 
22c. I t  is  immediately apparent tha t  there are tremendous differences 
between the model predictions.- Even such a simple parameter as maximum 

52 



Table 7. Sumnary and model characteristics f o r  ground-deposition-rate predicti0n.a 

Atmospheric Plume 
Method Turbulent Rise Breakaway Point Evaporation Invest i gat or 

Diffusion Formul a 

Hosler et al. 
May, 1972 

Roffman and Grimble 

Wistrom and Ovard 

Slinn 

Jan. 1973 

Jan. 1973 

', Mar, 1974 

Laskowski 
Mar. 1974 

Israel and Overcamp 
Mar, 1974 

Hanna 
Mar. 1974 

Wolf 
Mar. 1974 

Tsai and Johnson 
Apr, 1974 

ORFAD9 
Jan. 1975 

Rao. et al. 

Ball i st ic 

K- t heory 

Ballistic - large drops; 
Gaussian - small drops 

Ballistic - large drops; 
Gaussian - small drops 

Ballistic - Gaussian 

Gaussian 

Ballistic - large drops; 
Gaussian - samll drops 

Ball i st i c 

Ball istic 

Ball i st i c 

Ballistic - Gaussian 

No 

Yes, constant 
K assumed 

Yes, PGC 

Yes. PGC 

Yes. PGC 

Yes. B N L ~  or 
PGC 

Yes, PGC 

No 

Nsb 

No 

Yes 

Nsb 

Br i ggs 

Nsb 

Briggs 

Briggs or 
Slawson 
and 
Csanady 

Briggs or 
SI awson 
and 
Csanady 

Briggs 

Briggs 

Extension 
of 
Morton, 
Taylor, 
and Turner 
Mode 1 sf 

Drop fall velocity Three categories: no 
exceeds updraft evaporation, saturated 

solution, and dry 
particles 

Same as Hosler et al. Maximum plume rise 

Tower top Yes 

Tower top - large No 
drops; 
Max plume rise - 
drops 

Drop fall distance Yes 
exceeds plume radius 

Drop fall velocity Same as Hosler et al. 
exceeds updraft 

Drop fall distance Yes 
exceeds plume 
radius 

Nsb Yes 

Fall velocity Yes 
exceeds updraft 

Briggs Nsb 

Extension N S ~  
of Morton, 
Taylor, 
and Turner 
mode 1 sf 

Same as Hosler, et al. 

Empirical formula 

a Chen, 1977. 
b No specification is given in the model. 
c Pasquill-Gifford stability class. 
d Brookhaven National Laboratory stability class. 
@ Wolf's model is not reviewed in this report. 
f B. R. Morton, G. Taylor. and J. 5. Turner, "Turbulent Gravitatlonal Convection from Maintained and Instantaneous 

9 Oak Ridge Fog and Deposition model. 
h Effects of downwash and washout are accounted for only by Laskowski. 

Sources," proc. Roy. SOC. (London, Ser. A 234: 1956 1-23. 
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Downwind dirlance - km 
.- 

Downwind dwance - km 

FIG. 22. Model comparison using the input data given in Table 7. The 
predicted deposition rate is plotted as a function of downwind distance. The 
correspondence between curves and specific models is not given in Chen, (1977) 
from which the figure is reproduced. 
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depos i t ion  r a t e  var ies by 2-3 orders o f  magnitude. While the  wide d ispers ion 

i n  r e s u l t s  can be expla ined on the  basis o f  model assumptions, i t  i s  l a r g e l y  

a matter o f  personal preference which model one would use f o r  a p a r t i c u l a r  
coo l ing  tower d r i f t  study. Estimates o f  impacts us ing one o f  these models 
could be tremendously d i f f e r e n t  from estimates based on another model. 

@ 

An a b i l i t y  t o  s imulate the  deposi t ion o f  c o o l i n g  tower d r i f t  w i t h  
numerical models and prov ide adequately r e l i a b l e  r e s u l t s  does not  e x i s t .  

Measurement 

The method f o r  determining whether a s imu la t ion  model o f  c o o l i n g  tower 

d r i f t  i s  r e l i a b l e  i s  t o  v a l i d a t e  t h e  model w i t h  comprehensive sets o f  mea- 

surements. These sets must inc lude data on d r i f t  deposi t ion r a t e  a t  var ious 
1 ocat ions downwind o f  a coo l ing  tower and corresponding measurements o f  

emission c h a r a c t e r i s t i c s  and meteorological  data f o r  winds, v e r t i c a l  temp- 

e ra tu re  and mois ture s t ruc tu re ,  and turbulence. C o l l e c t i o n  o f  adequate data 
sets i s  a major research p r o j e c t  i n v o l v i n g  measurements o f  many var iab les  

under a v a r i e t y  o f  condi t ions.  There are none c u r r e n t l y  a v a i l a b l e  t h a t  can 

be used t o  v a l i d a t e  models. 

Measurement o f  the d r i f t  deposi t ion r a t e  o f  p o l l u t a n t s  i s  very  d i f f i -  

c u l t ;  i t  i s  accomplished by c o l l e c t i n g  drops and p a r t i c l e s  and analyzing t h e  

c o l l e c t e d  mater i  a1 chemical ly  or by atomic absorpt ion spectroscopy. Four 

devices have been used inc lud ing,  h igh volume samplers, a i rborne p a r t i c u l a t e  

samplers, depos i t ion  pans, and ' s e n s i t i v e  papers. They are described and 

compared by McVehil, Heikes, and Cole, (1975) .  

EFFECTS OF POLLUTANTS 

T o  the very important quest ion of how much deposi t ion o f  a given sub- 
stance can be' t o l e r a t e d  by var ious receptors  before damage occurs, there  are 

few answers, p a r t i c u l a r l y  f o r  the  p o t e n t i a l  p o l l u t a n t s  from geothermal power 

p l  ant  cool  i ng towers. 

Because of the e a r l y  problems associated w i t h  d r i f t  deposi t ion o f  sea 

s a l t  as we l l  as deposi t ion o f  s a l t  on crops and vegetat ion near t h e  oceans o r  

by i r r i g a t i o n  w i t h  s l i g h t l y  s a l i n e  water, there  i s  much more in fo rmat ion  

a v a i l a b l e  f o r  sea s a l t  than f o r  any other p o l l u t a n t .  There has not  been a 

review or summary o f  such data, and t h e  i n fo rmat ion  i s  w ide ly  dispersed. 
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Available data on the s a l t  tolerance of crops and vegetation should be 
collected and reviewed for use i n  environmental analyses o f  cooling tower 
impacts for a l l  energy technologies. e 

The water available for  use i n  cooling towers i n  the Imperial Valley i s  
moderately to  extremely saline; therefore deposition of s a l t  is clear ly  a 
major issue. Some specific information on natural vegetation i n  southeastern 
California which is relevant t o  the Imperial Valley i s  given i n  Table 8, 
This available data is i n  very general terms and is  of only marginal 
adequacy. 

Table 8. S a l t  tolerance of some Colorado deser t  shrubs.a 

Conductivity (mmhos/cm) 

0.20 6.92 12.47 17.81 21.68 25.82 
Species 

Ambrosia dumosa 1 2 4 5 5 5 

Larrea d ivar ica ta  1 2 4 5 5 5 

Lycium anderson i i 1 5 5 5 5 5 

1 = Normal growth and color. 
2 Visible  inh ib i t ion  without color  change. 
3 = Reduced growth with color  change (appl ied t o  Mojave Desert 

4 = Serious damage but a l i v e  a f t e r  nine months. 
5 = Dead within f i r s t  th ree  months. 

Source: Wallace, A. ,  and E. Romney. 1972. Radioecology and ecophysiology 

a Rao, e t  a l . ,  1975. 

species  only). 

of deser t  plants  a t  the Nevada Test S i t e .  TID-25954. U.S. AEC. 

Other Substances 

Boron has already proven to  be an issue fo r  the geothermal industry a t  
The Geysers power plant by damaging t rees  i n  the vicini ty  of several cooling 
towers. Data on the sens i t iv i ty  of these t rees  t o  boron or the deposition 
amounts they have experienced i s  not yet available. Boron i n  so i l  is known 
t o  damage many plants even when present i n  quite low concentrations. Collec- 
tion of the available data and evaluation of research needs regarding this 
substance are needed. 

Many other substances are detrimental t o  plants of various types a t  
rather low concentrations. In order t o  assess the i r  effects ,  data on 
receptor sensi t i  v i  t i e s  need to  be collected and made readi ly  avai 1 able. 
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CONCLUSIONS 

0 We have reviewed the s ta te -o f - the-ar t  f o r  reducing d r i f t  emissions and 
techniques ava i l ab le  f o r  assessing the  environmental impacts o f  deposi ted 

The major conclusions are the fo l l ow ing :  

Mechanical-draf t  cross- f low coo l i ng  towers can be b u i l t  w i t h  a 
maximum quaranteed d r i f t  loss o f  less than 0.001% o f  the  c i r c u l a t i n g  

water f 1 ow r a t e .  

The e f f i c i e n c y  o f  the d r i f t  e l im ina to rs  i n  geothermal power p l a n t  
coo l i ng  towers can be r a p i d l y  degraded by us ing  r e l a t i v e l y  low 
q u a l i t y  makeup water from geothermal condensate or  a g r i c u l t u r a l  

dra ins and by us ing the  coo l i ng  tower as a r e a c t i o n  vessel f o r  
removal o f  po l  1 utants .  

The d r i f t  mass f l u x ,  minera l  mass f l u x ,  d r i f t  drop s i z e  d i s t r i b u -  

t i o n ,  d i s t r i b u t i o n ,  and d r i f t  e x i t  v e l o c i t y  and buoyancy can be 
measured w i t h  an accuracy o f  about A 25%. 

The chemical composition o f  coo l i ng  tower d r i f t  when t h e  c i r c u l a t i n g  

water i s  made up from geothermal condensate cannot be adequately 
predic ted.  

P red ic t i ons  of d r i f t  t ranspor t  and depos i t ion  by the  ava i l ab le  

models d i f f e r  f rom one another by orders o f  magnitude. 

No adequate data sets  e x i s t  t o  va l i da te  d r i f t  depos i t ion  models o r  
t e s t  the i r ass urnpt i on s . 
Data have been obtained on the  e f f e c t s  of sea s a l t  deposi t ion on 

some receptors,  bu t  these data have no t  been c o l l e c t e d  and made 

convenient ly  a v a i l  able. 

Data f o r  a l l  o ther  emi t ted ma te r ia l s  are inadequate t o  speci fy  
damage thresholds.  

S i g n i f i c a n t  progress has been made i n  reducing d r i f t  emissions, bu t  gaps 
i n  knowledge and lack  o f  data on t ranspor t ,  deposi t ion,  and receptor  sen- 

s i t i v i t y  prevent a determinat ion o f  what an acceptable r a t e  o f  d r i f t  emission 
might  be and whether f u r t h e r  reduct ions i n  d r i f t  emissions are requi red.  

Q 
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NO I SE CONTROL TECHNOLOGIES 

P. Leitner* 

INTRODUCTION 

Background 

Noise from geotherma industry operations in Imperial Valley is of con- 
cern because o f  potential adverse effects on: 

0 The occupa.tiona1 health and safety of workers. 

0 The public health and welfare in nearby comnunities. 

0 The behavior and well-being of native wildlife in refuges and 
critical habitat areas. 

Experience gained at The Geysers project in Northern California is worth- 
while in evaluating environmental control needs for the Imperial Valley. 
Noise, chiefly due to large-scale venting of steam, was raised as an issue 
by residents of  communities near the Geysers project. However, recent 
improvements in noise control technology and operating procedures have 
provided significant mitigation of impacts (Whitescarver, 1978). While the 
frequency o f  venting has been reduced and certain types of effective muff- 
ling devices have been developed, there is still no currently available 
control technology to abate the noise from wellhead venting operations 
(Lei tner , 1979). 

Because of the history of noise problems at The Geysers, it is impor- 
tant to evaluate the requirements for noise control technology in the 
development and utilization of the liquid-dominated geothermal resources o f  

> the Imperial Valley. To do this, it is necessary to take account of: 
, .  

0 Applicable noise regulations and standards. 

Existing ambient noise conditions. 

Emissions characteristics of  geothermal noise sources. 

* Biology Department, Saint Mary's College of California, Moraga, CA 94575 
I 
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Noise Regulations and Standards 

Noise emissions from geothermal industry sources i n  the Imperial 
Valley are subject to  regulations and guidelines promulgated by a number of 
government agencies. These regulations pertain both to  the assurance of 
occupational health and t o  the protection of local communities from 
excessive noise exposure. 

Occupational Health Regulations. The U.S. Department of Labor regulates 
occupational exposure to  noise under provisions of the Occupational Safety 
and Health Act of 1970. Each s t a t e  may establish i t s  own occupational 
safety and health program, including measures to  protect workers against 
the effects  o f  noise exposure, provided that  i t  is as effect ive as that  of 
the federal government. In order t o  contribute to  the conservation of 
workers' .hearing, the California Occupational Safety and Health Act 
(CAL-OSHA) s e t s  standards for  noise exposure comparable t o  those of the 
federal regulations. Table 9 shows the current allowable daily exposure 
without the use of personal hearing protection devices. 

\ 

TABLE 9 .  Standards for occupational noise exposure. a 

Totai Exposure Time 
Per Day, Hours 

Sound Pressure 
Level, dBA 

8 
6 
4 
3 
2 

1-1/2 
1 

112 
1/4 or less 

90 
92 
95 
97 
100 
102 
105 
110 
115 

a. Source: CAL-OSHA, Title 8, California Adminstrative Code, Sections 
5095-5099. 
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Community Noise Regulat ions. The o n l y  federa l  r e g u l a t i o n  t h a t  appl ies 

s p e c i f i c a l l y  t o  geothermal noise emissions i s  found i n  t h e  U.S. Geological  

Survey (1975) Geothermal Resources Operational Order No. 4. This document 
s ta tes t h a t  geothermal-related a c t i v i t i e s  on federa l  leases s h a l l  n o t  

m ) ,  whichever i s  greater .  

exceed a noise l e v e l  of 65 dBA 1 a t  the lease boundary o r  a t  1/2 m i  (800 

The U.S. Environmental Pro tec t ion  Agency (1974) has i d e n t i f i e d  

environmental noise l e v e l s  t h a t  appear t o  p r o t e c t  against  community 

annoyance and a c t i v i t y  interference. An outdoor ambient day-night average 

sound l e v e l  (Ldn)2 of 55 dBA o r  less has been proposed as a c r i t e r i o n  
f o r  r e s i d e n t i a l  areas, schools, and hosp i ta ls .  This c r i t e r i o n  i s  use fu l  as 
a gu ide l ine  for  judging the  a c c e p t a b i l i t y  o f  no ise i n t r u s i o n ,  b u t  does not  

represent a federa l  standard. 

Regulatory a u t h o r i t y  over Community noise i s  delegated t o  l o c a l  

governmental j u r i s d i c t i o n s  by t h e  State of C a l i f o r n i a .  . A  Noise Element 
must be inc luded i n  a l l  c i t y  and county General Plans i n  order t o  prov ide a 
bas is  f o r  achieving an acceptable noise environment. The Imper ia l  County 

Noise Element sets standards and l i m i t s  i n  terms o f  var ious types of 
c r i t e r i a  ( Imper ia l  County Planning Department, 1974). I t  includes t h e  U.S. 

Department o f  Housing and Urban Development noise c r i t e r i a  f o r  new residen- 
t i a l  cons t ruc t ion  s i t e s  (Table 10). 

