
COO/4051-42 

A SOURCEBOOK ON THE PRODUCTION OF 

ELECTRICITY FROM GEOTHERMAL ENERGY 

Draft of 

Chapter 1 0  

Geothermal Power Plants Around the  World 

Ronald DiPippo 

Southeastern Massachusetts University 

North Dartmouth, MA 02747 

and 

Brown University 

Providence, R I  02912 

January 1979 

CATMEC/30 

C 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



Abstract 

This r epor t  cons t i t u t e s  a consolidation and a condensation of seve- 

r a l  individual  t o p i c a l  r epor t s  dealing with the  geothermal electric power sta- 

t i o n s  around the  world [DiPippo , 1978a-el. 

An introduct ion is  given t o  various types of energy conversion sys- 

tems f o r  use with geothermal resources. 

f a c t o r s  are defined and discussed. 

Power p lan t  performance and operating 

Exis t ing geothermal p l an t s  i n  the  following countr ies  are covered: 

China, E l  Salvador, Iceland, I t a l y ,  Japan, Mexico, New Zealand, the  Phi l ippines ,  

Turkey, t h e  Union of Soviet Soc ia l i s t  Republics, and t h e  United S ta t e s .  In 

each case,  t he  geological  s e t t i n g  is out l ined,  t h e  geothermal f l u i d  charac- 

terist ics are given, t he  gathering system, energy conversion system, and f l u i d  

d isposa l  method are described, and t h e  environmental impact is  discussed. 

some cases t h e  economics of power generation are a l s o  presented. 

In  

Plans f o r  fu tu re  usage of geothermal energy are described for t h e  

above-mentioned countr ies  and the  following addi t iona l  ones: 

(Portugal) ,  Chile,  Costa Rica, Guatemala, Honduras, Indonesia, Kenya, 

Nicaragua, and Panama. 

t h e  Azores 

Technical data  is presented i n  twenty-two t a b l e s ;  forty-one f igures ,  

including eleven photographs, are a l s o  included t o  i l l u s t r a t e  t he  t e x t .  

comprehensive list of references is provided f o r  t he  reader  who wishes t o  

make an in-depth study of any of t h e  top ics  mentioned. 

A 

This r epor t  a l s o  is a draft of a chapter f o r  t he  Sourcebook on the  

Production of E l e c t r i c i t y  from Geothermal Energy which is being produced by 

Brown University i n  cooperation with a number of o ther  agencies,  l abo ra to r i e s ,  

organizations,  and un ive r s i t i e s  with the  support of t h e  Department of Energy, 

Division of Geothermal Energy, through Contract EY-76-S-02-405l.AO02, C. B. 

McFarland, Program Manager, and J. Kestin, Pr inc ipa l  Invest igator .  
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1 0 . 1  INTRODUCTION 

10.1.1 His to r i ca l  Overview 

The first commercial use of geothermal energy as a source of  e lec-  

t r i c  power took place i n  I t a l y  i n  1904. 

source remained untapped except a t  the  Larderel lo  f i e l d  i n  Tuscany. 

a l l  pioneering a c t i v i t i e s  i n  a new technology, t h e  use of geothermal energy 

f o r  electric power i n  I t a l y  w a s  bese t  with problems. These were r e l a t i v e l y  

For many decades t h i s  na tu ra l  re- 

A s  with 

simple t o  overcome i n  the  case of t h e  I t a l i a n  geothermal resource owing t o  

t h e  fact t h a t  t h e  geothermal f l u i d  emerges from the  r e se rvo i r  as a super- 

heated vapor. 

steam turb ines ,  a l b e i t  ones b u i l t  with s p e c i a l  materials t o  allow f o r  prob- 

l e m s  of corrosion and erosion. 

As such it could be employed i n  more or less conventional 

Most geothermal r e se rvo i r s ,  however, are not as easy t o  exp lo i t  

as the  dry steam f i e l d  a t  Larderello.  The majori ty  of them produce a mix- 

t u r e  of l i q u i d  and vapor a t  t h e  wellhead. Furthermore, t h e  f l u i d  is  o f t en  

burdened with s i g n i f i c a n t  amounts of dissolved s o l i d s  and noncondensable 

gases,  some of which may be tox ic .  

Exploitation of liquid-dominated hydrothermal r e se rvo i r s  d id  not 

t ake  place on a l a rge  s c a l e  u n t i l  t h e  Wairakei p l an t  w a s  b u i l t  i n  N e w  Zealand 

i n  1958. 

geothermal f i e l d s  for electric power generat ion,  including t h e  United S ta t e s ,  

Mexico, t h e  Soviet  Union, Japan, E l  Salvador, t he  People's Republic of China, 

t h e  Phi l ippines  and Iceland. Furthermore, s eve ra l  o ther  count r ies  are on t h e  

verge of developing t h e i r  geothermal resources .  Each of these  count r ies  w i l l  

be discussed i n  the  ensuing sec t ions  of t h i s  chapter .  

Since t h a t  t i m e ,  s eve ra l  o ther  count r ies  have begun t o  use t h e i r  

10 .1 .2  Energy Conversion Systems 

There are seve ra l  types of energy conversion systems cur ren t ly  i n  
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use for geothermal power generation throughout the world, and several new sys- 

tems which are in the research and development stage. 

may be categorized as follows: 

The present systems 

0 Dry (or superheated) steam plants. 

0 Separated (or "single-flash") steam plants. 

0 Separated/single-flash (or "double-flash") steam plants. 

0 Separated/multi-flash (or "multi-flash") steam plants. 

0 Single-flash steam plants with pumped wells. 

0 Double-flash steam plants with pumped wells. 

..Binary cycle plants with.a secondary working fluid. 

Plants of the first four types exist and are in commercial operation; plants 

in the last three categories are either under construction or in the testing 

phase (pilot plants). 

world is currently about 1,500 MW of which about 943 MW is from dry steam 

plants. A total of 2140 MW is now under construction or planned to be on- 

line by 1982,andabout 1800 MW is being projected for the near-term beyond 

1982. 

as of January 1979. 

The total installed geothermal power capacity in the 

Table 10.1 lists a summary of geothermal power capacity in the world 

10.1.3 Power Plant Performance Factors 

Throughout this chapter the performance of geothermal power plants 

is characterized by a geothermal resource utilization efficiency , nu. This 

factor is the proper thermodynamic measure of the energy conversion process 

which takes place in a geothermal power plant, irrespective of the details of 

the particular system in use. 

available work (or exergy) in the geothermal'fluid, either as it exists in 

. P  

The utilization efficiency is based on the 

s the reservoir (or at the bottom of the well), oras it is supplied to the 

boundary of the plant (or at the wellhead). In most cases the latter 
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point-of-reference is chosen s ince  more r e l i a b l e  'propert ies  of t he  f l u i d  are 

ava i l ab le  on t h e  sur face  as compared with i n  t h e  r e se rvo i r .  

The u t i l i z a t i o n  e f f ic iency  is ca lcu la ted  from 

nu = w/wo , 

where w is t h e  work output of t he  p lan t  (per  u n i t  mass), and wo is  t h e  exergy 

of the  geothermal f l u i d  (per u n i t  mass). The exergy is obtained from 

where subscr ip t  1 is used t o  denote t h e  state of t h e  geofluid a t  t h e  i n l e t  t o  

t h e  p l an t  ( o r  a t  t h e  wellhead), and subscr ip t  o denotes the  ambient s ink con- 

d i t i o n  ( i . e . ,  sa tura ted  l i q u i d  water a t  a temperature T ). 

where t h e  i n l e t  s tate is  chosen a t  t h e  bottom of t h e  w e l l ,  an add i t iona l  

term, -gL, must be included i n  eq. (2 )  t o  account for t he  p o t e n t i a l  energy of 

t h e  f l u i d  a t  a depth L below t h e  surface.  

small except for  very deep w e l l s ,  i .e . ,  > 3 km ( >  10 ,000  f t ) .  

In those cases 
0 

This e x t r a  t e r m  is usua l ly  q u i t e  

Another measure of p l an t  performance t h a t  i s  frequent ly  quoted i s  

t h e  s p e c i f i c  geofluid consumption, or t h e  amount of geothermal f l u i d  t h a t  

must be produced from t h e  reservoir t o  generate a u n i t  of e l e c t r i c i t y .  This 

factor is expressed as kilograms per  ki lowatt  hour (or lbm/kW*h). 

Several  f a c t o r s  are commonly used t o  descr ibe  t h e  operat ions and 

r e l i a b i l i t y  of a power p l an t .  

which, taken together ,  i nd ica t e  t h e  manner i n  which t h e  p l an t  is used t o  meet 

There are three power p l an t  operat ing f a c t o r s  

va r i a t ions  i n  demand. These are: 

Load f a c t o r ,  FL : FL = L/L" , 

Capacity f a c t o r ,  : Fc = L/C , 

U t i l i z a t i o n  f a c t o r ,  

FC 

F = L"/C , Fu' u 
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where the  terms used i n  eqs. c 3 ) - ( 5 )  have the  following meanings: .. 

Th 

L = average load f o r  a given period, 

L:t - - peak load f o r  a given period, 

C = ra ted  capacity of the  p lan t  or un i t .  

average load E is found from 

E = G/h , ( 6 )  

where 

G = t o t a l  e l e c t r i c a l  generation f o r  a given per iod,  

and 

h = number of hours i n  the  period (usual ly  taken as 8760 h = 1 yea: 

It is clear t h a t  

and t h a t  whenever t h e  u t i l i z a t i o n  f a c t o r  equals un i ty  ( i . e . ,  pure base-load 

opera t ion) ,  then t h e  load f a c t o r  becomes i d e n t i c a l  numerically t o  the  capacity 

f ac to r .  

There are th ree  commonly used power p lan t  r e l i a b i l i t y  f ac to r s :  

Avai lab i l i ty  f a c t o r ,  FA: FA = PS/h, (8) 

(9) Forced outage f a c t o r ,  FFo: = 

Scheduled outage f a c t o r ,  Fso: Fso = Pso/h, ' (10) 

where 

Ps = serv ice  period, i .e . ,  the  number of hours t h a t ' t h e  u n i t  

operated with breakers closed t o  t h e  s t a t i o n  bus; 

= forced outage' period, i .e . ,  hours of down-time caused by 'FO 

equipment f a i l u r e  or malfunction; 

= scheduled outage period, i . e . ,  hours of down-time for pso 
planned maintenance. 
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It i s  clear t h a t  

Ps = h - PFo - Pso . (11) 

It w i l l  be seen from the  discussions i n  the  following sec t ions  t h a t  

geothermal power p l an t s  are capable of resource u t i l i z a t i o n  e f f i c i e n c i e s  as 

high as 55 - SO%, and are character ized general ly  by high capacity f a c t o r s  

('L 80%), and very high a v a i l a b i l i t y  f a c t o r s  (Q 95%).  

The sec t ions  which follow cons t i t u t e  a much-condensed summary of a 

thorough treatment of ex i s t ing  and planned geothermal power p l an t s  which w i l l  

be ava i l ab le  as a separate  volume by t h e  author.  
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1 0 . 2  CHINA 

With the  recent emphasis on education, science,  and technology i n  

the  People's Republic of China, it can be expected t h a t  geothermal energy w i l l  

be amnng those a reas  t o  be developed f o r  p r a c t i c a l  purposes. Currently the re  

is one geothermal electric power p lan t  i n  operation i n  China. 

on t h e  slopes of t he  Himalayan mountains i n  Tibet.  

It is located 

The p lan t  is of t he  sepa- 

r a t ed  steam (or "single  f lash")  type with an i n s t a l l e d  capacity of 1000 kW. 

Apparently t h e  p lan t  uses steam from a s ing le  w e l l ,  obtained by means of a 

cyclone separator .  

direct-contact  condenser. 

water f o r  t he  condenser. Noncondensable gases are removed from the  condenser 

by means of a water-jet e j ec to r .  

The turbine is  of the  condensing type,  using a barometric, 

Water from a nearby r i v e r  is used t o  supply cooling 

It is reasonable t o  assume t h a t  more d e t a i l s  about China's geothermal 

energy program w i l l  become ava i lab le  i n  t h e  near fu tu re  owing t o  t h e  new pol icy 

aimed a t  bringing China i n t o  a f u l l  par tnership among the  nat ions of t he  

world. 
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10.3 EL SALVADOR 

10.3.1 Overview 

E l  Salvador is  t h e  first of t h e  Central  American count r ies  t o  con- 

s t r u c t  and operate  a geothermal electric generating s t a t i o n .  

gan i n  t h e  mid-1960's a t  t h e  geothermal f i e l d  near  Ahuachapdn i n  western E l  

Salvador. 

Exploration be- 

The first power u n i t ,  a separated-steam (or "single-flash") p l a n t ,  

was s t a r t e d  up i n  June 1975, and was followed a year  l a t e r  by an i d e n t i c a l  

u n i t .  

electric generating capaci ty  of E l  Salvador, bu t  during 1977 t h e  Ahuachapdn 

p lan t  produced near ly  one-third of the  e l e c t r i c i t y  generated i n  the  country. 

The ComisiBn Ejecut iva Hidroelectr ica  d e l  Rio Lempa (C.E.L.  ) is  i n  

The 60 MW of geothermal capacity present ly  c o n s t i t u t e s  14% of t h e  t o t a l  

t h e  process of i n s t a l l i n g  the  t h i r d  u n i t  a t  Ahuachapdn, a dual-pressure 

("double-flash") u n i t  which w i l l  be r a t e d  a t  35 MW. In  add i t ion ,  C.E.L. i s  

a c t i v e l y  pursuing seve ra l  o ther  promising sites f o r  add i t iona l  geothermal 

p lan ts .  There i s  t h e  p o s s i b i l i t y  t h a t  eventual ly  geothermal energy w i l l  con- 

t r i b u t e  about 450 MW of electric generating capaci ty .  In  any event it appears 

t h a t  by 1985 E l  Salvador w i l l  be ab le  t o  meet i t s  domestic needs for electri-  

c i t y  by means of i ts  indigenous geothermal and hydroe lec t r ic  power p l an t s ,  

thus  e l imina t ing  any dependence on imported petroleum for power generation. 

10 .3 .2  Ahuachapdn 

The Ahuachapdn f i e l d  is located i n  westernmost E l  Salvador about 

1 8  km (11 mi) east of t h e  R i o  Paz which forms t h e  i n t e r n a t i o n a l  boundary with 

Guatemala. 

s i d e  of a s t r i n g  of volcanic  mountains. 

The area cons i s t s  of moderately s loping te r ra in  on the  northern 

Within t h e  3000 ha (7400 acre) geo- 

thermal region,  t h e r e  are a number of areas of a c t i v e  sur face  thermal mani- 

f e s t a t i o n s  including fumaroles, hot  spr ings ,  steaming ground, and bo i l ing  mud 

pools.  The hydrothermal r e se rvo i r  cons i s t s  of Ahuachapdn andes i t e s ,  t he  
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permeabili ty of which is created by f r ac tu res  i n  an otherwise hard formation, 

Young agglomerates cons t i t u t e  t he  cap rock f o r  t h e  reservoi r .  The temperature 

of t h e  geofluid i n  t h e  r e se rvo i r  is  about 23OOC (445OF). 

l i eved  t o  be recharged from a volcanic lake  t o  t h e  south of t he  f i e l d .  

The aqui fe r  is  be- 

Figure 1 0 . 1  shows t h e  loca t ion  of 27 w e l l s  t h a t  have been d r i l l e d  

i n  t h e  v i c i n i t y  of t h e  power p lan t .  

than about 150 m (490 f t ) ,  with an average spacing of roughly 23 ha/well 

The spacing between wells is  not less 

(56 acre/wel l ) ;  t h e  dens i ty  i n  t h e  c e n t r a l  port ion of t h e  f i e l d  is  g rea t e r ,  

being near ly  11 ha/well (27 acre /wel l ) . .  

A t y p i c a l  production w e l l  has t h e  following configuration: 17-1/2 i n  

hole  with a 13-3/8 i n  casing cemented t o  a depth of about 1 0 0  m;  12-1/4 i n  

hole  with 9-5/8 i n  casing to ,400  m o r  t o  t h e  top of t h e  r e se rvo i r ;  8-1112 i n  

open hole  through t h e  production zone. 

not  s u f f i c i e n t l y  hard t o  prevent s lu f f - in ,  a 7-5/8 i n  s l o t t e d  l i n e r  is  hung 

from t h e  9-5/8 i n  casing. 

In  some cases  where t h e  formation is  

Reinjection wells are completed i n  a similar way except t h a t  they 

are d r i l l e d  deeper, i n t o  t h e  basement rock, and f i t t e d  with a 7-5/8 i n  casing 

down t o  t h e  top  of t h e  basement t o  prevent t h e  r e in j ec t ed  f l u i d  from enter ing  

t h e  aqui fe r .  

i n  t h e  event t h a t  t h e  w e l l  should ever be used f o r  production. 

This casing is  hung, not cemented, t o  allow f o r  i ts  easy removal 

The w e l l  casings are 5-55 API standard weight pipe.  The cement i s  

s t r a i g h t  Portland; t h e  d r i l l i n g  mud is of t h e  Bentoni t ic  type with coconut 

husks, coffee bean s h e l l s  and mica being added t o  seal off loss-of-circulat ion 

zones. 

Figure 1 0 . 2  shows a t y p i c a l  wellhead s i t e .  The two-phase geofluid 

emerges from t h e  w e l l  and passes through a 14 i n  con t ro l  valve before enter ing 

the  55 i n  d i a .  Webre-type cyclone separator  which has a capaci ty  of Q 
350 t / h  (770 x l o 3  lbm/h). Separated steam leaves v i a  a 1 6  i n  bot tom’out le t  
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which leads  t o  a b a l l  check valve.  

used t o  d i r e c t  t h e  l i q u i d  e i t h e r  t o  t h e  twin v e r t i c a l  s i l ence r s  where t h e  

l i q u i d  is  f lashed t o  atmospheric conditions and thence disposed of by means 

of a surface channel, or t o  one of four  r e in j ec t ion  wells. 

A v e r t i c a l  hot  water co l l ec t ing  tank i s  

Ten w e l l s  supply u n i t s  No. 1 and 2. The f irst  u n i t  rece ives  steam 

from w e l l s  AH-1, -4, -6, -7, and -24; t he  second u n i t  is  fed  from AH-5, -20, 

-21, -22, and -26. The average separator  pressure f o r  t he  first set of w e l l s  

is 635 kPa (92 lb f / in2 )  and f o r  t h e  second set  i s  612 kPa (89 l b f / i n 2 ) .  

t o t a l  steam flow t o  t h e  p l an t  is 127 kg/s (10 

produced from t h e  r e se rvo i r  t o  generate t h i s  steam flow is  726 kg/s 

(5.8 x 1 0  lbm/h) [DiPippo, 1978f1. 

The 

6 lbm/h); t h e  t o t a l  geofluid 

6 

6 O f  t h e  near ly  600 kg/s (4.8 x 10  lbm/h) of l i q u i d  which is sepa- 

r a t ed  a t  t h e  wellheads, about 62% i s  r e in j ec t ed  i n t o  t h e  basement rock. 

remainder is cur ren t ly  being disposed of by means of surface discharge and 

evaporation, with the ef f luent  from severa l  w e l l s  being co l lec ted  and con- 

veyed through a covered concrete channel t o  t h e  Pacific Ocean, 75 km (47 m i )  

away. 

The 

The t o t a l  amount of dissolved s o l i d s  i n  t h e  l i qu id  a t  t h e  wells 

averages about 18,400 ppm, with t h e  main cons t i t uen t s  being: 

(10,430 ppm), sodium, (5690 ppm), potassium (950 ppm), s i l ica  (537 ppm), 

calcium C443 ppm), and boron 0 5 1  ppm). 

t o  0.05% by weight of t h e  t o t a l  w e l l  flow, o r  about 0.2% of t h e  steam flow. 

These gases cons i s t  mainly of carbon dioxide (86.8% by volume) and hydrogen 

s u l f i d e  U2.1% by volume), with small amounts of hydrogen, ni t rogen,  ammonia, 

and methane. 

ch lor ide  

Noncondensable gases amount roughly 

There are two main power u n i t s  and one aux i l i a ry  power u n i t  present ly  

i n s t a l l e d  a t  Ahuachapdn, and a t h i r d  u n i t  is under construct ion.  The technica l  

spec i f i ca t ions  f o r  each of these  u n i t s  may be found i n  Table 10.2. 
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A 1.1 IN, noncondensing geothermal steam u n i t  i s  used f o r  s t a t i o n  

s t a r t -up  from cold conditions.  

quir ing ne i the r  an ex terna l  power source nor cooling water. 

r a t ed  from a s ing le  C u r t i s  s tage  fed with separated steam; the  lubr ica t ing  

o i l  is air-cooled. All mechanical, electrical, and cont ro l  elements are 

mounted on a s ing le  platform. 

The u n i t  is  completely self-contained, re- 

Power is  gene- 

The two main power u n i t s  are e s sen t i a l ly  iden t i ca l .  They are of 

t h e  separated-steam Cor "single-flash") var ie ty .  

is shown i n  Fig. 10.3. Each u n i t  employs a 5-stage, double-flow turbine 

with impulse-reaction blading, mounted i n  a s ing le  housing, and develops 

30 MW. Each turb ine  exhausts t o  a low-level, di rect-contact  condenser 

equipped with a s lan ted  barometric pipe. 

A simplif ied flow diagram 

The geothermal energy resource u t i l i z a t i o n  e f f ic iency ,  nu,  may be 

found using the  well-flow data  quoted earlier, an output of 60 MW (combined 

f o r  both u n i t s ) ,  and a s ink  temperature of 22OC (71.6OF) ( the  design wet-bulb 

temperature). It tu rns  out t h a t  r\ = 37% f o r  u n i t s  No. 1 and 2 combined. 

The o v e r a l l  steam consumption is about 7.6 kg/kW-h c16.8 lbm/kW*h), or 

43.6 kg/kW*h (96.1 lbm/kW*h) i n  terms of t h e  t o t a l  geofluid produced from 

the  r e se rvo i r  [DiPippo, 1978fJ. 

U 

The t h i r d  power u n i t  o r ig ina l ly  was planned t o  be a 30 MW, low- 

pressure (LP) u n i t  t h a t  would have used steam flashed from separated bore 

l i qu id .  

ply g r e w ,  it was decided instead t o  i n s t a l l  a dual-pressure u n i t  of 35 MW 

capacity t o  be supplied with medium-pressure (MP) steam from th ree  new wells 

together  with low-pressure (LP) steam flashed from l iqu id .  

As t h e  f i e l d  became more developed and confidence i n  t h e  steam sup- 

A highly s implif ied flow diagram f o r  u n i t  No. 3 is  shown i n  Fig. 10.4. 

The broken l i n e s  represent  hot water from e ight  wellhead separators .  

l i qu id  is f lashed i n  two hor izonta l  f l a s h  tanks,  producing LP steam ( so l id  

The 
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l i n e s )  which is added t o  t h e  turb ine  a t  the  pass-in sec t ion .  

(heavy l i n e s )  is scrubbed before  en ter ing  the  first s t age  of the  turb ine .  

Provision is made t o  f l a s h  a por t ion  of the  MP steam down t o  t h e  LP sec t ion  if 

necessary. 

steam ejectors f o r  gland steam, and noncondensable gas removal [Fu j i ,  19771. 

The MP steam 

Auxiliary steam ( t h i n  l i n e s )  is used f o r  tu rb ine  gland s e a l s ,  

The turb ine  w i l l  be of t h e  dual-admission, double-flow type i n  a 

s ing le  housing, with an  MP sec t ion  cons is t ing  of three s tages  of e s s e n t i a l l y  

impulse blading followed by an LP sec t ion  with four  impulse-reaction s tages .  

The generator  w i l l  be air-cooled, r a t e d  a t  40,000 kVA, 1 3 . 6  kV a t  60 Hz with 

a 0.875 (lagging) power f a c t o r .  

expected by t h e  end of 1979. 

Construction is underway and completion i s  

The geothermal resource u t i l i z a t i o n  e f f i c i ency  f o r  t he  t h i r d  u n i t  

w i l l  be about 42%, based on design spec i f ica t ions .  

w i l l  be in t e r - r e l a t ed ,  t h e  o v e r a l l  p l an t  u t i l i z a t i o n  e f f i c i ency ,  for t h e  

three u n i t s ,  w i l l  be approximately 43%, assuming t h a t  t h e  t h i r t e e n  wells 

which w i l l  supply the  f u l l  p l an t  have t h e  same average condi t ions of tempera- 

ture, pressure ,  and flow rate as t h e  t e n  wells now serving u n i t s  No. 1 and 2 .  

Since a l l  t h ree  u n i t s  

Two methods are used f o r  t he  d i sposa l  of waste l i q u i d  from the  

Ahuachapdn p lan t :  r e i n j e c t i o n  and surface discharge.  The temperature of 

t h e  r e in j ec t ed  l i q u i d  is not  less than 15OoC, thus avoiding any problems with 

s i l ica  deposi t ion t h a t  might otherwise occur a t  lower temperatures. 

13 b i l l i o n  kilograms have been returned t o  t h e  formation s ince  r e i n j e c t i o n  

w a s  begun i n  1975. The l i q u i d  is r e in j ec t ed  d i r e c t l y  from t h e  separa tors ,  

a t  a pressure of about 550 kPa (80 l b f / i n 2 ) ,  thus  el iminat ing the  need f o r  

booster  pumps. 

discharge channel passes first through one of two labyr in th  r e t en t ion  tanks 

which provide 50-60 minutes of hold-up. 

converting monomer s i l ica  i n t o  polymer s i l i ca ,  thus s t a b i l i z i n g  t h e  s i l i ca  

Over 

A por t ion  of t h e  l i q u i d  intended f o r  sur face  d isposa l  v i a  t he  

This provides an e f f e c t i v e  means of 



in solution and essentially eliminating silica deposition in the long disposal 

channel. 

tanks shortly after the silica deposits have been scraped from the walls of the 

baffles [CuBllar, 1975; DiPippo, 1978d; Einarsson, -- et al, 19751. 

The photograph in Fig. 10.5 shows one of the open, cement retention 

The successful operation of the Ahuachapdn plant has made it a de- 

pendable link in the electricity supply system of El Salvador. Table 10.3 

gives the total generation, capacity factor, and percentage of total elec- 

tricity in El Salvador contributed by the Ahuachapdn plant since the first 

unit began operating in June 1975. 

free of major breakdowns. 

The geothermal plant has been essentially 

In 1977 the availability factor was 95% based on 

forced outages. This factor is reduced to 84% when scheduled outages for 

maintenance are included. 

out once every two years and takes about one month. 

A complete overhaul of each power unit is carried 

10.3.3 Other Geothermal Areas in El Salvador 

Berlzn 

(56 mi) from San Salvador. 

with Ahuachapdn in 1965 when two deep wells were drilled. 

This field is located in eastern El Salvador, about 90 km 

Exploration took place at Berlin simultaneously 

The terrain is 

considerably more rugged than that at Ahuachapdn, and this fact influenced 

the decision to proceed with Ahuachapdn for the first geothermal power plant, 

although the results of the early exploratory studies at Berlin were en- 

couraging. 

(5900 ft) and encountered a temperature of 271OC (52OOF). 

The first deep well was drilled to a depth of about 1800 m 

The geofluid at 

Berlin contains roughly 10,000 ppm of total dissolved solids. 

is continuing at Berlin which is expected to be the site of the next (i.e., 

the fourth) geothermal unit in El Salvador by 1984-1985. 

Exploration 

The ultimate power 

Q capacity of this area is estimated to be 100 MW. 
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Chinameca This f i e l d  is about 20 km ( 1 2  mi) east of Berl in  and 

17  km (11 mi) w e s t  of t h e  c i t y  of San Miguel. Exploration i s  present ly  un- 

derway. It is expected t h a t  a geothermal power u n i t  w i l l  be operat ing the re  

by 1985. This s i te  may eventual ly  support 100  MW of electrical  power 

capaci ty .  

Chipilapa This area is about 5 km (3 m i )  east of t h e  Ahuachapdn 

geothermal f i e l d  and was t h e  s i t e  of t h e  first deep w e l l  d r i l l e d  i n  E l  

Salvador. Chipilapa may be p a r t  of t h e  same geothermal f i e l d  as Ahuachapdn 

and is  expected t o  support  about 50 MW i n  the  fu ture .  

San Vicente The San Vicente geothermal f i e l d  is located i n  eas t -  

c e n t r a l  E l  Salvador, 50 km (31 mi) east of San Salvador and 40 km ( 2 5  m i )  

west-northwest of Berl in .  Extensive explorat ion a c t i v i t y  is tak ing  place.  

