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Abst rac t  

In  t h i s  r e p o r t ,  t h e  f i f t h  i n  a series descr ib ing  t h e  geothermal power 

p l a n t s  of  t h e  world [DiPippo, 1978(A), 1978(B), 1978(C) and 1978(D)], we 

focus on t h e  coun t r i e s  of  Mexico and of  Cent ra l  America. The geothermal 

p l a n t s  are loca ted  i n  areas of r ecen t  and a c t i v e  volcanism; t h e  resources  

are of the liquid-dominated type.  

p l a n t s  loca ted  a t  Cerro Prieto i n  Mexico and a t  Ahuachapdn i n  E l  Salvador. 

In  both cases, a t t e n t i o n  is paid t o  t h e  geologic na tu re  of  t h e  f i e l d s ,  t h e  

w e l l  programs, geof lu id  c h a r a c t e r i s t i c s ,  energy conversion systems, materials 

of cons t ruc t ion ,  e f f luen t  handling systems, economic f a c t o r s  and p l an t  

opera t ing  experience.  

f o r  o t h e r  promising geothermal areas i n  Mexico and E l  Salvador, along with 

those i n  the coun t r i e s  of Costa Rica, Nicaragua, Guatemala, Honduras and 

Panama. 

The report conta ins  d e t a i l s  about t h e  

Exploration and development a c t i v i t i e s  are described 
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P a r t  I. Mexico 

1. His to r i ca l  r o l e  of geothermal energy i n  Mexico 

The first explorat ion f o r  sources  of  geothermal energy i n  Mexico took 

p lace  i n  1955 west of t h e  c i t y  of  Pachuca a t  PathB. 

s i t u a t e d  along the Neovolcanic ax is  which t r ends  east-west ac ross  t h e  country.  

This region c o n s i s t s  of  upper T e r t i a r y  and Quaternary b a s a l t i c ,  a n d e s i t i c ,  

r h y o l i t i c  and py roc la s t i c  rocks [Alonso, 19751. 

This  geothermal f i e l d  is  

A s  of 1975, t h e  t o t a l  i n s t a l l e d  e l e c t r i c  capac i ty  of Mexico was 7500 MW 

wi th  48% being suppl ied by hydroe lec t r ic  p l an t s ,  51% from o i l  and gas- f i red  

thermal power p l a n t s ,  and t h e  remaining 1% by coa l  and geothermal. 

l i k e l y  t h a t  expansion in hydroe lec t r ic  capac i ty  w i l l  amount t o  more than about 

12,000 MW. 

lowed Mexico t o  become an expor te r  of  crude o i l  and r e f ined  petroleum products.  

The proven r e se rves  of crude o i l ,  n a t u r a l  gas  and condensate as of 1977 were 

1 6  b i l l i o n  b a r r e l s ,  t he  probable r e se rves  31 b i l l i o n  b a r r e l s ,  and t h e  poten- 

t i a l  r e se rves  1 2 0  b i l l i o n  b a r r e l s  [Diaz Serrano, 19781. 

s i t u a t i o n  is extremely favorable  f o r  t h e  next  s eve ra l  decades, w e l l  i n t o  t h e  

2 1 s t  century.  

It is  un- 

The discovery of  ex tens ive  petroleum rese rves  i n  Mexico has al-  

Thus, Mexico's energy 

Geothermal energy w i l l ,  never the less ,  play an important r o l e  i n  meet- 

ing t h e  growing demand f o r  e l e c t r i c i t y  i n  Mexico. 

mal reg ions  i n  t h e  country; t h e s e  appear i n  24 of t h e  32 s t a t e s .  The l a r g e s t  

concentrat ion of  geothermal s i tes  are i n  t h e  states of Michoacdn ( 2 2 1 ,  

J a l i s c o  (161, Baja Ca l i fo rn ia  (15) and Guanajuato (9 ) .  

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, t hese  geothermal reg ions  w i l l  be taken se r ious ly  i n t o  account i n  na- 

t i o n a l  plans t o  meet t h e  expected f u t u r e  demand f o r  e l e c t r i c i t y  i n  Mexico. 

There are over 130 geother- 

Owing t o  t h e i r  wide 
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2 .  Path6 - 
Mexico’s first geothermal power p l an t  was i n s t a l l e d  a t  Path6, a geo- 

thermal f i e l d  loca ted  i n  t h e  municipal i ty  of Tecozaulta,  i n  t h e  S t a t e  of  

Hidalgo, about 80 km (50 m i )  nor th-northeast  of Mexico Ci ty .  

opera t ions  i n  1959; it is, however, no longer  opera t iona l  CCu6llar, 19781. 

The p l an t  began 

The Path6 u n i t  had a capac i ty  of 3.5 MW. It employed a noncondensing 

t u r b i n e  suppl ied with steam separa ted ,  most l i k e l y ,  from one w e l l .  

l i t t l e  information e x i s t s  on t h i s  p lan t  i n  t h e  l i t e r a t u r e .  

view o f  t h e  power house a t  Path6 and w e l l  No. 2 a t  t h e  s i t e  [CFE, 19711. 

Very 

Figure 1 shows a 
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3. Cerro P r i e to  

The major geothermal development i n  Mexico i s  tak ing  p lace  a t  Cerro 

P r i e t o  i n  t h e  S t a t e  of Baja California, roughly 35 km ( 2 2  m i )  south of t h e  

c i t y  of  Mexicali  and t h e  i n t e r n a t i o n a l  boundary between t h e  United S t a t e s  

and Mexico. The geothermal f i e l d  is loca ted  between 114O50' and 115O48' 

west longi tude  and between 31O55' and 32O44' nor th  l a t i t u d e .  The genera l  

l o c a t i o n  of  t h e  area is  shown i n  Fig. 2 [CFE, 19711. 

Since 1973 Cerro P r i e to  has  been generat ing 75 MW of power on a highly 

The p lan t  r ecen t ly  has  achieved t h e  h ighes t  ca- reliable and economic b a s i s .  

p a c i t y  f a c t o r  of  any power p l an t  i n  Mexico. 

per ience that cons t ruc t ion  is underway on an extension of  t h e  p l a n t  which w i l l  

dup l i ca t e  t h e  two e x i s t i n g  power u n i t s .  

s t a l l e d  c a p a c i t y t o  150 MW i n  1979. 

t imated t o  be a t  least 400 MW. 

3.1. Geology 

S o  successfu l  has been t h e  ex- 

The new u n i t s  w i l l  b r ing  t h e  in-  

The f u l l  p o t e n t i a l  of t h e  f i e l d  i s  es- 

The Cerro P r i e to  geothermal f i e l d i s  loca ted  on a p l a in  i n  t h e  Mexicali- 

Imperial  rift v a l l e y  and covers  an area of  about3000 ha (7400 ac res ) .  

most prominent feature of t h e  f l a t ,  d e s e r t  area 

P r i e t o  ("Black H i l l " )  which has an e l eva t ion  of 260 m (853 f t ) ,  covers  an 

area o f  400 ha (988 acres), and which l i e s  about 6 km (4  m i )  west-northwest of 

t h e  main geothermal steam production area [Reed, 19751. The f i e l d  is bounded 

on t h e  w e s t  by t h e  S i e r r a  de 10s Cucapahs and conta ins  numerous f a u l t s  of t h e  

San Jac in to  f a u l t  zone. These f a u l t s  s t r i k e  northwest and have r e su l t ed  i n  

considerable  downthrows on t h e  no r theas t  s ide .  This can be seen i n  Fig. 3 ,  

f o r  example, where t h e  v e r t i c a l  separa t ion  between the  p lu tonic  rock a t  t h e  

crest of t h e  S i e r r a  de 10s Cucapahs and t h e  same type of rock beneath t h e  

geothermal f i e l d  i s  about 5.5 Ian (18,000 f t ) .  

The 

is t h e  volcano of  Cerro 
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Exploration s t u d i e s ,  undertaken i n  t h e  1950's  and motivated by t h e  

l a r g e  number o f  su r face  mani fes ta t ions  of thermal a c t i v i t y ,  have revealed 

a good dea l  about t h e  n a t u r e  of t h e  geothermal f i e l d .  

s imp l i f i ed  geologic  cross-sect ion of t h e  f i e l d  [after CFE, 19711. 

v o i r  is capped by a l a y e r  of p l a s t i c ,  impermeable c l ays  with a th ickness  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 .  These are 

sedimentary rocks and d e l t a i c  depos i t s  of t h e  Quaternary per iod which were 

deposi ted by t h e  Colorado River [Parades, 19753. 

Figure 3 is  a highly- 

The r e s e r -  

Underlying t h e  cap c l ays  is t h e  main r e s e r v o i r  which w a s  formed i n  t h e  

T e r t i a r y  period. 

permeabi l i ty  were deposi ted i n  a large graben as a r e su l t  of  i n t ens ive  ero- 

s ion  o f  igneous g ran i t i c  and metamorphic rocks.  

t o  t h e  permeabi l i ty  of  t h i s  formation. 

with water during t h e  l a te  T e r t i a r y  from t h e  Colorado River. 

bel ieved t o  c o n s i s t  of a l t e r n a t i n g  l a y e r s  of non-del ta ic  l u t i t e s  and sand- 

stones with t h e  sandstones being sa tu ra t ed  with connate water a t  a pressure  

i n  excess o f  the hydros t a t i c  s a t u r a t i o n  pressure.  

non-del ta ic  sediments is about 2 km (6500 f t ) .  

Shales and sandstones possessing considerable  poros i ty  and 

Basement f a u l t i n g  cont r ibu ted  

The pores o f  t h e s e  rocks became f i l l e d  

The a q u i f e r  is 

The t o t a l  th ickness  o f  t h e  

The basement rock is g r a n i t i c  i n  na tu re  and may be seen i n  l a r g e  out-  

croppings i n  t h e  S i e r r a  de 10s Cucapahs. 

probably of t h e  Cretaceous age. 

These are of t h e  Mesozoic per iod,  . 

3.2. Well programs and ga ther ing  system 

Information on t h e  d r i l l i n g  program and r e s e r v o i r  development a t  

Cerro P r i e to  has been repor ted  a t  var ious s t ages  during t h e  p ro jec t  

[Dominquez and Vital, 1975; Guiza, 1975; Mercado, 1974, 1975(A) and 19761. 

A t o t a l  of  4 1  wells had been d r i l l e d  through 1974. These include ex- 

p lo ra t ion  wells, step-out w e l l s  and deep, production wel ls .  The loca t ions  

of t h e s e  wells are shown i n  Fig.  4 which a l s o  gives  t h e  s i t e  of  t h e  power 
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p l an t  and t h e  evaporation pond. 

o f  t h e  power p l a n t ,  n ine  f o r  each u n i t .  