I n  addi t ion,  Imper ia l  County has establ ished noise c r i t e r i a  s p e c i f i -  

c a l l y  fo r  geothermal development a c t i v i t i e s  ( Imper ia l  County Department o f  
Pub l ic  Works, 1977). These c r i t e r i a  se t  octave-band l i m i t s  and compliance 

i s  judged by measurements made a t  the  boundary o f  the  p r o j e c t  area. Two 

classes o f  d r i l l i n g  and product ion noise standards are establ ished; t h e  

dBA = A-weighted sound leve l .  The sound l e v e l  i n  dec ibe ls  measured 
us ing a sound l e v e l  meter w i t h  a weight ing network ( f i l t e r )  
approximat ing the  frequency s e n s i t i v i t y  o f  t he  human ear. 

= Day-night sound l e v e l .  The A-weighted sound l e v e l  for a 24-hour 
pe r iod  t h a t  i s  equiva lent  i n  t o t a l  energy t o  an ac tua l  
t ime-vary ing sound leve l ;  a 10-decibel  p e n a l t y  i s  added t o  
n i g h t t i m e  sounds (10 pm-7 am). 

2 Ldn 
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Q 
TABLE 10. U.S. Department of Housing and Urban Development ex te rna l  no i se  

exposure standards f o r  new cons t ruc t i on  s i t es .a  

Imper ia l  County u. 5 .  
Noise Element DHUD General External  Exposure 
Category Category Standard (dBA) 

C r i t i c a l  Unacceptable Exceeds 80 dBA 60 minutes/24 h r s  
Exceeds 75 dBA 8 hours/24 h r s  

Concern Normally Exceeds 65 dBA 8 hours/24 h r s  

Unacceptable 
Load r e p e t i t i v e  sounds on s i t e  

Caut ion Norma 1 l y  Does not  exceed 65 dBA more than 
Acceptable 8 hours/24 h r s  

Al lowable C l e a r l y  Does not exceed 45 dBA more than 
Acceptable 30 m i  nutes/24 h r s  

a Source: U.S. Department o f  Housing and Urban Development (1971). 

County Planning Commission determines the  standards t h a t  apply  t o  a spec- 
if i c geothermal development p ro jec t .  The C1 ass I standard corresponds t o  
an o v e r a l l  A-weighted sound pressure l e v e l  (SPL) of 76 db and app l ies  t o  
areas remote from s e n s i t i v e  receptors. The Class I1  standard i s  consider- 
a b l y  more s t r ingent ;  i t  i s  subdivided by land use category, w i t h  

p rog ress i ve l y  lower l i m i t s  app l ied  t o  i n d u s t r i a l  , commercial, dense 

r e s i  den t i  a1 , normal r e s i  dent i a1 , and open space uses. 

IMPERIAL VALLEY 

Ambient Noise Levels  

Current  ambient noise cond i t ions  i n  the  Imper ia l  Va l ley  are q u i t e  
var iab le,  depending on the  p a r t i c u l a r  l o c a t i o n  and the  e x i s t i n g  land use. @ 
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General urban noise levels (approximately 50-60 dBA) are undoubtedly 
characteristic of towns and cities within the valley, while significantly 
higher sound levels may be expected in the vicinity of industrial 
facilities. An extensive highway network carries large volumes of autos 
and truck traffic throughout the region; traffic noise is audible in many 
parts of the valley. Other important transportation noise sources are 
railroads and aircraft. Heavy farm machinery and crop-dusting aircraft 
result in higher ambient noise levels throughout the extensive agricultural 
lands. Mechanized farming operations are commonly conducted at night, as 
well as during daylight hours. 

Several ambient noise surveys have been carried out recently in the 
Imperial Valley to provide a baseline for the assessment o f  noise impacts 
from geothermal development . 

Ambient noise levels were measured at several locations in the 
northern Imperial Valley (Brawley and Salton Sea KGRAs) as part o f  the I V E P  
investigations (Nyholm and Anspaugh, 1977; Leitner, unpublished data, 
1979). These measurements were made in open-space areas used for agri- 
culture and wildlife habitat. At some locations no man-made noise sources 
were audible, while at others distant aircraft, vehicular traffic, or farm 
machinery contributed to the measured noise levels. Most values were below 
40 dBA, although about one-third ( 9  out of 26) ranged from 41 to 50 dBA 
(Table 11). These ambient levels are probably typical of the less- 

TABLE 11. Ambient no ise measurements i n  open-space areas of 
Imper ia l  Val1ey.a 

Range i n  Number o f  
Locat ion Sound Pressure Level (dBA) Measurements 

Imper ia l  W i l d l i f e  Management Area 
Wister U n i t  27 - 50 
Finney-Ramer U n i t  29 - 49 

Sal ton Sea Nat ional  W i l d l i f e  Refuge 
Headquarters U n i t  
South U n i t  

38 - 44 
33 - 37 

8 
8 

0 

4 

asources: Nyholm and Anspaugh, 1977; Le i tne r ,  unpubl ished data, 1979. 
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intensively used lands both within the Imperial Valley and on the desert 
mesas to the west and east. 

Another study, conducted in an agricultural area two miles ( 3 . 2  km) 
north of the City of Brawley municipal boundary, resulted in measurements 
of ambient noise levels for representative time periods during the day, 
evening, and night (WESTEC Services, Inc., 1979). Equivalent sound levels 
(Leq)' were 52 dBA (day), 35 dBA (evening), and 44 dBA (night) (Table 
12). The minimum and maximum values varied widely during each sampling 
period: 37 to 77 dBA during the day, 25 to 65 dBA in the evening, and 24 
to 75 dBA at night. Day-night average sound level (Ldn) was calculated 
at 52 dBA. Noise sources present in the area were farm machinery and 
highway traffic. These data are consistent with those reported for the 
Heber KGRA, where ambient sound levels (Ldn) ranged from 50 to 65 dBA 
(VTN Consolidated, Inc., 1978). Although these Ldn values are relatively 
high for an agricultural area, they are probably representative of much of 
the Imperial Valley where transportation, industrial, and urban noise 
sources intrude. 

Ambient noise levels in parts of The Geysers-Calistoga KGRA where geo- 
thermal development has not yet taken place appear to range from 30 to 50 

dBA (Pacific Gas 81 Electric Company, 1977; California Department of Water 
Resources, 1978). These levels are comparable to those measured in agri- 
cultural and open space areas o f  the Imperial Valley in the absence o f  
obvious human activity. However, much o f  the Imperial Valley is presently 
subject to higher levels o f  continuous or intrusive noise as a result o f  

the presence of numerous urban centers, heavy surface and air traffic, and 
industrial and agricultural development. Because noise sources comparable 
to those accompanying geothermal development are already a part of the 
existing environment, strong comunity resistance due to noise impacts 
would not-be expected. 

1 Leq = Equivalent sound level. The A-weighted sound level that i s  
equivalent i n  total energy to an actual time-varying sound 
level. 

63 



TABLE 12. Ambient noise levels (dBA) in the vicinity of  the North Brawley 
Ten Megawatt Geothermal Demonstration Faci1ity.a 

Date Time 
~ 

May 17, 1978 1915-2215 hours 30 34 65/25 35 

May 17-18, 1978 2215-0615 hours 28 37 75/24 44 

May 18, 1978 1240-1340 hours 39 43 77/37 52 

a. Source: Westec Services, Inc. (1979) - 

b s  Lgo = 90% sound level. The A-weighted sound level equalled or 

L50 50% sound level. The A-weighted sound level equalled or 

Lmax = Maximum A-weighted sound level. 
e* L,in = Minimum A-Weighted sound level. 

exceeded 90% of  the time. 

exceeded 50% o f  the time. 

Geothermal Noise Sources 

Well Field Exploration and Development. Three distinct operations are 
usually conducted at any given well location. 

Drill site preparation. . 
0 Well drilling. 

Well testing. 

Drill site preparation involves such operations as grading, compact- 
ing, and surfacing the well pad and access road, as well as excavation of a 
reserve pit or sump. Noise' emissions from the heavy power equipment 
required will be in the range 85-95 dBA at 50 f t  (15 m ) .  

Attenuation with distance will result in sound pressure levels of 50-60 dBA 
at 1/2 mi (800 m). Construction activities will be confined to daylight 
hours. 



Drilling will go on around the clock for four to six weeks per well. 
In the Imperial Valley, it is carried out with a rotary rig using mud as 
the circulating medium. Large diesel engines are the dominant noise 
sources at a drill site. A maximum sound pressure level of 85 dBA is 
expected at 50 ft (15 m). At 1 /2  mi (800 m) from the drill site noise 
levels should be in the range 45-55 dBA. 

Geothermal wells are normally flowed to a sump for a short time to 
clean out drilling mud and cuttings. If steam is allowed to flash to 
atmosphere at the outlet of the discharge pipe, well cleanout can be 
relatively noisy, 80-85 dBA. However, if the discharge pipe is submerged, 
noise will be greatly reduced. Flow testing to determine well production 
characteristics may be conducted for days or weeks. In this case, fluid 
will be pumped from a production well, steam separated and vented t o  
atmosphere, and the residual water injected at another well. Major noise 
sources are the diesel engines driving the various pumps. Sound pressure 
levels of 80-90 dBA occur at 50 ft (15 m), with levels at 1 /2  mi (800 m) in 
the range 45-55 dBA. 

Construction of Power Plant and Related Facilities. Construction of a 
power plant with its associated pipelines and transmission lines will 
require considerable site preparation, including excavation and grading 
work. The dominant noise sources will be large pieces of diesel-powered 
earthmoving equipment such as bulldozers, graders, front-loaders, and heavy 
trucks. During the erection o f  buildings, transmission towers, and other 
f a c i l i t i e s  and the installation of pipelines and equipment, a number of 
noise sources will be operating in a given project area: cranes, concrete 
mixers, pumps, generators, and compressors. The range of noise emissions 
is very similar to that expected during drill site preparation, a maximum 
of 85-95 dBA at 50 ft (15 m) and 50-60 dBA at 1 / 2  mi (800 m) . 

Operation of Power Plant. The major noise sources associated with a 
geothermal power plant are the turbine/generator and the cooling tower. 
Noise emissions will vary somewhat depending on the generating capacity o f  

the plant and the size of the cooling tower. Although sound levels may be 
as high as 90-95 dBA in close proximity to the turbinelgenerator unit, total 
plant noise emissions are in the range 75-85 dBA at 50-100 ft (15-30 m). 
Overall plant noise at 1/2 mi (800 m) will be attenuated to 40-45 dBA. @ 
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TABLE 13. Sound pressure levels expected to be associated with the various 
phases of geothermal energy development i n  Imperial  Valley. 

Expected Range o f  SPL (d8A) 

Development Phase 50 f t  (15  m) 1/2 m i  (800 m)  

Drill S i t e  Preparation 85-95 50-60 
Well D r i l l i n g  75-85 45-55 

Well Testing 80 - 90 45-55 

Construction o f  Power Plant  85-95 50-60 

Operation o f  Power Plant 75-85 40-45 

Summary of Geothermal Noise Sources. The sound pressure levels (SPL) that  
w i l l  be associated w i t h  various phases of geothermal development i n  the 
Imperial Valley are summarized i n  Table 13. Steam v e n t i n g  will not be a 
significant source of noise here, since geothermal wells i n  a l i q u i d -  
dominated reservoir can usually be completely s h u t - i n  when the i r  production 
i s  not  required. As a resu l t ,  maximum SPL a t  geothermal f a c i l i t i e s  will be 
much lower than a t  the Geysers, where levels as h i g h  as 125 dBA have been 
measured from large-scale steam venting operations. 

I 

In the Imperial Valley, the loudest 'noise sources will be heavy trucks 
and earth-moving equipment used primarily in the preparation of s i t e s  for  
wells, power plants, and other f a c i l i t i e s .  This equipment will normally 

for  construction operate d u r i n g  daytime only and will be on-site temporarily 
phases. When power plants are in operation, the noise leve 
m) are not expected to  exceed 45 dBA. 

Contro 1 Requi rement s 

s a t  1 /2  m i  (800 

The need for improved noise control technology i n  Imperial Valley can be 
assessed by comparing expected noise emission levels from geothermal 
industry sources w i t h  applicable regulations and standards. In general, i t  
appears that  most geothermal projects will be able to  meet existing 
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regulations without making any changes i n  the equipment and operating 
procedures i n  use today. Compliance will have t o  be demonstrated for each 
project on a s i te-specif ic  basis, b u t  even i n  those cases where noisy 
operations will be conducted close t o  a sensit ive receptor there are a 
number o f  readily available mitigation measures t h a t  can be used. Thus, 
there seems t o  be no requirement for  the development of new and more 
effect ive noise controls. 

Occupational Health Regulations. Because of re la t ively moderate levels of 
noise emissions, the geothermal industry i n  Imperial Valley s h o u l d  have no 
d i f f i cu l ty  in meeting both federal and s t a t e  occupational noise exposure 
standards w i t h  existing control technology. Workers can be required t o  wear 
personal hearing protection devices in particularly noisy s i tuat ions where 
exposure standards may be exceeded. 

Comunity Noise Regulations. Noise emissions from geothermal projects i n  
Imperial Valley should meet a l l  applicable community noise regulations w i t h  
currently avail able control technology. 

A1 though the re la t ive ly  moderate noise source levels wi 11 help to  ensure 
compliance, Imperial County policy i n  s i t ing  geothermal f a c i l i t i e s  will also 
be an important factor.  T h i s  policy would place buffer zones between noise 
sources such as well pads and power plants and sensi t ive receptors (Imperial 
County Department of Public Works, 1977; Imperial County Planning 
Department, 1973). S i t i n g  c r i t e r i a  include: 

Power plant operations are not  t o  be located i n  wi ldl i fe  refuges 
and c r i t i c a l  habitat  areas. 

Power plant operations are t o  be s i ted  i n  accordance w i t h  the 
Imperial County Current Zoning Plan and the Ultimate Land Use 
Plan--mainly i n  agricultural  , industrial  , and recreational zones. 

Power plant operations are t o  be excluded from buffer zones 
surrounding the following f a c i l i t i e s .  

Faci l i ty  Buffer Distance 
Hospital (1.0 m i )  1.6 km 
School (0.5 m i )  0.8 km 
Municipal boundary (0.5 m i )  0.8 km 
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These buffer zones wi l l  allow considerable noise attenuation with distance; 
a separation of 1 /2  m i  (800 m )  between noise source and receptor should 

the absence of improved control technology, noise from the loudest 
geothermal sources should not  exceed 60 dBA a t  1 /2  m i  (800 m ) .  

resul t  i n  a reduction i n  SPL of 35 t o  40 dBA (Bush,  1977). Thus ,  even in @ 

T h u s ,  i t  will be ent i re ly  feasible  for the geothermal industry t o  meet 
both the U.S. Geological Survey standard of 65 dBA a t  1/2 m i  (800 m )  and 
the U.S. Department of Housing and Urban Development c r i t e r i a  for  "Normally 
Acceptable" residential  s i t e  conditions. Well d r i l l ing ,  because i t  is an 
around the clock operation, may s l igh t ly  exceed the U.S. Environmental 
Protection Agency community noise cr i ter ion of L equal t o  or below 55 
dBA, b u t  a l l  other industry ac t iv i t i e s  will definitely 'be i n  conformance. 
The Imperial County Class' I1 noise l imits for  residential  l and  uses may 
present d i f f i cu l t i e s ,  b u t  only in those cases where the boundary of the 
project area is  close t o  residential  receptors. 

dn 

I t  should a l s o  be noted that  the medium growth-rate s i t i n g  pattern f o r  
30 power p l a n t s  presented ear l ie r  i n  the t ex t  ( F i g .  2)  appears t o  be 
consistent w i t h  the Imperial County s i t i ng  c r i t e r i a .  