The p o t e n t i a l  of t h i s  s i t e  is estimated a t  100 MW (G. Cubllar,  personal 

communication 1. 
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10.4 ICELAND 

10.4.1 Geological Features 

Iceland is  perhaps b e t t e r  known f o r  i t s  d i r e c t  use of geothermal 

energy i n  space-heating appl ica t ions  than f o r  geothermal electric power gene- 

r a t ion .  Roughly 50 percent of t he  population of t h i s  i s land  heats  i t s  homes 

with geothermal hot water. 

is heated by means of geothermal water a t  about 86OC (187OF). 

f o r  t h e  expanded use of geothermal hot water t o  provide up t o  70% of t h e  

space-heating needs of t h e  country within t h e  next f e w  years  [Lindal, 19771. 

Essent ia l ly  a l l  of  t h e  c a p i t a l  c i t y  of Reykjavik 

Plans ca l l  

There are only a f e w  loca t ions  i n  Iceland where electric power is  

generated from geothermal resources.  For the  most p a r t  these l i e  inland and 

t o  t h e  nor theas t ,  although explorat ion and t h e  beginning of explo i ta t ion  are 

now taking place on t h e  Reykjanes peninsula i n  southwestern Iceland. 

Iceland is s i t u a t e d  a s t r i d e  t h e  Mid-Atlantic r idge .  The Icelandic  

graben which sweeps from t h e  north t o  t h e  southwest through t h e  center  of 

t h e  i s land  exh ib i t s  t h e  g rea t  tension which e x i s t s  i n  t h e  c r u s t a l  rift zone. 

Figure 10 .6  shows t h i s  prominent geological  f e a t u r e  along with t h e  major 

c i t ies  and t h e  ex i s t ing  geothermal power p lan ts .  

t h e  rift zone is  separat ing a t  a rate of about 2 cm/yr 

A small geothermal p lan t  near Grindavik is  a t  t h e  southwestern extremity of 

t h e  w e s t  branch of t h e  rift va l ley .  

and Krafla are located within t h e  rift zone a t  t h e  northern end. 

It has been observed t h a t  

[Burke and Wilson, 19761. 

The geothermal power p l an t s  a t  Ndmafjall 

The geologi- 

cal s t r u c t u r e  of these  regions is highly unstable ,  c rea t ing  ser ious  problems 

r e l a t e d  t o  w e l l  completions, r e se rvo i r  engineering, and geothermal power pro- 

duction i n  general .  
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10.4.2 Ndmafjall 

The geothermal power plant  a t  Ndmafjall i s  r e l a t i v e l y  small, having 

been b u i l t  t o  supply electrical power f o r  a diatomite p lan t  a t  Kis i l id jan .  

This p lan t  processes diatomaceous ea r th  which is used as a f i l t e r  a i d  with 

geothermal steam obtained from w e l l s  a t  t h e  NSmafjall f i e l d .  

The Nbnafjall  geothermal region has been the  s i t e  of severa l  proj-  

ects making use of t he  thermal anomaly i n  the  region. 

t o  permit t h e  ex t rac t ion  of s u l f u r  from the  hydrogen s u l f i d e  which cons t i t u t e s  

a port ion of t he  geofluid.  

"N&nafjallff which means "the mountain of the  mines" [Ragnars, -- e t  a l ,  19701. 

Wells had been d r i l l e d  

This mining operation gave r i se  t o  t h e  name 

The Nbnafjall  thermal area covers about 400 - 500 ha (988 - 1235 acres), 

but is  p a r t  of a much l a r g e r  thermal region,  including Krafla, which extends 

over 5000 ha (12,350 acres).' An abundance of surface thermal manifestations 

are found the re  including boi l ing  mud pools, steaming ground, and fumaroles. 

The area is highly f rac tured  with fissures and f a u l t s  trending north-northeast/  

south-southwest. 

range i n  composition from b a s a l t i c  andes i tes  t o  rhyo l i t e s .  

The rocks found the re  are of t he  s i l i c ic  volcanic type and 

The arrangement of t h e  w e l l s  r e l a t i v e  t o  t h e  power p lan t  and t h e  

A number of shallow w e l l s  adjacent  diatomite p lan t  is shown i n  Fig. 10.7. 

(not shown) were d r i l l e d  during 1947 - 1953 for sulphur mining. 

production w e l l s  were begun i n  1963, with t h e  first of these,  N 1 ,  having been 

completed i n  1966, followed by N 2  and N3 i n  1968. 

along two f a u l t s  and are separated by about 90 m (295 f t ) .  

most 180 m (590 f t )  of t h e  formation a r e  permeable, loss of c i r cu la t ion  is 

of ten encountered during the  shallow d r i l l i n g  phase. 

required t o  prevent t he  wells from collapsing. 

s t a l l  a U-pipe separator  on each wellhead because of sand, mud, pebbles , and 

other  s o l i d  material which is e jec ted  occasionally from the  w e l l s .  

The present 

The w e l l s  are located 

Since the  upper- 

Repeated cementing i s  

It was found necessary t o  in- 
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Conventional cyclone separators are used to separate the vapor and liquid 

phases of the geofluid. 

The geothermal fluid carries with it an amount of noncondensable 

gases equal to about 1% (by weight) of the steam flow. 

volume) of the noncondensable gases is roughly as follows: 

fide, 52%; carbon dioxide, 32%; hydrogen, 12%; other gases such as nitrogen, 

The composition (by 

hydrogen sul- 

methane, argon, etc., 4% CBjornsson, 19681. The total dissolved solids in 

the liquid (down-hole) is about 1000 ppm, nearly 60% of which is silica. 

Down-hole temperatures of nearly 3OOOC (572OF) have been observed; normal 

steam delivery temperature is about 183OC (361OF). 

about 25 t/h (55,000 lbm/h) of separated steam at a pressure of 1078 kPa 

(156 lbf/in2). 

Each well produces 

The power plant uses a turbine of the noncondensing type with a 

nominal capacity of 3.0 MW. Because of the noncondensing turbine, the plant 

has a low resource utilization efficiency. 

the geofluid is vapor at the wellhead, and that the appropriate ambient sink 

On the assumption that 20% of 

temperature for the region is l l ° C  (51.8OF1, then the utilization efficiency 

would be14%, and the plant would consume 82.5 kg of geofluid/kW*h (182 lbm/kW*h). 

The technical specifications for the Nbnafjall unit may be found in Table 10.4, 

10.4.3 Krafla 

The geothermal power plant at Krafla is the first major power sta- 

tion of its type in Iceland. 

porating a secondary flash process to generate additional steam for power 

The plant is a state-of-the-art design incor- 

generation from liquid which would otherwise be wasted. 

As can be seen from Fig. 10.6, Krafla lies in the same volcanic 

rift zone as Nbnafjall. The Krafla area was most recently subjected to a 

series of strong seismic events. In July 1975 earthquake tremors were 
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detected.  Gradually these  increased i n  s t rength ,  and on December 20, 1975, 

lava  bu r s t  out  i n  Leirhnjbkur, only 3 km (2  mi) f r c m  t h e  s i t e  of t h e  Krafla 

p lan t .  

erupt  u n t i l  t he  end of t h e  year.  

tremors were recorded each day. 

Although t h e  lava  flow l a s t e d  only a few hours, steam continued t o  

During t h i s  period, 2000 - 4000 ea r th  

During t h e  first th ree  months of 1976, t he re  occurred seven ear th-  

quakes of magnitude g rea t e r  than 4.0 on the  Richter scale, with two of these  

exceeding magnitude 5.0. All of these  were centered within a few kilometers 

of t h e  p lan t  si te.  

ous vig i lance  is ca r r i ed  out  by means of seismic monitors and f i e l d  observa- 

t i o n s  CS6lnes, 19761. 

By June 1976 most of t h e  a c t i v i t y  had ceased, but  continu- 

A plan view of the  power s t a t i o n  s i t e  is given i n  Fig. 10.8 which 

shows t h e  loca t ions  of t h e  power house, cooling tower, cooling pond, and pro- 

posed w e l l s .  The loca t ions  of t h e  wells are t e n t a t i v e  and subjec t  t o  change. 

Also shown i n  t h e  f igu res  are t h e  si tes of recent volcanic a c t i v i t y ,  

Leirhnjdkur, mentioned earlier,  and V i t i  ("Hell") a crater which w a s  formed 

a t  the  beginning of t he  "F i r e s  of M*atn" i n  1724. 

cen ters  of volcanic  ac t ion  t o  t h e  Krafla bore f i e l d  is evident.  

The proximity of these  

The p l an t  is of t h e  separated/s ingle-f lash (o r  "double-flash") 

steam type. 

Fig. 10.9. Only one typical wellhead is depicted; t h e r e  may be f i v e  o r  s i x  

wells required f o r  each turbo-generator u n i t .  

r e n t l y  i n s t a l l e d  a t  Krafla although the re  is  i n s u f f i c i e n t  steam ava i l ab le  a t  

t h i s  time t o  supply even one u n i t  f u l l y .  

t h e  Krafla u n i t s  are l i s t e d  i n  T a b l e  10.4 [MHI, 1 9 7 8 ~ 1 .  

A highly-simplified f l o w  diagram for t h e  p l an t  is shown i n  

There are two 30 MW u n i t s  cur- 

The t echn ica l  spec i f i ca t ions  for 

Very l i t t l e  information is ava i l ab le  on t h e  operation of t h e  p l an t .  

Al- It is  known t h a t  t rouble  has been encountered with t h e  production wells. 

though t h e  geofluid is  r e l a t i v e l y  clean (TDS 'L 1000 ppm with about 650 ppm s i l i ca ) ,  



the wells have been subject to clogging. Two plugs seem to develop: a deep plug Q 
of iron sulfide, and a shallow plug of calcium carbonate. 

the cause of the poor production from the wells is the presence of these deposits 

in the boreholes, rather than the collapsing of the formation from earthquake 

activity as was earlier thought to be the case (J. T. Kuwada, personal communication 

It seems evident that 

10.4.4 Grindavik 

It has been learned that a 1 MW geothermal power unit is located at 

Svartsengi near Grindavik on the Reykjanes peninsula in southwestern Iceland 

[Gudmundsson, 19781. 

The bottomhole temperature is 235OC (455OF); the temperature of the 

The plant presumably is of the non- steam at the separator is 155OC (311OF). 

condensing type and makes use of a single well. 

city installed at the site will be increased as field development takes place 

and the expansion of the plant can be justified. 

little information is known about the plant. 

It is expected that the capa- 

Table 10.4 contains what 
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10.5  ITALY 

10.5.1 Overview 

Documentation e x i s t s  which shows t h a t  t he  na tu ra l  steam f i e l d s  i n  

Tuscany were recognized as ea r ly  as t h e  3rd century, and t h a t  t h e  commercial 

po ten t i a l  of these  mineral-laden waters l ed  t o  w a r s  between t h e  Tuscan repub- 

l i c s  during t h e  Middle Ages [ENEL]. It was not u n t i l  1904,  however, t h a t  t he  

power of n a t u r a l  steam w a s  first harnessed t o  produce e l e c t r i c i t y ,  t h e  accom- 

plishment of t h i s  feat being cred i ted  t o  Prince Piero Ginori Conti. 

Conti 's  o r i g i n a l  system used a reciprocat ing engine which received 

steam separated from t h e  geothermal f l u i d .  The engine was of the  noncon- 

densing type,  exhausted t o  t h e  atmosphere, and generated about 15  kW of elec- 

t r i c  power. The output from t h e  DC generator provided l i g h t i n g  f o r  t h e  boric  

acid fac tory  a t  Larderel lo  i n  t h e  boraciferous region of I t a l y .  

engine w a s  replaced by a turbo-al ternator  of 250 kW capacity i n  1913, thus 

This pr imi t ive  

marking t h e  beginning of t h e  production of e l e c t r i c i t y  f r o m  geothermal sources 

on a commercial scale [Conti, 19241. 

Since that time endogenous f l u i d  has been tapped a t  two o ther  s i tes ,  

Monte Amiata and Travale, and t h e  t o t a l  i n s t a l l e d  geothermal electric gene- 

r a t i n g  capaci ty  i n  I t a l y  has grown t o  420,000 kW. 

' I n  t h e  following sec t ions  w e  w i l l  summarize some of  t he  geological  

f ea tu re s  of t h e  main geothermal regions currently under explo i ta t ion ,  Larderello,  

Monte Amiata'and Travale, and d iscuss  b r i e f l y  t h e  t echn ica l  d e t a i l s  r e l a t e d  t o  

t h e  gather ing and d i s t r i b u t i o n  of t h e  geothermal f l u i d ,  t h e  energy conversion 

systems, and t h e  r e l i a b i l i t y  of t h e  p lan ts .  

10.5.2 Larderello (Boracif erous Region 1 

The Larderello region i n  general  s t r u c t u r a l  t e r m s  corresponds t o  a 

t ec ton ic  high located between t h e  E r a  graben t o  t h e  north and northwest and 



I 

-20- 

” ., 8 ,  * <, *.,r: 

t he  pos i t i ve  feature of t he  c r y s t a l l i n e  basement which is  evident i n  out- 

croppings t o  t h e  south and southeast  [ENEL]. The presence of a deep magmatic 

in t rus ion  a t  about 6 - 8 km (4 - 5 m i )  is infer red  from the  huge gravi ty  

d e f i c i t  . 
The high heat flow i n  t h e  region issgenerated by the  gross in t e r -  

ac t ion  between the  African and Eurasian t ec ton ic  p l a t e s  and severa l  smaller 

p l a t e s  which are i n  contact  i n  the  area. Heat flow, thermal gradients ,  and 

thermal conductivity measurements have a l s o  been employed as prospecting 

too l s .  

being of t h e  order of 3O0C/1O0 m ( 1 6 O F / l O O  f t )  and i n  some places ,  as high as 

The area is character ized by exceptionally high thermal gradients ,  

l O O O C / l O O  m C55OF/lOO f t ) .  

gradient  of about 3OC/lOO m (1,6°F/100 f t ) .  

Larderello is believed t o  cover about 25,000 ha (62,000 acres )  [Koenig, 19731, 

although t h e  d r i l l e d  area extends over only about 18,500 ha (45,700 acres) 

[Ceron, e t  a l ,  1975; E l l i s  and Mahon, 19771. 

These should be compared with the  accepted normal 

The geothermal f i e l d  a t  

-- 
There a re  roughly 190 producing w e l l s  i n  t he  Larderello region out 

of a t o t a l  of 511 d r i l l e d  [Overton and Hanold, 1977J. 

a l l  wells is 656 m C2152 f t ) ;  wells d r i l l e d  s ince  1969 average 1129 m (3704 f t )  

i n  depth LCeron, e t  a l ,  19757. 

a 311m (l2-1/4 i n )  open hole and a 400 mm (13-3/8 i n )  casing which i s  ce- 

The average depth of 

A t y p i c a l  w e l l  produces na tu ra l  steam through -- 

mented within a 406 mm c16 i n  hole) .  

C8-1/2 i n )  open hole throughout t he  permeable zone with a 244 mm (9-5/8 i n )  

production casing. In  t h i s  case t h e  400 mm c13-3/8 i n )  casing serves  as an 

intermediate casing f o r  s a fe ty  purposes. The casings are 5-55 API heavy w a l l  

pipe t o  withstand t h e  corrosive nature  of t he  geothermal f l u i d  and the  severe 

temperature cycling t o  which t h e  w e l l s  may be subjected.  The cement used f o r  

Deeper wells typ ica l ly  have a 216 mm 

w e l l s  a t  Larderelio cons i s t s  of a mixture of Portland 425 cement and a f ine-  

giained s i l ica  f l o u r ,  i n  60-40 proportions.  
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Geothermal steam is transported across  t h e  s loping landscape of 

Larderel lo  i n  a network of over 118 km (73 mi) of weldable s t e e l  pipes from 

the  ind iv idua l  wells t o  a number of power p l an t s  of r e l a t i v e l y  small elec- 

t r ica l  generat ing capaci ty .  

(0.24 - 0.31 i n ) ,  have diameters of 250, 350, 450, 650 and 810 mm (10, 14,  

18, 26 and 32 i n ) ,  and are insu la ted  with asbestos  f i b e r  of thickness  ranging 

from 30 t o  120 mm (1.2 - 4.7 i n )  [DiMario, 19611. 

The steam a t  Larderel lo  contains about 5% (by weight) C02, and 

The pipes  have w a l l  th icknesses  of 6 - 8 mm 

0.5% H2S. 

and a t  pressures  of 200 - 700 kPa (29 - 102 l b f / i n  1. 

vary from 50 - 100 t / h  (110 - 220 x 1 0  

del ivered as much as 300 t / h  (660 x 1 0  

w e l l s  a t  Larderel lo  is about 17 t / h  (37,500 lbm/h) [Ceron, e t  a l ,  19751. 

It is produced a t  temperatures ranging from 140 - 22OOC (285 - 43OOF) 

2 Maximum flow rates 

3 

3 

lbm/h). 

lbm/h), t h e  average flow from a l l  

Although a f e w  wells have 

-- 
There have been three types of energy conversion systems used i n  

t h e  I t a l i a n  geothermal p lan ts .  

"Cycle l", "Cycle 2", and "Cycle 3", and are depicted schematically i n  

Figure 10 .10 ,  as ( a ) ,  (b), and ( c ) ,  respec t ive ly .  

These are r e f e r r e d  t o  by t h e  I t a l i a n s  as 

Cycle 1 p lan t s  are i n s t a l l e d  a t  loca t ions  which e i t h e r  have high 

noncondensable gas content i n  t h e  geothermal steam o r  are not su f f i c i en t ly  

developed t o  j u s t i f y  t h e  construction of steam l i n e s  t o  j o i n  t h e  f i e l d  t o  t h e  

main network. Such p l an t s  are extremely simple, highly reliable, e a s i l y  as- 

sembled o r  disassembled, and offer l o w  c o s t s  because they may be remote con- 

t r o l l e d  from a nearby power s t a t i o n .  

Cycle 2 p l a n t s  were used when it w a s  desirable and economic t o  ex- 

tract  chemicals, such as bor i c  a c i d  and ammonia, from the  geothermal f l u i d  

while a t  t h e  same t i m e  avoiding materials corrosion problems i n  t h e  turb ine  

and taking advantage of t he  improved power output  associated with condensing 

operation. However, considerable d i f f i c u l t y  was encountered i n  the  operat ion 
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of the  heat exchangers because t h e  water tubes which formed the  bo i l e r  sec t ion  

were subjec t  t o  deposi ts  of i ron  su l f ide  or breakage depending on whether 

i ron  or aluminum were used f o r  t he  tube material. Since chemicals are no 

longer extracted from t h e  f l u i d s  and the  problems of corrosion of tu rb ine  

blades can be avoided, t h i s  energy conversion scheme has been eliminated. 

Cycle 3 p l an t s  form the  mainstay of t he  I t a l i a n  geothermal plants .  

The effects of impuri t ies  or corrosive substances i n  t h e  steam can be re- 

duced by scrubbers located upstream of the  turb ine  i n l e t .  Pure water o r  

a lka l ine  so lu t ions  may be in jec ted  t o  wash the  steam; a x i a l  separators  then 

remove the in jec ted  l i q u i d  p r i o r  t o  admission i n t o  the  turbine.  

amount of noncondensable gases i n  t h e  steam requi res  the  use of high-capacity 

The l a rge  

turbocompressors t o  remove the  gases from the  condensers. 

Power is produced a t  the  present time i n  Larderello by means of 

energy conversion systems of t h e  "Cycle 1" and "Cycle 3" types.  

llCycle 2"-type p l an t s  were a l s o  i n  operation. 

of Fig. 10.11 shows a t y p i c a l  arrangement f o r  a Cycle 3 power u n i t .  O f  par- 

t i c u l a r  i n t e r e s t  are t h e  three s tages  of intercool ing used with the  gas com- 

pressor ,  t he  f irst  s tage  of which is i n t e g r a l  with t h e  condenser. 

Pr ior  t o  1968, 

The schematic layout  diagram 

A t y p i c a l  flow diagram f o r  a 14.8 MW (gross) ,  13.4 MW (ne t )  power 

u n i t  is given i n  Fig. 10.12,  The geothermal resource u t i l i z a t i o n  e f f ic iency ,  

based on the  ava i lab le  work of t he  geofluid r e l a t i v e  t o  the.design wet-bulb * 

temperature of 1 9 . 4 O C  (67OF), is about 52%. 

operating a t  Larderello have e f f i c i enc ie s  as high as t h i s ;  t he  highest  ac tua l  

e f f ic iency  was 47.4% f o r  the  two u n i t s  located a t  the  Sasso Pisano geothermal 

/ 

However, none of the  actual u n i t s  

f i e l d  [DiPippo, 1978e1. 

. T a b l e  1 0 . 5  gives  a summary of t h e  technica l  pa r t i cu la r s  f o r  geother- 

mal power s t a t i o n s  i n  t h e  Larderello region which are equipped with condensing 

steam turbines .  Table 10 .6  contains similar information on noncondensing 
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u n i t s  i n  t h e  same region. 

where 26 MFI of electrical  generating capaci ty  are i n s t a l l e d .  

Figure 10.13 shows t h e  turb ine  h a l l  a t  Castelnuovo 

10.5.3 Monte Amiata 

The Monte Amiata geothermal region is located about 70 km (44 m i )  

southeast  of Larderello.  Although t h e  geology of t h e  s i t e  i s  similar t o  t h a t  

of Larderel lo ,  t h e r e  are a few noteworthy differences.  The Monte Amiata area 

is marked by magmatic extrusions,  a f ea tu re  absent a t  Larderello.  Unlike the  

case a t  Larderello,  t he re  are r e l a t i v e l y  f e w  outcroppings of t h e  main aqui fe r  

complex. The main source of recharge f l u i d  f o r  t h e  r e se rvo i r  is  t h e  pervious 

volcanic  formation which is  l inked t o  the  aqui fe r  by f r ac tu res ,  extrusion 

chimneys, and volcano-tectonic f a u l t s .  

The two areas of t he  Monte Amiata f i e l d  a t  which power p l an t s  are 

loca ted ,  Bagnore and Piancastagnaio, a r e  character ized by extremely high 

thermal grad ien ts  of about 5O0C/1O0 m (27OF/lOO f t ) ,  nearly seventeen times 

t h e  normal gradient .  The gradient  exceeds 10°C/lOO m (5.5OF/lOO f t )  over a 

wide area of 40,000 ha c100,OOO ac res )  [ENEL]. 

The wells i n  t h i s  region produce dry,  s l i g h t l y  superheated steam 

as a t  Larderel lo ,  but a t  general ly  lower temperatures. 

i n  t h e  Bagnore area averages about 138OC (28OOF) whereas the  temperature a t  

Piancastagnaio is 183OC (361OF). 

Bagnore and Piancastagnaio have pressures  588 kPa (85 l b f / i n  ) and 1961 kPa 

(284 l b f / i n  1, respect ively.  Wellhead operating pressures  a t  t h e  two s i tes  

are about 309 kPa C45 Ib f / in2 )  and 804 kPa (117 l b f / i n 2 ) .  

The steam temperature 

A t  t h e  present  t i m e ,  closed-in w e l l s  a t  

2 

2 

The amount of noncondensable gas i n  t h e  geothermal steam is s i g n i f i -  

can t ly  more than f o r  t h e  case of Larderello.  

developed, gas content exceeded 90% (by weight) of t h e  na tu ra l  vapors. 

earl iest  power p l an t s  encountered "steam" t h a t  contained between 30 - 80% 

A t  t h e  time t h e  f i e l d  was being 

The 
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(by weight) of noncondensables. This percentage has declined during exploi- 

t a t i o n  and now ranges from 7 - 20%. On the  average, t h e  noncondensable gas 

contains  95% carbon dioxide,  0.4% hydrogen su l f ide ,  0.4% hydrogen, 3.5% meth- 

ane, and 0.7% nitrogen cby volume) [ENEL]; 

The only geothermal power s t a t i o n s  i n  t h e  Monte Amiata region are 

of t h e  Cycle 1 o r  noncondensing type. 

u n i t s  i-n operation, two a t  Bagnore and one each..at Piancastagnaio and Senna. 

The last of these was a 3.5 MW u n i t ,  very similar t o  t h e  3.5 MW u n i t  i n s t a l l e d  

at Lagoni Rossi 1 a t  Larderello,  but has s ince been shut  down. 

p a r t i c u l a r s  f o r  t h e  remaining three u n i t s  are l i s t e d  i n  Table 10.7. 

thermal u t i l i z a t i o n  eff ic iency f o r  t h e  two u n i t s  a t  Bagnore is only 16%, 

In  t h e  l a te  1960's there  were four  

The technica l  

The geo- 

whereas t h e  1 5  MW u n i t  a t  Piancastagnaio operates  with a geothermal u t i l i z a -  

t i o n  e f f ic iency  of 24% and consumes 17.7 kg/kW*h (39 lbm/kW*h) of net  elec- 

t r i c i t y  generated CDiPippo, 1978e1. 

10.5.4 Travale 

The Travale geothermal f i e l d  is located j u s t  on the  southwest edge 

of t h e  E r a  graben, a northwest-southeast trending fea ture .  The geology of 

t h e  s i te  is  s i m i l a r  t o  t h a t  of Larderello which l ies  1 0  - 1 5  km (6 - 9 m i )  t o  

t h e  west-northwest. 

l o g i c a l  systems of Larderello and Travale is  not w e l l  known even though both 

In  fact, t h e  nature  of t h e  boundary between the  hydro- 

regions have been the  subject of a l a rge  number of surveys 

[Petracco and Squarci, 19751. As of 1975, there  had been a t o t a l  of fourteen 

wells d r i l l e d  a t  Travale, e ight  of these having been completed p r i o r  t o  1969. 

There is one power p lan t  i n  operation a t  t h e  Travale f i e l d .  It is 

a noncondensing u n i t  (Cycle 1) of 15 MW nominal capacity.  The p lan t  is essen- 

B t i a l l y  i d e n t i c a l  i n  design t o  the  one a t  Piancastagnaio, M. Amiata. 

i n s t a l l e d  i n  1973, u t i l i z e s  the  geofluid from w e l l  T22. The technica l  

The u n i t ,  
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particulars are listed in Table 10.7. 

operating efficiency of any exhausting-to-atmosphere geothermal plant in 

Italy. 

[Ceron, -- et al, 19751, and a geothermal energy net utilization efficiency 

of 29%. 

This plant is reported to have the best 

The specific steam consumption is 13.5 kg/kW*h (29.8 lbm/kW*h) 
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10.6 JAPAN 

10.6.1 Overview 

Japan is t h e  only country i n  which the re  are now ins t a l l ed  geother- 

m a l  p l an t s  of t he  dry-steam, s ingle-f lash,  double-flash, and binary type. 

Although only 165 MW are i n s t a l l e d  a t  t h i s  t i m e ,  there  is underway an ambi- 

t i o u s  andaggressive development program aimed a t  put t ing  48,000 MW on-line 

by t h e  year 2000 from a l l  geothermal sources,  including tapping volcanic 

magma and hot dry rocks. 

The f u l l  range of geothermal a c t i v i t i e s  i n  Japan is  directed by 

t h e  government's Ministry of In te rna t iona l  Trade and Industry (MITI) through 

t h e  Sunshine Project .  

ment are handled through t h e  Geothermal Energy Research and Development Co., 

Ltd. (GERD), an organization which enjoys t h e  pa r t i c ipa t ion  of t h i r t y  i n s t i -  

t u t ions ,  mainly from industry.  

nology (AIST) a l s o  oversees c e r t a i n  research p ro jec t s ,  i n  p a r t i c u l a r ,  those 

Problems r e l a t i n g  t o  fundamental research and develop- 

The Agency of I n d u s t r i a l  Science and Tech- 

of t he  Geological Survey of Japan (GSJ). Pro jec ts  r e l a t e d  more t o  develop- 

ment than research are a l s o  administered by MITI, but are channeled through 

the  Japan Geothermal Energy Development Center (JGEC) where funding is  shared 

between government and industry on a 90/10 r a t i o .  

t i v e  e f f o r t  is underway i n  Japan t o  develop the  geothermal resources of t h a t  

country involving a c lose  par tnership between government and industry.  

Thus a concerted and effec- 

Exploi ta t ion of geothermal energy f o r  electric power has, neverthe- 

less, been slow i n  Japan because nearly a l l  of t h e  outstanding geothermal 

prospects are located i n  na t iona l  parks which are en thus i a s t i ca l ly  protected 

f o r  t h e i r  na tu ra l  beauty. 

p l an t s  thus are subjec t  t o  r i g i d  and s t r ingen t  controls .  

The construct ion and operation of geothermal power 
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A summary of t h e  geothermal p l an t s  i n  Japan is given i n  Table 10.8 

where information is  provided f o r  those p l an t s  which are i n  operat ion,  i n  

t e s t i n g ,  under construct ion,  and i n  planning. 

described b r i e f l y ;  a more de ta i l ed  treatment may be found i n  DiPippo C1978al. 