75 MW, t h e  o t h e r s a r e  held on stand-by reserve .  

ou t  f o r  t h e  steam gather ing system. 

which run f r o m  €he we l l s  t o  the steam rece ive r s  at  t h e  power house. 

over  6 km (20,000 f t )  of steam p ipe l ines  of diameters g r e a t e r  than  406 mm (16 i n ) .  

The wells are d r i l l e d  with r igs  r a t e d  for  2200 m (7200 f t )  using draw 

The d r i l l  s t r i n g  c o n s i s t s  of FH 114 mm 

Eighteen wells are connected t o  t h e  two u n i t s  

Of t h e s e  15-16 are needed t o  generate  

Figure 5 shows t h e  piping lay-  

There are fou r  main steam gather ing  l i n e s  

There are 

works powered by t w o  250-hp engines. 

(4.5 i n )  d r i l l  p ipe  and 165 mm (6.5 i n )  d r i l l  c o l l a r s .  

of t h e  b e n t o n i t i c  type ,  emulsif ied wi th  4 - 9% d i e s e l  o i l ,  and having a den- 

s i t y  between 1.09 - 1.24 Mg/m 

content  of 8 - 15% and a pH of 7.5 - 10.5 [Guiza, 19751. 

The d r i l l i n g  mud i s  

3 3 (68.05 - 77.41 l b m / f t  1. The mud has  a s o l i d s  

The w e l l s  were completed during three periods:  1964-1967, 1967-1968 

and 1972-1974, as fol lows:  

1964-1967: M-5, -8, -9, -10, -15. 

1967-1968: M - 1 1 ,  -13, -15A, -19A, -20, -21, -21A, -25, -26, -30, -35. 

1972-1974: M-29, -31, -34, -38, -39. 

From t h e  first group, M-10 is not  used, and M-15 needed ex tens ive  re- 

p a i r s  and w a s  replaced wi th  a new w e l l  M-15A. 

wells su f fe red  cas ing  f a i l u r e s  o r  o t h e r  problems and needed t o  be repa i red  o r  

replaced:  M-13, -19A, -20, -21, -26. Wells M-13, -20 and -26 were success- 

f u l l y  r epa i r ed ,  M-19A w a s  plugged a t  t h e  bottom t o  seal o f f  a zone o f  cooler 

water, and M-21 was permanently sea l ed  and replaced with M-21A. 

group, only M-29 d id  not  need r e p a i r s  o r  rework. 

included mechanical acc idents  during d r i l l i n g ,  inadequate ma te r i a l s  o r  mater- 

a i l s  incapable  of withstanding t h e  high temperatures and s t r e s s e s  encountered, 

and improper.wel1 development and s t imula t ion  techniques which subjected t h e  

cas ings  t o  abrupt changes i n  condi t ions [Dominguez and Vital ,  19751. 

From t h e  second group, f i v e  

From t h e  l as t  

The causes of t h e  problems 
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A schedule of  gradual  heat ing is now followed t o  avoid casing f a i l u r e .  

The water in t h e  w e l l  is  allowed t o  reach i ts  maximum temperature i n  not  less 

than 15  days, during which per iod gases  and steam produced are vented t o  the  

atmosphere. 

without excessive temperature d i f f e r e n t i a l s  between the  cas ing  and the  forma- 

t i o n  [Guiza, 19751. 

In t h i s  way t h e  cas ing  and t h e  cement expand simultaneously,  

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  

(15)  yea r s ;  t h e r e  are wells that are four teen  (14) years  o ld  and are s t i l l  i n  

good condi t ion ,  producing steam [Mercado, 19761. 

The cas ing  p r o f i l e s  f o r  t h e  1 8  wells which serve  t h e  two u n i t s  are 

shown i n  Figs.  6 and 7. 

The two-phase geofluid is processed convent ional ly  i n  a Webre-type cen- 

t r i f u g a l  s epa ra to r ,  with the separated steam passing through a b a l l  check 

valve before  en te r ing  one of t h e  fou r  main steam transmission l i n e s  ( see  

Fig. 8).  The main steam is c o l l e c t e d  ou t s ide  t h e  power house i n  a s e t  o f  

r e c e i v e r s  ( s e e  Fig. 91, and passes  through a f i n a l  s t a g e  of  moisture separa- 

t i o n  ( s e e  Fig. 10) before  en te r ing  t h e  tu rb ines .  

From observat ions of  pressure ,  temperature and f l o w  measurements taken 

i n  t h e  wells toge ther  with geochemical analyses  of the  f l u i d  produced from 

t h e  wells, it has  been poss ib l e  t o  determine t h e  d i s t r i b u t i o n  and movement of  

ho t  water through r e l a t i v e l y  shallow l a y e r s  (100 - 500 m (330 - 1640 f t ) )  from 

t h e  southeas t  towards t h e  northwest.  

r i s i n g  and flowing ho r i zon ta l ly  genera l ly  from t h e  eas t e rn  and c e n t r a l  por t ions  

of the f i e l d  towards t h e  western port ion.  

gradual  i n  t h e  eas t e rn  p a r t  of  t h e  f i e l d  ( i n  t h e  v i c i n i t y  of w e l l  M-53) where 

t h e  magma i n t r u s i o n  is  bel ieved t o  l i e  a t  depth. 

Furthermore, hot f l u i d  appears t o  be 

The temperature grad ien t  is most 



-7- 

The r e s e r v o i r  is probably being recharged from two sources:  

highly pervious and sa tu ra t ed  a l l u v i a l  f ans  of  t h e  S i e r r a  de 10s Cucapahs 

(see Fig.  3 ) ,  and ( 2 )  meteoric water from t h e  Colorado River. 

t h e s e  feeds  t h e  r e s e r v o i r  from the west, whereas t h e  second d e l i v e r s  water 

from t h e  east. The second source is r e l a t i v e l y  unimportant, however, s i n c e  

t h e  f i e l d  has only moderate permeabi l i ty  i n  t h e  eas t e rn  region [Mercado, 1975(A)]. 

(1) t h e  

The f i r s t  of  

On t h e  b a s i s  of t h e s e  s t u d i e s ,  it has been determined t h a t  f u t u r e  w e l l s  

should be  d r i l l e d  t o  t h e  following approximate depths ,  depending upon t h e  lo-  

ca t ion  i n  t h e  f i e l d :  800 - 1400 m (2625 - 4590 f t )  f o r  w e l l s  t o  t h e  w e s t  of 

t h e  power house, and 1400 - 2600 m (4590 - 8530 f t )  f o r  those  t o  t h e  e a s t  of 

t h e  power house. 

t o  east across  t h e  f i e l d  [Mercado, 1975(A)]. 

The depth required t o  reach t h e  aqu i f e r  increases  from west 

3 . 3 .  Geofluid c h a r a c t e r i s t i c s  

The liquid-dominated r e s e r v o i r  produces mixture of  l i q u i d  and vapor 

a t  t h e  wellhead. 

t i a l l y  f l a s h e s  t o  vapor during i t s  ascent through t h e  well .  Under high flow 

r a t e s  it is  observed t h a t  annular  flow e x i s t s  i n  t h e  w e l l  bore ,  i . e . ,  l i q u i d  

on t h e  w a l l s  and vapor i n  t h e  core  [Reed, 19751. 

The f l u i d  i n  t h e  r e s e r v o i r  is  a compressed l i q u i d  which par- 

Table 1 lists t h e  average pressure,  temperature,  mass flow rate  and 

dryness f r a c t i o n  f o r  twelve wells which were supplying t h e  power p l an t  during 

January and February 1974. As pointed o u t  i n  fn.  ( 2 )  of t h e  table, a more 

r ep resen ta t ive  average wellhead pressure  would be 729 kPa (106 l b f / i n  1, r a t h e r  

than t h e  average value of  1119 kPa (162 l b f / i n  1, because of t h e  unusually high 

pressures  i n  wells M - 1 1  and -31. 

s epa ra to r  was 165OC (329OF) and t h e  q u a l i t y  averaged about 24%. 

2 

2 

The temperature o f  t h e  geofluid a t  t h e  

The geothermal steam conta ins  about 1% by weight of noncondensable 

gases ,  mainly carbon dioxide and hydrogen s u l f i d e .  The average concentrat ions 
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o f  t h e s e  two c o n s t i t u e n t s  f o r  e i g h t  w e l l s  (M-5, -8, -9, -11, -20, -29, -31, 

-34) were repor ted  t o  be  7320 and 1564 ppm, r e spec t ive ly  [Reed, 19751. The 

samples were taken  f o r  an average steam flow rate  o f  54.5 Mg/h (120.2 klbm/h) 

and a t  an average sepa ra to r  pressure  o f  790 kPa (114.6 l b f / i n  1. The impuri- 

t i e s  i n  the steam as it e n t e r s  t h e  t u r b i n e  were quoted by Mercado as t h e  

following: 

Na...O.4 ppm, and Si0  2...0.2 ppm [Mercado, 19761. 

2 

CO 2...14,100 ppm, H2S ... 1500 ppm, NH 4...110 ppm, C1...0.8 ppm, 

The composition o f  t h e  separa ted  l i q u i d  i s  given i n  Table 2.  The 

t o t a l  d i sso lved  s o l i d s  amount t o  roughly 25,200 ppm or 2.5%. The main i m -  

p u r i t i e s  are ch lo r ide ,  sodium and potassium, which toge the r  c o n s t i t u t e  94% 

of  t h e  t o t a l .  

e i t h e r  t o  t h e  atmosphere through t h e  si lencers a f t e r  f l a sh ing  or t o  t h e  ground 

and atmosphere by means of t h e  se t t l i ng /evapora t ion  pond, a t t e n t i o n  must be  

given t o  t h e  effects of t h e  d isso lved  s o l i d s  on t h e  environment. 

t r a t i o n  o f  t h e  p r i n c i p a l  chemical components i n  t h e  pond (on J u l y  9 ,  1974) 

were r epor t ed  as fol lows:  

C a  ... 2169, and Li. . .68 ppm [Mercado, 1975 (B)]. 

Since a l l  of t h i s  l i q u i d  is discharged t o  t h e  environment, 

Bi The concen- 

C 1  ... 47,462 ppm, N a  ... 20,412 ppm, K...4950, 

3.4. Energy conversion system 

The power p l an t  is of  t h e  separated-steam (or "single-f lash")  type ,  

with two u n i t s ,  each of  37.5 MW r a t e d  capac i ty .  The u n i t s  were suppl ied by 

t h e  Tokyo Shibaura Electr ic  Company, Ltd. (Toshiba),  and a r e  o f  t h e  s ing le -  

cy l inde r ,  double-flow v a r i e t y  with s i x  s t ages  of impulse-reaction blades i n  

each flow. Unit No. 2 and a spare  r o t o r  are shown i n  Figs.  11 and 1 2 ,  

r e spec t ive ly .  