AVAILABLE NOISE CONTROL TECHNOLOGIES 

In a few cases, par t icular ly  i n  close proximity t o  residential  areas, 
standard equipment and procedures may n o t  be adequate t o  achieve compliance 
w i t h  noise regulations. A number of currently available noise control 
techniques may be used t o  mitigate potential impacts. 

Well Field Exploration and Development 

D u r i n g  d r i l l  s i t e  preparation and well d r i l l ing ,  a l l  large internal 
combustion engines can be f i t t e d  with the most effect ive commercial 
mufflers t o  reduce exhaust noise. This will usually reduce noise emission 
levels up t o  5 decibels and i s  the only effect ive treatment for  mobile 
sources. 

Noise radiated from stationary engines used on the d r i l l  s i t e  can be 
attenuated by the use of acoustic barriers or enclosures. If necessary, 
the d r i l l  rig can be completely enclosed. These measures are routinely 
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used i n  d r i l l i n g  f o r  o i l  and gas a t  urban loca t ions .  Because o f  t he  e f f o r t  
and expense involved, they are u n l i k e l y  t o  be employed i n  Imper ia l  Va l ley  

unless a d r i l l  s i t e  must be located w i t h i n  1/4 m i  (400 m) o f  a s e n s i t i v e  

receptor .  

Well c leanout noise can be reduced g r e a t l y  by submerged discharge of 
the geothermal f l u i d  instead of d i r e c t  vent ing t o  atmosphere. This 

technique has been used w i t h  good success i n  the  l iquid-dominated geo- 

thermal resource area a t  Roosevelt Hot Springs, Utah. 

Q 

During extended f l ow  tes ts ,  engines and pumps can be mu f f l ed  and 
enclosed as described above. The noise from separated steam vented t o  

atmosphere can be s i lenced through a rock m u f f l e r  or  commercial b lowof f  

mu f f l e r .  Both devices have been used a t  The Geysers; the  rock m u f f l e r  i s  

more e f f e c t i v e  a t  reducing noise emissions and requ i res  l ess  maintenance 
(Le i tner ,  1978; Whitescarver, 1978). I n  the  Imper ia l  Val ley,  however, 

comnercial b lowof f  mu f f l e rs  might be more appropr ia te because the  separated 
steam contains few p a r t i c u l a t e s  t h a t  could damage such un i t s ,  because o f  

lower cost, and because they could be r e a d i l y  moved t o  new loca t i ons  as 
needed. 

Construct ion o f  Power Plants  and Related F a c i l i t i e s  

The most e f f e c t i v e  commercial exhaust m u f f l e r s  can be used on l a r g e  
pieces o f  earthmoving and mater ia ls-handl ing equipment. I f  necessary, 
acoust ic b a r r i e r s  can be erected t o  s h i e l d  nearby receptor  s i t e s  f rom 
excessive noise exposure. 

Operation o f  Power Plants  

A number o f  c o n t r o l  measures are ava l a b l e  t o  reduce noise emissions 
dur ing operat ion o f  a power p l a n t  and r e l a t e d  f a c i l i t i e s .  

The ‘ turbine/gbnerator “un i t  can be enclosed by an acoust ic  b a r r i e r  or 
l oca ted  i n s i d e  a bu i l d ing .  These measures should achieve a t  l e a s t  5 t o  10 
decibe ls  - o f  noise at tenuat ion.  

Noise from the  vent ing o f  non-condensible gases can be l a r g e l y  

e l im ina ted  by cover ing the  steam j e t  e j e c t o r  w i t h  sound-absorbent lagging. 
This has been p rac t i ced  r o u t i n e l y  a t  The Geysers generat ing u n i t s  w i t h  

excel  1 ent e f f e c t  . 

- .  
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Any steam-venting noise associated w i t h  s ta r t -up  o r  shut-down o f  power 
p l a n t s  i n  the  Imper ia l  Va l ley  can be c o n t r o l l e d  wi th  commercial b lowof f  

s i lencers.  

Because o f  i t s  s ize,  the  c o o l i n g  tower w i l l  be t h e  major source o f  
noise a t  any d is tance from the power p l a n t  complex. A standard approach t o  

c o n t r o l  o f  noise from mechanical d r a f t  coo l ing  towers i s  t o  i n s t a l l  fans 
w i t h  a low noise emissi'ons r a t i n g  or variable-speed fans t h a t  can be s e t  t o -  

run  more s lowly  and q u i e t l y  a t  n i g h t  and i n  cool  weather. This has n o t  been 

necessary a t  the  Geysers, but  it i s  a r o u t i n e  procedure a t  i n d u s t r i a l  

c o o l i n g  towers i n  urban locat ions.  & 

CONCLUSIONS 

* Noise emisssions ! f rom geothermal i n d u s t r y  sources w i l l  not  be an 
important environmental issue i n  the  Imper ia l  Val ley.  The operat ion o f  

geothermal we l l  f i e l d s  i n  a l iquid-dominated resource area o f  t h i s  type  
does not r e q u i r e  vent ing l a r g e  amounts o f  superheated steam t o  atmosphere. 

A t  The Geysers, sound pressure l e v e l s  accompanying steam vent ing  t o  atmos- 

phere a t  the wellhead may reach ,125 dBA a t  50 f t  (15 m). I n  contrast ,  t h e  

loudest geothermal i n d u s t r y  noise sources i n  t h e  Imper ia l  Va l ley  KGRAs w i l l  
be la rge  d iese l  engines (ca. 95 dBA a t  50 f t ) .  

Strong community r e a c t i o n  t o  geothermal no ise i s  n o t  expected i n  
the Imper ia l  Val ley. Ambient noise l e v e l s  are somewhat higher than i n  
undeveloped areas o f  The Geysers-Cal i s t o g a  KGRA. Furthermore, no ise 
sources o f  the k inds t h a t  w i l l  accompany geothermal development i n  t h e  
Imper ia l  Va l ley  are already an accepted p a r t  o f  the l o c a l  environment. 

e S i t i n g  r e s t r i c t i o n s  w i l l  p rov ide e f f e c t i v e  b u f f e r  zones between 

geothermal operat ions and s e n s i t i v e  receptors.  

o No specia l  research and development e f f o r t  i s  needed i n  the area 

o f  no ise c o n t r o l  technology f o r  Imper ia l  Va l ley  geothermal p ro jec ts .  It 
w i l l  be poss ib le  t o  success fu l l y  meet a l l  cur ren t  regu la t ions  and standards 

w i t h  a v a i l a b l e  noise c o n t r o l  devices and procedures. 
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LIQUID AND SOLID WASTE CONTROL TECHNOLOGIES 

W .  Morris and G.  Armantrout 

INTRODUCTION 

B ac k g ro u nd 

L i q u i d  and s o l i d  waste sources and the i r  impact on the environment 
were presented i n  Volume 1 ,  Section 7 o f  this report .  The wastes were 
identified and the quant i t ies  estimated based upon projections of an 
intermediate geothermal power growth r a t e  over 30 years (Ermak, 1977).  
Potent ia l ly  large quant i t ies  of wastes can accumulate based on these 
projections and t h e i r  handling and disposal are c r i t i c a l  t o  preserving the 
qua l i ty  of the Imperial Valley environment and i t s  agricultural  industry as 
well as f a c i l i t a t i n g  the growth and sustenance o f  geothermal power 
product i on. 

Governmental regulations and guidelines have played a s ignif icant  ro le  
i n  the development of technologies intended t o  control the handling and 
disposal of geothermal wastes. Many of the techniques and methods being 
used by the geothermal industry are taken from those u t i l i zed  i n  o i l  and 
gas production f a c i l i t i e s .  Although the conditions and problems faced by 
geothermal developers are often similar t o  those of the o i l  and gas i n d u s -  
t r y ,  there are a t  the same time signif icant  differences t h a t  require 
geothermal developers t o  modify or develop new technologies. 

Other factors  tha t  a f fec t  geothermal l iquid and s o l i d  waste control 
technologies are: the changing, more restrictive government regulations, 
limited water and land-use options i n  the Imperial Valley, and the 
extraordinary sol ids  content of Imperial Valley geothermal brines. 

Regu 1 a t  i ons 
1 '  

Disposal of geothermal l iquid and so l id  wastes i s  regulated by county, 
s t a t e ,  and federal laws. Regulatory control and jur i sd ic t ion  over geo- 
thermal operations i n  the Imperial Valley i s  not eas i ly  defined; however, 
there appears t o  be reasonable uniformity between California State  and 
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Federal standards. The subject of regulations is complex and a full 
delineation is not practical here. Jurisdiction is not uniform and often- 
times ,not clear and permits are required by numerous agencies. Therefore, 
we discuss only the principal regulatory agencies involved and the laws 
that bear upon the disposal of liquid and solid wastes. 

t .  . s z  

The disposal of geothermal effluent i s  currently defined by the geo- 
thermal element of the Imperial County Code (Imperial County, 1977). The 
code requires full injection o f  fluids withdrawn from geothermal 
resources. We1 1 injection technology is regulated by standards and 
technical criteria administered by the Division of Oil and Gas of the 
California Department of Conservation (CAC, 1976) and by the Underground 
Injection Control program requirements (USEPA, 1979) proposed by EPA under 
the Federal Safe Drinking Water Act. The act requires EPA to set forth 
minimum requirements to safeguard underground drinking water sources from 
contamination as a result of injection. 

Disposal of geothermal effluents to surface waters i s  regulated in the 
Imperial Valley by the Colorado River Regional Water Quality Control Board 
and the California State Water Resources Control Board (CSWRCB) . 
Regulation is established by the Porter-Cologne Water Quality Control Act 
of 1976 (CSWRCB, 1978). This act is closely associated with and meets the 
approval of the Federal Water Pollution Control Act requiring dischargers 

n permits that define the limitations on effluents allowed to be 
ed. The permit system is known as the National Pollution Discharge 

System (NPDES) . 
Solid wastes and their disposal to land in California are regulated by 

guidelines established by the CSWRCB, (1977). At the federal level the 
Resource Conservation and Recovery Act of 1976 (RCRA) will play a major 
role in the disposition of wastes. RCRA requires EPA to provide standards 
that can be used to define hazardous wastes and to issue regulations and 
guidelines for their storage, treatment and disposal (USEPA, 1980). RCRA 
places the responsibility for identifying and controlling hazardous wastes 
upon the waste generator. 

Table 14 lists some important examples of regulated maximum levels for 
contaminants in different media. 

72 



Medium A f fec ted  

Pub l i c  Water Suppl ies 

A 

Surface Water (R iver  
o r  Stream) Imper ia l  
Val ley.  

E x t r a c t  f r o F  
S o l i d  Waste 

TABLE 14. MAXIMUM LEVELS OF CONTAMINANTS TO WATER SUPPLIES 

Maximum Level  
Standards Contaminant mn/ 1 

Arsenic  . 
Bar i um 
Cadmi um 
Chromium 
F1 uor i de 
Lead 
Mercury 
N i t r a t e  
Sel en i um 
S i  1 ver 

0.05 Nat iona l  I n t e r i m  Pr imary D r i n k i n g  Water 
1.00 Standards - EPA, under the  Safe Dr ink ing  
0.010 Water Ac t  o f  1974. 
0.05 
1 .4-2.4a 
0.05 
0.002 

10.00 
0.01 
0.05 

T D S ~  4000 

Arsenic 
Bar i um 
Cadmi urn 
Chromium 
Lead 
Mercury 
Sel en i  um 
S i  1 ver 

5.0 
100.0 

1.0 
5.0 
5.0 
0.2 
1.0 
5.0 

Colorado R ive r  Regional Water Q u a l i t y  
Cont ro l  Board - Water Q u a l i t y  Cont ro l  
Plan. 

Hazardous Waste and Consol idated 
Permit  Regulat ions,  U.S.E.P.A, Under 
the  Resource Conservat ion and 
and Recovery Ac t  (USEPA, 1980). 

a)  F luo r ide  l e v e l  va r ies  w i t h  maximum d a i l y  temperature o f  a i r ;  1.4 mg/l a t  90.5'F, 
2.4 mg/l a t  53.7OF and'below. 

b )  To ta l  Dissolved So l ids ,  annual average. 

c )  A rep resen ta t i ve  sample o f  s o l i d  waste e x h i b i t s  t o x i c i t y  i f  t h e  e x t r a c t  der ived from the  recomnended 
e x t r a c t i o n  procedure conta ins l e v e l s  o f  t he  contaminants equal t o  or g rea ter  than the  concentrat ions 
1 i s ted .  

LIQUID AND SOLID WASTE SOURCES 

There are a, variety of l i q u i d  and sol id  wastes associated w i t h  geo- 
thermal power p'lant operations i n  the Imperial Valley. They have been 
described i n  detail  i n  Volume 1 ,  Section 7 o f  this report and are 
sumarized i n  Table 15. Spent geothermal brine const i tutes  the largest  
volume of waste generated i n  geothermal power plant  operations. Other 
l i q u i d  wastes include: cooling tower blow-down f l u i d ,  accidentally 
discharged brine,, and. accidentally sp i l led  process chemicals such as NaOH 
and H202 used .in H2S abatement process units. These l iquid wastes, 
for the most par t ,  are expected t o  be disposed by subsurface injection. I t  
i s  also quite l ike ly  t h a t  some may be disposed along with so l id  wastes 
a f t e r  intermediate .processing. The major f ract ion o f  the l iquid waste, 
tha t  is spent geothermal brine, is not  defined as accumulated waste because 

' I  
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TABLE 15. LIQUID AND SOLID WASTES FROM GEOTHERMAL OPERATIONS 

Liquid Waste Generated Solid Waste Accumulated 
Operation Type Amount Type Amount 

Well Drillingb Drilling Mud. Well 8.6 x 
Cuttings 

Debris 
Well Clean-out Dried Brine, Wellbore 9 

Well Flow Test Brine' 9.6 x lo4 m3 per 

Energy Production Spent Brine' 2.5 x lo7 m3 per Year Separated Solids from 1.5 x 
Well for a 30 day t e s t .  

for one 100 MW Plant Preinjection Treatment 

Lines, Separators, etc. 

Evaporation of Blowdown 
Fluid. 

Pretreatment of Makeup 
Water. 

h o n i u m  Sulfate 

Scale from Process 1.8 105dse 

Cooli ng Tower Blowdown Fluid 2.5 x lo6 m3 per Year Solids from Ponding and 1.3 x 
Operat i ons for  one 100 Mw Plant 

Solids Separated by 5 

H2S Abatement By Product 1 

Notes 
a )  Cubic meters accumulated over 30 years a t  an annual growth ra te  o f  100 MW. 

b) Estimated 50-70 wells per year required to  maintain 100 MW per year growth rate.  
c )  Brine expected to be injected a f te r  treatment t o  remove precipitated solids. 
d )  Calculation fo r  Salton Sea and Brawley areas; 50 MW per year growth ra te ,  25 years. 
e )  Value represents estimate of maximum level and does not take into consideration possible 

f )  Assuming blowdown f lu id  is ponded and evaporated (alternative t o  injection).  Calculation assumes 20,000 mg/l solids 

g) Waste by-product from EIC H2S abatement process used as an example. 