Each of these  now w i l l  be 

10.6.2 Matsukawa 

The geofluid a t  Matsukawa is dry steam which is  admitted t o  t h e  t u r -  

bine a t  about 440 kPa (63.8 l b f / i n 2 )  and 147OC (296.6OF). 

about 0.5% (by weight) noncondensable gases ,  of which about 82% (by volume) is 

C02 and about 15% is H2S. The turb ine  is a 4-stage, impulse machine, exhaust- 

ing t o  a barometric,  d i rec t -contac t  condenser a t  a pressure of 13.5 kPa (4  i n  

Hg). A n a t u r a l  d r a f t  cooling tower reduces t h e  temperature of the  condensate 

from 47OC t o  25OC (116.6 - 77OF) for  r e c i r c u l a t i o n  and use i n  t h e  spray conden- 

ser. 

The steam c a r r i e s  

Figure 10.14 shows t h e  hea t  balance diagram for t he  p l an t  a t  i t s  design 

output of 20 MW [Akiba, 

10.6.3 Otake 

The separated 

19701. 

( o r  "single-flash") steam p lan t  a t  Otake has been i n  

operat ion s ince  1967. 

operat ion out of a maximum poss ib le  92,968 hours,  f o r  a p l an t  a v a i l a b i l i t y  

f a c t o r  of 0.961. 

i n  its first year  of operation. 

and the  f a i lu re  t o  complete any successful replacement w e l l s ,  t he  a c t u a l  out- 

put  of t h e  Otake p l an t  has f a l l en  s t ead i ly .  

6.4 MW compared with the  o r i g i n a l  10  MW capacity.  

from a r e l a t i v e l y  shallow re se rvo i r  of depth 300 - 500 m (986 - 1640 f t ) ,  and 

2 is of low pressure ,  245 kPa (35.6 l b f / i n  1, and temperature, 127OC (26loF),  

by the  t i m e  it reaches t h e  turb ine  i n l e t .  

ing the  p l a n t ,  with seve ra l  o the r s  serving as r e i n j e c t i o n  wel ls  for t he  

Through 1977, t h e  p l an t  had logged 89,345 hours of 

The full capaci ty  of t h e  p l an t  w a s  achieved, however, only 

Owing t o  t h e  loss of seve ra l  production w e l l s  

I n  1967, t h e  mean output w a s  

The geofluid is  produced 

Currently only two wells are feed- 
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disposa l  of t he  waste l i q u i d  from the  wellhead separa tors  and the  excess 

steam condensate from t h e  cold w e l l  of the  mechanically-induced-draft cool- 

ing tower. 

against  any chance of inducing earthquake a c t i v i t y .  

j e c t i v i t y  has been severe,  with a drop-off i n  flow rate  of about 7% per 

month. 

j ec t ion  under pressure and chemical treatment o f 8 t h e  waste l i qu id  t o  remove 

harmful elements and possibly el iminate  t h e  need f o r  r e in j ec t ion  [DiPippo, 1 9 7 8 4 .  

Reinjection is car r ied  out under atmospheric pressure t o  guard 

However, loss of re in-  

Alternate  d isposa l  s t r a t e g i e s  are being considered including re in-  

10.6.4 Onuma 

The Onuma p lan t  is nearly i d e n t i c a l  t o  the  Otake p lan t  i n  terms of 

i t s  energy conversion system. 

temperatures are the  same. 

36,073 hours out  of a possible  t o t a l  of 38,424 f o r  an a v a i l a b i l i t y  f a c t o r  of 

0.939. However, un l ike  Otake, t he  Onuma p lan t  began a t  about one-half capa- 

c i t y  and has s t e a d i l y  increased its output,  achieving a mean output of 7.7 MW 

i n  1977. Reinjection has been going on without t rouble  even though the  f l u i d  

is returned t o  the  r e se rvo i r  a t  atmospheric pressure.  

view of the p lan t  and one of t he  wellhead platforms [ M H I ,  1978a1. 

The turbine and t h e  operating pressures and 

From 1973 through 1977, Onuma had operated f o r  

Figure 10.15 shows a 

10.6.5 Onikobe 

The p lan t  a t  Onikobe is supplied with steam from a shallow reservoi r  

which y i e lds  a 50-50 liquid-vapor mixture (by weight) a t  the  surface. 

is a l a rge  percentage of hydrogen su l f ide ,  H2S, i n  t h e  geothermal steam and 

the  geofluid is highly ac id i c .  The t o t a l  noncondensable gas content of t h e  

steam is about 0.5%, with about 36% of t h i s  being H2S.' Since the re  are no 

emissions controls  on the  gases exhausted from the  p l an t ,  a l a rge  quant i ty  

H S is continuously discharged t o  t h e  atmosphere. 

be taken i n  the  se l ec t ion  of materials f o r  t he  p lan t  because o f ' t  

There 

Special  precautions had t o  2 
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corrosive nature of t h e  geothermal f l u i d .  Extensive corrosion f a t igue  tests 

were conducted on t h e  materials for  t h e  turb ine  r o t o r  and blades.  The r o t o r  

s h a f t  glands are espec ia l ly  vulnerable because of t h e i r  exposure t o  both geo- 

thermal steam and a i r  leakage. 

t hese  elements. 

p l an t  had recorded an a v a i l a b i l i t y  f a c t o r  of 0.937 [Kawasaki, 19771. 

Because of t h i s ,  t i tanium was se l ec t ed  f o r  

Over the  first seventeen months of operat ion,  t h e  Onikobe 

10.6.6 Hatchobaru 

The Hatchobaru p l an t  is  an  example of an advanced design, modern 

geothermal power s t a t i o n .  It has a number of unique f ea tu res :  (1) 2-phaseY 

liquid-vapor transmission of t h e  geofluid,  (2) "double-flash" operat ion,  

(3)  low-level j e t  condenser i n t e g r a l  with t h e  turb ine  foundation, and (4) a 

combined steam e j e c t o r h a d i a l  blower f o r  gas ex t rac t ion .  

a schematic diagram of t h e  p l an t .  

a s i n g l e  p ipe l ine  which i s  joined t o  o ther  p ipe l ines  f o r  transmission of t h e  

geofluid t o  t h e  power house. 

stream (primary steam) and a l i q u i d  stream i n  t w o  v e r t i c a l  cyclone separa tors ,  

shown i n  Fig. 10.17. 

t o  generate  secondary, low-pressure steam. 

double-flow u n i t  which receives primary steam a t  677 kPa (98.2 l b f / i n  ) and 

164OC C329OF), and secondary steam a t  99 kPa (14.4 l b f / i n  ) and 102OC (215.6OF1, 

and which exhausts a t  9.8 kPa (2.9 i n  Hg). 

June 1977 and was de l iver ing  about 24 MW as of October 1978. 

t h a t  enough wells w i l l  be d r i l l e d  by t h e  spr ing  of 1979 t o  allow t h e  p l an t  t o  

reach i t s  f u l l  50 Mw capaci ty  [Aikawa and Soda, 19751. 

Figure 10.16 shows 

Each w e l l  discharges t h e  t o t a l  flow i n t o  

There t h e  f l u i d  is first separated i n t o  a vapor 

The l i q u i d  f r a c t i o n  i s  f lashed  i n  a hor izonta l  ves se l  

The tu rb ine  is  a dual-admission, 

2 

2 

The p l a n t  w a s  commissioned i n  

It is expected 

10.6.7 Kakkonda 

The newest Japanese geothermal p lan t  is a 50 MW s ing le- f lash  p l an t  

a t  Kakkonda. Nearly 400 t / h  (880 x lo3 lbm/h) of separated steam pass through 
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2 t h e  4-stage, double-flow turbine.  I n l e t  conditions are 441 kPa (64 l b f / i n . ) ,  

147OC C297OF); exhaust is a t  13.5 kPa (4  i n  Hg). A t o t a l  of eleven producing 

wells and f i f t e e n  r e in j ec t ion  wells are employed. 

is done a t  the separator  pressure,  i .e . ,  a t  about 550 kPa. 

is being car r ied  out  t o  check f o r  any s igns of induced seismici ty  [DiPippo,l979J. 

A t  t h i s  p lan t  r e in j ec t ion  

Extensive monitoring 

10.6.8 Mori and Otake P i l o t  Binary Plants  

The development of binary geothermal power cycles  began i n  Japan 

i n  1975 i n  cooperation with t h e  Sunshine Project ,  promoted by t h e  Agency of 

I n d u s t r i a l  Science and Technology (AIST) of the  Ministry of In te rna t iona l  

Trade and Industry (MITI).  

b u i l t  and are being tes ted .  

Two 1 MW experimental p i l o t  p l an t s  have been 

The one a t  Mori on t h e  northern i s land  of Hokkaido 

uses refrigerant-114 as t h e  secondary working f l u i d  i n  conjunction with 

shell-and-tube heat exchangers and a surface condenser. 

axial-flow machine. 

The turb ine  is an 

The Otake binary p lan t  is a more ambitious design. It  employs iso-  

butane as t h e  working f l u i d .  

f l a s h  heater  from geothermal l i q u i d  from t h e  separator  of t he  Otake w e l l  

No. 10. 

of 8, and carrying about 4000 ppm of dissolved so l id s .  A port ion of the  steam 

from the  steam rece iver  a t  the  nearby Otake power p lan t  is  used t o  provide the  

f i n a l  heating needed t o  vaporize the isobutane. 

inflow machine, f i t t e d  with an ex t rac t ion  point t o  allow for feedheating of 

Isobutane vapor is generated i n  a mult is tage 

The geothermal l i qu id  en te r s  t he  heater  a t  1 3 O O C  (266OF) with a pH 

The turbine is a r ad ia l - -  

t he  isobutane l i qu id  as it re tu rns  from t h e  air-cooled condenser before en- 

t e r i n g  the  multi-stage heater .  

been conducted and another was scheduled f o r  t h e  winter of 1978-79, during 

A s  of October 1978, th ree  test runs had : 

which the  regenerator was t o  be t e s t ed  f o r  t he  first time. An ove ra l l  

view of t h e  Otake binary tes t  p lan t  is  shown i n  Fig. 10.18. 

s implif ied flow diamam is shown i n  Fig. 10.19. Note t h a t  t he  

A much- 
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regenerator  is  not shown i n  t h e  drawing, and t h a t  t he  mult i - f lash heater  

ac tua l ly  cons i s t s  of eighteen sec t ions .  A supplementary water spray i s  used 

i n  the air-cooled condenser during w a r m  weather  [MHI,  19771. 

10.6.9 Mori - 
A 55 MW, s ingle-f lash p l an t  is being b u i l t  a t  t he  Mori geothermal 

s i t e  i n  t h e  southwestern p a r t  

liquid-dominated and contains 

The production wells range i n  

of t h e  i s land  of Hokkaido. The r e se rvo i r  i s  

r e l a t i v e l y  high amounts of noncondensable gases.  

depth from 1 . 0  - 1 . 2  km (3280 - 3937 ft). 

10.6.10 Other Promising Areas i n  Japan 

The ultimate geothermal electric generating capacity i n  Japan may 

be as high as 100,000 MW [MITI ,  19761. 

exce l len t  sites for  geothermal developments. Some of these  include: Oyasu 

(ho t t e s t  w e l l  so far i n  Japan), Akinomiya, Yakedake, Kirishima, Fushime, 

Kuzuneda, Ogachi, and Takenoyu [Mori, 1975; GERD, 1975; Iga and Baba, 1974, 

MITI ,  1976; DiPippo, 1978a1. 

A g rea t  many areas are known t o  be 
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10.7 MEXICO 

10.7.1 General Remarks 

The first exploration f o r  sources of geothermal energy i n  Mexico 

took place i n  1955 west of t he  c i t y  of Pachuca a t  Pathb. 

f i e l d  is s i tua t ed  on t h e  Neovolcanic a x i s  which t rends east-west across t h e  

country i n  a region of upper Ter t ia ry  and Quaternary b a s a l t i c ,  andes i t i c ,  - .  

r h y o l i t i c  and pyroc las t ic  rocks [Alonso, 19751. 

This geothermal 

As of 1975, t he  t o t a l  i n s t a l l e d  electric capaci ty  of Mexico w a s  

7500MW,with 48% being supplied by hydroelectr ic  p lan ts ,  51% from o i l  and 

gas-fired thermal power p l an t s ,  and the  remaining 1% by coal  and geothermal. 

It is  unl ikely t h a t  expansion i n  hydroelectr ic  capacity w i l l  amount t o  more 

than about 12 ,000  MW. A1though”the discovery of extensive petroleum reserves  

i n  Mexico has allowed Mexico t o  become an exporter of crude o i l  and ref ined 

petroleum products, geothermal energy w i l l ,  nevertheless ,  play an important 

r o l e  i n  meeting t h e  growing demand for e l e c t r i c i t y  i n  Mexico. There are over 

1 3 0  geothermal regions i n  t h e  country; these appear i n  24 of t h e  32 states. 

The l a r g e s t  concentration of geothermal sites are i n  t h e  states of Michoacdn 

(221, J a l i s c o  (161, Baja Cal i forn ia  (15) and Guanajuato (9) .  Owing t o  t h e i r  

wide geographic d i s t r i b u t i o n  and t h e i r  p o t e n t i a l  as an inexpensive source of 

l o c a l  power, these geothermal regions w i l l  be taken ser ious ly  i n t o  account i n  

na t iona l  plans t o  meet the  expected fu ture  demand f o r  e l e c t r i c i t y  i n  Mexico. 

10.7.2 Path6 

Mexico’s first geothermal power p lan t  w a s  i n s t a l l e d  a t  Pathb, a geo- 

thermal f i e l d  located i n  the  municipali ty of Tecozaulta, i n  t he  state of Hidalgo, 

about 80 Ian (50 mi) north-northeast of Mexico City. The p lan t  began operations 

i n  1959; it is, however, no longer operat ional  [G. CuBllar, personal communication 
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The Path6 u n i t  had a capaci ty  of 3.5 MW. It employed a noncondens- 

ing turb ine  supplied with steam separated,  most l i k e l y  from one w e l l .  

l i t t l e  information exists on t h i s  p lan t  i n  the  l i terature.  

Very 

10.7.3 Cerro Pr ie to 

Since 1973 the  geothermal power p lan t  a t  Cerro P r i e t o  has been 

generating 75 MW of power on a highly r e l i a b l e  and economic bas i s .  

r ecen t ly  has achieved t h e  highest  capaci ty  f a c t o r  of any power p l an t  i n  

Mexico. 

on an extension of t h e  p l an t  which w i l l  dupl ica te  t h e  two ex i s t ing  power 

u n i t s .  

The f u l l  p o t e n t i a l  of t h e  f i e l d  is known t o  be a t  l e a s t  400 MW. 

The p l an t  

So successful has been t h e  experience t h a t  construct ion is underway 

The new u n i t s  w i l l  br ing t h e  i n s t a l l e d  capaci ty  t o  150  MW i n  1979. 

The Cerro P r i e t o  geothermal f i e l d  is located on a p l a i n  i n  the  

Mexicali-Imperial rift va l l ey  i n  the  S t a t e  of Baja Cal i forn ia ,  roughly 35 km 

( 2 2  m i )  south of t h e  c i t y  of Mexicali and the  in t e rna t iona l  boundary between 

t h e  United S t a t e s  and Mexico. The resource covers an area of about 3000 ha 

(7400 ac res ) .  Its general  l oca t ion  is shown i n  Fig. 10.20. Figure 1 0 . 2 1  i s  

a highly-simplified geologic cross-sect ion of t h e  f i e l d  [after CFE, 19711. 

The r e se rvo i r  i s  capped by a l aye r  of p l a s t i c ,  impermeable c lays  with a thick-  

ness of 600 - 700 m (1970 - 2300 f t )  over t h e  main por t ion  of t h e  f i e l d .  

der lying the  cap c lays  is t h e  main r e s e r v o i r  which cons i s t s  of sha le s  and 

sandstones possessing considerable poros i ty  and permeabili ty.  

ing contr ibuted t o  t h e  permeabili ty of t h e  formation. 

g r a n i t i c  i n  na ture  and may be seen i n  l a r g e  outcroppings i n  the  S i e r r a  de 10s 

Cucapahs . 

Un- 

Basement f a u l t -  

The basement rock i s  

Eighteen wells are connected t o  the  first two u n i t s  of t h e  power 

O f  these  about 1 5  o r  1 6  are needed t o  generate  p l an t ,  nine f o r  each u n i t .  

t he  r a t e d  75 MW, with t h e  o the r s  held on stand-by reserve.  Figure 10.22 shows 
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t h e  piping lay-out f o r  t h e  steam gathering system. 

gathering l i n e s  which run from the  w e l l s  t o  t h e  steam rece ivers  a t  the  power 

house. 

There are four  main steam 

There are over 6 km c20,OOO f t )  of steam pipe l ines  of diameters 

greater than 406 mm (16 i n ) .  The mean lifetime of a w e l l  a t  Cerro P r i e t o  is 

considered t o  be f i f t e e n  years .  

still  i n  good condition, and producing steam [Mercado, 19761. 

t h e  r e se rvo i r  is a compressed l i qu id  which p a r t i a l l y  f l a shes  t o  vapor during 

i t s  ascent  through t h e  w e l l .  

lar  f l o w  exists i n  the  w e l l  bore, i .e.,  l i qu id  on the  walls and vapor i n  t he  

There are w e l l s  t h a t  are fourteen years  o ld ,  

The f l u i d  i n  

Under high flow rates it is  observed t h a t  annu- 

core [Reed, 19751. 

The two-phase geofluid is processed conventionally i n  Webre-type 

cont r i fuga l  separa tors ,  with t h e  separated steam passing through b a l l  check 

valves  before en ter ing  one of the  four  main steam transmission l i n e s .  The 

main steam is col lec ted  outs ide  the  power house i n  a se t  of receivers, and 

passes through a f i n a l  s tage  of moisture separat ion before enter ing the  

turbines .  The geothermal steam contains about 1% by weight of noncondensable 

gases,  mainly carbon dioxide and hydrogen su l f ide .  The separated l i qu id  is  

burdened with an amount of dissolved so l id s  which t o t a l  roughly 25,200 ppm. 

The main impuri t ies  are chlor ide,  sodium and potassium, which together  const i -  

t u t e  94% of the  t o t a l .  

Since all of t h i s  l i qu id  is  discharged t o  the  environment, 'at ten- 

t i o n  must be given t o  the  effects of t h e  dissolved s o l i d s  on t h e  envi 

Liquid which is separated from t h e  two-phase mixture i n  t h e  wellhead separa- 

t o r s  i s  sen t  e i t h e r  t o  s i l ence r s  located a t  each wellhead s i t e  o r  piped 

d i r e c t l y  t o  an evaporation and s e t t l i n g  pond where t h e  pressure is l e t  down t o  

atmospheric. Figure 10.23 shows a view of t he  pond and the  pressure let-down 

process. Eventually a l l  waste l i qu id  ( i . e . ,  l i q u i d  from the  separators  o r  t he  
~ . 3  . 
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silencers and excess steam condensate) is  discharged i n t o  t h e  pond. I t  is  

estimated t h a t  t h e  present  pond has a capacity s u f f i c i e n t  t o  support 1 8 0  1-N 

of generation. 

t h e  waste l i qu id .  The opt ions include: (1) Reinjection; ( 2 )  Construction 

of a channel t o  t h e  Laguna Salada, a dried-up l a k e ;  and (3 )  Construction of a 

channel t o  t h e  Sea of Cortez [Guiza, 1975; Mercado, 19751. 

Beyond t h a t ,  another means must be found f o r  t h e  disposal  of 

Since t h e  evaporation pond covers a sa l ine  clayey area t h a t  o r ig i -  

n a l l y  had surface thermal manifestations,  it i s  f e l t  t h a t  t he  c rea t ion  of t h e  

pond d id  not cause any add i t iona l  environmental de t e r io ra t ion  [Mercado, 19751. 

The energy conversion system is  of t he  separated-steam (or  "single- 

f lash")  type,  cons is t ing  of two u n i t s ,  each r a t ed  a t  37.5 MW capacity.  

u n i t s  are of t h e  s ingle-cyl inder ,  double-flow va r i e ty  with s i x  s tages  of 

impulse-reaction blades i n  each flow, A photograph of t h e  turbogenerator f o r  

u n i t  No. 2 is shown i n  Fig. 10.24. A simplif ied p l an t  schemat idhea t  balance 

diagram is given i n  Fig. 10.25 [Akiba, 1970; Mercado, 19761. 

The 

The condenser i s  of t h e  barometric, direct-contact  type and i s  lo- 

cated next t o  t h e  power house. 

of t h e  condenser s h e l l  through a gas ex t rac t ion  system consis t ing of a 2-stage 

steam e j e c t o r  with i n t e r -  and after-condensers. There are th ree  f i r s t - s t a g e  

steam e j e c t o r  nozzles operating i n  parallel ' ,  f o r  redundancy. 

sab le  gases are discharged t o  t h e  atmosphere through f ibe rg la s s  pipes (one f o r  

each u n i t )  which extend t o  a height  of 40 m (131 f t )  above t h e  ground. 

t h e  preva i l ing  winds blow e i t h e r  f r o m  t h e  northwest o r  t h e  southeast ,  these 

gases should be swept away from t h e  p lan t .  

concentration of hydrogen s u l f i d e  may reach dangerous l e v e l s  i n  c e r t a i n  a reas .  

Noncondensable gases are removed from the  top 

The nonconden- 

Since 

However, on windless days, the  

An 

i n  

alarm system i s  connected t o  a series of H2S de tec tors  t o  p ro tec t  personnel 

and around t h e  power house. Furthermore, an add i t iona l  vent l i n e  w a s  
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constructed from the  power house a t  t h e  base o f f t h e  gas extract ion stacks t o  

t h e  evaporation pond. 

The geothermal resource u t i l i z a t i o n  e f f ic iency ,  rl , of the  p lan t  is 
U 

40%, based on wellhead flow conditions,  assuming 24% qua l i ty ,  and a s ink tem-  

pera ture  of 26.7OC C80°F) [DiPippo, 1978d1. 

Owing t o  t h e  corrosive nature  of t he  geothermal l i qu id  and vapor, 

s p e c i a l  a t t en t ion  must be paid t o  t h e  se lec t ion  of materials f o r  t he  p lan t  

components including t h e  wells, s i l ence r s ,  piping, tu rb ines ,  condensers, 

cooling towers, and electrical equipment. 

The w e l l  casings are fabricated from 5-55 API standard weight pipe 

with b u t t r e s s  couplings. 

wells. 

t a rde r s  as addi t ives  CGuiza, 19751. 

wooden s tacks  i n  a twin-silo design [Mercado, 19751. 

Extra heavy w a l l  thickness may be required i n  fu tu re  

The cement cons i s t s  of API type G with si l ica f l o u r ,  p e r l i t e  and re- 

The s i l e n c e r s  are made of concrete with 

Carbon s teel  is used f o r  pipes carrying nonaerated steam. Since 

the  corrosion rate is  three times higher when the  steam is i n  contact  with 

a i r ,  an allowance of extra w a l l  thickness is  provided on aerated-steam pipe- 

l i n e s .  The worst case occurs i n  condensate l i n e s  where the  corrosion ra te  

f o r  carbon steel  is  0.66 mm/yr (0.026 in /y r> .  

provided with a corrosion allowance and coated with epoxy r e s i n  

[Tolivia,  e t  a l ,  19751. 

Condensate l i n e s  are therefore  

-- 
The turb ine  r o t o r  is fabricated from a Cr-Mo-V a l loy  steel  forging; 

a l loy  steels containing N i  are not used because of t h e i r  poor.corrosion resis- 

tance.  The turb ine  blades are machined from 1 2  C r  a l l oy  steel  bar  stock. The 

'b lades  of the  last  row are f i t t e d  with s t e l l i t e  erosion sh ie lds  and fastened. 

>together  with lashing w i r e  t o  minimize v ibra t ions  [Akiba, 19701. 

The s h e l l  of t he  condenser is  carbon s teel  with a coating of epoxy 

r e s i n .  The barometric pipe is made of naval brass.  The structural members 
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of t h e  cooling tower are constructed from AISI-4140 steel;  the  packing is  

redwood and f i b e r g l a s s  [Mercado, 19761. 

Since electrical equipment is  suscept ib le  t o  corrosive attack by 

hydrogen su l f ide ,  spec ia l  precautions are taken f o r  t he  pro tec t ion  of t h i s  

equipment. Most switch-boards, including t h e  main switch-board, are in- 

s t a l l e d  i n  rooms which are provided with air -condi t ioning systems f i t t e d  

with ac t iva t ed  carbon f i l t e rs  f i l l e d  with ac t iva ted  alumina beads impregnated 

with potassium permanganate [Nercado, 19741. 

high-voltage s i d e  a t  t h e  subs ta t ion  are gold-plated,  although t h e  use  of 

platinum may have been more appropriate .  

The e l e c t r i c a l  contac ts  on the  

The Cerro P r i e t o  geothermoelectric power p l an t  has operated very 

r e l i a b l y  s ince  it was brought on-line i n  Apr i l1973 .  

t o t a l  of 570,000 MW*h of e l e c t r i c i t y  were generated. 

capaci ty  factor of 87%, t he  highest  value recorded by any Mexican power p l an t  

up t o  that time. 

For example, i n  1976 a 

This corresponds t o  a 

10.7.4 Future Developments of Geothermal Power i n  Mexico 

F o r t h e  foreseeable  fu ture ,  geothermal power developments w i l l  c en te r  

on t h e  Cerro Prieto f i e l d  although t h e r e  are seve ra l  o the r  promising areas 

t h a t  someday may be exploi ted.  

A t  Cerro Prieto, u n i t s  No. 3 and 4,  each t o  be r a t e d  a t  37.5 MW 

and e s s e n t i a l l y  dupl ica tes  of u n i t s  No. 1 and 2, are under construct ion a t  

t h i s  time and are expected t o  come on-line i n  1979. The next u n i t  is expected 

t o  be a low-pressure u n i t  r a t e d  a t  30 MW which w i l l  u se  steam f lashed  from 

a por t ion  of t h e  waste l i q u i d  produced from the  first four  u n i t s .  

probably w i l l  not be ready before  1982. 

55 MW u n i t s  of standardized design, and be located i n  a d i f f e r e n t  s ec t ion  of 

t he  Cerro P r i e t o  f i e l d ,  necess i t a t ing  t h e  construct ion of a new power house and 

This u n i t  

Additional u n i t s  w i l l  most l i k e l y  be 
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I r e l a t e d  per ipheral  equipment. 

t h e  Cerro F'rieto f i e l d  is not known with ce r t a in ty ;  400 MW seems t o  be a con- 

se rva t ive  estimate.  

The u l t imate  electric generating capacity of 

A l a rge  number of other  hydrothermal a reas  i n  Mexico are l i s t e d  and 

described by Alonso i n  h i s  paper a t  the  Second United Nation's Symposium i n  

San Francisco i n  1975. 

of these have been d r i l l e d .  

thermal power po ten t i a l  o f  t he  country has been placed a t  4000 MW. 

include: 

Los Negritos (State  of Michoacdn, various surveys, one w e l l  d r i l l e d ) ;  Los 

O f  t he  130 sites t h a t  have been discovered, only nine 

Using conservative est imates ,  t he  ul t imate  geo- 

Some 

Ix t lbn  de 10s Hervores (State of Michoacbn, e ight  wells d r i l l e d ) ;  

Azufres CState of Michoacbn, var iaus  surveys);  L a  Primavera (S ta te  of J a l i s c o ,  

various surveys, a few exploratory wells d r i l l e d ) ;  and San Marcos (S ta te  of 

Ja l i s co ,  var ious surveys, s ix  exploratory w e l l s  d r i l l e d ) .  
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10.8 N E W  ZEALAND 

10.8.1 Overview 

New Zealand pioneered i n  t h e  use of liquid-dominated geothermal 

resources f o r  t he  production of e l e c t r i c i t y  on a commercial scale. 

which were begun i n  t h e  1930's culminated i n  t h e  construct ion of t he  Wairakei 

power s t a t i o n .  

sioned on November 1 5 ,  1958, and was followed i n  sho r t  order  by 1 2  addi t iona l  

u n i t s ,  t h e  las t  of which was brought on-line i n  October 1963. 

i n s t a l l e d  capaci ty  a t  Wairakei is 192.6 MW, t h e  present output is  about 

140 - 150  MW, owing t o  r e se rvo i r  dec l ine  and planned cut-backs i n  draw-off 

t o  conserve t h e  resource.  

1 2 0  - 140 MW w i l l  be sustainable f o r  an i n d e f i n i t e  period of time 

Studies 

\ 

Plant  construct ion began i n  1956; t h e  first u n i t  w a s  commis- 

Although t h e  

It is predicted,  however, t h a t  an output of 

[Bolton, 19771. 