A s impl i f i ed  flow diagram/heat balance schematic is  shown i n  Fig. 1 3  

[Akiba, 1970; Mercado, 19763. 

Table 3 [Mercado, 1976; Toshiba, 19771. 

The t e c h n i c a l  s p e c i f i c a t i o n s  are given i n  
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3.5. Materials of cons t ruc t ion  

The condenser is  of  t h e  barometric,  d i rec t -contac t  type and is loca ted  

next  t o  t h e  power house. It is 25.35 m (83.2 f t )  high, with a s h e l l  diameter 

of  6.7 m (22 f t ) ,  s h e l l  height  of  9.6 m (31.5 f t ) ,  and t a i l  pipe 2 m (6 .6  f t )  

i n  diameter and 1 2  m (39.4 f t )  i n  length .  

conveyed t o  the condenser by means of  a duct which is  3.6 m (11.8 f t )  i n  

diameter and about 40 m (131 f t )  i n  l eng th ,  including t h r e e  r igh t -angle  bends. 

Noncondensable gases  are removed f r o m  t h e  t o p  of t h e  condenser s h e l l  through 

a 0.7 m (2 .3  f t )  diameter pipe.  

and 2. 

The exhaust from t h e  tu rb ine  is 

Figure 14 shows t h e  condensers f o r  u n i t s  No. 1 

The gas ex t r ac t ion  system c o n s i s t s  of a 2-stage steam e j e c t o r  with an 

i n t e r -  and after-condenser.  

opera t ing  i n  p a r a l l e l ,  presumably f o r  redundancy. 

s epa ra t e  inter-condenser;  there are t h r e e  second-stage steam e j e c t o r s ,  a l s o  

There are three f i r s t - s t a g e  steam e j e c t o r  nozzles  

Each is connected t o  a 

i n  p a r a l l e l ,  and three after-condensers.  The gas ex t r ac t ion  system requ i r e s  

24.2 Mg/h (53.4 klbm/h) of motive steam from t h e  main steam l i n e  and 373 Mg/h 

(822 klbm/h) o f  cool ing water. 

The genera tor  is r a t e d  a t  44,200 kVA at  13.8 kV and 60 h z  with a power 

f a c t o r  of 0.85. The speed of  r o t a t i o n  is 3600 rev/min, and both t h e  r o t o r  

and t h e  stator are convent ional ly  hydrogen cooled. 

The geothermal resource u t i l i z a t i o n  e f f i c i ency ,  of t h e  p l an t  is 

40%, based on wellhead flow condi t ions  assuming 24% q u a l i t y  and a s i n k  tempera- 

t u r e  of 26.7OC (8OOF). 

type.  (See, e .g . ,  [DiPippo, 1978(B)J.) 

This value is t y p i c a l  of geothermal p l an t s  of t h i s  

P r io r  t o  t h e  s e l e c t i o n  of ma te r i a l s  f o r  t h e  var ious c r i t i c a l  p a r t s  o f  

t h e  p l a n t ,  1000 tests were conducted on a number of candidate  ma te r i a l s  

[.Mercado, 1975(B)]. Samples were subjected t o  exposure by t h e  geothermal 
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steam, both  ae ra t ed  and nonaerated,  and by condensate, f o r  a per iod of  150 days. 

The steam was obtained from w e l l  M-8 and t h e  condensate from steam from wells 

M-3 and M-5 [Tol iv ia ,  -- et a l ,  19751. 

In th i s  sec t ion  w e  s h a l l  descr ibe  t h e  materials used i n  t h e  construc- 

t i o n  of t h e  wells, s i l e n c e r s ,  piping,  t u rb ines ,  condensers, cooling towers,  

and electrical equipment. 

3.5.1. Wells 

The cas ings  are f a b r i c a t e d  from 5-55 API s tandard weight pipe with but- 

tress couplings.  Extra  heavy w a l l  th ickness  may be  requi red  i n  f u t u r e  wells. 

The cement consists of API  type  G with s i l i ca  f l o u r ,  p e r l i t e  and r e t a r d e r s  

as add i t ives  [Guiza, 19751. 

3 . 5 . 2 .  Si l ence r s  

The silencers are made of  concrete  w i t h  wooden s t a c k s  i n  a twin-s i lo  

design [Mercado, 1975(B)1. 

3.5.3. Piping 

Carbon s t e e l  is used f o r  p ipes  car ry ing  nonaerated steam. The corro-  

s ion  rate fol lows a parabol ic  l a w  and is  about 0.04 mm/yr (0.0016 i n / y r ) .  

The corrosion rate is 0.11 m m / y r  (0.0043 i n / y r )  when t h e  steam is i n  contac t  

with a i r .  Aerated-steam p ipe l ines  are, the re fo re ,  provided with an allowance 

of extra wall thickness .  The worst case occurs i n  condensate l i n e s  where t h e  

corrosion rate f o r  carbon s t e e l  is 0.66 mm/yr (0.026 in /y r ) .  Condensate l i n e s  

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

[Tol iv ia ,  -- e t  a l ,  19751. 

3 . 5 . b .  Turbine 

The tu rb ine  r o t o r  is  f ab r i ca t ed  from a 1 Cr-1 Mo-1/4 V a l l o y  steel  

forg ing ,  machined t o  form a s o l i d  u n i t  composed of s h a f t s ,  wheels, bear ing 

journals and coupling f langes  [Akiba, 19701. Alloy s t e e l s  containing Ni are 
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no t  used because of t h e i r  poor corrosion r e s i s t a n c e .  The tu rb ine  blades a r e  

machined from 1 2  C r  a l l o y  steel b a r  s tock;  they  are enclosed with a shroud 

which is  hand-riveted i n  p lace  using tennons on t h e  ou te r  edges of t h e  blades.  

The b lades  of  t h e  las t  (6 th )  row are f i t t e d  with s t e l l i t e  erosion s h i e l d s  and 

fas tened  toge the r  with l a sh ing  w i r e  t o  minimize v ib ra t ions  [Akiba, 19701. 

nozzle  p a r t i t i o n s  are of  1 2  Cr-0.2 A 1  a l l o y  s t e e l ,  and t h e  l a b y r i n t h  s t r i p s  

The 

a r e  of  15  Cr-1.7 Mo a l l o y  steel. 

of  carbon steel according t o  ASTM s p e c i f i c a t i o n  ASTM-A285 [Mercado, 19761. 

The t u r b i n e  outer  and inner  casing a r e  made 

3.5.5. Condenser 

The shel l  of the condenser is carbon s t e e l  with a coa t ing  of  epoxy 

r e s i n .  The barometric p ipe  is made of naval  b ra s s  [Mercado, 19761. 

3.5.6. Cooling tower 

The s t r u c t u r a l  members of t h e  cool ing tower are constucted from AISI- 

4140 steel;  the packing is redwood and f i b e r g l a s s  [Mercado, 19763. 

3.5.7. Electrical equipment 

Since electrical equipment is suscep t ib l e  t o  cor ros ive  a t t a c k  by hydro- 

gen s u l f i d e ,  s p e c i a l  precaut ions are taken f o r  t h e  pro tec t ion  of  t h i s  equip- 

ment. Most switch-boards, inc luding  t h e  main switch-board, are i n s t a l l e d  i n  

rooms which are provided w i t h  a i r -condi t ion ing  systems f i t t e d  with a c t i v a t e d  

carbon f i l t e r s  f i l l e d  with a c t i v a t e d  alumina beads impregnated with potassium 

permanganate [Mercado, 19741. The electrical contac ts  on t h e  high-voltage 

s i d e  a t  t h e  subs t a t ion  are gold-plated,  although t h e  use of  platinum may have 

been more appropr ia te .  

3.6. Ef f luent  and emissions handling systems 

3.6.1. Liquid discharge 

Liquid which is  separated from t h e  geof lu id  a t  t h e  wellhead sepa ra to r s  

is s e n t  e i t h e r  t o  s i l e n c e r s  loca ted  a t  each wellhead s i t e  o r  piped d i r e c t l y  
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t o  t h e  evaporation and s e t t l i n g  pond. (See Sect.  3.3.)  Eventually a l l  waste 

l i q u i d  ( i . e . ,  l i q u i d  from t h e  sepa ra to r s  or t h e  s i l e n c e r s  and excess  steam 

condensate) is discharged i n t o  t h e  pond (see Fig. 1 5 ) .  It is  estimated t h a t  

t h e  present  pond has  a capac i ty  s u f f i c i e n t  t o  support  180 MW of  generat ion,  

i .e. ,  through u n i t  No. 5. Beyond t h a t ,  another  means must be found f o r  t h e  

d i sposa l  of t h e  waste l i q u i d .  

( 2 )  cons t ruc t ion  of  a channel t o  t h e  Laguna Salada, a dried-up l ake ,  and 

(3)  cons t ruc t ion  of  a channel t o  t h e  Sea of Cortez [Guiza, 1975; Mercado, 1975(B)]. 

Among t h e  opt ions  are: (1) r e i n j e c t i o n ,  

Since t h e  evaporation pond covers  a s a l i n e  clayey a r e a  t h a t  had su r face  

thermal mani fes ta t ions ,  it is  f e l t  t h a t  t h e  c rea t ion  of t h e  pond caused no 

environmental de t e r io ra t ion .  In f a c t  it is  suggested t h a t  t h e  " recrea t iona l  

faci l i t ies"  afforded by t h e  pond t o  those  i n t e r e s t e d  i n  water s p o r t s  and 

hunt ing amount t o  an ecologica l  ga in  f o r  the area [Mercado, 1975(B)]. 

3.6.2. Gaseous discharge 

The noncondensable gases  which are removed from t h e  condenser by means 

of t h e  steam e j e c t o r  system are discharged t o  t h e  atmosphere through 475 mm 

(18 i n )  diameter f i b e r g l a 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 the ground. Since t h e  p reva i l i ng  winds blow e i t h e r  

from t h e  northwest o r  t h e  southeas t ,  t hese  gases should be swept away from 

t h e  p l an t .  

sampled on Ju ly  9 ,  1973 when u n i t  No. 2 was generat ing 32 MW as follows 

[Mercado, 1975(B)l: 

Mercado repor ted  t h e  composition of  t h e  s t ack  gases  which were 

carbon dioxide,  C02 . . . . . . . .  62.5% ( w t )  . . . . . .  3440 kg/h 

. hydrogen s u l f i d e ,  H2S . . . . . . .  6.5% ( w t )  . . . . . .  355 kg/h 

a i r  and o t h e r  gases  . . . . . . . .  6.7% (wt) . . . . . .  365 kg/h 

water (condensate).  . . . . . . . .  24.3% ( w t )  . . . . . .  1340 kg/h. 