- 

scale prevention through the addition of acids or chemical inhibitors. 

in blowdown f lu id  ( 5  cycles) and blowdown ra te  of 1.9 x 10 m per W-year. 4 3  

i t  is expected to  be injected back underground. Solid wastes on the other 
hand are accumulated and are usually i n  the form of cutt ings,  mud, sludges, 
or caked pa r t i a l ly  dried materials. The solid waste sources include: well 
d r i l l i ng  and wellbore cleanout debris, separated solids from spent brine 
and coo 1 i ng water treatment operati ons , ' sol i ds  from H2S abatement, 
geothermal scale,  and a variety of wastes from evaporation ponds and 
treatment f aci 1 i t i  es. 

Although the waste sources have been identified and the amounts e s t i -  
mated, more specific data on the compositions of the wastes are lacking 
especially w i t h  regard to  constituents that  may be considered hazardous. 
These d a t a  must be obtained for the various types of wastes i n  order t o  
c lass i fy  them i n  accordance w i t h  regulatory c r i t e r i a  and to  determine the 
appropriate treatment, handling, and disposal methods. 

74 



LIQUID AND SOLID WASTE CONTROL TECHNOLOGY 

The environmental controls required to cope with liquid and solid 
wastes ultimately involve disposal technology. However, one should not 
overlook the fact that preventive and containment control measures are also 
required along with intermediate storage facilities for the treatment and 
temporary retention of wastes. 

Figure 23 illustrates principal and subordinate geothermal development 
and production activities, identifies types of wastes generated and traces 
probable and improbable alternative routes leading to final disposal. 

Preventive and Containment Controls. 

Preventive and containment measures not only provide safe conditions 
for well drilling and power production operations, but also attempt to 
minimize the chances for discharging unmanageable quantities of waste. 
Blowout protection equipment installed prior to well drilling operations is 
an example of such technology. The implacement of berms under pipelines 
and at other stategic locations throughout the plant site serve to contain 
and direct the flow of accidental spills resulting from pipeline or tank 
ruptures. 

Intermediate Waste Storage. 

Intermediate storage operations for liquid and solid waste include the 
use of reserve pits for the collection of debris from well-drilling 
operations. The operations also include utilization of ponds and lagoons 
for the collection of limited quantities of brines from well testing and 
pre-production activities, accidental spills , effluent discharges from 
cooling water treatment steps, and from cooling tower blowdown operations, 
Due to limited availability of land in the Imperial Valley, it is expected 
that lagooning and ponding will be confined to relatively small areas 
requiring attentive maintenance and clean-out to insure adequate receiving 
volume. Regulations will also require the utilization of good berming 
techniques and the installation of impermeable liners of natural materials 
such as bentonite clay or synthetic materials such as polyvinyl or butyl 
rubber sheeting. Also associated with intermediate storage technology is 
the use of heavy equipment and trucks for day-to-day maintenance and 
periodic removal of waste material. 

75 



cn 

. .  

.- . . 
,. .,,,. . !,?. ' I  . , .,., ... 

.- . . 
,. .,,,. . !,?. ' I  . , .,., ... 

INTERMEDIATE r- - -I -Low 0 PROBABI LITY L--J PROBABI LlTY 

FIG. 23. Routes leading t o  f ina l  disposal of geothermal l i q u i d  and s o l i d  wastes. 



(I) F i n a l  Disposal Techniques. 

The disposal  o f  geothermal wastes a t  var ious s i t e s  throughout t h e  wor ld  

includes: subsurface i n j e c t i o n ,  discharge i n t o  surface waters and disposal  
t o  land u s u a l l y  preceded by in termediate storage as described above. A 

f o u r t h  method, mineral  recovery, should a lso  be considered as an 

a l t e r n a t i v e  t o  waste disposal .  It i s  conceivable t h a t  a l l  f o u r  methods 

w i l l  be used t o  dispose o f  wastes generated by geothermal operat ions i n  t h e  
Imper ia l  Val ley. However, t h e  method se lected w i l l  depend upon t h e  type o f  

waste, i t s  composit ion and quant i t y ,  and i t s  e f f e c t  on t h e  environment. 
Other f a c t o r s  en ter ing  i n t o  the  choice include: the  long-term r e l i a b i l i t y  

o f  t h e  disposal  method, i t s  convenience and cos t  e f fect iveness,  and p u b l i c  
p o l i c i e s  and laws r e g u l a t i n g  t h e  a c t i v i t y .  Disposal o f  geothermal l i q u i d  
waste i s  a c r i t i c a l  problem f o r  the  geothermal indus t ry  i n  t h e  Imper ia l  

Val ley.  Most o f  the techn ica l  working experience res ides  i n  resource areas 
other  than t h e  Imper ia l  Va l ley  where t h e  geology, hydrology, land use, and 

l e g a l  and environmental requirements may be d i f f e r e n t .  Studies o f  d isposal  
opt ions conducted by other  i n v e s t i g a t o r s  can be h e l p f u l  i n  assessing t h e  

' Imper ia l  Va l ley  problem. The B a t t e l l e  P a c i f i c  Northwest Laborator ies 

eva lua t ion  o f  geothermal l i q u i d  waste disposal  techniques (Defferding, 

1980) provides valuable in fo rmat ion  on c r i t e r i a  t h a t  are use fu l  i n  

eva lua t ing  appropr ia te s i t e - s p e c i f i c  technologies. Table 16 taken from t h e  
B a t t e l l e  r e p o r t  summarizes i n  m a t r i x  form t h e  a v a i l a b l e  disposal  opt ions 
and eva lua t ion  c r i t e r i a .  Choice o f  waste disposal  opt ions f o r  t h e  

Val 1 ey w i  11 undoubtedly consider technica l ,  l e g a l ,  and env i  

c r i t e r i a  but  w i l l  . focus p a r t i c u l a r l y  ,on act ions a f f e c t i n g  h igh  q u a l i t y  

water and prime land t r a d i t i o n a l l y  used f o r  a g r i c u l t u r a l  purposes. 

Thorough eva lua t ion  o f  these c r i t e r i a  w i l l  form t h e  bas is  f o r  d e f i n i n g  
waste handl ing and disposal  systems design requirements. 

i 

-_ 

I n j e c t  i on Techno 1 ogy. 

I n j e c t i o n  technology was developed by t h e  o i l  i n d u s t r y  t o  enhance o i l  
product ion and c o n t r o l  land  subsidence. As a disposal  method i t  has 
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d i s t inc t  advantages over the al ternat ive methods noted ea r l i e r .  I t  exerts 
a re la t ive ly  minimal land-surface environmental impact and, if operated and 
maintained properly, does not affect  surface and underground water 
supplies. As well as reducing the potential for land subsidence, i t  also 
recharges the producing geothermal source and conserves the heat energy of 
the source. 

Injection simpl'y involves the return of spent geothermal f l u i d  t o  the 
producing aquifer through an injection well having a configuration similar 
t o  that  of a production well. The spent f lu id  flows through a s lot ted 
liner which provides access t o  the formation while maintaining the integ- 
r i t y  of the well borehole. Fluid may be injected e i ther  by gravity flow or 
under pressure a t  ra tes  dependent upon permeability of the formation. 

The locations o f  the injection wells i n  a producing f i e l d  are very 
important because much of the f l u i d  i s  transported i n  the geothermal 
aquifer through cracks and f issures  caused by geological ac t iv i ty .  These 
channels can rapidly transport cooler injection well f lu ids  into the region 
of the producing well causing reduction i n  the enthalpy. To minimize well 
f l u i d  interactions,  i t  is recommended t h a t  a minimum well separation of 150 
meters be maintained and that  well density not exceed 1 well per 280 acres. 

Formation permeability and chemical compatibility appear t o  be the most 
s ignif icant  factors  affecting injection well performance. The odds are 
that  injection of geothermal f lu id  back into the aquifer from which i t  was 
withdrawn will meet w i t h  a favorable degree o f  success. However, i t  has 
been found tha t ,  upon 'reduction o f  f l u i d  temperature and pressure during 
the energy conversion process, constituents tha t  were barely soluble a t  
higher 'down-hole conditions are now precipitated. T h i s -  phenomenon i s  most 
prevalent for the. high-solids content brines of the Salton Sea KGRA i n  the 
Imperial Valley. Injection technology requires separation o f  these 
precipitated and suspended sol ids  i n  order t o  avoid formation plugging. 
Methodology to  accomplish t h i s  i s  only now being developed. The reactor- 
c l a r i f i e r  process developed. * .  by Envirotech Corporation is  an example. I t  
has been tested a t  the Geothermal Loop Experimental Faci l i ty  a t  the Salton 
Sea KGRA with re la t ive ly  good resu l t s  b e i n g  demonstrated. 
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Discharge i n t o  Surf ace Waters. 

Disposal o f  l i q u i d  waste i n t o  sur face waters i s  a very simple and 

r e l a t i v e l y  inexpensive technology. However, i t  i s  very u n l i k e l y  t h a t  

geothermal wastes generated by Imperi a1 Val l e y  .power p lan ts  w i  11 be 
disposed i n  t h i s  manner. The Imper ia l  County f u l l  i n j e c t i o n  p o l i c y  
v i r t u a l l y  r u l e s  ou t  a l t e rna t i ves .  I n  a d d i t i o n  the  h igh-so l ids  content  o f  
br ines,  10,000-250,000 mg/L, f a r  exceeds the  minimum standard o f  4000 mg/l 

i n  e f f  1 uents permi t ted  fo r  discharge t o  s u r f  ace waters. 

Disposal t o  Land. 

I 

Disposal o f  geothermal wastes t o  a l a n d - f i l l  dump s i t e  w i l l  w i thout  

doubt be used as one o f  t h e  opt ions f o r  Imper ia l  Va l l ey  geothermal 

operations. -:The technology t o  be implemented must meet standards s e t  by 

t h e .  CSWRCB and the  Colorado R iver  Regional Water Q u a l i t y  Contro l  Board. 
R e l a t i v e l y  conventional equipment f o r  handl ing and hau l ing  s o l i d  wastes and 

prepar ing the  l a n d - f i l l  dump , s i t e  are u t i l i z e d  i n  the  disposal technology. 
The more s i g n i f i c a n t  problems w i t h  regard t o  Imper ia l  Va l ley  operat ions 

focus around t h e  s e l e c t i o n  o f  an env i ronmenta l ly  appropr ia te and adequate 
dump s i t e  t h a t  can be u t i l i z e d  c o s t - e f f e c t i v e l y  by the  geothermal 
indus t ry .  These problems and t h e  steps taken t o  so lve them were discussed 

i n  Volume 1, Section 7. 

Other f a c t o r s  may be brought t o  bear on l a n d - f i l l  d isposal  technology 
as a r e s u l t  o f  RCRA and the  gu ide l ines  f o r  hazardous wastes proposed by 

EPA. It i s  reasonably c e r t a i n  t h a t  f i n a l  regu la t i ons  w i l l  r e q u i r e  s t r i c t e r  
c o n t r o l  and maintenance o f  dump s i t e s ,  f u l l e r  cha rac te r i za t i on  o f  t h e  

’ wastes being discarded, and more prec ise  mon i to r ing  o f  t he  l a n d - f i l l  
f a c i l i t y  t o  determine i t s  impact on the  immediate environment. 

~ M inera l  Recovery. 

The recovery o f  minera ls  from geothermal wastes may have a m i t i g a t i n g  

i n f l uence  on t h e  o v e r a l l  s o l i d  waste d isposal  problem i f  recovery processes 

can be proved cost  e f fect ive.  Minera l  recovery appears t o  ‘be most’ v i a b l e  



@ for those processes that utilize hot spent geothermal brine as raw material 
rather than dried wastes such as evaporated salts, muds or well cutting 
debris. Several hypothetical chemical processes that exploit hot brine 
have been described by Wahl, (1977). He makes some interesting assessments 
of the market value of recovered minerals, the utilization and value of hot 
brine for process heat, and the relative value of electrical energy 
product i on. 

Practical endeavors to utilize hot brine for process heat and to re- 
cover minerals have met with both success and failure. It should be 
emphasized, therefore, that much development work will be required before a 
determination can be made regarding the merits of mineral recovery and 
whether it can be cost-effective. 

Current Imperial County policy requires injection of all fluids with- 
drawn from geothermal resources. To comply with this policy and to avoid 
large accumulations of waste, much of the technological emphasis to date 
has been placed upon development and optimization of injection techniques. 
If injection technology does not prove fully adequate then development of 
alternative procedures such as mineral recovery will demand more study as a 
means of alleviating the accumulation of large quantities of solid waste 
requiring disposal. 

Although there are perceived recoverable and marketable minerals con- 
tained in the precipitates and scale of geothermal brines, no on-going 
research and development for their recovery are underway. Of the various 
categories of waste identified in this report only one, solid waste from 
H2S abatement, shows promise for mineral recovery in the near future. 
Recovery of minerals from other geothermal wastes will require extensive 
economic and technological study before its mitigating .effect can be 
determi ned. 

i 

DISPOSAL 'OF WELL-DRILLING AND WELL-TESTING WASTES 

The principal wastes associated with well drilling and testing are 
drilling muds, formation cuttings and geothermal brine. The composition 

\ 
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and amounts o f  these wastes are described i n  Sect ion 7 o f  Volume 1 and are 

l i s t e d  i n  Table 15. Most of the  s o l i d  wastes from w e l l  d r i l l i n g  are 
accumulated i n  a reserve p i t  adjacent t o  the  wel l .  Some geothermal b r i n e  

w i l l  a lso  be discharged t o  the  p i t ,  bu t  fo r  the  most p a r t  t h i s  l a t t e r  waste 
o r i g i n a t i n g  from we l l  f l o w  t e s t i n g  operat ions w i l l  be re in jec ted .  

I n  order t o  insure t h a t  the  environment i s  not  adversely a f f e c t e d  by 

l i q u i d  and s o l i d  wastes from we l l  d r i l l i n g  operat ions i t  i s  incumbent upon 
the w e l l  d r i l l i n g  cont rac tor  t o  adhere t o  regu la t ions  r e q u i r i n g  appropr ia te 

we l l  casings and blowout p r o t e c t i o n  equipment. The r e g u l a t i o n s  f o r  
Imper ia l  Val ley are s e t  by the C a l i f o r n i a  D i v i s i o n  of ,  O i l  and Gas. Con- 

s t r u c t i o n  o f  the reserve p i t ,  assurance o f  i t s  impermeabi l i ty ,  and t h e  

handling, hau l ing  and disposal  o f  wastes from the  p i t  should be c a r r i e d  ou t  

according t o  standards def ined by the  CSWRCB. 

DISPOSAL OF SPENT GEOTHERMAL BRINE 

Spent geothermal b r i n e  c o n s t i t u t e s  the  most abundant type o f  waste 

associated w i t h  geothermal operat ions i n  t h e  Imper ia l  Val ley. This i s  a 

consequence o f  the h igh s o l i d s  content o f  the  b r i n e  and t h e  r e l a t i v e l y  

la rge  f l u i d  f l o w - r a t e  requ i red  f o r  the generat ion o f  power (Ermak, 1977). 
I n  Table 1 we have not  entered spent b r i n e  as an accumulated l i q u i d  waste 
because i t  i s  assumed t h a t  spent b r i n e  w i l l  be disposed o f  cont inuously  by 

sub-surface i n j e c t i o n  technology operat ing as an i n t e g r a l  p a r t  o f  t h e  
energy product ion process. Thus the  accumulated waste associated w i th  
spent b r i n e  w i l l  be composed o f  suspended and p r e c i p i t a t e d  s o l i d s  separated 
p r i o r  t o  i n j e c t i o n .  I t  i s  expected t h a t  t h i s  s o l i d  waste w i l l  be disposed 
e i t h e r  t o  a land fill dump s i t e  according t o  regu la t ions  establ ished by 

CSWRCB or w i l l  be processed fo r  recoverable minerals.  