There are cur ren t ly  two o ther  geothermal areas being used o r  de- 

veloped f o r  electric power generation: Kawerau and Broadlands. A t  Kawerau, 

multipurpose use i s  being made of geothermal energy f o r  process heating, 

c lean steam generation, and e l e c t r i c i t y  production. A t  Broadlands, t he  New 

Zealand E l e c t r i c i t y  Department (NZED) is  i n  t h e  process of i n s t a l l i n g  a 150 MW 

power p l an t  i n  three s t e p s  of 50 MW per  un i t .  

impact of geothermal power generation have contr ibuted t o  t h e  r a t h e r  slow de- 

velopment of t h i s  na tu ra l  resource i n  New Zealand. 

Concerns about t he  environmental 

10.8.2 Wairakei 

The Wairakei geothermal f i e l d  l ies  i n  an extensive thermal area on 

New Zealand's North Is land.  Wairakei is s i t u a t e d  about 8 km (5  m i )  nor th  of 

t he  northeast  corner of  Lake Taupo, roughly i n  t h e  middle of t h e  thermal b e l t  

50 km (31  m i >  wide and 250 km (155 mi) long, which t rends  northeast-southwest 

across  t h e  North I s land  from a central  group of volcanic mountains t o  t h e  

White Is land volcano i n  the  Bay of Plenty.  Large, a c t i v e  andes i t i c  volcanoes 
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% , .  
are located at each end of the zone, and the wider central portion is domi- 

nated by acid igneou3 activity. These include rhyolite domes, pyroclastic 

pumice deposits and ignimbrites. 

The reservoir at Wairakei consists of a pumice breccia aquifer 

(Waiora formation) which varies in thickness from 60 to 150 m (200 to 500 ft), 
8 

and whichlies from 180to 300 m (600 to 1000 ft) below the surface. 

face formations comprise mainly loosely consolidated breccias (Wairakei 

The sur- 

breccia) and a top layer of recently-deposited pumice cover. 

layers extend to a depth of about 125 m (410 ft) [Bolton, 19771. 

These surface 

The geothermal fluid from the Wairakei field is produced as a mix- 

ture of liquid and vapor from two sets of wells, high-pressure and intermediate- 

pressure ones. 

network of cyclone separators and flash vessels. 

is a complicated one involving three pressure levels. 

because the original plans for the development of the area included a plant to 

produce heavy water for the U.K. Atomic Energy Authority. 

made in 1953 and the steam pressures were selected to accommodate the require- 

ments of the distillation plant. 

withdrawn in 1956, but only after the design of the steam system had been 

The steam is separated from the liquid by means of a complex 

The steam gathering system 

The complexity arose 

This proposal was 

The proposal for the heavy-water plant was 

frozen and turbines were on order. 

The present gathering system is shown schematically in Fig. 10.26 

[Bolton, 19771. 

plies fluid to a typical flash plant which produces steam at three pressure 

levels: 

Two high-pressure wells are shown. The one on the left sup- 

high-pressure (H.P.), intermediate-pressure (1.P.) and intermediate- 

low-pressure (I.L.P.). 

fluid by means of a simple cyclone separator. 

intermediate pressure wells that also produce intermediate-pressure (I.P.) 

'steam and additional water for the flash plant. 

The one at the right produces only high-pressure 

The figure does not show the 



-41- 

The wellhead separators are of two types: top-outlet cyclonic (TOC) 

separators and bottom-outlet cyclonic (BOC) separators. 

corporated a U-bend upstream of the admission point to the separator which re- 

moved about 80-90% of the liquid. 

trapped the remaining liquid and allowed the steam to emerge with a dryness 

fraction of about 99%. 

be capable of yielding steam with a dryness fraction in excess of 99.9% 

[Usui and Aikawa, 19701. 

The former type in- 

A baffle arrangement inside the separator 

The latter type is much simpler and has been shown to 

A simplified flow diagram for the Wairakei plant is shown in Fig. 10.27. 

As can be seen, a train of turbines is fed with steam at various pressures ob- 

tained from simple separation and successive stages of throttling of geothermal 

liquid, each producing dry, saturated vapor at lower and lower pressures. 

The main steam transmission pipelines are 508, 762, 1067 and 1219 mm (20, 30, 

42 and 48 in) in diameter. The largest of these carry intermediate-low pres- 

sure steam for which the specific volume is very large. 

The energy conversion system consists of two 6.5 MW and two 11.2 MW 

back-pressure machines supplied with separated high-pressure bore steam; two 

11.2 MW back-pressure machines which receive a mixture of an intermediate- 

pressure bore steam, intermediate-pressure flashed steam, and exhaust steam 

from the HP units; four 11.2 MW condensing units which run on low-pressure 

steam obtained from the exhaust of the IP units and let-down flashed steam 

from the second-stage flash vessels; and three 30 MW dual-admission condensing 

turbines which use the same steam which feeds the IP units and pass-in, low- 

pressure steam let-down from the second-stage flashers. 

Of all these turbines, only the dual-admission machines may be con- 

sidered as typical for a geothermal installation, the others having been in- 

stalled as a consequence of the planned heavy water plant. 



The choice of materials for the  p lan t  equipment is d ic ta ted  by the  

nature of t he  geothermal f l u i d .  The Wairakei f l u i d  is r e l a t i v e l y  clean,  

having no more than about 5000 ppm of dissolved so l id s  and less than 0.5% non- 

condensable gases (by weight) i n  the  steam. Scrubbers are used t o  ensure t h a t  

the t o t a l  sa l ine content of  t he  steam which en te r s  t he  turbine does not exceed 

1 0  ppm i n  order t o  avoid problems of s t ress-corrosion cracking i n  the  blades. 

Since the re  are no corrosion problems with the  geothermal f l u i d  so  long as 

contact  with oxygen is avoided, t he  steam transmission pipes a re  made of seam- 

less, mild s teel ,  r o l l e d  and butt-welded mild s teel ,  and spiral-welded mild 

s teel  piping. 

and covered with aluminum sheathing [NZED, 19741. 

The newer, l a rge r  pipes are insulated with 38 mm of f ibe rg la s s  

There has been a considerable reduction i n  f i e l d  pressure during the  

The high-pressure wells o r ig ina l ly  produced a t  pres- lifetime of  the  pro jec t .  

sures i n  excess of 1400 kPa C200 l b f / i n  ) [Bolton, 19771. The dramatic de- 

crease i n  f i e l d  pressure may be seen i n  Fig. 10 .28 ,  which covers t he  period 

1953-1975. The loss i n  pressure amounts t o  about 38% over t h e  23-year span, 

with near ly  a l l  of it having occurred s ince  the  da te  of t he  commissioning of 

t h e  first machine. 

having l o s t  only 6% during the  las t  seven years.  

2 

The pressure appears t o  be approaching a s t a b l e  value,  

It should be pointed out  t h a t  no r e in j ec t ion  of t h e  withdrawn f l u i d  

taken place a t  Wairakei. has ever In  addi t ion  t o  playing a r o l e  i n  the  pres- 

' s u r e  loss  within t h e  r e se rvo i r ,  t h i s  has l ed  t o  s ign i f i can t  subsidence. An 

area of about 6500 ha (16,000 acres )  shows the  e f f e c t s  of subsidence and hori-  

zonta l  land movement. 

4.5 m (14.8 f t )  over the  1 0  year period from 1964 t o  1974 a t  a spot which is 

removed from the  boref ie ld  but within about 500 m (1640 f t )  of t he  steam pipe- 

l i n e s  CStilwell, -- e t  a l ,  19751. 

The m a x i m u m  t o t a l  drop i n  e levat ion is i n  excess of 

Subsidence appears t o  be progressing a t  the  
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rate of 400 m/yr (16 i n / y r > .  

volume of f l u i d  withdrawn from'the f i e l d ,  but  a prec ise  cor re la t ion  i s  not 

ava i lab le .  

The subsidence volume is  l i k e l y  r e l a t ed  t o  t h e  

The geothermal resource u t i l i z a t i o n  e f f ic iency ,  vu ,  has been calcu- 

l a t e d  approximately. 

taken equal t o  t h e  i n s t a l l e d  capacity of t h e  p l an t ,  i . e . ,  192.6 MW. 

a c t u a l  output a t  t h e  present  time is considerably below t h i s  value,  being 

about 1 5 0  MW. 

For purposes of t h e  ca lcu la t ion ,  t h e  power output was 

The 

With reference t o  Fig. 10.27, t h e  a v a i l a b i l i t y  of t h e  geofluid is com- 

posed of two contr ibut ions,  one from t h e  H.P. f l u i d  a t  s ta te  a and one from 

t h e  I.P. f l u i d  a t  state h. Since mass flow rates a r e  not ava i l ab le  i n  t h e  

literature a t  states a and h, it was necessary t o  work backwards f r o m  t h e  tu r -  

bine main s top  valve steam flows, and employ assumptions about t h e  average 

dryness f r a c t i o n  a t  the  H.P. and I .P .  wellheads. F a i r  approximations f o r  

these  were obtained from Hunt C19611 and Wigley [19701, a f t e r  making allow- 

ances f o r  lower wellhead pressures.  Thus, t h e  resource u t i l i z a t i o n  e f f ic iency  

of t h e  Wairakei p l an t ,  under conditions of m a x i m u m  output ( i .e . ,  i n  i t s  o r i -  

g i n a l  design s ta te)  is about 55%. It is l i k e l y  t h a t  t h i s  value is somewhat, 

but not much, lower than t h i s  a t  t h e  present  time, owing t o  t h e  general  de- 

t e r i o r a t i o n  of t h e  r e se rvo i r  c h a r a c t e r i s t i c s  and t h e  corresponding mismatch 

between t h e  geofluid and t h e  energy conversion equipment. 

version of more and more wells t o  t h e  mul t i f lash  arrangement shown i n  Fig. 10.27 

w i l l  tend t o  maintain t h e  leve l  of u t i l i z a t i o n  i n  t h e  face of r e se rvo i r  

decl ine [DiPippo , 1 9 7 8 ~ 1  

However, t he  con- 

A thorough study of t h e  environmental impact of  t h e  Wairakei p lan t  

was conducted and reported by Axtmann [1974, 19751. He examined a l l  possible  

detr imental  effects including the  impact of chemical e f f l u e n t s  i n  the  l i qu ids  
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- -  and gases which flow from t h e  p lan t ,  physical  s r zec t s  such as thermal d i s -  

charge and ground subsidence, general  e c o l o g i c d  effects, and e s the t i c s  or 

%isual pollution".  

When discussing the  e f f e c t s  of t he  i;a>akei geothermal power p lan t  

on t h e  environment, it is important, however, x keep i n  mind t h a t  t h e  p lan t  

was designed and b u i l t  a t  a time when envi romezra l  i s sues  were regarded,as  

far less important than they are today. The fz:= t h a t  an environmental i m -  

pact  r epor t  w a s  not required f o r  t he  c o n s t r u c t k c  of t h e  p lan t  stands as evi-  

dence. 

thermal resource t o  be exploited for electric ;c"xer, one r e a l i z e s  t h a t  t he  

state of the art  i n  geothermal technology w a s ,  fz fact, i n  i ts  infancy a t  

the  time it was b u i l t .  Even so, the  p lan t  has a2erated successful ly  f o r  over 

twenty years with a minimum of unpleasant inp.xz  on t h e  population t h a t  l i v e s  

near t he  p lan t .  

When one considers t h a t  Wairakei was t k t  f irst  liquid-dominated geo- 

The Wairakei p lan t  has an outstandir.5 record of r e l i a b i l i t y ;  forced 

outages have been e s s e n t i a l l y  negl igible .  

s e rv i ce  85% of t h e  t i m e  ( a v a i l a b i l i t y  f a c t o r )  x l t h  a capacity f a c t o r  of 80%. 

This performance i s  unmatched by any other  powi-- s t a t i o n ,  hydro o r  thermal, 

and is  s ign i f i can t ly  superior  t o  any thermal pcxer p lan t  i n  New Zealand. 

fact, t he  Wairakei geothermal power s t a t i o n  has naintained t h i s  exce l len t  

h r k g  1973/74, the  s t a t i o n  was i n  

In  

record s ince  it was f u l l y  commissioned i n  196L [.?avenholt, 1977b1. 

The generating h i s to ry  of the  Wair&ti p lan t  is  given i n  Table 10.9. 

Since it has never been possible  t o  generate s z l ' i c i e n t  geothermal steam t o  

supply f u l l y  the  i n s t a l l e d  e l e c t r i c a l  capacity of 192.6 MW, t h e  capac i ty*fac-  

t o r s  l i s t e d  i n  the  four th  column of t h e  t a b l e  have been adjusted accordingly. 

The so-called "f ie ld- l imited" capaci ty  factor is based upon t h e  maximum load 

during any given year,  as shown i n  the  t h i r d  cdumn. The generation of + .A 

1207 GW*h i n  1969 cons t i tu ted  9.9% of the en t i ze  e l e c t r i c i t y  generation i n  New 
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Zealand f o r  t h a t  year.  

p l an t  is producing about 10% of t h e  e l e c t r i c i t y  requirements of North I s land ,  

although t h i s  percentage is  expected t o  f a l l  as t h e  e l e c t r i c a l  generating 

capaci ty  of t h e  country as a whole increases  [Bolton, 19771. 

The latest  f igu res  ava i lab le  (1974) show t h a t  t h e  

There a r e  a t  present no plans t o  expand t h e  i n s t a l l e d  capacity a t  

Wairakei (N.  C. McLeod , personal communication) , although explorat ion is con- 

t inu ing  a t  the nearby geothermal f i e l d  o f  T e  Mihi [Smith and McKenzie-, 19701,- 

and a t  o ther  promising sites i n  t h e  thermal b e l t .  Additional geothermal power 

i n  New Zealand w i l l  l i k e l y  come f r o m  new p lan t s  a t  such si tes as Kawerau and 

Broadlands, which are discussed i n  t h e  following sec t ions .  

10.8.3 Kawerau 

Multiple use is  being made of t h e  geothermal resource a t  Kawerau, 

97 km (60 m i )  nor theast  of Wairakei. The Tasman Pulp and Paper Company, i n  

fact ,  re loca ted  t h e i r  m i l l s  i n  t h e  ea r ly  1950's s p e c i f i c a l l y  t o  t a k e  advan- 

tage of t h e  geothermal energy ava i l ab le  a t  Kawerau. Steam and hot water from 

a number of  wells are used f o r  t h e  production of e l e c t r i c i t y ,  f o r  t h e  genera- 

t i o n  of c lean steam by means of hea t  exchangers, and f o r  a number of  process 

appl ica t ions  including timber drying, l i q u o r  hea ters ,  and log  handling 

equipment. 

The geothermal steam f i e l d  layout  including t h e  pulp and paper m i l l  

The most a c t i v e  surface manifestat ions of geothermal is shown i n  Fig. 10.29. 

energy l i e  t o  t h e  west of t h e  Tarawera River (cross-hatched areas), although 

highly productive wells have been d r i l l e d  on t h e  east bank i n  c lose  proximity 

t o  t h e  m i l l  [Smith, 19701. 

The gathering system includes branch pipes  from the  individual  w e l l -  
, 

heads t o  t h e  main steam l i n e s ;  these  branch l i n e s  are 203, 305 and 406 mm 

(8, 1 2 ,  and 1 6  i n )  i n  diameter. The low-pressure wells feed the  p l an t  through 

~ 
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a 610 mm (24 in) diameter steam main which is capable of handling 145 t/h 

(320 klbm/h) of steam at 791 kPa (114.7 lbf/in ). The high-pressure well 2 

(KA8) delivers through a 305 mm (12 in) supply line, at a maximum flow rate 

of 36 t/h Noncon- 2 (80 klbm/h) and a pressure of 1480 kPa (214.7 lbf/in 1. 

densable gases constitute about 2.5% (by weight) of the geothermal steam; 

about 91% is carbon dioxide, with the rest being mainly hydrogen sulfide. 

The plant purchases 80% of its electricity from the grid and pro- 

duces the other 20% in-house. 

being fed by boiler.steam and geothermal steam. 

noncondensing unit. 

thermal steam, beyond the process needs of the plant, this unit is part- 

loaded most of the time. Nevertheless, it is capable of operating at full 

load in the event of a failure of the other turbo-alternator units. At full 

A bank of turbo-alternators operate in parallel, 

The latter supplies one 10 MW, 

Since the steam which supplies this unit is excess geo- 

output, the unit has a specific steam consumption of about 14.5 kg/kW*h 

(32 lbm/kW*h). 

electrical production of about 24%, assuming a wellhead quality of 30% and 

taking the available sink temperature as 27OC (8OOF) [DiPippo, 1978~1. 

This corresponds to a geothermal utilization efficiency for 

Although the main thrust of the plan for geothermal energy utiliza- 

tion at Kawerau has been aimed at process heating and other industrial appli- 

cations, it is likely that serious consideration will be paid to the expansion 

of the facility for the generation of electricity. Encouragement comes from 

the fact that one of the newest wells, KA21 (see Fig. 10.291, by itself, appears 

capable of supporting a 20 - 30 MW generator. This is 4-6 €hes larger than 

the potential of an average geothermal well. 

separate generating station, one able to supply all of the electrical needs 

of the mill, will be constructed at the site as soon as present investigations 

Thus, it is expected that a 

justify the additional investment [Ravenholt, 1977233. 
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10.8.4 Broadlands 

The la tes t  geothermal p ro jec t  i n  New Zealand concerns the  proposed 

150 MW double-flash p lan t  a t  Broadlands. 

s tages  of 50 MW each. 

a t  Ohaki and Broadlands. The plans f o r  t h e  s t a t i o n  are cur ren t ly  being pro- 

cessed by t h e  var ious regulatory agencies with j u r i s d i c t i o n  i n  such matters. 

The first u n i t  may not  begin operat ing u n t i l  1984. 

The p lan t  w i l l  be b u i l t  i n  t h ree  

Steam w i l l  come from t h e  liquid-dominated r e se rvo i r s  

The Ohaki-Broadlands geothermal f i e l d  has been in tens ive ly  s tudied,  

and severa l  r e p o r t s  on t h e  geology of t h e  s i t e  are ava i l ab le  [Browne, 1970; 

Grindley, 1970; Grindley and Browne, 1975; Hochstein and Hunt, 1970; 

Macdonald, 19751. 

t h a t  t i m e ,  over t h i r t y  wells have been d r i l l e d .  

these  are considered s u f f i c i e n t l y  productive t o  be s u i t a b l e  f o r  power pro- 

duction. It w i l l  take twenty producing w e l l s  t o  supply the  required steam 

flow f o r  the 150 MW power p l an t s ,  

The d r i l l i n g  of explorat ion wells began i n  1965; s ince  

However, only s ix t een  of 

Certain d e t a i l s  about t h e  design of t h e  p l a n t ' s  energy conversion 

system are undecided a t  t h e  t i m e  of wri t ing.  

spec i f ica t ions  fo r  the  proposed p l an t  are available [Bauer, e t  a l ,  19771. 

On t h e  bas i s  of these  figures, t h e  p l an t  would have a geothermal energy re- 

source u t i l i z a t i o n  e f f ic iency  of about 43%, r e l a t i v e  t o  t h e  thermodynamic 

ava i l ab le  work of  t h e  geofluid a t  t h e  wellhead, with a ca lcu la ted  qua l i t y  of 

25% a t  t h e  wellhead, and a s ink  temperature of 27OC (8OOF). 

However, preliminary technica l  

10.8.5 Other geothermal areas i n  New Zealand 

The thermal b e l t  across  North Is land from Lake Taupo t o  White Island 

i n  the  Bay of Plenty abounds with thermal areas, some of which may prove use- 

f u l  f o r  t h e  generation of e l e c t r i c i t y ,  d i s t r i c t  o r  process heat ing,  or other  

commercial or i n d u s t r i a l  appl icat ions.  

I 
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Some of the areas that have been investigated include: 

Ngawha . . . . . . Bottom-hole temperature = 236OC (457OF), but 

low reservoir permeability. 

Orakeikorako . . . Few producing wells, low quality steam, infil- 

tration of cold water. 

Reporoa. . . . . . Unimpressive temperature and low reservoir 

permeability. 

Rotokawa . . , . . Bottom-hole temperatures = 306OC (583OF), high 

steam quality, but high noncondensables and only 

moderate reservoir permeability. 

Tauhara. . . . . , Adjacent to Wairakei, very similar temperatures 
with higher pressures, some weak linkage between 

Wairakei and Tauhara but not enough to influence 

production at either site. 

Te Kopia . . . . . Field aligned with fault scrap, steam output is 

moderate but of low quality, highest temperatures 

occur in upper formation, become indifferent at 

depth. 

Te Mihi. . . . . . Extension of Wairakei field, at least one well 
has been connected to Wairakei system. 

Waiotapu . . . . . Area of considerable thermal potential, shallow 

wells rapidly develop calcite deposits, deep, 

wells are more promising. 

There are other areas that hold promise, and the interested reader 

may consult several references for further details [Dench, 1961; Smith, 1970; 

Smith and McKenzie, 1970; Bolton, 19771. Presently, however, there are no 

plans to install electric generating stations at any of these geothermal areas. 
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10 .9  PHILIPPINES 

10.9.1 Outlook 

Geothermal energy present ly  accounts for  3 MW of e l e c t r i c i t y  i n  t h e  

Phi l ippines .  

by 1985. 

quar te r  of t he  t o t a l  e l e c t r i c  generating capaci ty  of t h e  country. 

According t o  opt imis t ic  pro jec t ions  t h i s  w i l l  r i s e  t o  1320  MW 

By t h a t  t ime, geothermal energy would be supplying near ly  one- 

10.9.2 T i w i  - 
T i w i  is t h e  s i t e  of one of t h e  p r i n c i p a l  geothermal f i e l d s  i n  t h e  

It has been one of t h e  most popular hot spr ings on the  i s land  Phi l ippines .  

of Luzon i n  Albay Province. 

Luzon, about 300 km (185 m i )  from Manila [Muffler, 19751. 

It is located a t  t h e  far southeastern t i p  of 

The T i w i  f i e l d  has been inves t iga ted  using a number of techniques 

including Wenner and dipole-dipole r e s i s t i v i t y  surveys,  geological ,  heat  flow 

and geochemical methods. 

Phi l ippines  Commission on Volcanology, supported with f i n a n c i a l  a s s i s t ance  

from t h e  National Science Development Board. 

The exploratory work began i n  1964 through t h e  

A s  a r e s u l t  of t h e  surveys,  an area of 2300 ha (5680 acres) w a s  

ou t l ined  as a p o t e n t i a l  reservoir a t  d r i l l a b l e  depths.  

sunk in s ide  t h e  r e s i s t i v i t y  l o w ,  and confirmed t h e  ind ica t ions  of the  sur-  

veys. 

and revealed t h e  nature of t h e  r e se rvo i r .  

dominated f i e l d  i n  a r e se rvo i r  of Quaternary andes i t e s  and subsidiary dec i t e s .  

It is believed t h a t  a system of microfractures lend permeabili ty t o  t h e  reser- 

vo i r .  

ducers; they extend t o  depths of between 760 - 2130 m (2500 - 7500 f t ) .  

These f ind ings  were reported by A. P. Alcaraz i n  1976 and quoted by 

Ravenholt C1977al. 

Fourteen wells were 

The wells produced a mixture of l i q u i d  and vapor a t  high flow rates, 

The T i w i  system is  a l iqu id-  

A t o t a l  of 20 w e l l s  have now been d r i l l e d ,  with 19 of these  being pro- 



The preliminary design, equipment procurement, d raf t ing  of speci-  

f i c a t i o n s  and cont rac t  documents f o r  t h e  first four  u n i t s  a t  T i w i  have been 

completed and orders  have been placed f o r  t he  turbo-generators. 

i d e n t i c a l ,  55 MW s ingle-cyl inder ,  double-flow, 6 x 2 s tage  machines of . 

t h e  dual-admission type appropriate  f o r  use with separated-stesdhot-water 

f l a s h  (o r  "double-flash") systems. 

These are 

The technica l  spec i f ica t ions  f o r  t h e  

u n i t s  are given i n  Table 10.10 [Toshiba, 19771. It is ant ic ipa ted  t h a t  t e n  

producing wells w i l l  be needed f o r  each 55 MW u n i t ,  requi r ing  roughly 

6 454 t / h  (1.0 x 1 0  lbm/h) of geothermal steam. For an average wellhead 

qua l i ty  of 25% , t h e  resource u t i l i z a t i o n  e f f ic iency  , nu , would 3e approxi- 

mately 41%. 

(2.75 x l o 6  lbm/h) of waste l i q u i d  which w i l l  be disposed of by neans of 

r e i n j e c t i o n  wells. 

Each u n i t  of t h e  power p lan t  w i l l  produce about 12k7 t / h  

10.9.3 Los Bafios (Makiling Banahaw) 

Los Bafios l ies  about 70 km (43 m i )  southeast  of Maniia on t h e  

i s l and  of Luzon. It  is p a r t  of a huge area with a geothermal p o t e n t i a l  of 

around 720 MW; t h e  area extends over 153,000 ha (378,000 acres) i n  t h e  

Makiling- Banahaw volcanic region. 

A t  least fourteen wells have been d r i l l e d  a t  the  Los Bafios thermal 

area. Bottom-hole temperatures are i n  t h e  range 280 - 31OOC (540 - 590°F), 

and geofluid q u a l i t i e s  as high as 36% a t  t h e  wellhead have been reported 1 

[Ravenholt, 1977a1. Most of the  wells a r e  located about 45C n (1475 f t )  

above sea l e v e l  near Mount Bulalo. 

,A small, 1 . 2  MW, wellhead aux i l i a ry  geothermal power u n i t  has been 

operating a t  Los Bairos s ince  ea r ly  1977; t h e  technica l  pa r t i cu la r s  of t h i s  

machine may be found i n  Table 10.10. The main power u n i t s  f o r  LOs Bafioq 

w i l l  cons is t  of four i d e n t i c a l  u n i t s ,  each of 55 MW capacity,  of t he  
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s ingle-cyl inder ,  double-flow, mixed pressure,  impulse-reaction design f o r  

separated-steam/hot-water f l a s h  ("double-flash") energy conversion systems. 

Table 10 .10  a l s o  contains  t h e  t echn ica l  spec i f i ca t ions  f o r  each of t he  f i r s t  

four u n i t s .  According t o  these  p a r t i c u l a r s ,  t he  geothermal resource u t i l i -  

za t ion  e f f i c i ency ,  r~ , w i l l  be 54% for  a wellhead qua l i ty  of 25% CDiPippo, 1 9 7 8 ~ 1 .  
U 

10.9.4 Leyte (Tongonan) 

A 3 MW por tab le  geothermal u n i t  is  operat ing a t  Tongonan on the  

i s l and  of Leyte. The u n i t  cons i s t s  of a noncondensing turb ine ,  a s i n g l e  

Cur t i s  s tage ,  connected t o  a generator  through a h e l i c a l  reduct ion gear.  

The e n t i r e  u n i t  i s  mounted on a platform t o  faci l i ta te  i t s  t r a n s f e r  from 

one s i t e  t o  another.  The technica l  spec i f i ca t ions  are given i n  Table 10 .10 .  

10.9.5 Other Phi l ippine Areas with Geothermal Po ten t i a l  

The p o t e n t i a l  f o r  geothermal development i n  t h e  Phi l ippines  is 

Table 1 0 . 1 1  gives  a s i g n i f i c a n t ;  1320 MW by 1985, as mentioned earlier. 

breakdown of t h e  d i s t r i b u t i o n  of t h e  expected generat ing capaci ty .  

t i v i t y  surveys ind ica t e  t h a t  t h e  p o t e n t i a l  of t h e  f i e l d s  included i n  t h e  

table exceeds 2200 MW. 

R e s i s -  

Some idea  of t h e  scope of t h e  effort  t h a t  w i l l  be needed t o  

achieve an i n s t a l l e d  capaci ty  of 1320 MW i n  1985 can be got ten  from the  

f a c t  t h a t  about 1 0  producing w e l l s  are needed fo r  each 55 MW un i t .  Thus, 

240 producing w e l l s  must be d r i l l e d .  

d r i l l e d  t o  be producers, a t o t a l  of 320 w e l l s  must be sunk. 

each wel l  costs $1,000,000 (current  costs are $750,000), t h i s  w i l l  necessi- 

Allowing three out  of every four wells 

Assuming t h a t  

ta te  a c a p i t a l  investment, f o r  wells alone, of $320,000,000. Taking i n t o  

account both the  time required t o  prove a f i e l d  and t h e  construct ion lead  

time f o r  a power p l an t ,  it is  easy t o  see how d i f f i c u l t  it w i l l  be t o  accom- 

p l i s h  such an enormous p ro jec t  within seven years.  Simply t o  d r i l l  t he  
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required w e l l s  within t h a t  time would mean t h a t  roughly four  wells would 

have t o  be d r i l l e d  each month. 