The s p e c i f i c  discharge of H2S is over 11 ,000  g/MW*h; for t h e  sake of compari- 

son it might be noted t h a t  t h e  U.S. Environmental Protect ion Agency (EPA) is 
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suggest ing a maximum s p e c i f i c  H2S emission l e v e l  of  200 g/MW-h f o r  geothermal 

p l a n t s  i n  t h e  U.S.  [EPA, 19781. 

On windless days, t h e  concentrat ion of H2S may reach dangerous l e v e l s  

An alarm system is connected t o  a series of H2S de t ec to r s  i n  certain areas. 

t o  p ro tec t  personnel i n  and around t h e  power house. 

t i o n a l  vent l i n e  w a s  constructed from t h e  power house a t  t h e  base of t h e  gas 

ex t r ac t ion  s t a c k s  t o  t h e  evaporation pond. The r e s in - l ined ,  s teel  vent duct 

is 584 mm (23 i n )  i n  diameter and is 1250 m (4100 f t )  i n  length .  Since H2S 

is a l s o  emit ted from t h e  cool ing tower s t acks ,  it is impossible t o  vent a l l  

t h e  H2S away from t h e  power house. The preva i l ing  winds, however, t end  t o  

ca r ry  t h e  cool ing tower plumes away f r o m  t h e  power house. 

is  100 m (328 f t )  from t h e  p l an t  and is  a l igned  with t h e  d i r e c t i o n  o f  t h e  

p reva i l i ng  winds (see Fig. 5 ) .  

3.6.3. Other environmental e f f e c t s  

Furthermore, an addi- 

The cool ing tower 

The effects of  o t h e r  forms of po l lu t ion  from t h e  p l a n t ,  f o r  example, 

thermal and acous t i c ,  are f e l t  t o  be i n s i g n i f i c a n t  owing t o  t h e  na tu re  o f  t h e  

area and t h e  fact  t h a t  it is spa r se ly  populated. 

s t e p s  could be taken t o  cur ta i l  o r  f u r t h e r  control t h e  emissions from t h e  p l a n t ;  

however, a t  t h i s  time, it is bel ieved t h a t  t h e  b e s t  course is t o  provide spe- 

c ia l  materials and p ro tec t ive  devices  and procedures where needed [Mercado, 1975(B)]. 

If it were deemed necessary,  

3.7. Economic f a c t o r s  

The only economic da ta  ava i l ab le  t o  t h e  writer were reported by C.F .E .  

i n  1 9 7 1  on t h e  an t i c ipa t ed  c o s t s  of u n i t s  No. 1 and 2 which were then under 

construct ion.  

was f o r  t h e  p lan t  equipment, $2.08 M w a s  for t h e  wel l s ,  and t h e  remaining 

$5.12 M was f o r  l abor  and overhead [CFE, 19711. This r epor t  contained an 

estimate of  $1.44 M f o r  t h e  annual opera t ing  expenses of t he  p l an t .  

The c a p i t a l  investment was $14.4 M (U.S. 1971) of  which $7.2 M 
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Furthermore, t h e  approximate annual savings i n  f u e l  (petroleum) c o s t s  were 

est imated a t  $170,000. 

i t s  dramatic i nc rease  i n  1973, and t h u s  v a s t l y  underestimates t h e  savings i n  

t h e  1978 market. 

This was ca l cu la t ed  before  t h e  p r i c e  of  o i l  underwent 

3. 8. Operating experience 

The Cerro P r i e t o  geothermoelectr ic  power p l an t  has  operated very re- 

l i a b l y  s i n c e  it was brought on-l ine i n  Apr i l  1973. A t  t h a t  time u n i t  No. 2 

began genera t ing  e l e c t r i c i t y ;  u n i t  No. 1 was s t a r t e d  up i n  September of  t h e  

same year. 

The  f i g u r e s  below give t h e  annual e l ec t r i c i ty  generat ion and t h e  capac i ty  

f a c t o r s  for t h e  first four  yea r s  of opera t ion  [Dominguez, 1977; Mercado, 19761: 

Year 

1973 

- 

1974 

197 5 

1976 

Generation/GW-h 

205 

445 

518 

570 

Capacity f a c t o r  

63% 

68% 

79% 

87% 

The h ighes t  monthly capac i ty  f a c t o r  was 94% i n  September 1975. 

f a c t o r  of  87% i n  1976 is t h e  h ighes t  of any Mexican power p l an t .  

The capac i ty  

Regular maintenance is  performed on t h e  u n i t s  a t  2-year i n t e r v a l s ;  

w e l l s  are  cleaned each 1-4 yea r s .  N o  s ca l ing  has  been observed i n  t h e  waste 

water d i sposa l  p ipes  when t h e  l i q u i d  is  maintained a t  t h e  sepa ra to r  pressure  

( i . e . ,  when it is  - not  f lashed  down t o  atmospheric pressure a t  t h e  wellhead 

s i l e n c e r s )  and sen t  t o  t h e  evaporation pond d i r e c t l y .  

There has been no subsidence of t h e  geothermal f i e l d  i n  s p i t e  o f  t h e  

fact t h a t  no r e i n j e c t i o n  has taken place.  It i s  expected t h a t  r e i n j e c t i o n  
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w i l l  be adopted when t h e  f i e l d  reaches f u l l  exp lo i t a t ion .  

8 x l o 6  Mg/yr (2  x l o l o  lbm/yr) o f  geof lu id  must be withdrawn from t h e  f i e l d  

t o  supply each 37.5 MW u n i t ;  about 80 x 10 lbm) o f  f l u i d  have 

been produced during t h e  opera t ing  lifetime o f  t h e  p lan t .  

Approximately 

6 9 Mg (180 x 10  

3.9. Plans f o r  p l a n t  expansion 

The u l t ima te  electric genera t ing  capac i ty  o f  t h e  Cerro P r i e t o  f i e l d  i s  

no t  known wi th  c e r t a i n t y ;  400 MW seems t o  be a conservat ive est imate .  

Units  No. 3 and 4 ,  each t o  be  r a t e d  a t  37.5 MW(e) and e s s e n t i a l l y  du- 

p l i c a t e s  of u n i t s  N o .  1 and 2, are under cons t ruc t ion  a t  t h i s  t ime and are ex- 

pected t o  come on-l ine i n  1979. 

pressure  u n i t  r a t e d  a t  30 MW(e) 

of t h e  waste l i q u i d  produced from t h e  f irst  fou r  u n i t s .  

The next  u n i t  is  expected t o  be  a low- 

which w i l l  use steam f l a shed  from a por t ion  

Addit ional  u n i t s  w i l l  

probably be 55 MW u n i t s  o f  s tandardized design. 

Although t i m e  schedules  are d i f f i c u l t  t o  p red ic t  accu ra t e ly ,  t h e  t a b l e  

below gives  the plan f o r  near-term development o f  Cerro F r i e to :  

S i t e  Unit  N o .  Unit  Capacity Cum. Capacity - Year 

1979 Cerro P r i e to  I 3 37.5 MW 112.5 MW 

1979 Cerro P r i e t o  I 4 37.5 MW 150.0 MW 

1982 Cerro P r i e t o  I 5 30.0 M W  180.0 MW 

1983 Cerro F'rieto I1 1 55.0 MW 235.0 MW 

1984 Cerro P r i e t o  I1 2 55.0 MW 290.0 MW 
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4. Other a reas  of poss ib le  exp lo i t a t ion  i n  Mexico 

A l a r g e  number of hydrothermal areas i n  Mexico a r e  l i s t e d  and descr ibed 

by Alonso 

Francisco i n  1975. 

t h e s e  have wells been d r i l l e d .  

geothermal power p o t e n t i a l  of t h e  country has been placed a t  4000 MW. 

t h e  s e c t i o n s  below, only t h e  most prominent si tes a r e  discussed. 

i n  h i s  paper a t  t h e  Second United Nat ion 's  Symposium i n  San 

Of t h e  130 s i tes  t h a t  have been discovered, i n  only 9 of 

Using conservat ive estimates, t h e  u l t ima te  

In  

4.1. Ix t ldn  de 10s Hervores 

This f i e l d  is loca ted  i n  t h e  S t a t e  of Michoac6n wi th in  t h e  a r e a  known 

as the Neovolcanic axis .  Numerous thermal mani fes ta t ions  e x i s t  i n  t h e  v a l l e y  

where f i v e  s m a l l  and t h r e e  l a r g e  diameter we l l s  have been d r i l l e d .  

f a c t o r y  eva lua t ion  of  t h e  s i t e  has not been accomplished owing t o  problems 

r e l a t e d  t o  t h e  completion of t h e  l a r g e  diameter wells [Alonso, 19751. 

A satis-  

4.2. Los Neeri tos  

The geology of t h i s  f i e l d  has been s tud ied  by a v a r i e t y  of methods i n -  

c luding seismic r e f r a c t i o n ,  e l e c t r i c  r e s i s t i v i t y ,  g rav imet r ic ,  magnetic and 

geochemical. 

S t a t e  of Michoacgn, a l s o  i n  t h e  Neovolcanic ax i s .  

depth of 1000 m (3280 f t ) ,  produces a mixture of l i q u i d  and vapor on an in- 

The f i e l d  is loca ted  i n  t h e  municipal i ty  of Villamar i n  t h e  

One wel l ,  d r i l l e d  t o  a 

t e r m i t t e n t  b a s i s .  The rocks a r e  bel ieved t o  be b a s a l t s  and andes i t e s  with 

numerous f r a c t u r e s  along t h e  east-west a x i s  [Alonso, 19753. 

4.3. Los Azufres 

Another promising region i n  t h e  S t a t e  of Michoacdn, Los Azufres has 

been explored by means of geophysical,  geochemical, geologica l  and e l e c t r i c a l  

r e s i s t i v i t y  techniques.  A l l  i nd ica t ions  a r e  favorable  f o r  t h e  ex is tence  of 
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a hydrothermal r e s e r v o i r ,  but  no wells had been d r i l l e d  as of 1975 

[Alonso, 19751. 

4.4. 

steam 

L a  Primavera 

T h i s  volcanic  ca ldera  containing a l a r g e  number of  hot sp r ings  and 

vents  is loca ted  west of t h e  c i t y  of Guadalajara i n  t h e  S t a t e  of 

J a l i s c o .  

small diameter wells have been d r i l l e d  [Alonso, 19751. 

The usua l  explora t ion  techniques have been appl ied  and s e v e r a l  

4.5. San Marcos 

Steam vents  and hot  spr ings ,  some with flows as l a r g e  as 300 kg/s 

(661  lbm/s),  e x i s t  i n  t h i s  f i e l d ,  loca ted  about 80 km (50  m i )  southwest of 

Guadalajara i n  J a l i s c o .  

surveys which have been c a r r i e d  o u t ,  s i x  small diameter wel l s  have been 

sunk t o  depths of 50 - 300 m (164 - 984 f t )  [Alonso, 19751. 