A t  the  present t ime the  geothermal element o f  Imper ia l  County p o l i c y  

mandates f u l l  i n j e c t i o n  o f  a l l  f l u i d s  withdrawn f o r  geothermal operations. 

The impos i t ion  o f  t h i s  p o l i c y  i s  intended p r i m a r i l y  t o  minimize t h e  

p o t e n t i a l  f o r  subsidence and i t s  poss ib le  adverse impact on a g r i c u l t u r a l  
drainage systems and i r r i g a t i o n  s t ructures.  Notwithstanding t h e  ex is tence 

o f  the Imper ia l  County f u l l  i n j e c t i o n  p o l i c y ,  there  does no t  appear t o  be 



I @ any more reasonable or effective disposal alternative. Inability to carry 
out or achieve injection of spent geothermal fluids will impose severe 
economic demands on geothermal operations as well as serious land-use and 
environmental requirements. The magnitude of the problem can be demon- 
strated if we consider the alternative disposal method consisting of 
ponding, separation of the solids by sedimentation and evaporation of 
water, followed by disposal of the solids to land. For a 100 MW plant 
operating in the Salton Sea KGRA, the ponding requirements alone exceed 
1600 Hectares (4000 Acres). Ponding acreage of this size will be required 
to accommodate brine discharging at 2700 metric tons per hour. The 
calculation assumes that water will evaporate at a rate of 150 centimeters 
per year to maintain the pond at a constant fluid level. If the brine 
waste were concentrated to a density of 1590 kg per cubic meter, then 

4 disposal residue would accumulate at an approximate rate of 4.3 x 10 
cubic meters or 70,000 metric tons per day. Clearly this imposes 
prohibitive requirements in terms of needed land and solid waste handling 
f ac i 1 i t i es . 

Discharge of spent geothermal brine to surface waters does not appear 
to be a viable alternative to injection either. The total dissolved solids 
content of Imperial Valley brines ranges in concentration from 10,000 mg/l 
to 250,000 mg/l, well beyond the limit of 4000 mg/l for effluents that are 
permitted to be discharged to surface waters under state and regional 
regu 1 at i ons . 

In view of these circumstances, it should be emphasized that injection 
technology constitutes the primary and most essential environmental control 
technology for Imperial Val ley geothermal developments. The technology is 
intended not only to control possible subsidence but more importantly to 
minimize an extraordinary waste accumulation problem. Assured, effective 
injection technology for spent geothermal fluid is not a full reality at 
this time. Spent geothermal brines, because of suspended and dissolved 
solids have a tendancy to plug the injection well and only recently have 
successful experiments been carried out to alleviate the problem (Van Note 
et al., 1978). Work continues on efforts to understand the problem and 
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perfect the technology. It is not unreasonable to conclude that geothermal 
development in the Imperial Valley very much depends upon success of the 
development of brine injection technology. 

@ 

DISPOSAL OF COOLING TOWER WASTE 

Cooling tower waste consists primarily of blowdown water containing 
salts that have been concentrated as a result of evaporation of water from 
the cooling tower. This waste can be handled either as a liquid or a 
solid. The more convenient procedure is to handle it as a liquid effluent 
and, if possible, discharge it to a surface water drainage system or inject 
it underground. There are serious environmental constraints that preempt 
discharge of blowdown to a surface water drainage system because of state 
and regional regulations prohibiting discharge of effluents exceeding 4000 
mg/l total dissolved solids. Cooling tower blowdown is expected to surpass 
this level by as much as a factor of two. This expectation is based upon 
Layton I s  study of potent i a1 cool i ng water suppl i es ( Layton, 1978) 
indicating that water usage and policy constraints will force cooling 
towers to utilize relatively impure water supplies. 

Subsurface injection of blowdown water appears to be a viable disposal 
alternative. However, since the fluid may contain suspended solids capable 
of plugging the injection well or the immediately adjacent geologic 
formation, preinjection treatment to remove solids may be necessary. 
Chemical treatment prior to injection may also be necessary to prevent 
possible subsurface precipitation of calcium and barium sulfates that may 
form as a result of mixing high sulfate containing blowdown water with 
calcium or barium-rich subsurface geological materials. Because of these 
potent'ial difficulties, it is not unreasonable to anticipate that cooling 
tower bl owdown operations may require the handl i ng and disposal of sol i d 
wastes. 

, The disposal of cooling tower blowdown as . a s.olid waste will be a 
stepwise process requiring ponding, evaporation, residue handl ing, hauling 
and bisposal in a landfill dump-site. The accumulation o f  solid wastes 
that can occur if this option is exercised are described in Section 7 of 
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@ Volume 1. For example, i f  a g r i c u l t u r a l  drainage water i s  used as the 
coo l ing  tower water supply, s o l i d  wastes f rom blowdown accumulate t o  a 
l e v e l  near ing 1.3 x 10 cubic meters over a per iod  o f  30 years assuming a 

power growth-rate o f  100 MW per year. The problem i s  a l l e v i a t e d  t o  some 
extent  i f  higher q u a l i t y  water such as mixed steam condensate and 

a g r i c u l t u r a l  water i s  suppl ied t o  the coo l ing  tower. 

7 

The cost  o f  f a c i l i t i e s  and services t o  implement s o l i d  waste disposal  

technology f o r  coo l ing  tower blowdown i s  s i g n i f i c a n t .  The major requ i red  

f a c i l i t i e s  are evaporat ion ponds, l a n d f i l l  dump s i t e s  and operat ing equip- 

ment. Services inc lude maintenance and admin is t ra t ion  o f  the  ponds, dump 
s i t e s  and access roads, and support serv ices f o r  loading, haul ing,  unload- 

i n g  and d i s p o s i t i o n  o f  the waste mater ia l .  

CONTROL AND DISPOSAL OF GEOTHERMAL SCALE 

Scale i s  r a p i d l y  deposited on surfaces exposed t o  geothermal br ines as 

'a consequence o f  evaporat ive concentrat ion and coo l ing  o f  the  depressurized 
hypersal ine br ine .  The problem i s  e s p e c i a l l y  ev ident  a t  f a c i l i t i e s  i n  the  

Sal ton Sea KGRA and i s  expected t o  p e r s i s t  i n  s p i t e  o f  e f f o r t s  t o  a l l e v i a t e  
it by d i s s o l u t i o n  (Deutscher e t  al., 1980) o r  the a d d i t i o n  o f  organic 

a d d i t i v e s  (Harrar e t  a1 . , 1980). 

Physical  methods such as hydroblast ing described i n  Volume 1 are 
expected t o  be used t o  remove scale from p ipe l ines ,  separators and other  
c r i t i c a l  locat i -ons i n  geothermal p lan ts .  The m o u n t  o f '  scale shown i n  

Table 15 i s  a p r e l i m i n a r y  est imate based upon experimental s c a l i n g  r a t e  
studies.  The actual  amounts t h a t  w i l l  r e q u i r e  disposal  w i l l  depend upon 
t h e  t o t a l  s o l i d s  content o f  the product ion br ine,  the  chemical add i t i ves  
used t o  i n h i b i t  sca l ing  and the  e f fec t i veness  o f  the phys ica l  removal 

processes. 

Although the  amount o f  sca le r e q u i r i n g  disposal  may n o t  be large, the  
composit ion may present an environmental problem because o f  t h e  r e l a t i v e l y  
h igh  concentrat ions (percent l e v e l s )  o f  metals such as Fe, Pb, Mn, and Cu 

(Deutscher e t  al., 1980 and Harrar e t  al., 1980). Special handling, 

accounting, and disposal  o f  scale may be requ i red  i f  it i s  determined t o  be 
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hazardous under the regulations set forth by EPA under RCRA. Alternatively 
mineral recovery methods for the extraction of Pb, Mn and other metals may 
be worth pursuing if it is determined that cost-effective processes are 
poss i bl e. 

DISPOSAL OF WASTES FROM H2S ABATEMENT SYSTEMS 

Significant accumulations of solid waste from H2S abatement systems 
are not expected in Imperial Valley power plant operations. As stated in 
Volume 1, the more promising H2S abatement systems such as the €IC and 
the Stretford processes generate sulfur and ammonium sulfate waste products 
respectively. Both products are useful, potent.ially marketable substances; 
however, some chemical treatment may be necessary to improve their quality. 
A detailed study will be required to determine the costs and benefits o f  
such by-product recovery relative to the more conventional control tech- 
nology involving waste accumulation, handling, hauling and disposal. 

CONTAINMENT AND DISPOSAL OF ACCIDENTAL DISCHARGES AND SPILLS 

Potentially significant discharges and spills can occur as the result 
of accidents such as well blowout, breaks in a brine transmission line or 
rupture of a process chemical storage tank. Control technology to minimize 
the effects of such events include blowout protection equipment, alarms, 
automatic shut-off values, and containment measures such as site grading 
and berm construction to direct and confine spills in specially prepared 
areas. These control measures should be designed in such a way that per- 
sonnel and the environment are safeguarded and that access to critical 
production control areas is maintained. Disposal of accidentally dis- 
charged fluids may be accomplished by injection provided compatibility with 
the well is maintained. Alternatively ponding, treatment, and evaporation 
methods may be used followed by disposal to a landfill dump site. 
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CONCLUSIONS 

0 Design and development o f  environmental c o n t r o l  technologies f o r  

the handl ing and disposal  o f  l i q u i d  and s o l i d  wastes must be 

approached as a systems problem. C r i t i c a l  components o f  the  

system inc lude:  the  geothermal power p l a n t  design, i n j e c t i o n  
f a c i l i t i e s  f o r  handl ing spent geothermal f l u i d s ,  coo l i ng  water 

sources, coo l i ng  tower f a c i l i t i e s  f o r  make-up water pretreatment 
and blowdown disposal, and land a v a i l a b i l i t y  f o r  in termediate 
waste t reatment f ac i  1 i t i  es and approved 1 and-f i 11 dump-si tes.  

Spec i f i c  data on the  composit ion o f  geothermal wastes are 

lack ing.  These data are needed i n  order t o  c l a s s i f y  t he  wastes i n  
accordance w i t h  regu la to ry  c r i t e r i a  and t o  determine appropr ia te 
t reatment , hand1 i ng and disposal .  

I n j e c t i o n  technology cons t i t u tes  the  pr imary and most essen t ia l  

waste d isposal  technology f o r  Imper ia l  Va l ley  geothernal 
operat ions.  Methodology f o r  separat ing so l  i d s  p r i o r  t o  i n j e c t i o n  
o f  spent geothermal' f l u i d s  must be perfected. 

Disposal o f  geothermal s o l i d  wastes t o  land w i l l  be requ i red  as a 

. consequence o f  geothermal operat ions i n  the  Imper ia l  Val ley. The 

cu r ren t  technology fo r  handling, t ranspor ta t ion ,  d isposal  and 
mon i to r ing  w i l l  be s i g n i f i c a n t l y  a f fec ted  by new regu la t i ons  under 

RCRA. 

Due t o  l i m i t e d  a v a i l a b i l i t y  o f  land i n  the  Imper ia l  Va l ley  f o r  use 

i n  in termediate waste storage f a c i l i t i e s  (ponds, sumps, etc) ,  
c o n t r o l  technology systems designs should consider e f f i c i e n t  waste 
clean-out, handling, and t r a n s p o r t a t i o n  techniques. 

0 S p i l l  prevent ion and containment measures should be considered i n  
the  o v e r a l l  design o f  waste handl ing and d i s p o s a l , + f a c i l i t i e s .  

0 Disposal o f  geothermal wastes t o  sur face waters i s  very u n l i k e l y  

i n  the  Imper ia l  Va l ley  due t o  the  nature o f  t he  wastes and the  
p o l i c i e s  p r o t e c t i n g  sur face waters and land i n t e g r i t y .  

0 Recovery o f  marketable minera ls  from geothermal wastes i s  a v i a b l e  

opt ion.  More thorough cos t -e f fec t i veness  s tud ies and market ing 

p r o j e c t i o n s  are needed. 
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CONTROL TECHNOLOGIES FOR INDUCED SUBSIDENCE AND SEISMICITY 

N. Crow 

INTRODUCTION 

Land subsidence and induced seismicity have been identified as 
potential adverse environmental effects that may result from geothermal 
power production operations -in the Imperial Valley. Concerns regarding 
these effects have been prompted by reports of environmentally damaging 
incidents within the United States and in other areas of the world where 
large-scale fluid withdrawal and injection have taken place. 

Interest in subsidence and seismicity in the Imperial Valley is 
relatively high because of the potential impact on the extensive irrigation 
and drainage systems in the Valley and the possibility that the already 
natural seismic activity i n  the area may be increased. Injection 
technology as used by the oil and gas industry has long been recognized as , 

an eff ecti ve means for control 1 i ng subsi dence resulting from 1 arge-scal e I 

fluid withdrawal from subsurface reservoirs. Imperial County has 
instituted regulatory measures to insure that all fluids withdrawn for 
power production will be returned to the reservoir. This measure is 
intended to control subsidence, protect surface irrigation and drainage 
systems, and to aid in conserving the geothermal resource. Unfortunately 
there is evidence that fluid injection, while directed toward controlling 
subsidence, may generate a potential adversary impact exhibited as induced 

I 

seismicity. It is this adversary relationship that requires the 
simultaneous assessment of control technologies for induced subsidence and 
seismicity. 

INDUCED SUBSIDENCE 

Subsidence in the'Imperia1 Valley 

. The Imperial Valley is characterized by a flat, gently-sloping floor 
averaging 1 m/km (5 ft/mi) in slope northwestward towards the Salton Sea. 
An intricate gravity-flow irrigation system supplies water for large-scale 
agriculture in the:Valley. The system includes canals to deliver water to 
the. fields, tile drains in the fields to move saline water out of the root 
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zone t o  the drainage system, and di tches t o  convey water t o  the  n a t u r a l  
drainage o f  t h e  Val ley.  A l l  are designed w i t h  c a r e f u l l y - c o n t r o l l e d  and 

r e g u l a r l y  maintained gradients th'at are suscept ib le  t o  damage by 
subsidence. 

@ 

Other f a c i l i t i e s  o f  the Val ley t h a t  are p o t e n t i a l l y  s e n s i t i v e  t o  

subsidence inc lude i n d u s t r i a l  and r e s i d e n t i a l  b u i l d i n g s  and roads. 

However, these s t ruc tu res  are not considered t o  be as s e n s i t i v e  as t h e  
i r r i g a t i o n  canals and t i l e  d r a i n  systems. 

R e l a t i v e l y  subs tan t ia l  na tura l  subsidence has been documented f o r  t h e  

Imper ia l  Va l ley  and there i s  evidence o f  l o c a l i z e d  v a r i a t i o n s  (Lofgren, 
1978; Crow and Kasameyer, 1978; Elders, 1975). Regional t e c t o n i c  fo rces  

are deemed t o  be the cause, and the l o c a l  v a r i a t i o n s  have been r e l a t e d  t o  
d i f f e r e n t i a l  movements on the f a u l t s .  The na tura l  subsidence t h a t  has 

occurred i s  not known t o  have caused damage t o  land o r  s t r u c t u r e s  i n  the  
va l ley .  However, concerns have been r a i s e d  regard ing the  nature and 

magnitude o f  subsidence t h a t  may occur when large-scale geothermal energy 
product i on gets underway. 