Small ,  "wellhead" power u n i t s  i n  t h e  1 - 1 0  MW range are expected 

t o  f i n d  appl ica t ion  i n  those cases where l a rge  u n i t s  are e i t h e r  unnecessary 

o r  impract ical ,  p a r t i c u l a r l y  on t h e  smaller i s lands  of the  Philippines such 

as t h e  Visayan group of Leyte, Cebu, Bohol, Negros and Panay. The electri-  

c i t y  produced from them is cheaper than t h a t  generated by d i e s e l  engines, 

and t h e i r  use provides a source of revenue and l o c a l  power during the  ear ly  

s tages  of development of a geothermal f i e l d .  

t o  a l l e v i a t e  t h e  cash flow problem faced by f i e l d  developers. 

The revenue obtained thus helps 

The opportunity e x i s t s  f o r  the  Philippines t o  supply a s ign i f i can t  

percentage of i ts  electrical needs from indigenous, geothermal energy. 

high cos t  of imported petroleum products provides a g rea t  dea l  of motivation 

t o  ge t  on with t h e  development of t h e  geothermal resources of the  country. 

The 
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10.10 TURKEY 

10 .10 .1  Introduct ion 

The focus of 

Kizi ldere  f i e l d  i n  t h e  

geothermal energy development i n  Turkey is a t  t h e  

Menderes River Valley, western Anatolia.  A small, 

wellhead power-generating u n i t  is  i n  operat ion a t  t h i s  s i t e ,  and the re  are 

plans t o  expand t h e  i n s t a l l e d  capaci ty  t o  about 1 2  MW i n  t he  near  fu ture .  

Turkey i s  s i t u a t e d  on an a c t i v e  t ec ton ic  zone and possesses g r e a t  

There are more than 600 hot spr ings ,  some p o t e n t i a l  for  geothermal energy. 

with temperatures as high as 102OC (216OF1, and numerous a reas  exhib i t ing  

hydrothermal a l t e r a t i o n .  Since 1962 t h e  Mineral Research and Exploration 

I n s t i t u t e  of Turkey CMTA) has been conducting surveys of the  geothermal re- 

sources of t h e  country by means of geological ,  geophysical, geochemical, 

and d r i l l i n g  s tud ie s .  Fourteen promising areas have been thus  far iden t i -  

f i e d ,  t he  bes t  of which is loca ted  a t  Kizi ldere ,  near Saraykuy i n  t h e  Denizl i  

province [Alpan, 19751. 

10.10.2 Kiz i ldere  

The geothermal f i e l d  a t  Kiz i ldere  c o n s i s t s  of two producing reser- 

voirs ,  one ly ing  between 300 and 800 m (984 - 2625 f t ) ,  and one between 400 

and 1100 m (1312 - 3609 f t ) .  

ducer and has a temperature of 2 O O O C  (392OF), whereas the  upper zone is a t  

17OOC (338OF). 

are similar [Tezcan, 1975al.  

dry steam caps [Tezcan, 1975bl .  

The deeper reservoir is considered t h e  main pro- 

The chemical composition of t h e  f l u i d s  from t h e  two zones 

Port ions of t h e  f i e l d  may cons i s t  of i so l a t ed  

From 1966 t o  1975 fourteen w e l l s  were d r i l l e d  i n  t h e  area, with 

twelve of t hese  being producers. 

1241 m (1214 - 4072 f t ) .  

r e se rvo i r ;  half  reached the  deep r e se rvo i r .  

The wells ranged i n  depth from 370 t o  

Half of t he  producing wells terminated i n  the  upper 

In  genera l ,  t h e  produced f l u i d  
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may be character ized as follows [Alpan, 19751: Maximum temperature, 207.4OC 

(405.3OF); Maximum wellhead pressure,  2.16MPa (314 l b f / i n  2 1; Maximum t o t a l  

rate ( s ing le  wel l ) ,  67.6 t / h  (149 X 1 0  3 lbm/h); Fluid dryness f r ac t ion  (at  

flow rate ( s ing le  we l l ) ,  1003.5 t / h  (2.2 x 1 0  6 lbm/h); Maximum vapor flow 

wellhead), 2 - 12%, 10% average. 

A 0.5 MW power u n i t  has been i n s t a l l e d  on w e l l  KD-XI11 by MTA. 

The composition of t h e  geofluid produced by t h i s  w e l l  is shown i n  Table 10.12, 

along with t h e  average composition for a l l  twelve producing wells [Alpan, 19751. 

Well KD-XIIT i s  760 m (2494 f t )  deep, and produces from t he  lower reservoi r  

which it en te r s  a t  a depth of 590 m (1936 f t ) .  The maximum temperature is 

197OC C386.6OF), t he  production pressure is  1.08 MPa (157 l b f / i n  2 1, and the  

flow rates of l i qu id  and vapor are 522 and 20 t/h (1.15 x lo6 and 44 x 1 0  3 lbm/h), 

respec t ive ly  [Alpan, 19751. The c h a r a c t e r i s t i c s  of t h e  wellhead turb ine  are 

given i n  Table 10.13. The p lan t  has a spec i f i c  geofluid consumption rate of 

79.8 kg/kW*h a 7 6  lbm/kW*h). 

A real is t ic  appra i sa l  of the  u l t imate  po ten t i a l  of t he  Kizi ldere  

f i e l d  is d i f f i c u l t  owing t o  ser ious  problems of plugging of t he  w e l l s .  

of a t o t a l  of twelve producing w e l l s  only s i x  have been judged t o  be s u i t a b l e  

f o r  production. 

Out 

However, only three of these can be r e l i e d  upon a t  any 

given time because of t h e  necessi ty  f o r  per iodic  reaming of clogged wells. 

With th ree  wells i n  operation and 1086 t / h  (2.4 x lo6 lbm/h) of geofluid 

being produced, it has been estimated t h a t  11,430 kW (gross)  or 10,550 kW 

(ne t )  could be generated. 

used simultaneously t o  produce 1640 t / h  (3.6 x 1 0  6 lbm/h), then the  system 

could support 32 MW (gross) or  28 MW (ne t ) .  

a reliable and e f f ec t ive  system of r e in j ec t ion  of waste water would need t o  

be implemented [Alpan, 19751. 

Under the  bes t  conditions,  if s i x  wells could be 

To achieve t h i s  l e v e l  of output,  
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10.10.3 Other Areas Being Explored in Turkey 

Exploration has reached the drilling phase in a number of areas 

Ankara (Aya?, Gubuk, Kizilcahamam, and MUrtet), Afyon, Izmir including: 

(Agamemnun and Seferihisar-Doganbey ) , Ganakkale (Tuzla-Kestanbol) , and 

Sbke (Germencik). 

Preliminary investigations are being carried out at several other 

sites including: 

Kozakli, Salihli-Turgutlu, Sindirgi-Hisaralin, and Tatvan-Nemrut. 

Bergama-Dikili, san-Gbnen, Eskiaehir, Gediz, Nevgehir- 

It is hoped that the geothermal resources at these sites will be 

suitable to allow the generation of electricity, the heating of buildings 

and greenhouses, and the general improvement of hot springs for the tourist 

trade [Alpan, 19751. 



-56- 

10.11 U N I O N  OF SOVIET SOCIALIST ‘ REPUBLICS 

10.11.1 Overview 

Although t?.e Soviet  Union has a huge p o t e n t i a l  of moderate- 

temperature geothernai waters which may someday be exploi ted f o r  space o r  

process heat ing,  t h e  only known si tes  a t  which geothermal energy is being 

used o r  contemplated for electric power production are located on the  

Kamchatka peninsula,  well-removed from the  main population centers  of t h e  

country. 

is estimated a t  48,000 MW (thermal) [Tikhonov and Dvorov, 19701, t h e  geo- 

thermal electric power capaci ty  may only amount t o  seve ra l  hundreds of 

megawatts. 

Whereas the  p o t e n t i a l  f o r  d i r e c t  heat ing from geothermal resources 

Several  a reas  i n  t h e  Kurile Is lands and on t h e  Kamchatka peninsula 

have been i d e n t i f i e d  where electric power p l an t s  could be i n s t a l l e d  

[Makarenko, -- e t  a l ,  1970; 

Pauzhetka, Uzono-Semyachik, Mutnovo-Zhirovo, Bolshoye-Bannoye, Goryachy 

Plyazh (Yuzhno-Kurilsk). 

canism which are’  chsracter ized by dramatic surface thermal manifestations.  

Tikhonov and Dvorov, 19701. These include: 

A l l  of these sites are i n  regions of recent  vol- 

The loca t ions  of severa l  major hydrothermal areas on t h e  Kamchatka 

The major population center  of t h e  area, peninsula a r e  shown i n  Fig. 10.30. 

Petropavlovsk-Kamchatskiy, is within 75 km (47 m i )  of severa l  of  these  geo- 

thermal prospects.  

perature  and are s i t u a t e d  i n  r e l a t i v e l y  shallow re se rvo i r s  (<  1 km). 

highest  bottom-hole temperatures have been found a t  t h e  Pauzhetka s i te ,  

e.g. ,  about 2 O O O C  (392OF) a t  400 m (1312 f t ) .  

By and l a rge  the  resources are of low-to-moderate t e m -  

The 

It i s  known t h a t  a t  least two geothermal power p l an t s  have been i n  

B operation i n  Russia and t h a t  severa l  o thers  have been mentioned as e i t h e r ’  

under construct ion o r  i n  planning. These include t h e  flash-steam plan t  a t  
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Pauzhetka, t h e  binary p l an t  a t  Paratunka, t h e  mult iple-f lash steam p lan t  

under construct ion a t  Bolshoye-Bannoye, and the  steam p lan t s  proposed f o r  

Makhachkala and Yuzhno-Kurilsk. These w i l l  be discussed i n  the  following 

sec t ions .  

10.11.2 Pauzhetka 

Approximately 20 t o  25 w e l l s  have been d r i l l e d  a t  t h e  Pauzhetka 

Each of these  produces roughly 36 t / h  (79,000 lbm/h) of 

The geofluid is a mixture of l i q u i d  and vapor having a 

geothermal a rea .  

steam and l i q u i d .  

dryness f r a c t i o n  of about 9%. 

(28 - 57 l b f / i n 2 ) .  

s o l i d s ,  of which about 250 ppm is sil ica.  

t o  s l i g h t l y  more than 0.05% (by weight) of t h e  geofluid mixture (o r  0.6% of 

t h e  steam) with t h e  bulk of t h e  gases being C02 (92%), and t h e  rest  being 

mainly H2S (4%) and NH3 (3%) CTikhonov and Dvorov, 19701. 

The wellhead pressure l i es  between 196  - 392 kPa 

The f l u i d  carries 1000 - 3400 ppm of t o t a l  dissolved 

The noncondensable gases  amount 

A t  p resent ,  a separated-steam p lan t  of 5 MW capaci ty  is i n  opera- 

t i on  a t  Pauzhetka. 

t r i c i t y  Production and Dis t r ibu t ion  Administration. 

t i o n  i n  1967. 

steam piping f r o m  t h e  wells t o  t h e  power house ranges i n  diameter from 

210 - 370 mm (8.25 - 14.5 i n )  and to ta l s  1.3 km (4300 f t )  i n  length.  

steam pipes  are made of carbon steel. 

The p l an t  is owned and operated by t h e  Kamchatka E l e c -  

The p l an t  began produc- 

About nine w e l l s  are required t o  supply t h e  s t a t i o n .  The 

The 

The design of t h e  p l a n t  is simple and s t ra ightforward;  a flow dia-  

g r a m  is  given i n  Fig. 10.31. 

upper p a r t  y i e l d  steam of approximately 0.995 dryness fraction. 

put is obtained by means of two 2.5 MW tu rb ines  arranged i n  tandem. The ma-  

chines were manufactured by t h e  Thermal Turbine Machine Corporation Plant  a t  

Kuluga, and a r e  s i t u a t e d  i n  t h e  turb ine  room t h a t  has a f l o o r  area of 

Cyclone separa tors  with m i s t  e l iminators  i n  t h e  

The 5 MW out- 
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2 2 33 m x 9 m = 297 m (108 f t  x 30 f t  = 3200 f t  ). The condensers are of  t h e  

direct-contact  type,  made of stainless s teel ,  with 11 m (389 f t  ) of steam 

volume, and are f i t t e d  with 118 nozzles through which t h e  cooling water is 

sprayed. 

3 3 

A summary of t h e  technica l  pa r t i cu la r s  f o r  t he  u n i t  may be found 

i n  T a b l e  10.14 [Naymanov, 19701. On t h e  bas i s  of t h e  da ta  i n  Table 10.14 

and assuming a geofluid wellhead dryness f r a c t i o n  of 9%, t he  p lan t  would 

have a resource u t i l i z a t i o n  e f f ic iency  of 54% and would consume 56 kg/kW*h’ 

(123 lbm/kW*h). 

f l u i d  dryness f r a c t i o n  [Tikhonov and Dvorov, 19701, and t h i s  would reflect a 

much lower u t i l i z a t i o n  e f f ic iency  (about 28%). 

l i e s  somewhere between these  l i m i t s .  

However, values as low as 5% have been reported f o r  t h e  geo- 

The ac tua l  value probably 

Power from t h e  plant‘ is t ransmit ted t o  t h e  town of Pauzhetka, t h e  

Ozernovsk f i sh ing  combine, and t h e  co l l ec t ive  f a r m  a t  Krasnyy Truzhenik. 

The power l i n e  carries e l e c t r i c i t y  a t  35 kV and is 30 km (19 m i )  long 

[ARPA, 19721 e 

The geothermal l i q u i d  which is  separated a t  t h e  wellheads i s  d is -  

charged i n t o  t h e  Pauzhetka River a t  a temperature of l l O ° C  (230OF) and a t  a 

rate of 110  kg/s (220 lbm/s). There were plans t o  make use of t h i s  hot f l u  

f o r  t h e  heat ing of greenhouses although it is not known whether such plans 

have been implemented as y e t  [Tikhonov and Dvorov, 19701. 

a l s o  reported t h a t  t h e  c o s t  of e l e c t r i c i t y  from the  Pauzhetka geothemnoelec- 

The same authors 

t r i c  s t a t i o n  i s  less by a f ac to r  of LO t o  1 5  than e l e c t r i c i t y  generated by 

d i e s e l  power p l an t s  on t h e  Kamchatka peninsula. 
. -  

Although it has been reported t h a t  t he re  were in ten t ions  t o  expand 

t h e  capaci ty  of t h e  p l an t  t o  1 2 . 5  MW, and eventually t o  20 MW, these  inten2 
- -  

t i o n s  remain u n f u l f i l l e d  a t  present [ARPA, 19721. The ul t imate  po ten t i a l ‘  of 
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t he  Pauzhetka r e s e r v o i r  has been estimated a t  between 50 and 70 MW of elec-  

t r i ca l  power [Tikhonov and Dvorov, 19701. 

10.11.3 Paratunka 

The Paratunka geothermal power p ro jec t  was an ambitious attempt 

a t  providing a form of total-energy system, a l b e i t  on a r a t h e r  l imi t ed  scale. 

The power p l an t  was a binary-fluid cycle  which employed refr igerant-12 as 

the  working f l u i d  i n  conjunction with geothermal waters a t  temperatures as 

low as 81OC (178OF). The power from the  p l an t  served a small v i l l a g e  and 

seve ra l  Soviet  state farms. Furthermore, t h e  geothermal water, after leaving 

the  power house and having been cooled t o  4 5 O C  (113OF) i n  t h e  p l a n t ' s  heat  

exchangers, was put  t o  use t o  heat  t h e  s o i l  i n  a series of greenhouses. 

n a l l y ,  t h e  cooling water leaving t h e  condensers of t h e  power p l an t  was used 

t o  water the p l a n t s  i n  the  greenhouses. 

of t he  Paratunka River d i r e c t l y  f o r  t h i s  purpose because of t h e i r  low tempera- 

t u r e  of 5 - 7OC (41 - 45OF). 

F i -  

I t  is not poss ib le  t o  use t h e  waters 

It is genera l ly  acknowledged t h a t  t he  Paratunka p l an t  was t h e  first 

binary geothermal p i l o t  p l an t  t o  generate  e l e c t r i c i t y ,  having begun opera- 

t i o n s  i n  1967. 

binary p l an t s .  

s eve ra l  years ,  it has been reported r ecen t ly  [Smith, 19781 t h a t  t he  power 

s t a t i o n  has been closed and dismantled because of d i f f i c u l t i e s  with leaks  

i n  t h e  refr igerant-12 piping. Furthermore, t he  p rope r t i e s  of refr igerant-12 

are not  i dea l ly  s u i t e d  for  geothermal appl ica t ions  [Naymanov, 19701. Never- 

t he l e s s ,  it is i n s t r u c t i v e  t o  examine t h e  d e t a i l s  of t h e  Paratunka p lan t .  

The p l an t  was b u i l t  t o  test the  design theo r i e s  of geothermal 

Although t h e  p lan t  apparent ly  operated successfu l ly  for  

The geothermal hot water is obtained from a number of shallow wells 

located about 1 . 5  km (0.9 m i )  from t h e  p l an t  s i te .  The w e l l s  range i n  depth 
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from 302 - 604 m (991 - 1982 f t ) ,  and i n  diameter from 127 - 200 mm 

(5  - 7.875 i n )  [ARPA, 19721. 

construct ion got underway on the  p l an t ;  s i x  wells were used t o  supply the  

p lan t  with about 280 t / h  (617 x l o 3  lbm/h) of hot water [Moskvicheva and 

Popov, 19701. 

Eight wells were completed i n  1964 before 

One of these w e l l s  was kept on reserve. 

A s implif ied flow diagram of the  power p lan t  is given i n  Fig. 10.32; 

t he  technical spec i f ica t ions  are l i s t e d  i n  Table 10.15. The values given 

i n  the  t a b l e  are the  actual values achieved during the  tests reported by 

Moskvicheva and Popov C19701. I n  certain respec ts ,  these d i f f e r  from the  

design values.  For example, the  hot water i n l e t  temperature should have 

been 9 O O C  (194OF), the  cooling water from the  Paratunka River should have 

been 5 O C  (4 loF) ,  and t h e  condensation temperature of the  refr igerant-12 

should have been 1 5 O C  (59OF), instead of the  actual values of 81.5OC (178.7OF), 

6 - 8OC (42.8 - 46.4OF), and 32OC (89.6OF), respect ively.  It should be 

noted, however, t h a t  t he  v a l i d i t y  of t he  da ta ,  as reported,  is doubtful 

s ince the  performance da ta  quoted i n  the  above reference leads  t o  a negative 

pinch-point temperature d i f fe rence  i n  the  geofluid/refrigerant-12 heat ex- 

changer, a r e s u l t  which is  prohibi ted by the  l a w s  of thermodynamics. 

Nevertheless, t he  e f f ic iency  of t h e  energy conversion system was 

determined i n  terms of t h e  amount of hot water required f o r  a given output. 

Figure 10.33 shows the  hot water flow rate  as a funct ion of t h e  gross  power 

output. 

higher than the  design value a t  680 kW because of the  8.5 - 9OC s h o r t f a l l  i n  

geofluid temperature. In  fact ,  even a t  t h e  actual temperature ,  t he  actual 

f l u i d  requirements exceeded the  calculated values by about 9 percent.  The 

It may be seen t h a t  t he  ac tua l  f l u i d  consumption w a s  roughly 65% 

' s p e c i f i c  hot water consumption a t  maximum load (680 kW) was about 412 kg/kW*h) 

(908 lbm/kW*h). This converts t o  a geothermal resource u t i l i z a t i o n  e f f ic iency  

of 23% ( g r o s s ) ,  o r  15% ( n e t )  when 1 1 0  kW f o r  t he  cooling water pump and 130 kW 
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for the two refrigerant-12 circulating pumps are subtracted from the gross 

output. 

full load, two percentage points below the design value. 

The turbo-expander reached an isentropic efficiency of 82% at 

The turbine-generator, three preheaters, the boiler/superheater, 

two condensers, and the associated auxiliary equipment were located in a 

machine hall which was 12 m wide, 24 m long and 8 m high (39 x 79 x 26 ft). 

A photograph of the turbine-generator is shown in Fig. 10.34. 

The specific installed cost of the plant has been reported to be 

four times that of the other Soviet geothermal power plant which is located 

at Pauzhetka. The high cost of Paratunka was attributed to the small size 

of the unit, the costs associated with the development of the unique halo- 

carbon turbo-expander, and with the installation of the piping system to 

supply the adjacent greenhouse facilities CARPA, 19721. 

10.11.4 Bolshoye-Bannoye 

It was reported in 1965 CARPA, 19721 that a sophisticated, multiple- 

flash geothermal power plant was under construction at Bolshoye-Bannoye. 

Only twenty wells had been completed and the rate of construction was slow. 

It is not known whether or not the plant has been completed or in operation. 

It was to have a rated output of 8 MW, and use two 2.5 MW low- 

pressure turbines and four 750 kW very-low-pressure turbines. 

for the plant is shown in Fig. 10.35. 

water from a number of wells is fed to a series of separators at a pressure 

of 152 kPa (22 lbf/in2). 

pressure turbines, the pressure has fallen to 101 kPa (14.7 lbf/in 1. 

intermediate flash tank generates additional steam at one atmosphere for 

the low-pressure turbines from the hot water which was separated at the 

A flow diagram 

A mixture of geothermal steam and hot 

By the time the separated steam reaches the low- 
2 An 
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wellheads. 

then f lashed successively t o  produce th ree  streams of subatmospheric steam 

f o r  use  i n  a set of four  multiple-admission turbines .  The l i qu id  e f f luen t  

from t h e  f i n a l  f l a she r  must be pumped back t o  atmospheric pressure f o r  d i s -  

posal.  

The remaining hot water is  f irst  co l lec ted  i n  a rece iver  and 

Based upon t h e  exergy of t h e  geofluid a t  t h e  wellhead and the  ind i -  

cated geofluid flow rate and power output,  t he  p lan t  would have a gross geo- 

thermal resource u t i l i z a t i o n  e f f ic iency  of 35%, o r  a s p e c i f i c  geofluid con- 

sumption of 90 kg/kW*h (198 lbm/kW*h). The qua l i t y  of t he  geofluid mixture 

a t  t h e  wellhead would be about 7 percent.  The cos t  of  e l e c t r i c i t y  from t h e  

plant  was estimated t o  be about one-sixth t h e  cos t  of e l e c t r i c i t y  from con- 

vent ional  sources serving the  c i t y  of Petropavlovsk-Kamchatskiy [ARPA, 19721. 

10.11.5 Poten t i a l  Soviet  Geothermal Power S ta t ions  

Makhachkala A 1 2  MW flash-steam geothermal p l an t  has been pro- 

posed t o  s a t i s f y  t h e  electrical and heating requirements of t h e  town of 

Makhachkala i n  t h e  Dagestan ASSR. It is estimated t h a t  a t o t a l  geofluid d i s -  

charge of about 1 0 0  t / h  (220 x l o 3  lbm/h) w i l l  be required t o  supply t h e  

p l an t ,  

i n  order t o  t a p  waters of 16OOC (32OOF) temperature. 

may be obtained from wells 2.5 - 3 km (1.6 - 1.9 mi) i n  depth. 

Very deep wells of t h e  order of 4 - 4.5 km (2.5 - 2.8 m i )  are needed 

Water a t  1 2 O O C  (248OF) 

No o ther  

technica l  d e t a i l s  on t h i s  p l an t  have been made ava i lab le .  

Yu zhno- Kur i l s  k A geothermal power p lan t  of about 5 - 6 M%J,capa- 

c i t y  has been proposed f o r  t he  Goryachy Playazh geothermal area on Kumashir 

Is land of t h e  Kurile I s land  group, about 8 km ( 5  m i )  from t h e  town of 

Yuzhno-Kurilsk. The p l an t  w i l l  be designed t o  use geofluid a t  13OOC (266OF). 

Numerous surface thermal manifestations e x i s t  i n  t h e  Guryachy Playazh region,  

with severa l  steam vents  having temperatures of 100  - 13OOC (212 - 266OF). 
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Nizhne-Koleshevskaya Recently, a report was issued which indi- 

cated that a plant of 50 - 70 MW capacity will soon be constructed at Nizhne- 

Koleshevskaya [ECPE, 19771, but no additional data were included. 

Avachinski Volcano The same source also reported that plans are 

underway to tap the Avachinski volcano on the Kamchatka peninsula at a depth 

of 3.5 km (11,500 ft) in the hope of establishing a resource which might 

supply a 5000 MW geothermal plant for 500 years. 
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10.12 UNITED STATES 

10.12.1 H i s to r i ca l  Background 

The h i s to ry  of geothermal energy i n  t h e  United S ta tes  dates  back 

over one hundred and t h i r t y  years.  

is cred i ted  with discovering The Geysers na tu ra l  steam f i e l d  while bear- 

hunting i n  April  1847 between Cloverdale and Calistoga [Lengquist and 

Hirschfeld,  19761. 

high i n t o  the  air  accompanied by the  roa r  of escaping steam and the  smell 

of odorous s u l f u r  fumes l ed  E l l i o t t  t o  bel ieve he had discovered the  very 

ga tes  t o  t h e  Inferno. 

Explorer-surveyor W i l l i a m  B e l l  E l l i o t t  

” 

The awesome s igh t  of clouds of water vapor shooting 

The region w a s  exploited a t  first as a tou r i s t  a t t r a c t i o n  boasting 

the  al leged therapeut ic  q u a l i t i e s  of the  hot f l u i d s .  

of t he  r e s o r t  faded, an attempt was made i n  the  ea r ly  1920s t o  develop i ts  

po ten t i a l  f o r  e l e c t r i c  power production. 

cement cont rac tor ,  deserves the  c r e d i t  f o r  i n i t i a t i n g  the  development of 

The Geysers [Siegfried,  19251. 

When the  popularity 

John D. Grant, a rock, gravel  and 

Large quan t i t i e s  of underground steam were tapped with r e l a t i v e l y  

Eight w e l l s  were d r i l l e d  t o  depths of between 47 m (154 f t )  shallow w e l l s .  

and 194 m (363 f t ) .  The steam was used t o  power a 250 kW generator driven 

by a reciprocat ing,  noncondensing engine. 

t i m e ,  however, was not ca r r i ed  out.  

t o  the  use of geothermal energy seemed t o  have been overcome, geothermal 

Further power development a t  t h a t  

Although t h e  major technica l  obstacles  

electric power p lan ts  would have had t o  compete aga ins t  hydroelectr ic  p lan ts  

t h a t  were appearing throughout t he  same areas where geothermal energy was 

present.  

Thus the  po ten t i a l  of The Geysers l ay  unexploited u n t i l  B. C. 

McCabe, a Los Angeles lumber merchant with no engineering education and no 
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p r i o r  experience i n  t h e  power industry,  decided t o  inves t  i n  t h e  s i t e  i n  t h e  

ea r ly  1950's. H e  leased 1465 ha 

Company, es tab l i shed  a company ca l l ed  Magma Power Co., and d r i l l e d  h i s  first 

w e l l  i n  1955. The w e l l  was ca l l ed  Magma No. 1; it was 249 m (817 f t )  deep 

and produced 68 t / h  c150,OOO lbm/h) of dry steam a t  a wellhead pressure of 

790 kPa (114 lb f / in2 ) .  

(3620 acres) from The Geysers Development 

McCabe joined forces  with Dan A .  McMillan, Jr. of Thermal Power 

Company, and together  they completed six wells  by 1957, ranging i n  depth 

from 1 6 1  m (527 f t )  t o  431 m (1414 f t ) .  

1958, with t h e  Pacific Gas and Electric Company (PGEE) which obl igated Magma- 

Thermal t o  supply steam a t  a flow rate of 107 t / h  

pressure of 790 kPa a14 l b f / i n  ) t o  t h e  s t r a i n e r  i n l e t  of a 12,500 kW 

turbine-generator [Lengquist and Hirschfeld,  19761. 

They signed a cont rac t  on October 30, 

(235,000 lbm/h) and a t  a 

2 

In  t h e  eai-ly days of geothermal energy discovery i n  t h e  United 

S ta t e s ,  s eve ra l  o ther  areas besides The Geysers were explored. 

were areas which appeared t o  be promising because of surface manifestat ions 

such as-steam vents,  hot spr ings,  bo i l ing  mud pots ,  etc. Po ten t i a l  sites i n  

t h e  Imperial  Valley such as Niland and Mullet I s land  (Salton Sea) were 

s tudied and d r i l l e d ,  as ea r ly  as 1927. 