Besides t h e  geologica l ,  r e s i s t i v i t y  and geochemical 
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P a r t  11. Cent ra l  America 

5. Overview of geothermal a c t i v i t y  i n  Cent ra l  America 

The fol lowing f i v e  coun t r i e s  c o n s t i t u t e  what is  commonly r e f e r r e d  t o  

as Cent ra l  America: Costa Rica, E l  Salvador, Guatemala, Honduras and 

Nicaragua. 

cluded. 

possesses  a c t u a l  or p o t e n t i a l  geothermal resources .  

Panama and Bel ize  (formerly B r i t i s h  Hondures) are sometimes i n -  

Each of t h e s e  coun t r i e s ,  with t h e  poss ib le  exception of Bel ize ,  

E l  Salvador has  assumed a leadersh ip  r o l e  i n  geothermal exp lo i t a t ion  

among t h e  Cent ra l  American coun t r i e s ,  having operated t h e  highly success fu l  

geothermal p o w e r  s t a t i o n  a t  AhuachapSn for over t h r e e  years. 

Salvadorenos are i n  t h e  process of expanding t h a t  p l an t  t o  a f u l l  95 MW i n -  

s t a l l e d  capac i ty  while moving ahead with an ambitious program of explora- 

t i o n  i n  t h e  eas t e rn  por t ion  of t h e  country.  

a b l e  t o  meet i ts  domestic demand for  e l e c t r i c i t y  by means of  i t s  indigenous 

hydroe lec t r i c  and geothermal power p l a n t s ,  thus  f r ee ing  t h e  country from 

dependence upon imported petroleum and f o s s i l  f u e l s  f o r  e l e c t r i c i t y  generat ion.  

The El 

By 1985 E l  Salvador w i l l  be 

Costa Rica is  explor ing and developing t h e  geothermal reg ions  i n  t h e  

Guanacaste province,  i n  p a r t i c u l a r  t h e  s i t e  a t  Las Horni l las  de Miraval les  

which appears q u i t e  promising. 

t h i s  area by 1985. 

A 40 MW geothermal p l an t  is  scheduled for  

Nicaragua i s  s i m i l a r l y  developing a promising s i t e  a t  Momotombo where 

a power p l an t  is expected t o  be b u i l t  i n  t h e  near  fu tu re .  

Guatemala, Honduras, and Panama a r e  also inves t iga t ing  s e v e r a l  poten- 

t i a l  geothermal s i t e s .  The prospects  f o r  geothermal development i n  t h e s e  

coun t r i e s  are known with l e s s  c e r t a i n t y  than i n  those  a l ready  mentioned. 
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A t o t a l  generat ing capac i ty  of  500 - 700 MW may be f e a s i b l e  f o r  t h e  

Cent ra l  American coun t r i e s  within 1 0  - 1 5  years ,  w i th  E l  Salvador most l i k e l y  

having between 70 - 90% of t h e  t o t a l .  
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6. E l  Salvador 

In 1977 geothermal energy c o n s t i t u t e d  14% of E l  Salvador 's  i n s t a l l e d  

electric genera t ing  capac i ty  and suppl ied  about one-third of t h e  e l e c t r i c i t y  

produced i n  t h e  country. The first 30 MW u n i t  a t  Ahuachapdn w a s  put i n t o  

opera t ion  i n  June 1975; t h e  second, a d u p l i c a t e  of t h e  first,  began gene- 

r a t i n g  e l e c t r i c i t y  a yea r  later. Construct ion is underway on u n i t  No. 3, 

a 35 MW separated-steam/f lash ("double-flash") p l an t .  Three o t h e r  si tes,  

Ber l in ,  Chinameca and San Vicente, may produce 100 MW each eventua l ly ,  and 

one a t  Chipi lapa may support  50 MW. 

A map of El Salvador is given i n  Fig. 16 which shows t h e  l o c a t i o n  o f  

t h e  geothermal sites which are being explored, t oge the r  with t h e  e x i s t i n g  

power p l a n t s ,  bo th  geothermal and conventional. 

6.1. Ahuachapdn 

The Ahuachapdn geothermal f i e l d  is loca ted  i n  t h e  western po r t ion  of 

E l  Salvador, 18  km (11 m i )  from t h e  Rio Paz which forms a por t ion  o f  t h e  

i n t e r n a t i o n a l  boundary between E l  Salvador and Guatemala. The power p l a n t  

is s i t e d  on moderately s lop ing  t e r r a i n  on t h e  nor thern  s i d e  of t h e  c o a s t a l  

vo lcanic  mountain chain which extends t h e  l eng th  of t h e  country. 

view of t h e  power p l a n t  and t h e  bore f i e l d  is  shown i n  Fig. 17. 

An aerial 

6.1.1. Geology 

Information gathered s i n c e  1965 when explora t ion  and deep d r i l l i n g  

began a t  Ahuachapdn i n d i c a t e s  t h a t  t h e  geothermal formation c o n s i s t s  es- 

s e n t i a l l y  of t h e  following l a y e r s :  

brown t u f f  and p y r o c l a s t i c s  ( t o p  50 m )  

a n d e s i t e s  (next 50 m) 

agglomerated t u f f  and p y r o c l a s t i c s  (next 20 - 150 rn) 
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and sit ext  50 - 100 m )  

young agglomerates (next 100 - 250 m) 

Ahuachapdn andes i t e s  (next  10 - 300 m ,  absent i n  parts) 

anc ien t  agglomerates (basement rock) .  

The young agglomerates se rve  as t h e  r e s e r v o i r  cap; t h e  Ahuachapdn andes i tes  

s e rve  as the aqu i f e r .  

The l i t h o l o g y  of t h e  formation is not  known p rec i se ly ,  bu t  Fig. 18 

shows a prel iminary vers ion t h a t  is sub jec t  t o  modification as new da ta  be- 

come ava i l ab le  [CuBllar, 19781. The geologic  c ross -sec t ion  shown i n  

Fig. 18 is taken looking no r th  a t  e s s e n t i a l l y  a west-east  e leva t ion .  

r evea l s  three f a u l t s  that cu t  across  t h e  f i e l d ,  t rending  north-northwest.  

It can be seen t h a t  t h e  aqu i f e r  s p l i t s  i n t o  two l a y e r s  toward t h e  eas t e rn  

por t ion  of  t h e  f i e l d .  A t  t h e  western s i d e ,  t h e  aqu i f e r  t h i n s  out  t o  a 

contac t  su r f ace  about 500 m (1640 f t )  below t h e  surface.  

It 

6.1.2. Well programs and ga ther ing  system 

A t o t a l  of 28 wel l s  have been completed a t  t h e  time of  t h i s  wr i t ing .  

The arrangement of t h e  wel l s  is  shown i n  Fig. 1 9 .  The casing programs f o r  

t y p i c a l  production and r e i n j e c t i o n  we l l s  a r e  shown i n  Fig. 20. 

formation is r e l a t i v e l y  hard,  for  about ha l f  of t h e  w e l l s  it is not  necessary 

t o  i n s t a l l  a s l o t t e d  production l i n e r ,  an open hole  being s u f f i c i e n t .  For 

r e i n j e c t i o n  wells, t h e  inner  casing is hung f r o m  t h e  sur face  (not  cemented) 

t o  allow f o r  easy removal i n  t h e  event t h a t  t h e  w e l l  may someday be used as 

a producer, 

t i o n s .  

may a l s o  be used f o r  r e i n j e c t i o n .  

Since t h e  

Table 4 conta ins  a summary of information on t h e  wel l  comple- 

"Dual-purpose" wells such as AH-8 and -17 a r e  producing wel l s  t h a t  

The d r i l l i n g  program f o r  wel l  AH-26 is given i n  Fig. 21. The wel l  was 

completed i n  49 days t o  a depth of 804 m (2638 f t ) ;  t h e  pene t ra t ion  r a t e  



-22- 

averaged about 2 m/h (6.6 f t / h ) .  

was reached a t  about 400 m (1312 f t ) ;  d r i l l i n g  proceeded with water t o  t h e  

f u l l  depth of  t h e  well .’  

D r i l l i n g  mud was used u n t i l  t h e  aqu i f e r  

The separa t ion  between t h e  w e l l s  is not  l e s s  than about 150 m (490 f t ) .  

Over the en t i r e  f i e l d  t h e  average spacing is roughly 23 ha (57 a c r e s )  per  

w e l l ,  al though i n  t h e  main, c e n t r a l  por t ion  of t h e  f i e l d  t h e  wells a r e  more 

densely spaced, 11 ha (28 acres) per  w e l l .  Figure 22 shows t h e  layout  of  

the production and r e i n j e c t i o n  wells as wel l  as t h e  loca t ion  of t h e  power 

house. The area t o  the south  of t h e  p lan t  is t h e  s i t e  of  numerous sur face  

thermal mani fes ta t ions  such as steam vents ,  ho t  sp r ings ,  bo i l i ng  pools and 

mud pools  ( s e e  Fig. 23). The p ipe l ines  are shown schematical ly  i n  Fig. 22 

and do no t  dep ic t  t h e  actual conf igura t ions  which include expansion bends 

( s e e  Fig.  17) .  

l i q u i d  r e i n j e c t i o n  l i n e s  are given i n  Table 5. 

The t r u e  lengths  and diameters of t h e  var ious steam and 

Table 6 g ives  production d a t a  on the t e n  wells which supply u n i t s  No. 1 

The wellhead sepa ra to r  pressure ,  l i q u i d  flow rate,  steam flow rate and 2. 

and t o t a l  flow rate are l i s t e d  f o r  t w o  time periods,  October 1976 and Apr i l  

1978. 

nea r ly  1 9 %  i n  October 1976. 

d e l i v e r s  35% steam. 

t i g h t  formation i n  t h e  neighborhood of t h i s  wel l  which l eads  t o  f l a sh ing  i n  

t h e  formation. The power p o t e n t i a l  of well AH-4 is 17  MW but only 13  M W  is  

being ex t r ac t ed  owing t o  a flow l i m i t a t i o n  imposed by the s i z e  of t h e  wellhead 

sepa ra to r .  

7 MW actual u t i l i z a t i o n .  

wells serv ing  u n i t s  No. 1 and 2 ,  both with and without r e i n j e c t i o n .  

is a photograph of t h e  wellhead equipment a t  w e l l  AH-20. 

The average wellhead q u a l i t y  is about 17% i n  Apr i l1978 ,  whereas it was 

The h ighes t  q u a l i t y  occurs  a t  w e l l  AH-26 which 

This  anomalous behavior is  probably caused by a r e l a t i v e l y  

Well A H - 2 1  is  a l s o  an exce l l en t  w e l l  wi th  a 9 MW p o t e n t i a l  and 

Figure 24 g ives  the  o v e r a l l  mass balance fo r  the 

Figure 25 
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The amount of  t o t a l  dissolved s o l i d s  i n  t h e  l i q u i d  a t  t h e  w e l l s  

averages about 18,400 ppm o r  1.84%. 