Mechanics o f  Subsidence 

This discussion i s  concerned p r i m a r i l y  w i t h  poss ib le  subsidence 
induced by compaction o f  deep subsurface r e s e r v o i r s  as a consequence o f  
f l u i d  withdrawal. It i s  l i m i t e d  t o  cond i t ions  bel ieved t o  be present a t  

most l o c a t i o n s  i n  the  Imper ia l  Val ley where the  r e s e r v o i r s  are loca ted  i n  
sedimentary rocks t h a t  have pr imary i n t e r g r a n u l a r  p o r o s i t y  supplemented by 
some connect i ng f r a c t u r e s  . 

Subsidence i s  caused by the response o f  the  overburden t o  ,compaction 
o f  the  r e s e r v o i r  rocks. Product ion o f  f l u i d  from t h e  r e s e r v o i r  system o f  

f l u i d  and rock d i s t u r b s  i t s  s ta te,  causing a drop i n  r e s e r v o i r  pressure. 
The r e s u l t i n g  stresses.cause the  system t o  lose volume, and t h e  weight o f  
the  overburden causes the  system t o  compact. Th'e s t ruc tu re ,  th ickness, and 

composit ion o f  overburden w i l l  c o n t r o l  the  amount o f  compaction t h a t  

propagates v e r t i c a l l y  and h o r i z o n t a l l y .  Two k inds o f  compaction can 

occur. Recoverable compaction, e s s e n t i a l l y  an e l a s t i c  response, takes 
a 

C 

p lace when the  
more dense pack 

r i g i d  gra ins o f  the r e s e r v o i r  rock are rearranged i n t o  

ng. Nonrecoverable compaction i s  l a r g e l y  caused by p l a s t  

89 



deformation of the rock when the fluid is "squeezed11 out of the 
highly-porous, uncompacted muds that may be found in lenses within the 
reservoir and in the adjacent aquitards. Once the porosity has been 
destroyed by the "squeezing", it cannot be restored by injection of fluid 
to the reservoir. Recoverable compaction occurs at a lower pore pressure 
than that required by nonrecoverable compaction when fluid is forced out of 
the plastic muds. 

Compaction is a function of pressure drop in the reservoir and 
compressibility of the reservoir rock/fluid system defined as volume of 
rock yielded per unit pressure drop. The latter is an important required 
parameter for the calculation of compaction, but a value representative of 
the rock medium involved is difficult to determine by laboratory or 
simulation tests. 

Subsidence above a compacting reservoir is a more complex process than 
the compaction itself, primarily because of the heterogeneous layers that 
make up the overburden. The properties o f  these layers are very difficult , 

to measure, and it is also difficult to construct a mathematical model that 
will approximate them. 

Two kinds o f  subsidence bowls are known to form above compacting 
reservoirs. The most common kind are shallow bowls fairly large in area 
relative to the size of the reservoir. Experience reveals that the depth 
of these bowls is a few feet and they have small slopes (Poland and Davis, 
1969). The second kind of subsidence bowl is relatively rare and is small 
in area relative to the size of the reservoir. It i s  deep, has steep 
slopes, and is more likely to have significant environmental effects if it 
occurs in the Imperial Valley'. 

Legal and Regulatory Control of Subsidence 

Legal Actions. Several legal actions involving damages due to subsidence 
have taken place. Three of the more important cases were related to 
large-scale fluid withdrawal from oil reservoirs and are described in 
detail by Poland and Davis (1969). Although the actions demonstrate early 
recognition of subsidence caused damage, and damage payments were made, no 
legal precedents were established and no regulatory criteria evolved from 
the actions. Equally important is the fact that possibly useful technical 
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and geological details concerning the incidents were not released. All of 
these results stem from the out-of-court nature of the settlements in the 
three cases. 

Regulatory Control. The California Division of Oil and Gas (DOG) exercises 
regulatory control over geothermal wells. Although the Division has 
jurisdiction over potenti a1 damages due to subsidence, they have focused 
attention primarily on safety rules and regulations intended to prevent 
damage by blowouts or other well equipment failures during well 
construct i on. 

Q 

In recent years, county governments in California have assumed 
regulatory authority in the matter of subsidence. Erickson (1976) of 
Chevron Resources describes a case study involving Los Angeles County 
authorities and the operators of the Beverly Hills East oil field. There 
was serious concern about the potential for subsidence-induced damage to a 
nearby residential area. An extensive precision elevation survey network 
was developed to make periodic measurements permitting identification of 
the subsidence related to oil and gas production, shallow ground water 
extraction, and natural tectonic movement. The amount (about 0.04 ft/yr) 
and kind of subsidence related to oil and gas production were judged 
acceptable by the county authorities, and production of oil from the field 
continued successfully. 

In the Imperial Valley, county authorities asserted jurisdiction over 
potential geothermal development several years ago. In its "Terms, 
Conditions, and Standards" (1971), the county requires periodic surveying 
of geothermal wellhead elevations. The surveys are required to be tied t o  

nearby regional precision leveling network .points. This network, the 
Imperial Valley Subsidence Detection Network, is described in Volume 1 of 
this report. The county also exercises authority in geothermal operations 
through its full injection policy requiring that all withdrawn fluids be 
injected back to the reservoir. 

Subsidence Control Requirements 

When reservoir fluid is withdrawn, subsidence can occur as a 

consequence of compaction of reservoir rocks caused by pressure drop in the 
reservoir and compressibility of the reservoir rock/fluid system. Q 
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Injection of fluid can be used to restore reservoir pressure. If the 
pressure is maintained below or slightly in excess of the threshold of 
nonrecoverable compaction, then compaction can be minimized. 

Although subsidence is a complex process as stated earlier in this 
volume and in Volume 1, it is evident that a well-managed injection program 
accompanied by monitoring of the volumes of geothermal fluids withdrawn and 
injected constitutes the basis for an effective technology to control 
induced subsidence. There is abundant evidence from oil and gas field 
experience to confirm the reasonableness of this approach. For example, 
destructive subsidence at the Wilmington oil field in Long Beach, 
California was stopped very quickly, and even reversed locally by injection 
(Poland and Davis, 1969). Perhaps even more impressive is the lack of 
damaging subsidence in the. eastward extension of this field where injection 
was initiated early in the production history. Reservoir pressure drop has 
been controlled, and no significant subsidence has occurred (Erickson, 
1979). Unfortunately, this experience has not yet been formally 
documented. That it has happened is not in doubt; the locality is 
sensitive to subsidence and is carefully observed by public officials. 

Table 17 presents data from 5 documented case histories where 
subsidence measurements were made. Fluid injection was carried out in only 
two of the cases and both show lower values for total subsidence and 
slope. At the Beverly Hills East oil field in Los Angeles, California, the 
data were used to demonstrate that oil production was not causing 
subsidence sufficient to disrupt facilities in the high-density residential 
and commercial district overlaying the field. The data convinced Los 
Angeles authorities, and production was allowed to continue. At Groningen, 
in the Netherlands, the gas field in part underlies "new lands" reclaimed,, 
from the ocean at great expense, and the government was not eager to see 
them reinundated. Schoonbeek (1976) states that the careful monitoring and 
reiterated predictions of ultimate compaction gave indications that no 
significant damage would occur. 

Although the oil and gas industry has experienced reasonable success 
in abating subsidence by injection, it does not necessarily follow that the 
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Table 17. 

Name T o t a l  Subsidence Steepest s lope 
Wilmington, CA 8.2 m (27 f t )  2 m/km (10.6 f t / m i )  

Subsidence data from documented cases. 

(unabated) 

Goose Creek, TX 0.6 m/km (3.2 f t / m i )  

(unabated) 

S ignal  H i l l ,  CA 
(unabated) 

0.6 rn ( 2  f t )  0.3 m/km (1.6 f t / m i )  

Bever ly  H i l l s  East,CA(a) 0.25 m (0.8 f t )  0.17 m/km (0.9 f t / m i )  

( i n j e c t i o n )  

Groningen, Nederlands 0.2 m 0.02 m/km (0.11 f t / m i )  

( i n j e c t i o n )  

Source 
Poland and Davis 

Poland and Davis 

1969 

1969 

Poland and Davis (1969: 

Er ickson (1976) 

Schoonbeek (1976) 

(a)  Er ickson r e p o r t s  r a t e  o f  0.01 m/y (0.04 f t / y r ) ;  subsidence f o r  a 20-yr 

p e r i o d  was ca lcu la ted .  

geothermal industry will experience equal success. There is some 
uncertainty because, unlike oil and gas injection wells which are located 
relatively close to production wells, geothermal injection wells will 
probably be located as much as 1 mile from the production wells. This 
siting arrangement is deemed necessary in order to preserve the high 
temperature of the fluids produced by the geothermal reservoir. 

Subsidence Monitoring Requirements 

An effective subsidence control program in the Imperial Valley will 
require a well-designed and implemented monitoring pqogram. Monitoring 
data can be used both for predictive modeling and for control purposes in 
an injection program. There are well-developed techniques that use data 
collected by monitoring systems to make relatively accurate predictions of 
ult7mate subsidence and a number of models that are satisfactory for 
predicting compaction and subsidence (Poland and Davis, 1969; Erickson, 
1976; Schoonbeek, 1'976). Available monitoring data are used in the models 
to form consensus predictions and periodically the new data from the 
monitoring systems are used to update the predictions. As experience is 
gained and more data become available for the models the predictions will 
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become increasingly more accurate. The techniques can also be used t o  
predict the resul ts  of changes to  be made i n  a subsidence control program, 
such as changing the amount of f l u i d  injected. 

A well-designed monitoring system s h o u l d  include the following records 
and measurements: a r u n n i n g  record of surface elevation changes, f l u i d  
production and injection volumes, reservoir pressures versus time, and i f  
possible, direct  compaction measurements. 

Elevation Change Monitoring. An extensive subsidence detection network was 
established i n  the Imperial Valley i n  1971. Land surface elevation surveys 
were performed d u r i n g  the winters of 1971-72, 1973-74 and 1976-77, and 
another survey i s  being negotiated for 1980-81. More descriptive de ta i l s  
of the network and the resu l t s  of the surveys are given i n  Volume 1. To 
date the surveys have provided valuable baseline data on the magnitude of 
substant ia l  na tura l  movement i n  the Val ley. Periodic surveys performed a t  
2 year intervals  a f te r  geothermal energy production begins would provide 
additionally valuable data revealing the extent of subsidence due t o  
production ac t iv i t i e s  . 
Fluid Production and Pressure Records. Data on the volumes of f l u i d  
withdrawn and injected into a reservoir,  and the pressure changes 
associated w i t h  them, are collected routinely by the California Division of 
Oil and Gas. This information can be useful i n  a monitoring and subsidence 
control program; however, i t  i s  often considered proprietary because i t  can 
be used to  calculate energy reserves. Therefore, DOG handles the 
information on a confidential basis. I t  would be valuable i f  DOG or t he i r  
contractor could interpret  the data and make the resu l t s  available t o  
individuals responsible for  subsidence control programs. Thus, the 
effectiveness of the control programs could be evaluated and appropriate 
modifications could be made. 

Measurements of Compaction. Casing col lar  logs and gama ray-neutron logs, 
r u n  on wire l ines into the well, are everyday techniques that  can be used 
to  measure compaction.,, They provide useful information even though the 
absolute depth measurements are good only t o  about  1-3 f ee t  as a 
consequence of wire l ine stretch and variations between different wires. 

@ 
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R e l a t i v e  measurements are more accurate, ranging from 0.5-1 f o o t .  More 
prec ise  measurements are q u i t e  d i f f i c u l t ,  a l though they have been made i n  

t h e  h i g h l y  s e n s i t i v e  s i t u a t i o n s  a t  Long Beach, C a l i f o r n i a  and a t  Groningen 

i n  the Netherlands. The costs o f  such measurements are high, and unless 

t h e  subsidence p o t e n t i a l  as measured by the de tec t ion  network i s  q u i t e  

high, these specia l  techniques are probably no t  j u s t i f i e d .  Compaction can 
sometimes be determined by means other  than measurement. For example, one 

unmistakable i n d i c a t i o n  o f  subs tan t ia l  compaction o f  the r e s e r v o i r  i s  

damage t o  the  w e l l  casing. Reservoir  compaction o f  1-2 meters (3-6 f e e t )  
w i l l  u s u a l l y  cause buck l ing  o f  the we l l  casing near the reservo i r .  I f  the  

cement bond i s  not  strong, i t  w i l l  break and the  casing may prot rude from 
the ground. 

Pred ic t ions  o f  Subsidence 

@ 

I n  the  Imper ia l  Val ley, where subsidence can cause s i g n i f i c a n t  
environmental problems, there  i s  an understandable i n t e r e s t  i n  

pre-product ion p r e d i c t i o n .  Unfortunately, such p r e d i c t i o n s  are h i g h l y  

uncertain,  e s p e c i a l l y  i n  the  Imper ia l  Val ley where there  are very few data 
about the behavior of reservo i rs .  A t  present, the o n l y  data a v a i l a b l e  

about the  Imper ia l  Va l ley  r e s e r v o i r s  are short-term, pressure-drawdown 

t e s t s  and a few l a b o r a t o r y  measurements o f  c o m p r e s s i b i l i t y  o f  the  
r o c k / f l u i d  system i n  the  subsurface. As explained i n  Volume 1, the  

l a b o r a t o r y  measurements can y i e l d  low c o m p r e s s i b i l i t y  values. I n  a d d i t i o n  

the core samples used i n  t h e  labora tory  measurements are o n l y  an 
i n f i n i t e s i m a l  f r a c t i o n  o f  the heterogeneous r e s e r v o i r  rock, and the  rock i s  

o n l y  p a r t  o f  t h e  f l u i d h o c k  subsurface system. Laboratory measurements 
have d i f f e r e d  from c o m p r e s s i b i l i t i e s  der ived from r e s e r v o i r  behavior by two 
or th ree  orders o f  magnitude. 2.1 

. p -  

Because of t h i s  lack of Imper ia l  Va l ley  data, model'ing and p r e d i c t i o n  
must depend on e x t r a p o l a t i o n  of in fo rmat ion  from other  areas, and t h i s  

b r i n g s  about the uncer ta in ty .  I t  i s  not  l i k e l y  t h a t  pre-product ion 

p r e d i c t i o n s  w i l l  g ive  actual  amounts o f  subsidence and thus they are no t  

appropr iate f o r  r e g u l a t o r y  decisions. Rather, the in fo rmat ion  can be used 
t o  p r e d i c t  the  approximate degree o f  subsidence, and whether worst case 
subsidence w i l l  be damaging. I n  Volume 1, Layton and Crow descr ibe an 

appropr ia te use o f  modeling t o  p r e d i c t  pressure decl ines,  a q u i f e r  
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compaction and associated subsidence. The study is based upon a 
hypothetical reference reservoir having characteristics similar to those 
existing in the Imperial Valley. The results indicate that substantial 
damage is likely only if worst-case subsidence were to occur. 

Assessment o f  Subsidence at Proposed Geothermal Sites in the Imperial 
Val 1 ey. 

Vertical elevation changes in the Imperial Valley between 1971-1977 
have been documented by Reese (1977) and interpreted by Lofgren (1978). 
Annual rates of downward motion are about 2 cm/yr in the south end of the 
Valley, increasing to 4 cm/yr and more in the north end. If these rates 
are extrapolated over the 60-year history (1920-1980) of the developed 
irrigation system, the calculation indicates that subsidence varies from 
1.2 m (4 ft) in the south end to more than 2.4 m (8 ft) in the north end. 
There has been no perceived damage to the irrigation system as a result of 
these vertical motions (Pierson, 1979). Possible reasons are: the low 
rate o f  movement and very small changes in slope (0.03-0.99 m/km--0.2-0.5 
f t/mi ) . 