Most of these 

It is  i n t e r e s t i n g  t o  note  t h a t  t h e  

w e l l s  a t  t h e  Sal ton Sea produced gas (probably carbon dioxide) ,  steam, water, 

and a l a rge  amount of ' s lush ' .  

t a i n  up t o  300,000 ppm of dissolved s o l i d s ,  remains one of t h e  major unsolved 

problems i n  geothermal energy i n  t h e  United S ta tes .  

The u t i l i z a t i o n  of these  f l u i d s ,  which con- 

10.12.2 The Geysers - Sorioma and Lake Counties, CA 

The l a r g e s t  geothermal electric power complex i n  t h e  world is lo-  

cated a t  The Geysers i n  Sonoma County of northern Cal i fornia .  The Pacific 

Gas and E l e c t r i c  Company (PGEE) produces over 500 b1W a t  t h e  s i t e  with over 
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400 MW of additional capacity under construction as of early 1979, and in- 

tends to install an additional 220 MW by 1982. The present proved capacity 

of The Geysers exceeds 2000 MW. 

The Geysers is one of several areas of hot springs and fumaroles 

which occur along a section of a long fault zone in the Mayacmas Mountains in 

northern California. 

and extends over an area 21.5 km x 8.6 km (13.3 mi x 5.3 mi), bounded by the 

Mercuryville fault zone on the southwest and the Collayomi fault zone on the 

northeast [Donnelly, et a l ,  19761. 

(12,350 acres) in an 11.2 km x 4.5 km (7 mi X 2.5 mi) strip lying roughly 

between the Big Sulphur Creek in Sonoma County and the border between Sonoma 

and Lake Counties. 

The geothermal reservoir is of the vapor-dominated type 

The drilled area covers over 5000 ha 
I- 

The source of the thermal energy is believed to be a magmatic 

intrusion which lies at about 10 km (32,800 ft). 

are highly fractured regions with near-vertical orientation. 

occur in hard, dense graywacke (a sandstone), and steam is found in two depth 

ranges: 

1.5 - 3.Okm(4920 - 9840 ft) [Reed and Campbell, 19751. It is known, fur- 

thermore, that the vapor-dominated reservoir is characterized by a pressure 

that is far less than the hydrostatic pressure and which extends to depths 

of at least 3 km (9840 ft). 

The steam-producing areas 

The fractures 

a shallow zone at 300 - 600 m (984 - 1968 ft) and a deep zone at 

Approximately 175 wells have been drilled at The Geysers, with 75 

of these actively delivering steam to the first eleven units having a total 

installed capacity of 502 MW. Approximately 15 wells are needed to support 

a typical 110 MW unit. A steam well will produce 34 - 159 t/h (75,000 - 
2 350,000 lbm/h) at a wellhead pressure of 960 kPa (140 lbf/in ). 

rate of 9 1 t / h  (200,000 lbm/h) may be taken as.typica1. 

sure is about 3.4 MPa (490 lbf/in ) and the corresponding temperature is 

A steam flow 

The closed-in pres- 
2 
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24OOC (465OF1, with a s p e c i f i c  enthalpy cf 280 kJ/kg (1204 Btu/lbm). A com- 

b ina t ion  of mud and a i r  d r i l l i n g  is used, with mud being used f o r  t he  l a r g e r  

port ions of t h e  wells (d ia .  > 317.5 mm (> 1 2 . 5  i n ) ) .  Although a i r  d r i l l i n g  

is faster since t h e  cu t t i ngs  are removed more quickly from beneath the  d r i l l  

b i t ,  it can only be used i n  t h e  smaller diameter sec t ions  where t h e  seepage 

of l i q u i d  i n t o  t h e  hole is  not a ser ious  problem. 

A t y p i c a l  gathering system f o r  a 55 MW u n i t  cons i s t s  of a network 

of carbon steel  pipes ,  s t a r t i n g  with 254 mm (10 i n )  O . D .  pipes a t  t h e  w e l l -  

heads and ending with 314 mm (36 i n )  O.D.  p ipes  of 9.5 mm (0.375 i n )  w a l l  

th ickness  a t  t h e  power house. 

system t o  supply t h e  required 450 t / h  (10 

axial  separa tor  i s  s i tua t ed  on t h e  steam l i n e  a t  each w e l l  t o  remove p a r t i -  

Usually seven w e l l s  must be connected t o  t h e  

6 lbm/h) of steam. A cen t r i fuga l  

culate matter t h a t  can cause erosion of t h e  steam pipes and turb ine  blades 

[Matthew, 19751. 

A map of The Geysers area is shown i n  Fig. 10.36 [Dan, -- e t  a l ,  19751 

from which t h e  loca t ions  of t h e  first f i f t e e n  u n i t s  may be seen. The steam 

pipe l ines  are not longer than about 2 Ian (6560 f t )  so  as t o  con t ro l  t h e  loss 

of a v a i l a b i l i t y  of t h e  steam from t h e  wellhead t o  t h e  turbine.  

The power u n i t s  a t  The Geysers have evolved from r e l a t i v e l y  s m a l l  

u n i t s  with barometric, ex t e rna l  condensers and no emissions cont ro ls  t o  u n i t s  

of 110 MW capaci ty  with low-level, surface-type condensers and Stretford-type 

H2S removal systems, 

The Geysers together  with some t echn ica l  information on each of them. 

Table 10.17 contains  a summary of t h e  t echn ica l  spec i f ica t ions  f o r  those power 

u n i t s  i n  operation a t  The Geysers as of e a r l y  1979. 

T a b l e  10.16 contains  a list of t h e  geothermal u n i t s  a t  

c 

A flow diagram/heat 

balance schematic f o r  Units 5 - 1 0  is shown i n  Fig. 10.37, and the  photograph 

i n  Fig. 10.38 shows t h e  cooling tower and power house f o r  Units  5 and 6.  
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4 

O f  t h e  four u n i t s  under construct ion a t  t h i s  t i m e ,  Unit No. 13, 

which is expected on-line i n  t h e  f a l l  of 1979, is unique i n  severa l  respec ts .  

It is t h e  first u n i t  t o  be b u i l t  i n  Lake County r a t h e r  than Sonoma County, 

and the  first t o  be supplied with steam from a producer other  than Union- 

Magma-Thermal; i n  t h i s  case,  t he  suppl ier  is Aminoil (formerly the  S igna l -  

O i l  and Gas Company). 

world with a r a t e d  capaci ty  of 135 EIW. 

wi th  a turb ine  manufactured i n  the  United S t a t e s ,  t h i s  being t h e  first t&- 

It w i l l  be t h e  l a r g e s t  s ing le  geothermal u n i t  i n  t h e  

Furthermore, t h e  u n i t  w i l l  be f i t t e d  

b ine  from an American manufacturer t o  be i n s t a l l e d  a t  The Geysers i n  over a 

decade. 

The u n i t  w a s  i n i t i a l l y  designed with a direct-contact  condenser of 

t h e  low-level j e t  type; however, it w i l l  be b u i l t  with a surface condenser 

of t h e  shell-and-tube type i n  order t o  assist t h e  hydrogen su l f ide  abatement 

system which w i l l  a l s o  be i n s t a l l e d  on t h e  u n i t .  

t o  have a sur face  condenser at  The Geysers, and t h e  f irst  u n i t  of any dry 

steam geothermal p l an t  i n  t h e  world t o  be so equipped. Furthermore, t h i s  

u n i t ,  and a l l  succeeding u n i t s ,  w i l l  be f i t t e d  with a means of cont ro l l ing  

t h e  hydrogen s u l f i d e  emissions from t h e  p l an t .  A St re t fo rd  system w i l l  be 

employed on those u n i t s  which are expected on-line i n  the  near fu ture .  

This w i l l  be t h e  first u n i t  

The choice of materials used i n  t h e  manufacture of t h e  var ious 

components of a geothermal power p l an t  is determined i n  l a r g e  measure by ' the 

composition of t he  geothermal f l u i d .  

r e l a t i v e l y  noncorrosive as it comes from t h e  wells i n  a s l i g h t l y  superheated 

state. 

gather ing system, including main steam pipe l ines ,  a lves  and s t r a i n e r s .  The 

turb ines  are made from manufacturer's standard materials f o r  t h e  most p a r t ,  

with items of cast, forged o r  fabr ica ted  steel .  

The steam from The Geysers f i e l d  is  

Thus, carbon s t e e l  (ASTM A106 G r . B  o r  equ 

Q 
The casing is carbon steel .  
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The blading, however, is of 13% chrome steel. 

exist i n  the  lower pressure s tages  where the  expansion 1eads . to  higher mois- 

ture content.  

w e l l  i n  conventional steam turbines  [Finney, 19721. 

a t  t he  turbine exhaust hood is  typ ica l ly  about 90%. 

Moisture removal provisions 

Such moisture t r a p s  are of standard design and are used as 

The qua l i ty  of t he  steam 

The corrosive nature  of t h e  geofluid becomes manifest when the  

steam condenses, espec ia l ly  i n  t h e  presence of air. 

which operate under vacuum conditions,  some i n f i l t r a t i o n  of a i r  i n t o  the  

turb ine  through t h e  seals i s  unavoidable. 

densable gases become more concentrated, t h e  hydrogen su l f ide  i n  the  presence 

of air oxidizes  t o  weak s u l f u r i c  ac id ,  and t h e  f l u i d  becomes highly corro- 

s i v e  t o  such materials as carbon steel ,  cast i ron ,  copper-based a l loys ,  z inc,  

cadium, s i l v e r ,  wood and concrete. 

A s  with a l l  turbines  

Under condensation, t he  noncon- 

The condenser is comprised of a s h e l l  of carbon s tee l  p l a t e  over- 

l a i d  with 1.6 rnm (1/16 i n )  th ick  Type 304 (19% Cr, 9% N i )  s t a i n l e s s  steel  

and in t e rna l s  made of s o l i d  s t a i n l e s s  steel. 

cated from Type 304 s t a i n l e s s  steel pipe. The condensate pumps are of con- 

vent ional  canned, v e r t i c a l  design, but w i t h  all wetted pa r t s ,  including i m -  

p e l l e r s  and bowls o r  vo lu tes ,  made of a u s t e n i t i c  Type 304 s t a i n l e s s  steel. 

The c i r cu la t ing  water l i n e s  above ground are made of aluminum pipe of Type 3003, 

3053, or 6061. Aluminum a l loys  with no copper content are used. 

The condensate l i n e s  are f a b r i -  

Since copper a l loys  and s i l v e r  are suscept ib le  t o  corrosive attack 

by hydrogen su l f ide ,  electrical equipment should not be made of these mate- 

r ials.  Experience shows t h a t  t i n  a l loy  coatings are e f f e c t i v e  i n  r e s i s t i n g  

corrosion, but they are unsa t i s fac tory  on current-carrying contact surfaces .  

Aluminum, s t a i n l e s s  s teel  and some precious metals are pa r t i cu la r ly  e f f ec t ive .  

Platinum i n s e r t s  o r  p la t ing  have been used on these  contacts .  
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Approximately 20% of the  mass of geothermal steam produced from 

t h e  w e l l s  must be disposed of as excess l i qu id  from t h e  cooling tower basin.  

From 1960 t o  1970 t h e  problem w a s  solved by allowing t h e  l i qu id  t o  run i n t o  

the nearby Big Sulfur Creek. Beginning with Units 5 and 6 ,  however, t h e  ex- 

cess water has been re in jec ted  i n t o  t h e  producing reservoi r .  For each 55 MW 

u n i t ,  170Q m /day (312 gal/min) must be re in jec ted .  In  1974, four  wells 

were employed f o r  t h e  r e in j ec t ion  of approximately 14000 m /day (2570 gal/min) 

3 

3 

of excess water [Reed and Campbell, 19751. Since t h e  steam producing reser- 

vo i r  is  of anomalously low pressure r e l a t i v e  t o  hydrostat ic  conditions,  it is  

not necessary t o  pump the l iqu id  down t he  w e l l ;  pumping is  required only t o  

move the l i q u i d  from t h e  cooling tower si tes t o  t h e  r e in j ec t ion  wells. 

T h e  noncondensable gases are vented to t h e  atmosphere a t  two places 

in the  p lan t :  t h e  gas e j e c t o r  and t h e  cooling tower. The most objectionable 

of t h e  gases discharged is hydrogen su l f ide ,  H2S, owing i n  p a r t  t o  i t s  unplea- 

s an t  smell and t o  t h e  very low l e v e l  of de tec t ion  by t h e  human o l fac tory  

sense. The Cal i fornia  ambient a i r  qua l i t y  standard f o r  H2S is 30 p a r t s  per 

b i l l i o n  Cppb), based on an assumed odor de tec t ion  threshold [Semrau, 19761. 

Although no Federal standards exist f o r  H2S, t he  U.S. Environmental Protection 

Agency (EPA) has suggested a m a x i m u m  of 200 g/MW.hof electrical production 

o r  its equivalent [Hartley, 19781. 

The first t en  u n i t s  a t  The Geysers were provided with no means of 

cont ro l  of H2S emissions. 

u n i t s  produced 22 t/day o r  2300 g/MW*h of H2S CWeres, 19761. 

The d a i l y  operation of these t e n  uncontrolled 

A l l  new u n i t s  

w i l l  be f i t t e d  with some type of H2S abatement system. An i ron  hydroxide 

system of about 70% ef f ic iency  was t e s t ed  on Unit 11. 

average 2 t /day o r  800 g/MW*h i n t o  the  atmosphere, including pre-plant .emis- 

s ions  and vent emissions which occur during p lan t  shutdown and are uncontrolled 

a t  t h i s  time [Weres, 19761. 

It discharges on the  

Units 13,  1 4 ,  1 5 ,  and fu tu re  u n i t s  w i l l  have 
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surface condensers instead of j e t  condensers. 

p lan ts  operating on the  S t r e t fo rd  process w i l l  remove t h e  hydrogen s u l f i d e  on 

Units 13-15 [Semrau, 19761. 

marketable su l fu r .  

Separate chemical processing 

The product of t he  S t r e t fo rd  process is  pure,  

The p r i c e  which PGGE must pay f o r  steam f o r  i t s  Geysers u n i t s  i s  

determined from t h e  following formula CDutcher and Moir, 19761: 

Cs = C2.11 EF ccF/t;) (MHR/MHRo) t EN tN1/(EF+EN) , 

where 

- 
cs - 

- 
EF - 

EN - 
- 

E ,  - - 
E ,  - - 
E;  - - 

MHR = 

MHF? = 

2.11 = 

cos t  of steam (mill/kW*h) f o r  year  n ,  

e l e c t r i c i t y  produced from f o s s i l  f u e l  during year n-1, 

e l e c t r i c i t y  produced from nuclear f u e l  during year n-1, 

average c o s t  of f o s s i l  f u e l  f o r  year n-1, 

average cos t  of nuclear  fuel f o r  year n-1, 

average cos t  of f o s s i l  f u e l  i n  1968, 

minimum heat  rate f o r  f o s s i l  p l an t s  during year n-1, 

minimum hea t  rate f o r  f o s s i l  p l an t s  during 1968, 

negotiable constant.  

Thus, t h e  cos t  of  geothermal steam for any year is determined by 

t h e  amount and cos t  of electrical production by f o s s i l  and nuclear means 

during t h e  previous year.  Base f igu res  are taken f o r  t he  cos t  of f o s s i l  

f u e l  and f o s s i l  p l an t  hea t  rate during 1968. 

charge of 0.5 mill/kW-h f o r  r e i n j e c t i o n  of t h e  spent geofluid.  

i ca l  p r i c e  of steam a t  The Geysers s ince  1969 is given below: 

I n  addi t ion ,  t he re  is  a sur- 

The h i s to r -  
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Year 

1969 

1970 

1971 

197 2 

1973 

1974 

1975 

- 

1976 

1977 

1978 

Price (mill/kW h) 

2.65 

2.64 

2.74 

2.90 

3.15 

3.73 

7.39 

11.35 

14.10 

16.05 

The only o ther  geothermal steam cont rac t  a t  The Geysers is t h e  one 

signed on June 27, 1977, between S h e l l  O i l  Company and the  Northern Cal i fornia  

Power Agency (NCAP). The contract  calls f o r  NCPA t o  pay S h e l l  according t o  

t h e  amount of steam delivered. The i n i t i a l  p r i c e ,  a t  the  t i m e  of t h e  con- 

tract ,  was $0.6917/1000 l b m  of steam. Beginning on July 1, 1977, t h e  p r i c e  

w i l l  be adjusted semi-annually by t h e  GNP Implici t  Price Deflator Index 

( 1 ~ ~ ) p u b l i s h e d  by t h e  U . S .  Department of Commerce for t h e  preceding calendar 

quarter  [Lindsay, 19771. 

t o  t h e  GNP ( i n  constant 1972 d o l l a r s )  f o r  t h e  cur ren t  period. The geothermal 

steam supplied by S h e l l  must be dry and a t  a pressure no lower than 799.8 kPa 

(116.0 l b f / i n  1; when t h e  amount of noncondensable gases exceeds 0.5% (weight), 

t h e  flow ra te  of steam w i l l  be corrected accordingly. 

l i q u i d  w i l l  be returned t o  S h e l l  f o r  disposal  a t  a temperature not g r e a t e r  

than 79.4OC (175OF) and a t  a pressure not less than 262 kPa (38 l b f / i n  ). 

The IPD is the  ratio of t h e  GNP ( i n  current d o l l a r s )  

2 

Uncontaminated waste 

2 

B For t h e  operating year 1976, PGGE reported [Mahoney and Banger,t,19771 

t h a t  t h e i r  geothermal power p lan ts  produced e l e c t r i c i t y  a t  t h e  lowest cos t  of 
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any o ther  type steam p lan t  i n  i t s  system. 

as follows: 

The f igu res  ( in  1977 d o l l a r s )  are 

geothermal, . . . . . . . . . . .  18 mill/kW*h 

nuclear . . . . . . . . . . . . .  24 mill/kW@h 

coal-f i red.  . . . . . . . . . . .  26 mill/kW-h 

o i l - f i r e d  . . . . . . . . . . . .  36 mill/kW*h. 

In  addi t ion ,  geothermal p l an t s  were t h e  least expensive t o  cons t ruc t ,  being 

26% cheaper than o i l - f i r ed  p l an t s ,  about ha l f  as expensive as coal-f i red 

p l an t s ,  and cost ing only 38% of a t y p i c a l  nuclear p l an t .  

are on a dollars-per-kilowatt  bas i s .  

A l l  comparisons 

Table 10.18 contains  a summary of t h e  ca lcu la t ions  of t h e  geothermal 

resource u t i l i z a t i o n  e f f ic iency ,  0 , f o r  t h e  eleven operat ing u n i t s  together  

with estimates f o r  t h e  four  u n i t s  which are under construct ion.  

seen t h a t  rt Units 13  and 1 5  are expected t o  operate 

with steam a t  t h e  lowest temperature of any u n i t  (170OC (338OF)) and may have 

t h e  lowest e f f ic iency  of a l l  t h e  u n i t s  at  The Geysers. Although they are not 

included i n  t h e  t a b l e ,  Units 16 and 17  w i l l  be s i m i l a r  t o  Unit 1 4  i n  design 

and performance; i .e. ,  they may be expected t o  operate  a t  a 56% resource u t i -  

l i z a t i o n  e f f ic iency .  

U 

It may be 

ranges from 50 - 56%. 
U 

10.12.3 Magmamax Dual Binary Plant  - E a s t  Mesa, CA 

The geothermal power p lan t  being constructed a t  East Mesa, CA, by 

t h e  Magma companies is  of t h e  binary type i n  which t h e  hot geofluid is used 

as the  heating medium f o r  a secondary working f l u i d  of a su i t ab ly  low boi l ing  

point  which is i n  t u r n  used i n  a more or less conventional Rankine cycle.  

When completed ea r ly  i n  1979, t he  Magmamax(a) Dual Binary p lan t  w i l l  be the  

. 

U.S. Patent No. 3757516. l a )  



first geothermal power plant  of t h i s  type i n  commercial operation i n  t h e  

United S ta tes .  The p lan t  w i l l  have a ra ted  capacity of 11 .2  MW. 

The power plant  incorporates pumped wells, t o t a l  r e in j ec t ion  of 

spent geofluid,  two p a r a l l e l  power cycles ,  one using isobutane and one using 

propane, an isobutane recuperator-propane preheater ,  and a cooling water 

system w i t h  combined spray cooling and phased s torage ponds. 

l i v e s  up t o  i t s  design spec i f ica t ions ,  it should operate with a spec i f i c  

br ine  consumption of about 58.5 kg/kW*h (129 lbm/kW*h) f o r  br ine a t  182OC 

(36OOF) [Hinrichs and Falk, 19781. The r e in j ec t ion  temperature w i l l  be 

If the  p lan t  

about 82OC (18OOF). Roughly 11 ha (27 acres )  w i l l  be dedicated t o  the  

s torage ponds f o r  t he  phased cooling system. 

dese r t  port ion of the  Imperial Valley where land usage is l e s s  cri t ical .  

s implif ied flow diagram of t h e  patented Magmamax process is shown i n  

The p lan t  i s  located i n  the  

A 

Fig. 10.39, i n  which the  cooling water l i n e s  have been omitted f o r  t he  

sake of c l a r i t y .  

The isobutane turb ine  was b u i l t  by t h e  York Division of Borg- ' 

Warner Corporation t o  t h e  spec i f ica t ions  of J. Hi lber t  Anderson [Anderson, 19731, 

The machine i s  of t h e  double-flow type with each s i d e  being a 3-stage r ad ia l -  

inflow turbine.  

signed f o r  tu rb ine  duty. 

e f f ic iency  of about 77%. 

The u n i t  used t o  be a compressor, but has been rede- 

The turb ine  is expected t o  operate a t  an i sen t ropic  

The propane turb ine  was b u i l t  by Mafi-Trench and is typ ica l  of 

machines of t he  type used f o r  low-temperature appl ica t ions .  It is  of t h e -  

radial-inflow type; the  preliminary design spec i f ica t ions  indicated an ex- 

pected i sen t ropic  e f f ic iency  of about 86% [Mafi, 19781. 

Preliminary design spec i f ica t ions  f o r  the  Magmamax plan t  are given 

4 i n  Table 10.19. On the  bas i s  of the  preliminary spec i f i ca t iohs , . t he  system 
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should be capable of  a resource u t i l i z a t i o n  e f f i c i ency  of about 52%, assum- 

ing a s ink temperature of 27OC (8OOF). 

10.12.4 Republic Geothermal - East Mesa, CA 

Republic Geotherma1,Inc. is cur ren t ly  developing a por t ion  of t h e  

East Mesa geothermal f i e l d  with t h e  in t en t ion  of bui lding a 48 MW double-flash 

power p l an t  which should be operat ing i n  t h e  e a r l y  1980's. The Republic 

p l an t  w i l l  be loca ted  about 5 km ( 3  mi) nor th  of t h e  Magmamax Dual Binary 

p l an t .  The wells w i l l  be operated i n  a pumped mode using down-hole, e l e c t r i c -  

powered, submersible pumps. It is expected t h a t  each w e l l  should de l ive r  

about 85 kg/s (675,000 lbm/h) of f l u i d  under pumped condi t ions.  

Republic w a s  t he  r e c i p i e n t  of t h e  first award made by t h e  govern- 

ment under t h e  Geothermal Loan Guaranty Program (GLGP). 

issued i n  May 1977 f o r  $9 mi l l ion  t o  d r i l l  a t  least f i f t een  add i t iona l  pro- 

ducing w e l l s  a t  t h e  East Mesa s i te .  Each w e l l  must be capable of producing 

a t  least 2 MW o f  electric power [Silverman, 1977; ERDA N e w s ,  19771. 

The guaranty w a s  

A s ing le- f lash  p l an t  of 1 0  MW output  is planned t o  be t h e  first of 

i ts  type i n  t h e  United S ta t e s .  

[Holt, 19777. 

is present ly  being designed. 

operat ion i n  1980 or 1981. 

shown i n  Fig. 10.40. 

This p i l o t  p l a n t  should be b u i l t  by 1979 

The main p l a n t  w i l l  be a 48 MW (ne t )  double-flash system which 

It is an t i c ipa t ed  t h a t  t h e  p l an t  w i l l  begin 

An artist's impression of t h e  proposed p l an t  i s  

10.12.5 Southern Cal i forn ia  Edison - Brawley, CA 

A separated steam (or "s ingle  f l a sh" )  p l an t  is  being designed f o r  

t he  Brawley geothermal f i e l d  which l ies about 38 lan (24 mi) northwest of 

East Mesa i n  t h e  Imperial  Valley. The p l an t  w i l l  be 

Cal i forn ia  Edison using steam supplied by Union O i l .  

operated by Southern 

The u n i t  w i l l  be r a t ed  
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a t  1 0  MW and w i l l  r equi re  about 32 t / h  (70,000 lbm/h) of steam. The reser- 

vo i r  temperature is about 26OOC (5OOOF) and the  f l u i d  carries about 100,000 ppm 

of dissolved so l id s .  

10.12.6 Planned Geothermal Plants i n  t he  Imperial Valley, CA 

The Imperial Valley of southern Cal i fornia  holds a huge reserve of 

geothermal energy. 

area suggests t h a t  8700 MW of geothermal electrical capacity may be possible  

assuming 20 - 30 year p lan t  lifetimes [Younker and Kasameyer, 19781. A num- 

ber  of power p l an t s  of various designs are e i t h e r  under construction o r  i n  

t h e  advanced s tages  of planning. 

A recent conservative estimate of the  po ten t i a l  of t h i s  

Table 10.20 contains a l i s t  of pa r t i cu la r s  

on these  p lan ts .  

10.12.7 Double-Boiling Binary P lan t  - Raft River, I D  

A 5 MW (gross)  binary p lan t  is being designed by the  Idaho N a t d n a l  

Engineering Laboratory f o r  opera t iona t  t he  R a f t  River K G R A i n  Idaho [Ingvarsson 

and Madsen, 19761. 

temperature of 143OC (29OoF), and w i l l  employ isobutane as t h e  cycle working 

f lu id .  Optimization 

s tud ie s  show t h a t  t he  system should be designed with isobutane and two bo i l e r s ,  

one a t  1 1 6 O C  (240OF) o r  2.63 kPa (382 l b f / i n  ), and one a t  82OC (18OOF) o r  

1.40 MPa (203 lb f / in2 ) .  

cycle conditions and state proper t ies  f o r  t h e  nominal design case may be found 

i n  Ingvarsson and Madsen, C19761. 

(310 lbm/kW-h), and have a resource u t i l i z a t i o n  e f f ic iency  yU 

The p lan t  w i l l  use geothermal f l u i d  a t  t h e  r e l a t i v e l y  l o w  

A s implif ied process flow diagram is shown i n  Fig. 10.41, 

2 

The net output of the  p lan t  w i l l  be 3.35 MW(e). The 

The p lan t  w i l l  r equi re  about 1 4 1  kg/kW*h 

32% [DiPippq, 1978 

Although t h e  p l a n t , w i l l  serve pr imari ly  as a test-bed f o r  low- 

temperature geothermal power p l an t s ,  t he  e l e c t r i c i t y  produced w i l l  be fed 

B 
L .  

i n t o  the  g r id  of the  Raft River Electrical Cooperative. The cos t  of B 
L .  

i n t o  the  g r id  of the  Raft River Electrical Cooperative. The cos t  of 
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e l e c t r i c i t y  is estimated t o  be 31.15 mill/kW*h [Ingvarsson and Madsen, 19761. 

It is expected t h a t  t h e  p lan t  w i l l  begin operating i n  January 1980. 

10.12.8 H a w a i i  Geothermal Project  - Puna, H I  

A separated steam (or "single  f lash")  p lan t  of 5 MW capaci ty  w i l l  

be i n s t a l l e d  near Cape Kumukahi i n  t h e  Puna region of t he  Big Is land of 

H a w a i i  i n  1980. 

easternmost t i p  of t h e  i s land  [Furumoto, 19781. 

The geothermal area l ies  i n  t h e  east rift zone a t  t h e  

Six wells have been d r i l l e d  i n  t h e  area, but only one of these  

Reservoir temperature is  358OC (676OF), and was successful ,  w e l l  HGP-A. 

t he  dryness f r a c t i o n  of t h e  two-phase geothermal mixture ranges from 52 - 64% 

[Chen, e t  a l ,  19781. 

The r e su l t s  of flow tests on t h i s  w e l l  have been highly encouraging, and it 

has been estimated t h a t  t h e  Kapoho geothermal r e se rvo i r  a t  which w e l l  HGP-A 

is located may be capable of supporting 50,000 MWeyears [Chen and Grabbe, 19781. 