(10,430 ppm), sodium (5690 ppm) and potassium (950 ppm). 

The p r i n c i p a l  cons t i t uen t s  are chlor ide  

Table 7 l i s ts  the  

concent ra t ion  of a l l  impur i t ies  in t h e  l i q u i d  from nine  of t h e  t e n  w e l l s  

which supply u n i t s  N o .  1 and 2. (Data on w e l l  AH-24 w a s  no t  a v a i l a b l e . )  

Table 8 g ives  the average concent ra t ions  f o r  t h e  cons t i t uen t s  f o r  t h e s e  

n ine  w e l l s .  

Noncondensable gases  amount t o  0.05% by weight of  t h e  t o t a l  w e l l  flow; 

0.2% by weight of t h e  steam f l o w .  The composition of  t h e  noncondensable 

gases  is given below, where t h e  percentages shown are on a volumetric b a s i s :  

carbon dioxide,  C02.  . . . . . . .  86.8% 

hydrogen s u l f i d e ,  H2S. . . . . . .  1 2 . 1 %  

hydrogen, H2 . . . . . . . . . . .  0.126% 

n i t rogen ,  N2 . . . . . . . . . . .  0.05% 

. . . . . . . . . .  
1% 

ammonia, NH3 

. . . . . . . . . .  *I methane, CH4 

P r io r  t o  en te r ing  t h e  power house, t h e  steam passes  through a f i n a l  

moisture separa tor .  Table 9 g ives  t h e  concentrat ion o f  t h e  var ious  elements 

found i n  t h e  l i q u i d  which set t les  i n  t h e  r ece ive r  t r a p  a t  t h e  moisture 

separa tor .  

sate a t  t h e  condenser hot w e l l .  

Also included i n  Table 9 is t h e  composition of t h e  steam conden- 

6.1.4. Energy conversion systems for u n i t s  No. 1 and 2 

The layout  of  t h e  power house, switch yard and cooling towers is shown 

i n  Fig. 26. The cool ing towers a r e  or ien ted  such t h a t  t h e  preva i l ing  wind 

c a r r i e s  t h e  plumes away from t h e  power house and t ransformers .  Two steam 
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r e c e i v e r s  (one f o r  each u n i t )  are loca ted  between t h e  cool ing towers f o r  

u n i t s  No. 1 and 2 a t  t h e  end f u r t h e r  from t h e  p lan t .  

t r a v e l s  by means of  e leva ted  p ipe l ines  t o  t h e  f i n a l  moisture separa tors  and 

thence t o  t h e  tu rb ines .  

The co l l ec t ed  steam 

A cross-sec t iona l  view of t h e  tu rb ine ,  a product o f  Mitsubishi  Heavy 

I n d u s t r i e s ,  Ltd. ,  is  shown i n  Fig. 27. It is a 5-stage,  double-flow, 

impulse-reaction machine, housed i n  a s i n g l e  cy l inder .  

b lade  he ight  is  520 mm (20.5 i n ) .  

t h e  first two u n i t s .  

The l a s t  s t age  

I d e n t i c a l  machines are used f o r  each o f  

A schematic flow diagram f o r  each u n i t  is given i n  Fig.  28. Five 

wells supply each u n i t ;  steam is separated by means of a simple Webre-type 

cyclone sepa ra to r  with t h e  steam passing through a b a l l  check valve p r i o r  

t o  en te r ing  t h e  steam transmission p ipe l ine .  

low-level,  d i rec t -contac t  condenser which i s  f i t t e d  with a s l a n t e d  barometric 

pipe,  

t h e  t u r b i n e  bui ld ing  f o r  ease of a c c e s s i b i l i t y  t o  c i r c u l a t i n g  pumps, water 

t rea tment  equipment, etc. 

Each t u r b i n e  exhausts t o  a 

This feature al lows t h e  condenser hot wel l  t o  be loca ted  adjacent  t o  

A 2-stage,  steam e j e c t o r  gas-extract ion system is  connected t o  t h e  gas  

coo le r  s ec t ion  of  t h e  condenser. 

t r a c t o r s  arranged i n  p a r a l l e l ,  one of  which se rves  as a stand-by system. 

For each u n i t ,  t h e r e  are two s e t s  of ex- 

The cool ing towers are of  t h e  cross-flow, mechanically-induced d r a f t  

type.  

e x t e r i o r  of the s tacks .  

Each has f i v e  c e l l s  anduses  wood packing with f i b e r g l a s s  f o r  t h e  

The technical p a r t i c u l a r s  f o r  u n i t s  No. 1 and 2 a r e  l i s t e d  i n  Table 10.  

The geothermal energy resource u t i l i z a t i o n  e f f i c i e n c y ,  Q,, may be computed 

using t h e  da t a  from Table 6 f o r  Apr i l  1978 and an output of  60 MW, r e l a t i v e  

t o  a s ink  condi t ion a t  22.OoC (71.6OF), t h e  design wet-bulb temperature. 
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= 37%. The o v e r a l l  steam consumption for t h e  p lan t  ’ For t h e s e  condi t ions  

is about 7.6 Mg/MW-h (16.8 lbm/kW-h). 

6.1.5. Proposed energy conversion system f o r  u n i t  No. 3 

The t h i r d  u n i t  f o r  Ahuachap6n was o r i g i n a l l y  planned t o  be a 30 M W ,  

low-pressure u n i t  t h a t  would have operated on steam f lashed  from separated 

bore l i q u i d .  

supply grew, it w a s  decided t o  i n s t a l l  a dual-pressure u n i t  t h a t  would be 

suppl ied with medium-pressure (MP) steam from wel l s  toge ther  with low- 

pressure  (LP) steam from f l a shed  l i q u i d .  

w e l l .  

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

The u n i t  was upgraded t o  35 MW as 

A highly-s implif ied flow diagram f o r  u n i t  No. 3 is given i n  Fig. 29.  

Hot water a t  t h e  wellhead sepa ra to r  pressure  is  drawn from e igh t  wells i n t o  

two hor i zon ta l  f l a s h  vesse ls .  

a p a i r  of b a l l  check valves  and flows t o  a LP-steam header. 

steam produced by separa t ion  a t  t h r e e  wells is  mixed with MP steam from t h e  

header f o r  t h e  e x i s t i n g  u n i t  No. 2 i n  a new MP-steam header. Provision is 

made f o r  f l a sh ing  a por t ion  o f  t he  MP steam f r o m  t he  MP header down t o  t h e  

LP header,  i f  necessary.  The MP steam is admitted t o  t h e  tu rb ine  entrance 

after being scrubbed of  moisture;  t h e  LP steam is admitted t o  t h e  tu rb ine  a t  

a pass-in sec t ion .  

steam e j e c t o r ;  a s i n g l e  steam ejector is used t o  purge t h e  tu rb ine  gland s e a l s .  

Steam t h u s  generated leaves  each vesse l  through 

In add i t ion ,  MP 

Gas ex t r ac t ion  is c a r r i e d  out  by a conventional 2-stage 

Figure 30 shows t h e  genera l  arrangement of u n i t  No. 3 as envisioned by 

t h e  F u j i  Electric Company, Ltd.; e l eva t ion  views A-A and B-B taken i n  Fig. 30 

a r e  shown i n  Fig. 31. 

pora te  u n i t  No. 3,  with t h e  new cooling tower al igned t o  conform with those 

for  t h e  f i r s t  two u n i t s .  

The present  p o w e r  house w i l l  be extended t o  incor-  
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The t u r b i n e  w i l l  be  of  t h e  dual-pressure,  double-flow type  i n  a 

s i n g l e  cy l inde r  wi th  the medium-pressure sec t ion  cons i s t ing  of  t h r e e  s t a g e s  

( e s s e n t i a l l y  impulse b lad ing)  followed by t h e  low-pressure sec t ion  of fou r  

impulse-reaction s tages .  

[Fu j i ,  19771. 

at  60 hz with a 0.875 ( lagging)  power f a c t o r .  

Figure 32 is  a s e c t i o n a l  drawing of t h e  tu rb ine  

The genera tor  w i l l  be a i r -cooled,  r a t e d  a t  40,000 kVA, 13.6 kV, 

Table 11 lists the technical s p e c i f i c a t i o n s  f o r  t h e  t h i r d  u n i t ,  as 

The new u n i t  is under cons t ruc t ion  and is ex- a n t i c i p a t e d  a t  t h i s  time. 

pected t o  begin genera t ing  e l e c t r i c i t y  e a r l y  i n  1980. 

t h a t  is now ava i l ab le ,  t h e  geothermal resource u t i l i z a t i o n  e f f i c i ency ,  II , 
w i l l  be approximately 42%. This value has been est imated on a number o f  

assumptions and should be r eca l cu la t ed  a f t e r  t h e  u n i t  begins  opera t ing  and 

the a c t u a l  thermodynamic condi t ions  are known accura te ly .  

t o  no te  that the three u n i t s ,  taken toge the r ,  w i l l  have an e f f i c i e n c y ,  

According t o  t h e  da t a  

U 

It is i n t e r e s t i n g  

= 43%, on the condi t ion t h a t  t h e  13 wells which supply t h e  p l an t  have 

average condi t ions  matching t h e  10 wells now serv ing  u n i t s  No. 1 and 2. 

6.1.6. Auxil iary turbo-generator  u n i t  

The Ahuachapdn p lan t  is  furn ished  with a 1.1 MW noncondensing auxi-  

l i a r y  turbine-generator  set. 

water is needed t o  opera te  t h e  u n i t ,  it i s  used f o r  s t a r t - u p  purposes from 

cold condi t ions.  

a i r -cooled l u b r i c a t i n g  o i l  system. A l l  mechanical, e l e c t r i c a l  and con t ro l  

elements are mounted on a s i n g l e  platform. 

t h e  a u x i l i a r y  u n i t  may be found i n  Table 1 2  [ M H I I .  

Since no ex te rna l  power source nor any cool ing 

The u n i t  is equipped with a s i n g l e  Cur t i s  s t age  with an 

The t echn ica l  p a r t i c u l a r s  f o r  

6.1.7. Mater ia ls  of cons t ruc t ion  

The cas ings  f o r  t h e  wells a r e  5-55 API s tandard weight pipe.  The 

The d r i l l i n g  cement used t o  secure t h e  cas ings  is  s t r a i g h t  Portland cement. 
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mud i s  of the Bentoni t ic  type ,  with coconut husks, cof fee  bean s h e l l s ,  mica, 

e t c .  being added t o  seal o f f  loss -of -c i rcu la t ion  zones during d r i l l i n g .  