I 

Although vertical changes have apparently not affected the irrigation 
system, substantial gradient change could conceivably cause damage t o  
agricultural land surfaces that must retain proper gradient to insure 
efficient, gravity-flow application and drainage o f  water. In order to 
assess the impact o f  slope changes due to subsidence in the Imperial Valley 
it is necessary to analyze each of the potential geothermal power 
production sites with regard to the localized topography, water 
distribution system layouts and technology, and the sensitivity of other 
structures . 
Site-Specific Analyses 

Heber At the Heber geothermal field, the land surface slope varies between 
1.6 m/km (8.8 ft/mi) and 1 m/km (5 ft/mi), slightly steeper than the 
average for the Valley. Many o f  the northward-flowing relatively steep 
canals in this area have drop structures to lower the velocity of the 
flowing water. The canals are not very sensitive to changes in slope o f  a 
few tenths of a meter: per kilometer (about a foot per mile) over a 20-year 
per i od. 
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The Centra l  Main Canal, however, has an east t o  west reach across t h e  
geothermal f i e l d  a t  a slope o f  about 0.4 m/km (2.2 f t / m i ) .  This slope was 

scaled f r o m  the Heber 7.5 min. quadrangle topographic sheet (1957). If a 

slope change of about 0.2 m/km (1 f t / m i )  were t o  take p lace i n  a subsidence 

bowl along the canal over a per iod o f  20 years, the gradient  on the  west 
s ide o f  the  bowl would be decreased by one-half.  While t h i s  i s  a 
subs tan t ia l  change, i t  i s  not a t  a l l  c l e a r  t h a t  i t  would cause s i g n i f i c a n t  

damage t o  the canal. The reach o f  the canal immediately upstream o f  the  

f l a t t e n e d  gradient  would have a complementary increase i n  gradient.  Would 
the  e x t r a  hydrau l i c  head compensate i n  p a r t  f o r  the decrease downstream? 
Only a d e t a i l e d  engineer ing study can answer the quest ion adequately. 

There are a number o f  f a c t o r s  and f a c i l i t i e s  invo lved inc lud ing,  f o r  
example, a c o n t r o l  gate s t r u c t u r e  3.2 km ( 2  mi )  upstream o f  the  Heber area 
which imparts e x t r a  hydrau l i c  head t o  the  water passing through t h e  low 

gradient  sect ion.  Engineering considerat ions include: s u f f i c i e n c y  o f  the  

head t o  handle f l o w  through the f l a t t e n e d  p o r t i o n  and changes i n  s t r u c t u r e  
t h a t  may be requ i red  t o  r e s t o r e  the  necessary head, f o r  example increases 

i n  canal cross-sect ion and depth. F i n a l l y ,  i t  i s  not  c l e a r  how p o t e n t i a l  

induced subsidence would i n t e r a c t  w i t h  the expected n a t u r a l  subsidence of 

approximately 0.4 m (1.3 f t )  over the 20-yr per iod.  

Because the  Centra l  Main Canal i s  unl ined, r e p a i r s  t o  i t  are 
r e l a t i v e l y  simple. Changing the  v e r t i c a l  p r o f i l e ,  widening t h e  

cross-sect ion,  and r a i s i n g  the dikes are q u i t e  s t ra igh t fo rward .  Adjustment 
o f  head ga tes  may be a l i t t l e  more complicated, b u t  w e l l  w i t h i n  standard 
engineer ing prac t ice .  There was a recent  dramatic example of the 

f e a s i b i l i t y  o f  r e p a i r s  t o  the Imper ia l  Va l ley  i r r i g a t i o n  canals. Serious 

damage t o  the  Al-1, American Canal near H o l t v i l l e  was caused by the major 

earthquake o f  October 15, 1979. The damage, s u f f i c i e n t  t o  pu t  t h i s  main 

canal out of  service,  was repa i red  so t h a t  i t  could be used w i t h i n  two days 
(Real e t  al., 1979). 

Since Heber l i e s  w i t h i n  the geothermal f i e l d ,  i t  i s  appropr iate t o  

assess t h e  s e n s i t i v i t y  o f  s t ruc tu res  i n  t h e  community t o  induced 

subsidence. The e f f e c t s  o f  s lope changes o f  0.6 m/km ( 3  f t . / m i )  and 2 m/km 
(10 f t / m i )  were determined i n  r e l a t i o n  t o  a 30 m (100 f t )  long b u i l d i n g  
or ien ted  i n  the d i r e c t i o n  o f  the slope. The slope change o f  0.6 m/km 

represents actual  subsidence experienced a t  Goose Creek, Texas (Table 17). 
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If such a slope change due to  induced subsidence were to  occur i n  the Heber 
area i t  would adversely affect  the flow of water i n  the Central Main Canal 
b u t  would merely lower one end of a 30 m b u i l d i n g  by approximately 1.5 cm 
(0.6 i n . ) .  This a l terat ion is well w i t h i n  the tolerances of conventional 
b u i l d i n g  construction practice and is not significant.  On the other hand a 
slope change of 2 m/km would not only impact water flow i n  the Central Main 
Canal, b u t  also cause some b u i l d i n g  damage as well. A slope change of 2 
m/km represents a level o f  subsidence close to  the worst case prediction of 
Layton and Crow (Volume 1) i n  the i r  subsidence model u s i n g  85% injection. 
I t  is also the actual amount of subsidence experienced a t  the Wilmington 
o i l  f i e ld  (Table 1 7 )  where no injection took place. There is no reason t o  
expect that  this degree o f  subsidence will occur as a result of geothermal 
operations i n  the Imperial Valley. 

@ 

Salton Sea Geothermal Field. T h i s  f i e l d  l i e s  along the margin of the 
Salton Sea near the mouth of the Alamo River, w i t h  new development 
extending southward towards the mouth of the New River. 

A t  the present time, the Salton Sea is flooding agricultural lands 
near the south end of the Sea as well as res ident ia l  developments on the 
northest and southwest shores. T h i s  flooding has been caused by unusually 
heavy ra infa l l  i n  the l a s t  several years, larger-than-normal quantit ies of 
agricultural drain water inflow, and the natural subsidence of t h i s  part o f  
the basin (Lofgren, 1978). A system of levees has been constructed t o  
preserve high-value lands, including some of the better agricultural  l a n d  
and geothermal f a c i l i t i e s .  Similar levees have been constructed fa r ther  
north on the east  and west shores of the Sea to  protect resor t  and 
residential  areas not w i t h i n  the area influenced by geothermal production 
ac t iv i t ies .  The major effect  of any induced subsidence a t  the Salton Sea 
geothermal f i e ld  would be to  lower the freeboard on the already-constructed 
levees. This can be offset  by increasing the height of the levees. 

North Brawley. This area is re la t ively insensit ive to  subsidence because 
of i t s  position re la t ive  to  the New and Alamo Rivers and the configuration 
of the local i r r igat ion system. The f i e ld  l i e s  near the New River, close 
to  the axis 07- t h e -  Va-Lley,___Main i r r igat ion supply canals r u n  northerly, 
well to  the sides of the geothermal f ie ld  while local water i s  supplied by 
east-west canals. Slope changes due to  subsidence are expected to  produce 
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only s l igh t  changes i n  the gradient of these structures w i t h  re la t ive ly  
minor impact. Also i t  is expected that  the New River has suff ic ient  flow 
to  cause erosion t h a t  will quickly adjust the stream bed t o  possible 
slow-changing slopes result ing from subsidence. 

East Mesa. The East Mesa geothermal f i e l d  l i e s  outside the i r r igated 
portion of the Valley. There is a substantial quantity of intermediate 
quality (1500 mg/l TDS) ground water that  could be used for  i r r igat ion of 
sal t - tolerant  crops b u t  present Federal policy precludes development. The 
land surface is  f l a t  t o  gently rol l ing,  covered by a 1-2 m (3-6 f t )  layer 
of windblown sand. W i t h  the exception o f  a 320-acre orange grove located 
west of the central part of the geothermal f i e ld ,  the land i s  undeveloped 
desert, primarily under the jur isdict ion of the Bureau of Land Management. 
The orange grove i s  i r r igated by surface water, pump-lifted from the East 
Highline Canal adjoining i t  to  the west. Any subsidence would lower the 
east edge o f  the f i e l d  and would tend to  reduce the l i f t .  In general, i t  
appears t h a t  land use i n  the East Mesa area is insensit ive t o  induced 
subsidence. 

INDUCED SEISMICITY 

Natural Seismicity i n  the Imperial Valley 

The f a u l t  systems of the Imperial Valley are very active, w i t h  an 
extremely h i g h  level of seismic ac t iv i ty  as well as vertical  and horizontal 
crustal  displacement measured i n  meters during t h i s  century. Activity 
occurs i n  swarms of hundreds of sporadically-occurring earthquakes, 
separated by periods of less intense act ivi ty .  In recent years, some o f  
these swarms have included as many as several hundred earthquakes larger 
than Richter magnitude 3.0--about the threshold of perception--with several 
approaching Richter magnitude 5.0 (Hill e t  al.,  1975; Johnson and Hadley, 
1976; Fuis and Schnapp, 1977; and Johnson, 1979). In addition t o  the 
swarms o f  earthquakes there are also major mainshock-aftershock sequences. 
More than 12  major earthquakes (Richter magnitude greater than 6)  have 
occurred i n  the Salton Trough d u r i n g  this century (Elders, 1975). The most 
recent major earthquake occurred October 15, 1979 on the Imperial f a u l t  
near Hol t v i  11 e. 
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FIG. 24. 
(Johnson, 1979). 

Major fault structures in the Imperial Valley o f  California 

The Imperial and Brawley fault zones, which trend northwesterly from 
the Mexican border near Holtville past the city of Brawley to Obsidian 
Butte at the south edge’of the Salton Sea, are by far the most active fault 
zones in the Imperial Valley (See Fig. 24). No less than five of the major 
earthquakes in this century have occurred on these faults. The major 
earthquake on October 15, 1979 had its epicenter on the Imperial fault to 
the south of Holtville. It was followed by a series of large aftershocks 
that migrated progressively northwestward along the Imperial fault as far 
as Mesquite Lake. These fault zones are part of the San Andreas system, 
and show right-lateral strike-slip motion--the block to the west of the 
fault moves northwest relative to the block on the east of the fault. 
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There is also evidence of large vertical  movements. For example, i n  recent 
geological time, a 10 m (30 f t )  scarp has formed along the Imperial f a u l t  
on the west side of the Mesquite Lake Basin. The recent earthquakes 
resulted i n  continued vertical  movement i n  this area; the author and others 
have observed a fresh scarplet  15-20 cm (6-9 i n )  h i g h  a t  the foot o f  the 
major scarp a f te r  the earthquakes o f  October and November, 1979. 

' 
Reviews o f  the seismic d a t a  by Hill e t  a l .  (1975), Johnson and Hadley 

(1976), Fuis and Schnapp (1978), and Johnson (1979) reveal the following 
seismic character is t ics  for  the region: 

0 A l inear,  northwest-trending alignment of many earthquake 
epicenters, corresponding t o  the traces of the Imperial and 
Brawley f a u l t  zones, 

0 A more-diffuse pattern of seismicity i n  the remainder o f  the 
Valley, although earthquakes s t i l l  tend t o  occur near the traces 
of the known fau l t s ,  

A low level of seismicity t o  the east  of  the Imperial and  Brawley 
f au l t s  except in the Salton Buttes area, where earthquakes occur 
on small f a u l t  strands - en echelon w i t h  the Brawley f a u l t  to  i t s  
eas t ,  

Focal depths  between 5 and 14 kms, and 

0 The presence of spreading centers between the adjacent ends o f  

eastward-stepping f a u l t  systems, for  example a t  Mesquite Lake and 
a t  the south end of t h e  Sa l ton  Sea. 

a 

Spreading centers are significant because they are believed t o  be the 
source o f  geothermal heat t h a t  i s  found i n  the geothermal resource areas i n  
the Imperial Valley. This leads to  the conllusion that  the geothermal 
resource areas and the system of f au l t s  in the Imperial Valley are 
generically re la ted,  and that  geothermal resource areas are l ike ly  t o  have 
higher  natural seismicity t h a n  other areas i n  the Valley. 

Potential for Induced Seismicity 

Injection. There is concern that  injection of geothermal f lu ids  into 
reservoirs may enhance seismic ac t iv i ty  i n  the Imperial Valley. The  
concern originates from two incidents in Colorado linking high-pressure 
subsurface injection w i t h  seismic act ivi ty .  The incidents are rare  and  @ 
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contrast  t o  i n j e c t i o n  prac t ices  used widely  t o  increase o i l  and gas 

r e s e r v o i r  p r o d u c t i v i t y .  No documented evidence o f  induced s e i s m i c i t y  has 
been found w i t h  regard t o  t h i s  l a t t e r  p r a c t i c e  and w i t h  other  waste water 

disposal  techii iques us ing i n j e c t i o n .  Probably a major f a c t o r  f o r  the  
absence o f  s i g n i f i c a n t  seismic a c t i v i t y  i s  the  c o n t r o l  o f  i n j e c t i o n  
pressures by s t a t e  regu la t ions .  Although the  ways i n  which the r e g u l a t i o n s  

are s ta ted  d i f f e r ,  the  ef fect  i s  t o  l i m i t  downhole i n j e c t i o n  pressures 

below 0.8 p s i / f t  depth, t o  avoid r e s e r v o i r  rock f r a c t u r e .  

Other P o t e n t i a l  Causes o f  Induced Seismic i ty .  There i s  a lso some concern 
t h a t  withdrawal o f  f l u i d s  from geothermal r e s e r v o i r s  may induce seismic 

a c t i v i t y .  This concern i s  based on the p o s s i b i l i t y  t h a t  d isturbance o f  the 
present s t a t e  o f  pore pressure o r  thermal regime i n  the  subsurface w i l l  
r e s u l t  i n  the re lease of seismic s t r a i n  or, s ta ted  i n  other  terms, t h a t  the  
system i s  on a h a i r - t r i g g e r  and small disturbances might re lease it. 

P i l o t - s c a l e  withdrawal and i n j e c t i o n  of f l u i d s  a t  several  o f  the  f i e l d s  i n  
the Imper ia l  Va l ley  have taken place, and the seismic mon i to r ing  system has 

no t  recorded any such a c t i v i t y ;  the  th resho ld  l e v e l  o f  the  system i s  
R ich ter  magnitude 2. I n  other se ismica l l y -ac t ive  areas, such as t h e  Los 
Angeles and Ventura basins of Southern Ca l i fo rn ia ,  there  i s  no evidence o f  
any s i g n i f i c a n t  seismic a c t i v i t y  r e l a t e d  t o  o i l  and gas product ion.  Q u i t e  

simply, we cannot evaluate the r i s k  i n  the  Imper ia l  Va l ley  before 
fu l l - ' sca le  product ion begins, but  t h e  experience elsewhere suggests t h a t  

the r i s k  may'be low. 

A t  The Geysers steam f i e l d ,  the evidence i n t e r p r e t e d  by Marks e t  a l .  
(1978) i n d i c a t e s  t h a t  product ion has r e s u l t e d  i n  an increase i n  

mic rose ismic i ty  (events ranging from Rich ter  magnitude of approximately 2 
t o  less than magnitude 1.5). Marks e t  a l .  r e l a t e  the increase t o  the f a c t  

t h a t  product ion areas' are exper iencing pressure drop and poss ib ly  cool ing.  