Unfortunately, t h e  g rea t e s t  demand f o r  e l e c t r i c i t y  is on t h e  i s l and  of Oahu, 

The w e l l  w a s  d r i l l e d  t o  a depth of 1871 m (6140 f t ) .  
7-  

whereas t h e  greatest p o t e n t i a l  for geothermal power production is  on t h e  

Big Is land of H a w a i i .  Nevertheless, a geothermal development group has 

been formed i n  1977 t o  promote t h i s  resource i n  an attempt t o  reduce the  

S t a t e  of Hawaii's dependence on imported f u e l  o i l .  

t h e  S t a t e  Department of Planning and Economic Development (DPED), t he  Uni- 

v e r s i t y  of  H a w a i i ' s  Hawaii Geothermal Pro jec t  (HGP), and t h e  County of Hawaii. 

I n  add i t ion the  HawaiianElectric Company (Honolulu) and the  Hawaii Electric 

Light Company (Hilo) are pa r t i c ipa t ing  as consul tants  [Chen and Grabbe, 19781. 

The group cons i s t s  of 

10.12.9 Double-flash Demonstration Plant  - Valles Caldera, NM 

The U.S. Department of Energy, through i ts  Division of Geothermal 

Energy, is contr ibut ing t o  the  support of the  design and construct ion of a 



50 MW double-flash p lan t  t o  be located about 56 km (35 m i )  west of Los 

Alamos a t  an area known as Baca No. 1 within the  Valles Caldera of the  

Jemez Mountains i n  north-central  New Mexico, 

on-line i n  1982 [GEM, 19781. 

p l an t s  using liquid-dominated resources can be b u i l t  and operated i n  the  

United S ta t e s  on an economically competitive bas i s .  

The p lan t  is scheduled t o  go. 

The i n t e n t  is  t o  show t h a t  geothermal power 

The geothermal f i e l d  has been developed by t h e  Union O i l  Company 

which w i l l  supply steam t o  the  Public Service Company of New Mexico. 

believed t h a t  each production w e l l  w i l l  be capable of providing 9 1  t / h  

It i s  

(200,000 lbm/h) of geothermal f l u i d  with a qua l i ty  of 35% a t  a wellhead 

pressure of 965 kPa (140 l b f / i n  1. 

t o  supply t h e  50 MW plant .  

2 Roughly f i f t e e n  w e l l s  w i l l  be needed 

The U.S. Geological Survey reported t h a t  t h e  Valles Caldera KGRA 

has t h e  po ten t i a l  t o  support 1870 MW of electrical power production f o r  30 

years  [White and W i l l i a m s ,  19751. 

10.12.10 Other Po ten t i a l  Geothermal Plants  i n  t h e  U.S. 

Table 1 0 . 2 1  lists the  proposed geothermal power p l an t s  f o r  the  

United S ta t e s  outs ide Cal i fornia .  

Springs, UT, Desert Peak, NV, and the  hybrid coal-geothermal p lan t  proposed 

The p l an t s  shown f o r  Roosevelt Hot 

by t h e  City of Burbank, CA, are not d e f i n i t e ,  but  are i n  advanced planning 

s tages .  

Table 10.22 shows t h e  projected growth i n  i n s t a l l e d  geothermal 

electric generating capacity through 1983. By t h a t  t i m e ,  t he  United States 

should have over 1800 MW on-line. 

contr ibut ing about 3% of the  electric power needs of the  states i n  which 

Furthermore, geothermal energy w i l l  be 

geothermal p l an t s  w i l l  be operating, namely,California, Hawaii, Nevada, ' 1  
New Mexico, and Utah. 
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10.13 COUNTRIES PLANNING GEOTHERMAL POWER PLANTS 

10.13.1 Overall Survey 

The number of countr ies  engaged i n  geothermal explorat ion,  develop- 

ment, or explo i ta t ion  f o r  a l l  purposes or which have an i n t e r e s t  i n  put t ing  

t h e i r  geothermal resources t o  use is  estimated t o  be a t  least s ix ty- f ive  

[GEM, 19771. These include: Australia,  Austria,  Bahamas, Barbados, Belgium, 

Bhutan, Bolivia,  Braz i l ,  Canada, Chile,  China, Colombia, Congo, Costa Rica, 

Dominican Republic, Ecuadcz , Egypt , E l  Stl .--adm, E t h i s ? i l ,  F i j i ,  Franze , 

Germany, Ghana, Greece, Guatemala, Guinea, Guyana, Haiti,  Honduras, Hungary, 

Iceland, India ,  Indonesia, I ran ,  Israel, I t a l y ,  Jamaica, Japan, Kenya, 

K u w a i t ,  Malaysia, Mexico, New Zealand, Nicaragua, Panama, Phi l ippines ,  

Portugal {Azores), Saudi Arabia, Spain (Canary I s l ands ) ,  S r i  Lanka, 

Switzerland, Taiwan, Tanzania, Trinidad and Tobago, Turkey, Uganda, Union 

of Soviet  S o c i a l i s t  Republics, United Arab E m i r a t e s ,  United Kingdom, United 

S ta t e s ,  Venezuela, Yugoslavia, Zaire, and Zambia. 

In  t h e  rest of t h i s  sec t ion  we s h a l l  d i scuss  those countr ies  

which are on t h e  threshold of explo i t ing  t h e i r  geothermal resources f o r  t h e  

generation of e l e c t r i c i t y .  

10.13.2 Azores (Portugal)  

The i s l ands  of t h e  Azores l i e  on t h e  Mid-Atlantic Ridge, a spreading 

t ec ton ic  p l a t e  boundary. Of t h e  nine i s l ands  which comprise the  group, t he  

l a r g e s t  and most heavily populated is Sao Miguel. 

In  1970 a w e l l  was d r i l l e d  on t h e  northern f lank  of t h e  Agua de 

Pau volcano and encountered f l u i d s  i n  excess of 2OOOC (392OF) a t  depths 

greater than 550 m (1805 f t ) .  

[Meucke, e t  a l ,  19741. 

The f u l l  depth of the  well  w a s  981 m (3219 f t )  

-- 



A 3 MW wellhead power unit is being designed for Sao Miguel, and 

could be in operation as soon as 1979 [K. Aikawa, personal communication]. 

10.13.3 Chile - 
The El Tatio geothermal field has been the subject of considerable 

exploration and drilling. 

Antofagasta province, in a region consisting of a volcanic desert plateau 

The site is located in northern Chile, in 

at an elevation of over 4000 m (13,100 ft) with Quaternary volcanic mountains 

rising to nearly 6000 m (19,700 ft). Owing to the extreme remoteness and 

near-inaccessibility of the field, exploration is proceeding slowly. Fur- 

thermore, because the region is essentially arid, any geothermal development 

is likely to include the production of fresh water [Koenig, 19731. 

It has been estimated that about 18 MW of electricity could be 

generated from the existing thirteen wells [Lahsen and Trujillo, 19751. The 

wells range in depth from 600 to 1820 m (1970 - 5970 ft) and have encountered 
geofluids at temperatures from 180 to 265OC (356 - 509OF). 

plant is in operation and plans are underway to construct a 15 MW plant in 

the near future [ E l l i s  and Mahon, 19771. 

A small pilot 
-.I 

10.13.4 Costa Rica 

The geothermal development program in Costa Rica is directed by 

de Electricidad (I.C.E.) and has concentrated the Instituto Costarrince 

on the Guanacaste province in the northwestern part of the country. 

geothermal area extends for 30 km (19 mi) along the flank of a chain of 

active volcanoes [Furgerson and Afonso L., 19771. 

volving heat flow, temperature gradient, geochemical, electrical and hydro- 

logical investigations is being carried out in the southwestern portion of 

the Cordillera de Quanacaste. 

The 

An integrated program in- 

I 
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P a r t i c u l a r  a t t e n t i o n  is being given t o  the  areas of Las Hornillas 

de Miravalles, Las Pa i l a s ,  and Borinquen, where some d r i l l i n g  has been 

conducted [Blackwell, -- e t  a l ,  19771. 

been sunk i n  t h e  area; twenty-four have been t o  depths of 50 m (164 f t )  o r  

less and nine have exceeded 90 m (295 f t ) .  Active development i s  underway 

and a 40 MW geothermal power p lan t  is  scheduled by I . C . E .  t o  be i n s t a l l e d  

A t o t a l  of 35 exploratory w e l l s  have 

by 1984-1985. 

A t  Las Horni l las  de Miravalles geochemical s tud ie s  have revealed 

t h e  p o s s i b i l i t y  of a deep, chlor inated aqui fe r  with r e se rvo i r  base tempera- 

tures as high as 24OOC (464OF) [Gardner and Corrales,  19771. A program of 

deep d r i l l i n g  is underway with t h e  objec t ive  of achieving a t o t a l  depth of 

4000m (13,000 f t ) ,  which should allow f o r  t h e  completion of four  w e l l s  

s ince t h e  aqui fe r  is estimated t o  l i e  a t  a depth of between 800 - 1200 m 

(2625 - 3937 f t )  (J. T. Kuwada, personal communication). 

10.13.5 Guatemala 

The na t iona l  electric company of Guatemala, I.N.D.E.,  is aiming 

a t  a goa l  of 100 MW of i n s t a l l e d  geothermal capaci ty  by the  ea r ly  1980's 

[Meidav, e t  a l ,  19773. 

under explorat ion with technica l  assistance from Japan. 

Three areas, Moyuta, Amatitldn and Zunil ,  have been -- 

There were high hopes f o r  t h e  f i e l d  a t  Moyuta which is about 

25 km (16 mi) northwest of  t h e  successful p ro jec t  a t  Ahuachapdn across  t h e  

border i n  E l  Salvador. 

0. 2SoC/m (0.14°F/ft). 

the  s i t e  has been abandoned [Dominco, 1977; J. T. Kuwada, personal communication]. 

Shallow w e l l s  revealed temperature grad ien ts  of about 

Unfortunately, t w o  w e l l s  produced low temperatures , and 

Attent ion i s  s t i l l  being given t o  the  o ther  two sites; Amatitldn 

may someday support 

area with l imi ted  prospects.  

50 - 100 MW, whereas Zunil appears t o  be a r a t h e r  small 



10.13.6 Honduras 

In  1977 the  National Electric Authority of Honduras, E.N.E.E., 

began a program of geothermal exploration t h a t  focused on two areas: 

Pavana, i n  t h e  southernmost p a r t  of the  country near Choluteca, and San '  

Ignacio, which is located northwest of the  c a p i t a l  c i t y  of Tegucigalpa 

[Meidav, -- e t  a l ,  19771. 

temporarily i n  abeyance [J. T. Kuwada, personal communication]. By 1982,. 

A t  the  present time the  exploration program is 

E.N.E.E. hopes t o  have 50 MW of geothermal power on-line,  w i t h  an addi- 

t i o n a l  50 MU by 1984-1985 [Meidav, -- e t  a l ,  19771. 

10.13.7 Indonesia 

1ndonesiaI.s loca t ion  a t  the  junction of t h ree  tec tonic  p l a t e s  

with t h e  associated volcanism and earthquake a c t i v i t y  together w i t h  i ts  

average annual r a i n f a l l  of 2000 mm (79 i n )  create a po ten t i a l ly  valuable 

source of geothermal (hydrothermal) power. 

energy began i n  1926;  extensive geophysical, geological  and geochemical 

surveys have been conducted by various teams of s c i e n t i s t s  from France, 

Japan, New Zealand, t he  United S t a t e s ,  and the  United Nations (UNESCO). 

A summary of these s tud ie s  has recent ly  been published [Radja, 19751. 

Exploration f o r  geothermal 

Among the  many promising thermal areas, the  one a t  which a geo- 

thermal power p lan t  is l i k e l y  t o  appear first is Kawah Kamojang. Fumaroles 

abound a t  t h i s  thermal s i t e ,  t he  o ldes t  t o  be disaovered and explored i n  

t h e  Indonesian archipelago. 

been purchased and w i l l  soon be operationalsand a 3 MW u n i t  has been designed 

and w i l l  soon be under construction a t  Kawah Kamojang. 

A 250 kW wellhead power generating u n i t  has 

Power production a t  Kamojang w i l l  begin with a 250 kW, noncon- 
I 

densing, wellhead turbo-generator under t h e  d i r ec t ion  of PERTAMINA, t h e  1 
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S t a t e  O i l  and Natural Car I!ining Company [GR, 19783. 

contained and cons i s t s  cf a turb ine ,  generator ,  con t ro l s ,  gearbox and ex- 

haust s i l e n c e r  d i f k s e r  =3.mted on a platform. 

over $400/kW i n  1C76. 

ment phase of t h e  projecr .  

phase, t h e  plan is  

The u n i t  is s e l f -  

The package cos t  j u s t  

TI:? power generated w i l l  be used during the  develop- 

After t h e  3 MW u n i t  is i n s t a l l e d  i n  t h e  second 

t o  h i l d  a 30 MW, condensing u n i t  [Basoeki and Radja, 19781.  

A l a r g e  nuee l .  =I other  thermal areas a r e  evident throughout t h e  

Indonesian archlpelagc.  

mud pools ,  s o l f a t a r a s ,  az i /o r  fumaroles a r e  present  a t  t h e  si tes l i s t e d  

below. Some surveys ? a - s  been conducted a t  a few of these ,  and the  reader  

is r e f e r r e d  t o  o t t e r  s o c c e s  of information f o r  more d e t a i l s  [Akil, 1975; 

Muffler, 1975; Radja, lS751 .  

Sarface manifestat ions such as hot spr ings ,  bo i l ing  

0 On t h e  is1ar.i of Java: Danau (Banten), Dieng, I jen ,  Kawah 

Deraj a t ,  :LI--,xong-Careme. 

0 On t h e  is1ar.i of Sumatra: Toba, Padang Highlands, Pasumah. 

0 On t h e  i s l z z ?  zf Borneo: Kalimantan. 

0 On t h e  i s laz i  of  Halmahera: North Halmahera. 

0 On t h e  islzci of Sulawesi: Minahasa, Gorontalo, Centra l  

Sulawes2, So.Jth Sulawesi. 

0 On t h e  i s l a 1 5  of Nusa Tenggara: 

Although t h e r e  are l a r g e  suppl ies  of petroleum within Indonesia, 

it is of t en  d i f f i c u l t  t o  t r anspor t  it t o  t h e  places  where power is needed. 

Furthermore, p e t r o l e u -  is a very valuable  export  commodity. 

electric power is expecTtd t o  reach 5100 MW i n  1990; it was less than 1000 MW 

i n  1975.  

f i gu res  t o  play ar. i .nFrzant r o l e  i n  meeting t h e  growing demand f o r  e l e c t r i c a l  

power i n  Indonesia 

Waikokor, Wai Pesih,  Magekoba. 

The demand f o r  

Thus, geotherr-21 energy, with i t s  low c o s t  and indigenous advantages, 
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10.13.8 Kenya 

S i x  wells have been d r i l l e d  i n  the  Olkar ia  geothermal region i n  

t h e  R i f t  Valley province of Kenya i n  east Africa. 

of t he  w e l l s  encountered conditions of low permeability, the  two bes t  w e l l s  

yielded roughly 30 - 40 t / h  (66 - 88 x 1 0  lbm/h) of liquid-vapor mixture. 

The r e se rvo i r  l ies a t  700 - 800 m (2297 - 2625 f t ) ,  and the  f l u i d  tempera- 

ture is 245OC (473OF). Temperatures as high as 3OOOC (572OF) have been re- 

ported a t  a depth of 1650 m (5414 f t )  [ E l l i s  and Mahon, 19771. 

geothermal power u n i t  is being designed f o r  t h i s  resource [K, Aikawa, 

personal communicationl. 

Although the  majority 

3 

A 1 5  MW 

10.13.9 Nicaragua 

The na t iona l  electric au thor i ty  of Nicaragua, E.N.A.L.U.F., is 

predict ing t h a t  1 0 0  MW of geothermal power w i l l  be i n s t a l l e d  i n  Nicaragua 

by t h e  ea r ly  1980's,with about 150  - 220 MW i n s t a l l e d  by 1985, 300 - 400 MW 

by 2000, and as much as 800 MW by the  year 2020 [Meidav, e t  a l ,  19771. The 

most l i k e l y  candidate s i t e  f o r  t he  first geothermal power p l an t  is t h e  

Momotombo f i e l d  which was invest igated from 1969 t o  1971, along with t h e  

San Jacinto-Tisate area. 

program sponsored by t h e  U.S. Agency f o r  In te rna t iona l  Development. 

-- 

These two promising areas were explored under a 

Work a t  

the  s i t e s  was delayed severa l  years  on account of t he  Managua earthquake 

of December 23, 1972 [Muffler, 19751, and has suffered another setback be- 

cause of p o l i t i c a l  problems i n  Nicaragua i n  1978. 1 

The geothermal f i e l d  a t  Momotombo is located on t h e  lower slopes of 

t he  Momotombo Volcano, on the  edge of Lake Managua: A t o t a l  of 25 wells , 

have been d r i l l e d  i n  t h e  f i e l d .  

inversions,  as much as -1 .5OC/m (-0.8OF/ft), ind ica t ing  the  presence.of 

Some of these wells show d r a s t i c  temperature 

colder f l u i d  a t  depth. Some flow rates from a f e w  of t h e  wells have been 
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reported [Girel l i ,  19771: 

Momotombo w e l l  No. 3 .  . . . . . . 85 t / h  (187 X l o 3  lbm/h) 

Momotombo w e l l  No. 9. . , . . . . 
Momotombo w e l l  No. 12 . , . . . . 

56 t / h  (123 x l o 3  lbm/h) 

40 t / h  (88 x l o 3  lbrn/h). 

Construction was scheduled t o  begin i n  1979 on a geothermal power 

The s i t e  p lan t  a t  Momotombo but  t he  s i z e  of t h e  u n i t  has not been decided. 

is believed capable of supporting 100 MW, but  a smaller, 30 MW u n i t  may be 

i n s t a l l e d  i n i t i a l l y  u n t i l  confidence i n  t h e  f i e l d  i s  thoroughly establ ished 

[Gire l l i ,  19771. 

10.13.10 Panama 

Panama present ly  has  a t o t a l  i n s t a l l e d  electric capacity of 237 MW 

with project ions of 534 MW by 1984, 

a s i g n i f i c a n t  f ract ion of Panama's generating capaci ty ,  it is believed t h a t  

a 75 MW power p l an t ,  e i t h e r  conventional thermal or geothermal, w i l l  be 

needed by 1985. 

Although hydroelectr ic  p l an t s  cons t i t u t e  

The most promising geothermal s i t e  i n  Panama is a t  Cerro Pando. 

It is t oo  ea r ly ,  however, t o  assess the qua l i t y  and t h e  po ten t i a l  of t h i s  

area i n  t h e  l i g h t  of t h e  minimal amount of exploratory work completed a t  

t h i s  t i m e  [Ho, 1977; Meidav, - e t  -' a1 19771. 
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Table 10.1 

Worldwide geothermal electric power capacity as of January 1979 

No. of Units Installed Future 
t a  1 in Operation Capacity, MW Capacity, MW 

China 1 1 CNA) 

El Salvador 2 60 35 

Iceland 4 64 (NA) 

Italy 

Japan 

Mexico 

New Zealand 

Philippines 

Turkey 

U. S .S. R. 

United States 

Totals 

37 420.6 

6 16  5 

2 7 5  

‘14 202.6 

2 4.2 

1 0.5 

1 5 

1 2  502 

82 1499 9 

(NA) 

55 

1 0 5  

(NA) 

765 

(NA) 

(NA) 

1180 

2140 

(a)Under construction or in planning for 1982. Additional capacity may 
come from countries not presently using geothermal energy for 
electricity, such as Costa Rica, Kenya, Nicaragua, and others. 



Table 10.2 

Year of start-up 
Turbine data: 

Type 

Technical specifications for Ahuachapdn geothermal power plant 

Unit No. 1 and 2 Unit No. 3 
1975, 1976 1980 

Rated capacity, MW 

Maximum capacity, MW 

Speed, rpm 

Main steam pressure, lbf/in 
Secondary steam pressure, lbf/in 
Main steam temperature, O F  
Secondary steam temperature, OF 
Exhaust pressure, in Hg 
Main steam flow rate, 10 Ibm/h 
Secondary steam flow rate, 10 
Last-stage blade height, in 

2 

2 

3 

3 lbm/h 

Condenser data: 

Type 

Cooling water temperature, OF 
Outlet water temperature, O F  

6 Cooling water flow rate, 10 lbm/h 

Single-cylinder, 
double-flow , 

impulse, 5 x 2, 

30, each 
35, each 
3600 

81.1 

(None 
313.0 

(None 
2.46 

507, each 
(None 
20.5 

Single-cylinder, 

impulse-reaction, 

35 

40 

3600 

79.5 

21.8 

311.6 

232.6 

2.46 

377 

320 

22.2 

double-flow, 

( 3 ,  4) x 2 

Low-level, direct-contact type with slanted 
barometric pipe 

80.6 80.6 

104.5 104.5 

19.1 27.0 

(continued) 

Auxiliary Unit 
1975 

Single - cylinder , 
one Curtis stage, 
non-condensing, 

geared 
1.1 
1.3 

7129/1800 

80.2 

(None ) 
313.0 

(None 
28.4 

46.3 

(None 
(NA) 

( None 

I 
u3 
10 
I 



Table 1 0 . 2  (continued) 

Gas ex t rac tor  data:  

Type 

Suction pressure,  i n  Hg 

Gas capaci ty ,  f t  /min 

Steam consumption, 1 0  lbm/h 

3 

3 

Cooling tower data:  

Type 

Number of cells 

Design wet-bulb temp., O F  

Fan motor power, kW/fan 

Unit No. 1 and 2 Unit No. 3 

Two-stage, steam j e t  e j ec to r  with in t e r -  and 
after-condenser 

2.32 ( N A )  

6,886 (NA) 

9.04, each ( N A )  

Cross-flow, mechanical induced-draft with 
v e r t i c a l  axial  fans  

5 ,  each 5 

71.6 71.6 

80 80 

Auxiliary Unit 

(None 

(None 1 

I 

0 
0 
I 

r 
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Table 10.3 

E l e c t r i c i t y  generation a t  Ahuachapdn 

Year E l e c t r i c a l  Generation Capacity Factor % Tota l  Generation 

197 5 72,331 MW*h 47% 11.8% 

1976 279,800 MW-h 67 % 25.4% 

1977 400,051 MW*h 76% 32.3% 

- 



Table 10.4 

Technical specifications for Icelandic geothermal power stations 

Year of start-up 
Turbine data: 

Nhaf j all fiafla Unit 
1969 1977 

Gr indavik 
1978 

Type Single cylinder , Single cylinder, CNA 1 
one Curtis stage, double-flow, 
noncondensing dual-admission, 

impulse-reaction 
Rated capacity, MW 3.0 30.0 1.0 

Maximum capacity, NW 3.4 35.0 1.0 

Speed, rpm 
Main steam pressure, lbf/in 
Main steam temperature, OF 
Secondary steam pressure, lbf/in 
Secondary steam temperature, O F  
Exhaust pressure, in Hg 
Main steam flow rate, 10 lbm/h 
Secondary steam flow rate, 10 lbm/h 
Condenser data: 

2 

2 

3 

3 

3000 

142.7 

354.5 

- 
31.4 

109 
- 

3000 

11Q. 0 

334.4 

27.5 

244.4 ' 

3.5 

417 

142 

(NA) 
78.8 

311.0 

(None ) low-level , (NA) 
direct-contact, 

tray type 
Cooling water temperature, O F  - 71.6 (NA) 
Outlet water temperature, O F  - 115.2 (NA) 

- 12.4 6 Cooling water flow rate, 10 lbm/h 

(a) Krafla Unit *2 is identical to Unit 1 and is under construction. 

I 
P 
0 
p3 
I 



Table 10.5 

Power system spec i f ica t ions  f o r  condensing u n i t s  i n  the  Boraciferous region of I t a l y  

Year of start-up 

Turbine data: 

Type 
Installed capacity, MW 
Speed, rev/min 

Steam inlet pressure, lbf/in2 
Steam inlet temperature, OF 
% (wt.) noncondensable gases 

Exhaust pressure, in Hg 
Steam flow rate, lo3 lbm/h 
Condenser data: 

Type 
Cooling water temperature, OF 

Outlet water temperature, OF 
6 Cooling water flow rate, 10 lbm/h 

Gas extractor data: 

TY Pe 
Gas capacity, lo3 ft3/min 
Power consumption, kW 

Heat rejection system data: 

Type 
No. of towers 
Design wet-bulb temp., OF 

Water pump power, kW 

( A )  

1938 

(1) 
69(4) 
3000 
59.7 

385 

7.0 
3.0 
899(9) 

87.8 

105.8 

( N A )  

3 

67.0 

( N A )  

(1) (2) 
120(~) 15 

3000 3000 

62.6 103.8 

387 433 

6.8 6.7 
3.5 3.0 

1480(~) 238 

(1) 
26 

3000 

61.1 
370 

14.3 
2.6 
37 5 

(1) 
11 

3000 
27.0 

345 

3.8 

2.6 
127 

(1) 
2 

3000 
15.6 

302 

2.4 
2.6 
61.7 

(2) (3) 
47(6) 6.5 

3000 3000 

69.7 29.9 

385 289 

3 . 8  1.8 
2.9 2.0 
633") 154 

(1) 
27(7) 

3000 
76.8 

352 

2.2 

2.0 
558(9) 

(2) 
( 8 )  15.7 

3000 
71.1 

365 

3.0 

3.0 

357(9) 

(1) 

12.5 

3000 

64.0 

370 

1.7 

( N A )  

2G9 

All units have low-level, direct-contact, barometric condensers. 

82.9 87.8 73.4 73.4 73.4 84.2 70.0 78.8 ( N A )  ( N A )  

106.3 105.8 98.6 98.6 98.6 104.0 95.0 95.0 ( N A )  ( N A )  

( N A )  17.8 ( N A )  ( N A )  ( # A )  ( N A )  ( N A )  ( N A )  ( N A )  (11a) 

A l l  units have multistage centrifugal turbocompressors with interstage coolers. 

~ 3 3 0  (') 196 182 ( N A )  (NA) 134") ( N A )  134(9) ( N A )  ( N A )  

~5580(~) 1625 2270 ( N A )  ( N A )  1760") ( N A )  1760") ( N A )  (EIA ) 

All units have natural.-draft, water cooling towers. 

4 1 1 1 ( N A )  ( N i l )  ( N A  1 ( N A )  ( N A )  ( N A )  

58.11 67.0 63.3 63.3 63.3 58.4 58.4 58.4 ( NA ) ( N A )  

855 ( N A )  750 ( N A )  ( N A )  560 ( H A )  365(1°) ( N A )  ( N A )  

(G) Serrazzano (1) Single-cylinder, double-flow. (6) 1 - 15 MW unit; 2 - 12.5 MW units; ( A )  Larderello 2 

( B )  Larderello 3 ( H I  Lago 2 (2) Tandem-compound, single-flow (HP) and 2 - 3.5 MW units. 
(C) Gabbro (I) Lago 2 double-flow (LF) (7) 1 - 14.5 141.1 unit; 1 - 12.5 MW unit 
(D) Castelnuovo V.C. (J) Sasso Pisano (3) Single-cylinder, single-flow. ( 8 )  1 - 12.5 NW unit; 1 - 3.2 IdW unit. 
(E) Castelnuovo V . C .  ( K )  Monterotondo (4) 4 - 14.5 MW units; 1 - 11 MW unit. (9) Total for all units. 

Castelnuovo V.C. (5) 3 - 26 MW units; 1 - 24 MW unit; 2 - 9 MW units. (10) For the 14.5 MW unit only. 



Table 10.6 

Year of s ta r t -up  

Turbine type 

Turbine spec i f i ca t ions  for  noncondensing u n i t s  i n  the  Boraciferous region of I t a l v  

Sant’Ippolito- 
Vallonsordo 

1963 

Ins t a l l ed  capacity,  MW 0.9 

Speed, rev/min 3000 

109.5 Steam i n l e t  pressure,  l b f / i n  2 

Steam i n l e t  temperature, O F  419 

% ( w t . )  noncondensable gases 3.3 

Exhaust pressure,  i n  Hg 30.4 

52.9 Steam flow rate, 1 0  lbm/h 3 

Lagoni 
Rossi 1 

1961 

(2) 

3.5 

3000 

75.4 

313 

3.2 

30.4 

88.2 

(1) Single-cylinder, single-flow, impulse blading. 

(2) Single-cylinder, single-flow, impulse-reaction blading. 