The p ipes  which ca r ry  t h e  geothermal steam are f ab r i ca t ed  from ASTM 

A-53 Grade B seamless carbon s t e e l  pipe.  The ve loc i ty  of t h e  steam is kept 

below 50 m / s  (164 f t / s ) .  Blocks of calcium s i l i c a t e  are used t o  i n s u l a t e  

t h e  steam pipes .  These are wired onto t h e  p ipes ,  covered with composite 

k r a f t  paper/aluminum shee t  (which acts as a vapor b a r r i e r ) ,  and enclosed 

wi th in  a j acke t  o f  galvanized steel. The th ickness  o f  t h e  in su la t ion  depends 

on t h e  p ipe  s i z e  as fol lows:  

Pipe diameter Insu la t ion  th ickness  

305 1 2  

m 

80 

i n  

3.15 

- 

406 16 80 3.15 

508 20 100 3.94 

Pipes car ry ing  waste l i q u i d  t o  t h e  r e i n j e c t i o n  wells a r e  not  insu la ted .  

Ci rcu la t ing  kater i n  t h e  p l an t  is c a r r i e d  by 304 s t a i n l e s s  s teel  

pipes;  steam pipes  i n  t h e  p lan t  are made of 316 s t a i n l e s s .  

are of 1 3  C r  a l loy s teel  with s te l l i t e  i n s e r t s  where needed. 

Turbine blades 

Cooling 

towers contain redwood packing, Sodium hydroxide is  used f o r  pH cont ro l .  

6.1.8. Ef f luent  and emissions handling systems 

Two methods are used for  d i sposa l  of t h e  waste l i q u i d  from t h e  p lan t .  

One method is  r e i n j e c t i o n ;  t h e  o t h e r  is  discharge t o  t h e  Pacific Ocean through 

a covered concrete  channel, 1 m (11 f t  ) i n  c ross -sec t iona l  a rea  and 75 km 2 2 

(47 m i )  i n  length.  

Four we l l s  cu r ren t ly  serve  as r e i n j e c t e r s  ( see  Table 5 and Fig. 2 2 ) .  

The t o t a l  amount of l i q u i d  being r e i n j e c t e d  ( f o r  60  MW capac i ty )  is 
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368.8 kg/s (5846 gal/min),  and c o n s t i t u t e s  about 63% of  t h e  waste l i q u i d  

which is discharged from t h e  p l an t .  

d i r e c t l y  from t h e  wellhead sepa ra to r s ,  a t  t h e  pressure  o f  t h e  separa tor ,  

and piped t o  t h e  r e i n j e c t i o n  wells without t h e  a i d  of  booster  pumps and 

without chemical t reatment  o r  exposure t o  t h e  atmosphere. The temperature 

of t h e  l i q u i d  is no t  lower than  15OOC (302OF), and t h u s  mineral  deposi t ion 

has  been avoided in the r e i n j e c t i o n  lines and the wells [Einarsson, -- e t  a l ,  

19751. 

s i n c e  r e j e c t i o n  was s t a r t e d  i n  1975. 

The l i q u i d  t o  be r e i n j e c t e d  is taken 

6 Over 1 3  x 10  Mg (29 X l o 9  lbm) have been re turned  t o  t h e  formation 

The remainder of t h e  l i q u i d  waste including steam condensate from t h e  

t u r b i n e s  is c a r r i e d  through a discharge channel from t h e  p l an t ,  around, 

over  and’through the mountains, eventually t o  t h e  ocean. The channel passes  

c l o s e  t o  t h e  Rio Paz on t h e  western border of E l  Salvador, and for  a time 

( u n t i l  t h e  channel was completed) a s h o r t  connection between t h e  channel 

and the Rio Paz allowed t h e  waste water t o  be  disposed of in t h a t  r i v e r .  

This  was a temporary and no t  wholly s a t i s f a c t o r y  so lu t ion .  

per iod ,  it w a s  necessary a t  t imes t o  c u r t a i l  t h e  output  of t h e  Ahuachapdn 

p l a n t  i n  order  t o  avoid exceeding t h e  allowable l i m i t s  on a r s e n i c  and boron 

i n  t h e  Rio Paz which is used f o r  i r r i g a t i o n  and o t h e r  purposes. 

p l e t ed  aquaduct conta ins  s ix t een  siphons (made from s e c t i o n s  of p ipe)  t o  

c a r r y  t h e  f l u i d  over h i l l s  and through va l l eys  across  t h e  rugged t e r r a i n  

t h a t  l i e s  between t h e  p lan t  and t h e  Pac i f i c  Ocean. 

of t h e  channel is concrete ,  with 10% being pipe.  

as t o  minimize t h e  average s lope  of  t h e  channel. 

During t h i s  

The com- 

About 90% of  t h e  length  

The r o u t e  was chosen so 

There are two l abyr in th  r e t e n t i o n  tanks i n  t h e  bo re f i e ld  which provide 

a s e t t l i n g  time of 50 - 60 minutes before  t h e  waste water e n t e r s  t h e  channel. 

One of t h e s e  is loca ted  between w e l l s  AH-1 and AH-25 (see  Figs. 22 and 33);  
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it rece ives  a l l  t h e  l i q u i d  from w e l l  A H - 2 2  and p a r t  of  t h e  l i q u i d  from AH-4.  

As can be seen from t h e  photograph i n  Fig.  33, t h e  tank i s  open rendering it 

considerably e a s i e r  t o  clean than t h e  channel which is covered with removable 

concre te  s l a b s .  

( s e e  Fig. 2 2 ) .  

t i v e  means of con t ro l l i ng  t h e  depos i t ion  of s i l ica  i n  t h e  e f f l u e n t  l i n e s  used 

f o r  sur face  d i sposa l  of t h e  waste l i q u i d  [Cu&llar ,  19751.  

The o the r  s e t t l i n g  tank is  loca ted  j u s t  no r th  of w e l l  AH-6 

The use of s e t t l i n g  tanks has been shown t o  be a very effec- 

There are no emissions con t ro l s  on hydrogen s u l f i d e  which reaches con- 

From personal  ob- cen t r a t ions  of 1-4 ppm a t  t h e  boundary of t h e  p l an t  s i t e .  

s e rva t ion ,  t h e  odor of H2S is no t i ceab le  but no t  ob jec t ionable  downwind of  

t h e  power house and cooling towers. 

of noncondensables are e j ec t ed  a t  f u l l  output .  

which e n t e r s  a t  t h e  tu rb ine  gland seals and i n  t h e  d i rec t -contac t  condenser 

from t h e  cool ing water.  O f  t h i s  amount, roughly 95  kg/h ( 2 1 0  lbm/h) of H 2 S  

is emit ted,  o r  1580 g/MW*h (3 .5  lbm/MW*h), on a s p e c i f i c  power bas i s .  

A minimum of  about 100  kg/h (2200 lbm/h) 

This does not  include ail. 

In regard t o  t h e  genera l  environmental impact of t h e  p l a n t ,  it is t h e  

w r i t e r ' s  opinion,  again based on observat ion,  t h a t  t h e  des igners  have done an 

admirable job of minimizing t h e  adverse effects poss ib le  from such a p l an t .  

Although t h e  p l an t  s i t e  is spa r se ly  populated,  t h e  c i t y  of Ahuachapdn is only 

a f e w  ki lometers  away and a few families a c t u a l l y  l i v e  on t h e  p lan t  property.  

These inhab i t an t s  make use of  t h e  hot  spr ings  f o r  var ious domestic purposes 

and graze t h e i r  c a t t l e  among t h e  wellheads and steam pipes  of t h e  boref ie ld .  

The use of acovered  waste l i q u i d  channel and t h e  c a r e f u l  design and arrangement of 

t h e  wellhead equipment have cont r ibu ted  t o  a not iceable  lack  of despoi la t ion  

of t h e  countryside and a reasonable harmonization of technology and na ture .  
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6.1.9. Economic factors 

The a c t u a l  c a p i t a l  c o s t s  f o r  u n i t s  N o .  1 and 2 and t h e  estimated c a p i t a l  

c o s t s  f o r  u n i t  No. 3 are given i n  Table 13. The average i n s t a l l e d  capi ta l  

cost per k i lowat t  of  capac i ty  f o r  t h e  first two u n i t s  is  about $825/kW, in-  

c luding t h e  $10 M c o s t  of t h e  waste d i sposa l  channel. Table 1 4  conta ins  a 

summary of t h e  c o s t  of  e l e c t r i c i t y  generat ion a t  Ahuachap6n over t h e  h i s t o r y  

of t h e  p l an t .  

c lude i n t e r e s t  payments (which are made) or t axes  (which are no t  pa id ) .  

It must be s t r e s s e d  t h a t  t h e  f i g u r e s  given t h e r e  do not  in -  

Even S O ,  e l e c t r i c i t y  produced from geothermal energy c o n s t i t u t e s  a very in -  

expensive source f o r  E l  Salvador, as t h e  round f i g u r e s  below f o r  a l t e r n a t i v e  

sources  show: 

Type of  power p l an t  Cost of e l e c t r i c i t y  

U.S. mill/kW-h 

Hydroelectr ic .  . . . . . . . . . . .  4 

Geothermal . . . . . . . . . . . . .  6 

Thermal (Bunker C o i l )  . . . . . . .  25 

Gas tu rb ine  (Diesel)  50 . . . . . .  I I 
Financing of t h e  p ro jec t  has been through loans  from t h e  World Bank 

[Sheehan, 19773, C.E.L.  bonds, and cash. 

6.1.10. Operating experience 

The opera t ion  of t h e  Ahuachapdn geothermal power p l an t  has been highly 

successfu l .  The p l an t  is a v i t a l  l i n k  i n  t h e  e l e c t r i c i t y  supply system of 

E l  Salvador. 

e l e c t r i c ,  thermal ( f o s s i l  f u e l )  and geothermal. A s  can be seen from t h e  

f i g u r e s  below, t h e  Ahuachapdn p lan t  c o n s t i t u t e s  about 1 4 %  of  t h e  r a t e d  

The country r e l i e s  on t h r e e  types  of power s t a t i o n s :  hydro- 



-31- 

i n s t a l l e d  e lec t r ic  genera t ing  capac i ty .  However, during t h e  d ry  season when 

t h e  a c t u a l  capac i ty  of t h e  hydro p l a n t s  f a l l s  t o  about 50% of  t h e i r  r a t e d  

va lue ,  t h e  geothermal u n i t s  amount t o  nea r ly  20% of  t h e  a c t u a l  capac i ty .  