The cause o f  t h e  i'n"&ease i s  not  known, but  there  i s  speculat ion t h a t  

p a r t i a l  c l o s i n g  o f  dh'e f r a c t u r e  systems r e s u l t i n g  from pressure drops as 
we l l  as coo l ing  may be responsible.  The rocks and steam r e s e r v o i r  system 

a t  The Geysers, a system o f  connecting f ractures i n  impermeable metamorphic 
basement rocks, i s  very d i f f e r e n t  from the  water-dominated r e s e r v o i r s  i n  

sediments at  the Imper ' i i l  Va l ley  geothermal areas. Ex t rapo la t ion  from one 

t o  the other cannot b e i ' j u s t i f i e d .  Again, there  are so few data regard ing 
the Imper ia l  Va l ley  t h a t  the p o t e n t i a l  fo r  induced s e i s m i c i t y '  from t h i s  
cause cannot be evaluated before f u l l - s c a l e  product ion begins. 

r P  
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Induced Seismicity Experience 

The seismic events linked to  subsurface injection a t  Rangely, Colorado 
and Rocky Mountain Arsenal near Denver are c lear ly  unusual. The data 
presented i n  Table 18 i l l u s t r a t e  the point (Healey e t  a l . ,  1968; Raleigh e t  
a l . ,  1975). The pressures required to  f racture  the rocks i n  the reservoirs 
were unusually low, and were substantially exceeded by the injection 
pressure. T h u s  for  a long period the f l u i d  was forced i n t o  f racture  and 
f a u l t  planes i n  the rock body, lubricating them and reducing the forces 
holding them i n  place. Also, f l u id  was forced into the in te rs t ices  of the 
rock i t s e l f ,  increasing the pore pressure. Both processes reduced the 
r i g i d i t y  of the rock. I t  i s  believed that  the reservoir rock was under 
substantial seismic s t ress ,  and when i t  was weakened, yielded. T h i s  caused 
the earthquakes. 
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There are two other po in t s  worth noting. The earthquakes ceased when 
injection stopped and, a t  Rangely, an injection threshold pressure was 
demonstrated (Raleigh e t  al .  1975). Earthquakes occurred a t  pressures 
above the threshold and ceased below it. Raleigh e t  a l ,  (1975) speculate 
tha t  injection could be used to  tr igger earthquakes a t  re la t ive ly  low 
s t r e s s  levels,  t h u s  avoiding b u i l d u p  o f  seismic s t r e s s - t o  levels a t  which 
large, damaging earthquakes might occur. 

Table 18. Data on i n j e c t i o n  a t  Rangely and Denver Rocky Mountain 
Arsenal a 

Data 
Reservo i r  Formation 

Depth t o  i n j e c t i o n  zone 

Average p o r o s i t y  o f  r e s e r v o i r  

Average p e r m e a b i l i t y  o f  r e s e r v o i r  

O r i g i n a l  r e s e r v o i r  pressure 

Maximum pore pressure 
due t o  i n j e c t i o n  

Least s t ress  f o r  i n i t i a t i n g  
f r a c t u r e s  

Maximum magnitude o f  earthquakes 

Focal depth o f  earthquakes 

Rangely 
Sandstone 

6,200 f t  (1,884111) 

12% ' 

1 m i l l i d a r c y  

2,465 p s i  

,4,205 p s i  . , 
- J I  i l l  

3,725 p s i  

3.1 

6,550 t o  11,500 f t  
(1,991 t o  3,496 m) 

A 

aHealey e t  al., 1968; Rale igh e t  a l .  1975. 
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Denver 
Gran i te  

12,000 f t  (3,648111) 

(Fractured)  
L I: 

(FracJured) 
-I! 8 * 

2,900. p s i  

5,640 p s i  

5,200 p s i  

5.3 

14,750 t o  18,000 f t  
(4,484 t o  5,472 rn) 



Induced Seismicity Control Strategy for the Imperial Valley 

If the injection pressures used in Imperial Valley geothermal 
operations are kept below levels that will fracture the reservoir rock the 
risk of inducing significant seismic activity will be minimized. 
Short-term excursions above the fracture pressure are not expected to cause 
a problem in cases where relatively small volumes are being injected before 
the threshold pressure is known. On the other hand injection of large 
quantities of fluid at pressures that will fracture the rock increases the 
risk of inducing seismic activity as fluid is forced into fractures opened 
by the high pressure. 

To date there is very little experience with the injection of fluids 
into Imperial Valley geothermal reservoirs. Relatively small volumes of 
fluid have been disposed’ of by injection technology at several sites‘ but 
most of the experience is not documented. However, there are indications 
that injection can be carried out successfully at well head pressures of 
200-300 psi. This corresponds to an incremental pressure exerted at. the 
formation face o f  a few tens of psi or less. Higher well-head pressure 
levels reaching 300 psi were required to inject fluid at the Magmamax 3 
well in the Salton Sea resource area. Ultimately the injection operations 
ceased and it was determined that the well bore was plugged by precipitated 
solids in the fluid being injected. 

Lack of extensive injection experience in the Imperial Valley resource 
areas gives rise to uncertainties regarding induced seismicity, its 
magnitude, whether it can be detected in relation to natural seismic 
activity, and the kinilk of control that may be needed to control it. It is 
imperative, therefore, that an extensive seismic monitoring program be 
maintained in the Valley as a means of resolving some of these questions 
and formulating an effective control strategy. 



Assessment o f  Induced Se ismic i ty  i n  the Imper ia l  Val ley 

Q S e n s i t i v i t y  t o  Seismic i ty .  How can we assess the s i g n i f i c a n c e  o f  

earthquakes? Small earthquakes cannot be f e l t ;  the  general ly-recognized 
threshold o f  percept ion i s  a R ich ter  magnitude o f  2.5-3. I t  seems c l e a r  

t h a t  smaller earthquakes are not  environmental ly s i g n i f i c a n t ,  because they 
cannot be f e l t  and cause no damage. A t  the other  end o f  the  range, the  
th resho ld  o f  damaging earthquakes i s  i n  the  v i c i n i t y  o f  R ich ter  magnitude 

4. Earthquakes w i th  l a r g e r  magnitudes are l i k e l y  t o  be considered 
env i ronmenta l ly  s i g n i f i c a n t ,  w i t h  the  degree o f  s i g n i f i c a n c e  increas ing  

w i t h  the amount o f  damage. 

Between the  unperceived earthquakes and damaging earthquakes i s  a gray 

area, where earthquakes are f e l t ,  but  do no damage. I n  a reg ion  wi thout  

seismic a c t i v i t y ,  earthquakes i n  t h i s  range are l i k e l y  t o  be w ide ly  no t iced  
by the pub l ic .  I n  the  Imper ia l  Val ley, where na tura l  earthquakes o f  t h i s  

magnitude are comnonplace, a few added induced earthquakes t h a t  are f e l t  
but  t h a t  do no damage are not  l i k e l y  t o  be considered env i ronmenta l ly  
s i g n i f i c a n t .  

Natura l  and Induced Earthquakes. Analysis o f  data f r o m - t h e  USGS seismic 

network ind ica tes  t h a t  na tura l  earthquakes i n  the  Imper ia l  Va l ley  do no t  

occur i n  a regu la r  sequence, bu t  r a t h e r  as sporadic swarms o f  many 

earthquakes separated by per iods o f  r e l a t i v e  i n a c t i v i t y .  This d i s t r i b u t i o n  
o f  earthquakes i s  not  uncomnon, and can be described by use o f  a Poisson 
d i s t r i b u t i o n  (Crow and Kasameyer, 1978). This determinat ion i l l u s t r a t e s  

the  value of basel ine data before geothermal product ion begins. The 
n a t u r a l  d i s t r i b u t i o n  i s  s i m i l a r  t o  what might be expected from any 

p o t e n t i a l  induced a c t i v i t y  r e s u l t i n g  from geothermal product ion.  Thus we 
know t h a t  sporadic earthquake events near a geothermal area are n o t  
necessar i l y  product ion-re la ted changes. 

Most of the earthquakes detected by the  USGS reg iona l  seismic network, 
those w i t h  R ich ter  magnitude greater than about 2, occur a t  f o c a l  depths 

greater  than about 5 km, probably i n  the basement rock beneath the  
sedimentary fill' o f  the Imper ia l  Val ley. However, a b r i e f  microseismic 

study by G i l p i n  (1978) a t  the  Sal ton Sea geothermal f i e l d  determined t h a t  
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small earthquakes, most less than Richter magnitude 1.5, occur a t  a r a t e  of 
about 2 t o  3 per day. These events were a t  shallow focal depths, i n  the 
range of 1-3 km. Such a pattern of microseismicity is common a t  geothermal 
weas, and i n  fac t  is used as a prospecting tool. 

Distinguishing Between Natural and Induced Earthquakes. I t  will be a 
d i f f i c u l t  problem to distinguish between natural and induced earthquakes i n  
the Imperial Valley. The high natural level of f a i r l y  large earthquakes 
occurring near geothermal resource areas, and the probable microseismicity 
a t  shallow levels near the geothermal re'servoirs indicate t h a t  any induced 
ac t iv i ty  will probably appear as an increase i n  existing ac t iv i ty ,  rather 
t h a n  a new phenomenon. 

Assessment of Seismic Monitoring i n  the Imperial Valley 

In the Imperial Valley the most important monitor,ing system is the 
reg iona l  seismographic network maintained by the U. S. Geological Survey. 
The network records events w i t h  Richter magnitude greater than about 2.0 
and monitors most of the important areas except Heber. Originally, the 
USGS maintained a s ta t ion there b u t  seismic noise caused by passing heavy 
trucks and other ac t iv i ty  made the data useless and the USGS removed the 
s ta t ion.  Later Chevron Resources, the operator a t  Heber geothermal f i e ld ,  
d r i l l ed  an emplacement hole and tested seismometers emplaced a t  15 m (50 
f t )  and 250 m (500 f t ) .  Results were sat isfactory,  and the s ta t ion was 
maintained for about a year (Erickson, 1977). Erickson indicated tha t  
Chevron would be responsive t o  a request t o  use t h i s  hole for  emplacement 
of a seismometer in the regional network. The s t a t i o n  a t  Heber would 
provide important data both before and d u r i n g  production a t  t h i s  s i t e .  

Microseismicity data for  the various. geothermal s i t e s  i n  the Imperial 
Valley are incomplete., The work of Gilpin (1978) a t  the Salton Sea f i e l d  
indicates there i s  much natural ac t iv i ty  there very similar t o  the kind 
that  might  be expected as a resu l t  of injection. Microseismicity data for  
other geothermal s i t e s  i n  the Imperial Valley have not been obtained or 
have not yet been interpreted. I t  is essent ia l ,  therefore, that  short-term 
surveys be carried o u t  i n  these areas before production begins in order t o  
evaluate seismic ac t iv i ty  i n  the future. 
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CONCLUSIONS 

@ Induced Subsidence 

At the present time, before production beg ns, only estimates of 
the potential magnitude and environmental s lgnificance of induced 
subsidence can be made. They are based on a small amount of data 
from the Imperial Valley .and extrapolations from experience in oil 
and gas fields where deep reservoirs have been subjected t o  
large-scale fluid withdrawal and injection. The estimates are not 
considered to be reliable enough for regulatory decision-making. 

It i s  probable, except in unusual cases, that injection of waste 
fluid back to the reservoir can control induced subsidence within 
acceptable limits. If subsidence substantial enough to cause 
damage does occur even with injection, damage will be minimal and 
repair will be effective in nearly all cases. In the worst case, 
if uncontrollable subsidence occurs, causing irreparable damage, 
then halting production will terminate subsidence. 

It will not be possible to make $accurate predictions of the 
magnitude and kind of subsidence that will -occur at specific 
reservoirs in the Imperial Valley until various fluid volume and 
pressure data related to withdrawn and injected geothermal f 1 ui ds 
have been collected for some time. As data collection proceeds 
from monitoring systems established in the production areas, the 
predictions will become more reliable and the significance of 
induced sucbsi dence can be determined. 

0 The carefully graded irrigation system in the Imperial Valley is 
insensitive t o  natural subsidence that has occurred over a long 
period of time. Some flooding of agricultural lands adjacent to 
the Salton Sea has taken place as a result o f  unusually large 
inflows of water and natural subsidence. Levees have been 
installed as an effective mitigating measure. 

Although vertical changes due to subsidence have not’ affected the 
irrigation system in the Imperial Valley, subsidence-induced slope 
changes resulting in gradient alterations may affect gravity-flow 
irrigation and drainage. 
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Induced Seismicity 

0 The risk of induced seismicity related to subsurface fluid 
injection is probably low if injection pressure is kept low enough 
to avoid fracturing of the reservoir rock. A more quantitative 
prediction must await the gathering o f  data during production so 
that any increase in presently-documented seismicity can be judged 
correctly. 

Another risk of induced seismicity is the possibility of seismic 
strain release resulting from changes in the fluid pressure regime 
in the subsurface. The small amount o f  data from pilot-scale 
injection in the Imperial Valley indicates that no related strain 
release has occurred. Similar findings have come from other 
locations in the U.S. where large-scale production and injection 
have taken place. Although the probability of seismicity cannot 
be evaluated from changes in fluid pressure, the evidence suggests 
that it may bp low. 

Induced earthquakes that can be felt, but do not cause damage 
(Richter magnitude 3-4) are unlikely to be considered significant 
i n the Imper i a1 Val 1 ey where natural earthquakes of such magnitude 
are commonpl ace. 

Environmental Control Techniques 

Injection, of spent fluid back to the reservoir is the primary 
environmental control technique . to manage induced subsidence. 
Supplemental measures include repairs of damaged facilities. If 
irreparable, significant damage is occurring as a result of 
otherwise uncontrollable subsidence, terminating production will 
stop subsidence. 

Maintaining fluid injection pressures below levels at which 
fracturing of the reservoir rock occurs has been shown to control 
seismicity resulting from fluid injection. 



Monitor i ng Systems W 
0 Moni to r ing  systems are essent ia l  t o  c o l l e c t  the  necessary data t o  

evaluate the  p o t e n t i a l  s ign i f i cance  o f  any induced subsidence 

caused by geothermal product ion,  
--Precise amounts o f  surface e leva t i on  change; these can be 

The data requ i red  are: 

prov ided by pe r iod i c  p rec i s ion  l e v e l i n g  a t  i n t e r v a l s  of about 2 
years. 

--Running records o f  f l u i d  volumes produced and in jec ted ,  records 

o f  rese rvo i r  pressure behavior over time, and d i r e c t  
measurements o f  subsurface compaction i n  cases where there  i s  an 
actual  measured r i s k  o f  p o t e n t i a l l y  s i g n i f i c a n t  subsidence. 

These records can be maintained i n  confidence by regu la to ry  
agenc i es . 

Because any induced s e i s m i c i t y  r e l a t e d  t o  i n j e c t i o n  i s  l i k e l y  t o  
resemble some k inds o f  na tura l  se ismic i ty ,  iti i s  necessary t o  

cont inue using the  present seismic monitoringr.! system up t o  and 
dur ing  product ion.  The data c o l l e c t e d  w i l l  .allow eva lua t ion  o f  
any increases i n  the  amounts o f  s e i s m i c i t y  i n  the  v i c i n i t y  o f  
geothermal, f ac i  1 i t i e s .  . 

. .  
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