Lagoni 
Rossi 2 

1969 

( 2 )  

3.0 

3000 

65.4 

356 

3.8 

30.4 

121 

Sasso 1 

1969 

( 2 )  

7.0 

3000 

71.1 

3 69 

2.7 

30.4 

117 

Capriola 

1969 

( 2 )  

3.0 

3000 

56.9 

379 

4.0 

30.4 

112 

Molinetto 

(NA)  

( 2 )  

3.5 

3000 

72.5 

370 

3.3 

30.4 

39.7 

I 

-I= 
I 

G 
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Table 10.7 

Turbine specifications for geothermal units in the 

Monte Amiata and Travale regions of Italy 

Bagnore 1 Bagnore 2 Piancastagnaio Travale 

Year of start-up 

Turbine type 

Rated capacity, MW 

Speed, rev/min 

Steam inlet pressure, lbf/in 

Steam inlet temperature, O F  

% (wt.) noncondensable gases 

Exhaust pressure, in Hg 

Steam flow rate, 10 lbm/h 

2 

3 

1959 1960 1969 1973 

(1) 0) (1) (1) 

3.5 3.5 15.0 15.0 

3000 3000 3000 3000 

42.7 46.9 116.6 159.3 

27 5 286 361 414 

8.5 7.2 21.1 10.6 

30.4 30.4 31.3 31.3 

97.0 110.0 483.0 419.0 

~~ 

(1) Single-cylinder, single-flow, impulse-type, noncondensing. 



Plant  

Mat sukawa 

Otake 

Onuma 

Onikobe 

H a t  chobaru 

Kakkonda 

Otake 

Mor i 

Mor i 

4 .  
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T a b l e  10.8 

Geothermal power plant  dwelopment i n  Japan 

Type Capacity, MW Loc a t  ion 
Is land Prefecture  

Dry steam 20 

Single  f l a s h  10 

Single  f lash 1 0  

Single  f l a s h  25 

Double Flash 50 

Sfngle f l a s h  50 

Binary 1 

Binary 1 

Single  f l a s h  55 

Honshu 

Kyushu 

Honshu 

Honshu 

Kyushu 

Honshu 

Kyushu 

Hokkaido 

Hokkai do 

Iwate 

O i t a  

Akita 

Miyagi 

Oita 

I w a t  e 

Oita 

Hokkaido 

Kokkaido 

Kumamoto 

Sta tus  

Operational s ince  1966 

Operational s ince  1967 

Operational s ince  1973 

Operational since 1975 

Operational s ince 1977 

Operational s ince  1978 

Tes t ings ince  1977 

Tes t ings ince  1977 

Under construct ion 

I n  planning 



(1) Year 

1959 

1960 

1961 

1962 

196 3 

1964 

1965 

1966 

1967 

1968 

1969 
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Table 10.9 

Annual production of e l e c t r i c i t y  a t  t h e  Wairakei power p l an t  

[After Smith and McKenzie, 19701 

Generat ion 

GW.h ( n e t )  

6.4 

169 

384 

491 

761 

1004 

1194 

1255 

1268 

1058(2) 

1207 

Max. Load 

MW 

t e s t  runs 

50.6 

64.0 

65.6 

131 

149 

175 

16 6 

171 

167 

166 

Capacity f a c t o r s ,  % 
(4 1 I n s t a l l e d  (3) Field-limited 

- - 

37.9 27.9 

68.5 63.5 

85.5 81.3 

66.3 45.1 

77.0 59.6 

78.8 71.6 

86.6 74.6 

84.7 75.2 

72.2 78.4 

83.1 71.6 

(1) For t h e  year  ended March 31. 

(2) Low generation caused by cut-back i n  geofluid flow for  aqu i f e r  pressure- 
recovery test over 4 months during which the  maximum plant  capaci ty  w a s  
75 MW. 

Based on a boref ie ld- l imited e f f ec t ive  maximum capaci ty ,  i . e . ,  maximum 
load from col .  3. 

Based on an i n s t a l l e d  capaci ty  of 69 MW for 1960-1962 and 192.6 MW there-  
after,  except f o r  an e f f ec t ive  i n s t a l l e d  capaci ty  of 153.4 MW f o r  1968. 

(3) 

(4) 



Table 10.10 
Technical specifications for Philippine geothermal power stations 

Year of start-up 
Turbine data: 

Type 

Tiwi Los BaiIos Los Bafios 
Units 1-4 Wellhead Unit Units 1-4 

1981  1977 1981 

Single-cylinder, Single-cylinder, Single-cylinder, 
double-flow, one Curtis stage, double-flow , 
dual-admission, noncondensing, dual-admission, 

6 x 2  geared 5 x 2  

Rated capacity, MW 55 1.2 55 

Speed, rpm 3600 7129/1800 3600 

101.4 95.5 94.8 Main steam pressure, lbf/in 2 

Main steam temperature, O F  
Secondary steam pressure, lbf/in 

\ 2 
329.0 

26.8 

324.1 

- 
324.1 

24.8 

Secondary steam temperature 244.4 - 240.1 

Exhaust pressure, in Hg 4.0 30.4 4.0 

(NA) 49.2 776.0 Main steam flow rate, 10 lbm/h 
276.0 (NA) Secondary steam flow rate, 10 lbm/h 

3 

- 3 

Condenser data: 

Type Barometric, 

Cooling water temperature, OF 87.1 

spray jet 

Outlet water temperature, O F  120.0 

27.8 
6 Cooling water flow rate, 10 lbm/h 

~ Heat rejection system: 
TYP’e Cross-flow, 

induced-draft, 
cooling tower 

(None Barometric, 
spray jet 

87.1 

120.0 

- 29.1 

(None cross-flow, 
induced-draft, 
cooling tower 

Leyte 
Wellhead Unit 

1977 

Single-cylinder, 
one Curtis stage, 
noncondensing, 

geared 
3.0 

7554/1800 * 

114.2 

338.0 

37.6 

117.0 

(None 

(None 

I 
P 
0 
0 
I 
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Table 10 .11  

: Geothermal F ie ld  1978 - 

T i w i  110 

Los BaGos 55 

Tongonan - 

S. Negros - 
Manat-Masara - 

- 
Tota l  Annual 165 

P o t e n t i a l  geothermal power generation i n  t h e  Phi l ippines  

CRavenholt, 1977a1 

1 Cumulative 16 5 

1979 

- 
55 

- 

- 

- 
- 

55 

220 

1980 

55 

- 

55 

- 

- 
- 
110 

330 

1981 

55 

55 

55 

55 

55 
- 

275 

605 

1982 1983 - -  

- 55 

55 - 

- 55 

55 - 
55 - 
- -  

165 11 0 

770 880 

1984 - 

55 

55 

55 

55 

55 
- 

275 

1155 

1985 

- 

55 

- 

55 

55 
- 

165 

1320 

E s t .  Max. 
Capacity 

560 

720 

(EA> 

42 5 

500 

Wellhead u n i t s  not  included. 
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Table 10.12 

Geofluid characteristics at Kizildere field. Turkey 

[after Alpan. 19751 

Substance Concentration. ppm 

Well KD-XI11 Avg . 12 wells 
Bicarbonate. HC03 . . . . . . . . . .  
Sodium. Na . . . . . . . . . . . . . .  
Sulfate. SO4 . . . . . . . . . . . . .  
Silica. Si02 . . . . . . . . . . . . .  
Potassium. K . . . . . . . . . . . . .  
Chloride. C1 . . . . . . . . . . . . .  
Boron. B . . . . . . . . . . . . . . .  
Fluoride. F . . . . . . . . . . . . .  
Ammonium. NH4 . . . . . . . . . . . .  
Calcium. Ca . . . . . . . . . . . . .  
Magnesium. Mg . . . . . . . . . . . .  
Arsenic. As . . . . . . . . . . . . .  

2116 . . . .  
1174 . . . .  
641 . . . .  
327 . . . .  
131 . . . .  
115 . . . .  
24.5 . . . .  
18.2 . . . .  
5.8 . . . .  
4.1 . . . .  
1.5 . . . .  
0.51 . . . .  

2247 

1240 

811 

288 

128 

107 

24.5 

ia .15 

3.95 

3.2 

0.95 

0.17 

8.9 . . . .  8.8 
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Table 10.13 

Characteristics of wellhead power generator 

at KD-XIII. Kizildere. Turkev 

Year of start-up. . . . . . . .  
Turbine type: Single-cylinder, 

Rated capacity. . . . . . . . . .  
Speed.. . . . . . . . . . . .  
Inlet steam pressure. . . . . .  
Inlet steam temperature . . . .  
Noncondensable gas content. . .  
Exhaust steam pressure. . . . .  
Maximum allowable pressure . . 
Turbine steam flow rate . . .  
Last stage blade height . . . .  

(a 1 

. . . . . . . .  1975 
one Curtis stage, noncondensing 

. . . . . . . .  0.5MW 

. . . . . . . .  4500 rpm 

. . . . . . . .  % 70.5 lbf/in 

. . . . . . . .  % 302OF 

2 

. . . . . . . .  17% (by weight of steam) 

. . . . . . . .  Q., 34.0 in Hg 
2 . . . . . . . .  % 114 lbf/in 

. . . . . . . .  Q., 3255 lbm/h 

. . . . . . . .  3in 

- 

(a) T o t a l  geofluid flow rate is % 88 x lo3 lbm/h; dryness f r a c t i o n  

is 3.7%. 
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Table 10,.14 

Technical sDecif icat ions for Pauzhetka:neothermal power p lan t  

Year of s ta r t -up  . . . . . . . . .  1967 

Turbine da ta :  

Type . . . . . . . . . . . . .  Tandem-compound, single-flow 

Rated capacity . . . . . . . .  2 x 2.5 MW 

S t e m - i n l e t  pressure . . . . .  28.4 l b f / i n  2 

Steam i n l e t  temperature . . . .  260.6OF 

Noncondensable gas co.r?tent . , 0.6% by weight of steam 

Exhaust pressure . . . . . . .  0.87-2.32 i n  Hg 

Steam flow rate . . . . . . . .  59.5 x l o 3  lbm/h 

Condenser da t a  : 

Type . . . . . . . . . . . . .  Direct-contact,  barometric 

Gas ex t r ac to r  da ta :  

Type . . . . . . . . . . . . .  Water je t  e j ec to r  

Water impel ler  power . . . . .  170 kW 

Heat r e j e c t i o n  system: 

Type . . . . . . . . . . . . .  Once-through, Pauzhetka River 
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Table 10.15 

Technical spec i f i ca t ions  f o r  Paratunka geothermal power p l an t  

Year of s t a r t -up  . . . . . . . . .  
Turbine da ta :  

Type . . . . . . . . . . . . . .  
Rated capaci ty  . . . . . . . . .  
Maximumcapacity . . . . . . . .  
Secondary working f l u i d  . . . .  
Ref-12 i n l e t  pressure . . . . .  
Ref-12 i n l e t  temperature . . . .  
Ref-12 exhaust pressure . . . .  
Ref-12 exhaust temperature . . .  
Ref-12 mass f l o w  rate . . . . .  

Geothermal Eluid da ta :  

I n l e t  pressure . . . . . . . . .  
I n l e t  temperature . . . . . . .  
Outlet  temperature . . . . . . .  
Hot water f l o w  rate . . . . . .  

Condenser data:  

T y p e . .  . . . . . . . . . . . .  
Cooling water i n l e t  temperature. 

Cooling water o u t l e t  temperature 

Cooling water flow ra te  . . . .  
Heat r e j e c t i o n  system: 

Type . . . . . . . . . . . . . .  

. 1967 (now dismantled) 

. Radial outflow 

. 680 KW 

. 750 KW 

. Dichlorodifluoromethane, CC12F2 (Ref-12) 

. 202.7 l b f / i n  

. 149OF 

. 113.8 l b f / i n  

. %105OF 

. %640 x l o 3  l.bm/h 

2 

2 

2 . 42.6 I b f / i n  

. 178.7OF 

. S113OF 

. 617 x l o 3  Ibm/h 

. Surface type ,  shell and tube 

. 43-46OF 

. 55-58OF 

. 3.307 x l o 6  lbm/h 

. Once-through, Paratunka River 

Water pump power . . . . . . . . .  110 KW 



PG&E 

PG&E 

PG&E 

PG&E 

PG&E 

PG&E 

PG&E 

PG&E 

PG&E 

PG&E 

PG&E 

PG&E 

PG&E 

PG&E 

PG&E 

PG&E 

PG&E 

PG&E 

PG&E 

PG&E 

, No. 2 

, No. 3 
, No. 4 
, No. 5 
, NO. 6 
, No. 7 
, No. 8 
, No.  9 
, No. 10 
, No. 11 

, No. 12 

, No. 13 
, No. 14 
, No. 15 
, No. 16 
, No. 17 
, No. 18 
, No. 19 
, No. 20 

. No. 21 
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Table 10 .16  

Geothermal power p lan t  development a t  

The Geysers na tu ra l  steam f i e l d ,  Cal i forn ia  

Year of 
S t  a r t  - u ~  

1960 
1963 
1967 
1968 
1971 
1971 
1972 
1972 
1973 
1973 
1976 
1979 

1979 
1979 
1979 

1981 
1981 
1982 
1982 
1983 
198 3 
1981 

Capacity 
Mw 

11 

13 
27 

27 
53 
53 
53 
53 
53 
53 
106 
106 
135 
110 

55 
110 

11 0 

110 

110 
110 

11 0 

110 

Turbine 
Manufacturer 

G.E. 

E l l i o t t  

E l l i o t t  

E l l i o t t  

Toshiba 

Toshiba 

Toshiba 

Toshiba 

Tos h iba  

Toshiba 

Toshiba 

Toshiba 

G.E. 

Toshiba 

G.E. 

Toshiba 

Toshiba 

( N A )  

(NA) 
( NA) 

( N A )  

( N A )  

(a) D E E  = D i r e c t - c ~ ~ t ? , z t  ex-kemal, t\arcmet:ic t y p e .  
DCLL = Direct-contact , low-level type.  
STST = Shell-and-tube, surface type.  
U-M-T = Union O i l  - Magma Power - Thermal Power. 
PG&E = Paci f ic  Gas & Elec t r i c  Company. 
NCPA = Northern Cal i forn ia  Power Agency. 

(b) 
( e )  
(a) 

Condenser 
Type(a) 

DCEB 

DCEB 

DCEB 

DCEB 

DCLL 

DCLL 

DCLL 

DCLL 

DCLL 

DCLL 

DCLL 

DCLL 

STST 

STST 

, STST 

STST 

STST 

STST 

STST 

STST 

STST 

STST 

Steam 
Supplier 

( b )  . U-M-T 

U-M-T 

U-M-T 

U-M-T 

U-M-T 

U-M-T 

U-M-T 

U-M-T 

U-M-T 

U-M-T 

U-M-T 

U-M-T 

Aminoil 

U-M-T 

Thermogenics 

Amino il 

U-M-T 

U-M-T 

Aminoil 

U-M-T 

U-M-T 

She l l  O i l  
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Table 10.17 
Technical specifications for geothermal units in operation at The Geysers 

Unit No. 

Turbine data: 

Rated capacity, MW 
Speed, rpm 
Steam pressure, l.bf/in 
Steam temperature, OF 
Noncondensable gas, % w t .  

Exhaust pressure, in Hg 
Steam flow rate, 10 lbm/h 

2 

3 

Condenser data: 
Cooling water temperature, OF 
Outlet water temperature, OF 
Water flow rate, 10 lbm/h 6 

Gas extractor data: 

Type 
Gas capacity, ft /min 
Steam consumption, 10 lbm/h 

3 
3 

Heat rejection system data: 

Type 

Number of cells 
Design wet-bulb temperature, OF 
Water pump power, kW 
Fan motor power, kW 

1 - 

SCSF 
11 

1800 
93.9 
348 
c0.3 
4.0 
240 

80.6 
120.8 
5.5 

2 - 

SCSF 
13 

3600 
79.7 
348 
c0.3 
4.0 
255 

3-4 

SCSF 
27 

3600 
78.9 
341.8 
<0.5 
4.0 

510") 

80.6 80.6 
120.0 119.8 
$6.0 6.41 

All units have steam 
$350 $350 ' L l O O O  

$10 $10 Q2 3 

All un-its have cross-flow , 
draft water cooling 

3 3 6 
66.5 65 66 

(NA) (NA) (NA) 

(NA) (NA) 355 

(a) SCSF = Single-Cylinder, Single-Flow; 
SCDF = Single-Cylinder, Double-Flow; 
TCFF = Tandem-Compound, Four-Flow. 

(b) 113.7 for Units 5 and 6. 
(c) 516 for Unit 4. 

. 

5-10 

SCDF 
53 

3600 
113.0 
355 

<0.5 
4.0 

907.5 

(b) 

80.0 
118.4 
21.3 

11 

TCFF 
106 

3600 
113.3 
355 

<1.0 

4.0 
1808 

80.0 
118.4 
$62.8 

jet ejectors. 
Q1830 Q3660 
58.4 120 

mechanical induced 
towers 

5 10 

65 65 
930 1860 

605 1210 
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Unit No. 

1 

2 

3 

4 

5- 6 

7-10 

11-12 

1 3  

14  

15  

/ '  
4 1  

Table 10.18 

(a) Resource utilization efficiency of The Geysers units 

T1/OF 

348 

348 

341.8 

341.8 

355 

355 

355 

338 

355 

338 

hl / ( B tu/lbm 1 

1200.5 

1203.2 

1200.2 

1200.2 

1200.4 

1200.6 

1200.5 

l190.3 

1200.4 

1190.6 

wO/(Btu/lbm) w/( Btu/lbm) 

324.9 

316.2 

314.8 

314.8 

335.6 

335.3 

335.5 

332.8 

335.8 

332.4 

(a) Based on a sink temperature of 8OOF. 

164.6 

166.9 

169.7 

167.7 

187.0 

187.0 

187.6 

165.3 

187.7 

164.8 

ou/%. - 

51 

53 

54 

53 

56 

56 

56 

50 

56 

50 



Year of start-up 

Turbine data: 
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Table 10.19 

Preliminary design specificatAsns for the 
Mamnamax Dual Binarv Dlant. East Mesa. CA 

Rated capacity 
Speed (turbine/generator 
Inlet pressure 
Inlet temperature 
Exhaust pressure 
Exhaust temperature 
Flow rate 

Geofluid data: 
~~ ~ 

Pressure after pumps 
Inlet temperature 
Pressure after heat exchangers 
Outlet temperature 
Flow rate 

Condenser data : 

Type 
Pressure 
Cooling water temperature 
Outlet water temperature 
Water flow rate 

Heat rejection system data:  

Type 
Number of ponds 
Design wet-bulb temperature 

1979 

Isobutane expander Propane expander 
Tandem-compound, Single-cylinder, 
double-flow, radial-inflow 
radial-inflow 

9.0 MW 2.2 MW 

7000/3600 rpm ( N A )  
2 

500 fif/in' 474 lbf/in 
345OF 205OF 
60 lbf/in2 142 lbf/in2 

23OOF 10 2O F 
1.031 x lo6 lbm/h 274 x lo3 lbm/h 

270 lbf/in2 
36OoF 

117 lbf/in2 
180OF 

1.444 X 10' lbm/h 

Surface type, shell-and-tube 
59 fif/in2 

62OF 
79.5OF 

( N A )  

Phased cooling, storage ponds with sprays 
2 

58OF 



Table 10.20 

Geothermal power Plants  i n  t h e  Imperial Valley, Califoimia 

U t i l i t y  or Fie ld  Year o f  Capacity Plant 
- S i t e  Plant Owner Developer S t  a r t  -up Mw Type 

East Mesa Imperial Magma Magma Power 1979 11.2 Magmamax Dual Binary 

Single and double f l a sh  East Mesa Republic Geothermal Republic Geothermal 1979,80 48.0 

Brawley So. C a l .  Edison Union O i l  1980 10.0 Single f l a s h  I 

E 
Heber So. C a l .  Edison Chevron ( I n  planning) 50 Double f l a s h  I 

P 

Heber San Diego G&E Chevron ( I n  planning) 45 Binary 

Westmorland (NA 1 Republic Geothermal ( I n  planning) 50 Double f l a s h  

Salton Sea So. Cal. Edison Magma/Union ( I n  planning) 10 Flash or Flash-binary 



T a b l e  10.21 

Proposed U.S. geothermal power plants outside California 

Utility or 
Site Plant Owner 

Raft River, ID EG&G 

Puna, HI HELCO(&) 

Valles Caldera, NM Public Service Co. 
of New Mexico 

Roosevelt Hot Rogers 
Springs, UT Engineering Co. 

Desert Peak, NV Sierra Pacific 

(NA) City of Burbank (b) 

Field 
Developer 

EG&G 

U. o f  Hawaii 

Union Oil 

Phillips 

Phil1 ips 

( N A )  

Year of Capacity 
St art -up Mw 

1980 5 

1980 5 

1982 50 

(In planning) 52 

(In planning) 20-50 

(In planning) 250-750 

(a) Hawaii Electric Light Company 

(b) In conjunction with a consortium of neighboring cities in the Los Angeles area. 

Plant 
Type 

Double-boiling binary 

Single flash 

Double flash 

Double flash 
I 
P 
P 
(D 

Single or double flash I 

Hybrid coal-geothermal 
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T a b l e  10.22 

U.S. geothermal electric power development - projected through 1983 

- Year Cumulative MW New Geothermal Power P lan ts  

1977 502.0 none 

1978 502.0 none 

1979 929.2 106 . M W  (PGEE No. 1 2 )  

55 WW (PGEE No. 15 )  

11 .2  MW (Magmama) J 

135 MW (PGEE No.  13) 

110 MW (PGGE No. 14 )  

1 0  MW (Republic Geotherma 

1980 

1981 

1982 

1983 

985 

1315.55 

1585.55 

1805.55 

48 MW 

10  Mw 
3.35 MW 

5 MW 

1 1 0  MW 

110  Mw 
110  MW 

110  MW 

110 MW 

50 MW 

110 MW 

1 

(Republic Geothermal) 

(So. Cal Edison-Brawley) 

( R a f t  River ) 

C HGP 1 

(PGGE No. 1 6 )  

(PGGE No. 1 7 )  

(NCPA No. 1) 

(PGEE No. 18)  

(PGEE No. 19 )  

CValles Caldera ) 

(PGEE No. 2Q) 

110 MW (PGEE No. 21)  

(? )  52 MW (Roosevelt H.S.) 

( ? )  50 MW (So. C a l  Edison-Heber) 

( ? )  45 MW (SDGEE - Heber) 

(? )  50 MW (Republic Geothermal) 

( ? >  2012.55 ( ? >  1 0  MW (So. C a l  Edison-Niland) 

i (a )  48 MW of Republic Geothermal includes 1 0  MW p l an t  of 1979. 
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Figure captions 

Fig. 10.1 

Fig. 10.2 

Fig. 10.3 

Fig. 10.4 

Fig. 10.5 

Fig. 10.6 

Fig. 10.7 

Fig. 10.8 

Fig. 10.9 

Fig. 10.10 

I 

Arrangement of wells at Ahuachapdn. @ Wells for unit No. 1; 

@ Wells fo r  unit 110. 2; @ ?.cFnjection wells; 

0 Nonproductive wells; @ Collapsed well; @ Stand-by wells. 

Wellhead equipment for well AH-20. [Photo by R. DiPippol 

Flow diagram for units No. 1 and 2 at Ahuachaph. 

Flow diagram for unit No. 3, under construction, at Ahuachapan. 

Baffled retention tank for waste liquid; 

at Ahuachapsn. 

Map of Iceland showing rift zones, major cities, and sites of 

geothermal power plants. 

Arrangement of wells at Nbnafjall to serve diatomite processing 

plant and 3.0 MW, noncondensing power unit [after Ragnars, -- et al, 19701. 

Arrangement of Krafla geothermal power plant and steam wells 

[after SBlnes, 19761. 

Simplified flow diagram for Krafla geothermal power station. 

Energy conversion schemes at Larderello. (a) Direct-intake, 

noncondensing, "Cycle 1" plant: 

c = generator, d = exhaust to atmosphere. (b )  Pure-steam, 

condensing, "Cycle 2" plant": a = steam well, b = heat ex- 

changer, c = turbine, d = generator, e = degassing plant, 

f = condenser, g = liquid discharge, h = to and from cooling 

tower. (c) Direct-intake, condensing, "Cycle 3" plant: a = 

steam well, b = water injection (scrubber1,c = axial separator, 

d = turbine, e = generator, f = condenser, g = gas compressor, 

h = to and from cooling tower. 

w e l l  AH-1 in background; 

[Photo by R. DiPippo] 

a = steam well, b = turbine, 
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Fig. 10.24 
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Typical arrangement f o r  a Cycle 3 power u n i t  a t  Larderello 

CAllegrini and Benvenuti, 19701. * 
Typical flow diagram f o r  Cycle 3 power u n i t  with 14.8 MW in- 

s t a l l e d  capaci ty  [Dal Secco, 19701. 

Castelnuovo V.C. 26 MW turbogenerator u n i t  [Villa, 19751. 

Heat balance diagram of Matsukawa geothermal power p lan t  

[Akiba , 19701. 

Onuma geothermal power p l an t  [Photo by Mitsubishi Heavy In- 

d u s t r i e s ,  Ltd.1. 

Schematic diagram f o r  Hatchobaru power p l an t  [after Aikawa and 

Soda, 1975; MHI ,  1978b1. 

Main two-phase flow l i n e  and vertical  cyclone separa tors  a t  

Hatchobaru [Photo by R. DiPippo]. 

Otake p i l o t  binary power p l an t  [Photo by R. DiPippol. 

Schematic diagram for  p i l o t  binary p l an t  a t  Otake [after M H I ,  19771. 

Geographical l oca t ion  of Cerro P r i e t o  geothermal f i e l d  [after 

C F E ,  19711. 

Schematic cross-sect ion of Cerro P r i e t o  geothermal f i e l d  [after 

CFE, 19711. 

Steam p ipe l ine  gather ing system f o r  u n i t s  No. 1 and 2 a t  Cerro 

P r i e to  [after CFE, 1971; Mercado, 19751. 

Discharge of waste l i q u i d  i n t o  evaporation pond; wellhead M-9 

i n  background and volcano Cerro P r i e t o  on t h e  horizon [Photo by 

R. DiPippol. 

Unit No. 2 ,  37.5 MW, i n  tu rb ine  h a l l  a t  Cerro Prieto [Photo by 

R. DiPippo]. 

Simplified flow diagram f o r  energy conversion system f o r  each u n i t  

a t  Cerro Prieto [after Akiba, 1970; Mercado, 19761. 
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Fig. 10.26 

Fig. 10.27 

Fig. 10.28 

Fig. 10.29 

Fig. 10.30 

Fig. 10.31 

Fig. 10.32 

Fig. 10.33 

Fig. 10.34 

Fig. 10.35 

Fig. 10.36 

Steam separation equipment at Wairakei [Bolton, 19771. 

Simplified flow diagram for Wairakei power plant [DiPippo, 19784. 

Reservoir pressure history at Wairakei [after Bolton, 1977; 

Hunt, 19771. 

Steam field layout at Kawerau [after Smith, 1970; Bolton, 19771. 

Location of hydrothermal areas on Kamchatka Peninsula, USSR 

[after Vakin, et al, 19701. 

Key: 1-Kireunsky; 2-Uzon-Geyserny; 3-Semyachinsky; 4-Nalychevsky; 

5-Bolshoye-Bannoye; 6-Paratunka; 7-Zhirovshy; 8-Severo, Mutnovsky; 

9-Khodutkinsky; 10-Pauzhetka, 11-Koshelevsky; 12-Petropavlovsk- 

Kamchatskiy . 
Flow diagram for Pauzhetka flash-steam geothermal power plant 

[after ARPA, 19721. 

Key: S-separator; T-G-turbo-generator; C-condenser; E-water-jet 

ejector. 

Flow diagram for Paratunka binary geothermal power plant. 

Key: 

-- 

@ - @ - hot water inlet-outlet; H1, H2, H3-heaters; 
E-evaporator; SH-superheater; T-G-turbo-generator; C1, C2- 

condensers; R-receiver; P-pump. 

Performance characteristics of Paratunka binary plant: hot 

water consumption as a function of gross power output, actual 

versus calculated [after Moshvicheva and Popov, 19701. 

Paratunka turbo-generator unit [Moskvicheva and Popov, 19701. 

Flow diagram for proposed multiple-flash plant at Bolshoye- 

Bannoye [after ARPA, 19721. 

Map of The Geysers area showing location of Units 1-15 

[Dan, et al, 19751. 
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Fig. 10.38 

Fig. 10.39 

Fig. 10.40 

Fig. 1 0 . 4 1  

Heat balance diagram Units 5 and 6 - The Geysers [Matthew, L9751. 

Units 5 and 6 - The Geysers [Photo by PGEE N e w s  Bureau]. 

Simplified flow diagram f o r  t h e  Magmamax Process (U.S. P a t .  No. 

3757516) of t h e  Dual Binary p l an t  a t  East Mesa. 

Republic Geothermal 48 MW double-flash p l an t  a t  East Mesa 

[Sketch by Republic Geothermal, Inc.]. 

Process f l o w  diagram f o r  R a f t  River double-boiling isobutane 

binary cycle  power p l an t  [Ingvarsson and Madsen, 19761. 
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