P lan t  Type Unit N a m e  

Hydroelectric Cerron Grande No. 1 and 2 

P lan t  of  November 5 th  

Guajoyo 

Thermal Acaj u t l a  

Soyapango (gas  t u r b i n e )  

Gas Turbines 

Geothermal Ahuachapdn No. 1 and 2 

Capacity 

135 MW 

82 MW 

15  M W  

63 MW 

59.6 M W  

6.6 M W  

60 MW 

1977 T o t a l  i n s t a l l e d  capaci-y . . . . 

1 
I 
. .  

Tota ls  

232 MW 

128.2 MW 

60 M W  

420.2 MW 

The e lec t r ica l  genera t ion ,  annual capac i ty  f a c t o r s ,  and t h e  percentage 

of  t o t a l  genera t ion  i n  E l  Salvador of  t h e  u n i t s  No. 1 and 2 a t  Ahuachap6n are 

given below. Note t h a t  u n i t  No. 1 began i n  June 1975 and u n i t  No. 2 began i n  

June 1976. 

Year Electrical  Generation Capacity Fac tor  % Tota l  Generation 

1975 72,331 MW-h 47% 11.8% 

1976 279,800 t.1W.h 67% 25.4% 

1977 400,051 MW-h 76% 32.3% 

The geothermal p l an t  has  been e s s e n t i a l l y  f r e e  of major breakdowns. 

This  i s  r e f l e c t e d  i n  an a v a i l a b i l i t y  f a c t o r  of  95% based on outages caused 



-32- 

6 -1 

Plant  Capacity Factor  A v a i l a b i l i t y  Factor 

Cerron Grande 55% 96% 

November 5 th  43% 93% 

Gua joy0 65% 93% 

by breakdowns alone;  i . e . ,  a v a i l a b i l i t y  = ( t o t a l  hours - outage hours caused 

by breakdowns)/total  hours.  

w i th  breakdown outage,  t h e  a v a i l a b i l i t y  f a c t o r  is 84%. 

par i son ,  t h e  following f i g u r e s  are f o r  1977 f o r  t h e  hydroe lec t r i c  p l an t s ,  

which are gene r i ca l ly  noted f o r  high r e l i a b i l i t y :  

When scheduled maintenance i s  included along 

For t h e  sake of  com- 

A complete overhaul of each u n i t  is  carried out  once every t w o  years. 

It t a k e s  about one month t o  complete each inspect ion.  Scheduled in spec t iocs  

are timed t o  co inc ide  with t h e  w e t  season so t h a t  s u f f i c i e n t  hydroe lec t r i c  

capac i ty  is available. 

and c leaning  a t  least  once per  yea r ,  with each w e l l  being v i s i t e d  on a r3- 

t a t i n g  basis. 

Wellhead equipment is given a thorough inspec t ion  

It t a k e s  about one month t o  cover a l l  t h e  w e l l s .  

The maintenance o f  t h e  b o r e f i e l d  i s  handled by t h e  following teams: 

gene ra l  maintenance by one engineer  and n ine  mechanics; measurements by one 

engineer  and seven persons; opera t ions  by one engineer  and s i x  persons. 

geothermal p l an t  is  maintained by f i v e  engineers  and 77 persons.  

The 

There have been r e l a t i v e l y  f e w  problems with t h e  operat ion of  t h e  

p l a n t .  

t h e  1st and 2nd s t a g e  buckets.  

gas  ex t r ac t ion  system s p l i t  a long a weld which had been exposed t o  t h e  d i -  

rec t  impingement o f  t h e  flow from t h e  2nd-stage e j e c t o r .  The power t r ans -  

The steam f i l t e r s  f o r  t h e  No. 1 t u r b i n e  f a i l e d  and caused danage t o  

The s h e l l  of  one of  t h e  a f t e r c o o l e r s  i n  t h e  

former f o r  t h e  No. 2 u n i t  f a i l e d  i n  June 1978. These have been t h e  only 

major f a i l u r e s  o f  t h e  energy conversion equipment during t h e  t h r e e  years  of 

opera t  ion. 
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In t h e  case o f  t h e  w e l l s  and ga ther ing  system, t h e r e  has been some 

t r o u b l e  with premature f a i l u r e  of some of  t h e  rup tu re  d i sks .  

( 1 2  i n )  diameter,  3 mm (1/8 i n )  t h i c k  aluminum d i s k s  have developed p i t s  

and f a i l e d ,  r equ i r ing  a shut-down of t h e  w e l l .  

l i k e l y  by a combination o f  stress cracking and f a t i g u e .  

va lves  w i l l  b e  i n s t a l l e d  on t h e  N o .  3 u n i t  and back-f i t t ed  on u n i t s  No. 1 

and 2 i f  these prove t o  be an improvement. 

In add i t ion ,  one of  t h e  i n l e t  elbows on a wellhead sepa ra to r  gave 

F i n a l l y  t h e r e  was a co l l apse  and erupt ion  o f  w e l l  AH-24 i n  November 

The damage has been r epa i r ed  and both  

These 305 mm 

The f a i l u r e s  are caused most 

Pressure r e l i e f  

way. 

1976 and w e l l  AH-20 i n  Apr i l  1978. 

wells are i n  production a t  t h e  present  time [Cugllar ,  19781. 

During t h e  19 months from October 1976 t o  Apr i l  1978, t h e r e  has  been 

l i t t l e  change i n  the t o t a l  geof lu id  mass flow r a t e  ( s e e  T a b l e  6 ) .  

t h e  o r i g i n a l  fou r  (4 )  wells feeding u n i t  No. 1 showed an increase  o f  7.8%, 

while  t h e  f ive  (5 )  w e l l s  se rv ing  u n i t  No. 2 dropped by 5%; o v e r a l l ,  t h e  to -  

t a l  flow increased by 1.8%. In t h a t  t i m e  per iod a new well was brought on- 

stream (AH-24), bu t  t h e  percentages quoted above have excluded t h e  flow 

from t h i s  well. 

wells. Well AH-25 has  no t  produced geof lu id  even though it is loca ted  

wi th in  200 m (650 f t )  of fou r  h ighly  product ive w e l l s .  Most l i k e l y  t h e r e  

is a l o c a l  zone o f  impermeable material surrounding t h i s  p a r t i c u l a r  w e l l .  

A l l  o t h e r  dry  wells were a t  t h e  per iphery o f  t h e  f i e l d  and served t o  de f ine  

t h e  l i m i t s  of t h e  producing r e s e r v o i r  ( s e e  Table 4 and Fig. 19) .  

In f ac t ,  

There has been no plugging o f  production o r  r e i n j e c t i o n  

It has been shown by tests t h a t  t h e  p r a c t i c e  o f  f l u i d  r e i n j e c t i o n  

p lays  an important r o l e  i n  rcaintaining r e s e r v o i r  pressure.  

seem necessary t o  r e i n j e c t  a l l  of t h e  waste l i q u i d ,  it is e s s e n t i a l  t o  con- 

t r o l  t h e  amount being r e i n j e c t e d  r e l a t i v e  t o  t h e  amount of f l u i d  being 

While it does no t  
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withdrawn. 

i n j ec t ed ;  a f t e r  t h e  No. 3 u n i t  comes i n t o  se rv ice ,  t h i s  percentage w i l l  f a l l  

t o  about 30%. 

f i e l d ,  downstream of t h e  assumed 

[Romagnoli, -- et a l ,  19751. 

way upward between t h e  r e i n j e c t i o n  w e l l  cas ing  and t h e  bore hole  ( s e e  Fig. 2 0 ) ,  

A t  p resent  about 63% of  t h e  waste l i q u i d  from t h e  p l an t  is  re- 

Rein jec t ion  wells have been s i t e d  a t  t h e  per iphery of  t h e  

northwestward recharge flow i n  t h e  a q u i f e r  

In some ins t ances ,  t h e  r e i n j e c t e d  f l u i d  f i n d s  i t s  

t h u s  flowing i n t o  t h e  r e s e r v o i r  i n s t ead  o f  i n t o  t h e  basement as intended. 

Rein jec t ion  may a l s o  have cont r ibu ted  t o  t h e  l ack  o f  t r o u b l e  wi th  subsidence,  

although the formation is r e l a t i v e l y  hard and should no t  be sub jec t  t o  s i g n i -  

f i can t  subsidence i n  any event .  

6.2. Other areas of poss ib l e  exp lo i t a t ion  i n  E l  Salvador 

In o rde r  t o  he lp  keep pace with t h e  11% growth ra te  i n  e lectr ical  de- 

mand, E l  Salvador is  explor ing fou r  a d d i t i o n a l  geothermal areas. 

t o t a l  generat ion from a l l  types  o f  power p l a n t s  and t h e  maximum demand are 

shown below f o r  1975 and pro jec ted  t o  1980: 

The a c t u a l  

1975 ( a c t u a l )  1980 (p ro jec t ed )  

To ta l  e lec t r ica l  generat ion . . . . 965.9 GW* h . . . . . 1864.7 GW*h 

351 MW Maximum demand. . . . . . . . . . . 183.5 M W  . . . . .  

To meet t h i s  expected demand, C . E . L .  p lans  t o  have on-line i n  1980 a t o t a l  

capac i ty  of  455.2 Mb: with 95 MW being i n s t a l l e d  a t  Ahuachapsn. 

t h e  i n s t a l l e d  e lec t r ica l  capac i ty  i n  1980 w i l l  be geothermal. 

Thus 21% of 

The s i t e s  a t  which f u t u r e  geothermal power s t a t i o n s  may be loca ted  

are b r i e f l y  descr ibed i n  t h e  next  s ec t ions .  
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1 This  f i e l d  is loca ted  i n  eas t e rn  E l  Salvador,  about 90 km (56 m i )  

from San Salvador,  18 km (11 mi) east of t h e  R i c  Lempa, and 6 km ( 4  m i )  south 1 
o f  t h e  Pan American Highway. 

with Ahuachapdn i n  1965 when t w o  deep wells were d r i l l e d .  

Exploration took p lace  a t  Berlzn simultaneously 

The t e r r a i n  is 

considerably more rugged than t h a t  a t  Ahuachapsn, and t h i s  fact influenced 

t h e  dec is ion  t o  proceed with Ahuachap6n f o r  t h e  first geothermal power p l a n t ,  

al though t h e  r e s u l t s  of t h e  e a r l y  explora tory  s t u d i e s  a t  Ber l in  were en- 

couraging. 

(5900 f t )  and encountered a temperature o f  271OC (52OOF). 

Ber l in  conta ins  roughly 10 ,000  ppm (1%) of t o t a l  d isso lved  s o l i d s .  

is  expected t o  be t h e  s i t e  of t h e  next  ( i . e . ,  t h e  f o u r t h )  geothermal u n i t  i n  

The first deep w e l l  w a s  d r i l l e d  t o  a depth of about 1800 m 

The geof lu id  a t  

This a r e a  

E l  Salvador by 1984-1985. Exploration is cont inuing a t  t h e  s i t e .  Its u l t i -  4 
mate capac i ty  is est imated t o  be 100 M W ( e ) .  

6.2.2. Chinameca 

This  f i e l d  is  about 20 km (12 mi) east of Ber l in  and 1 7  km (11 m i )  west 

of  t h e  c i t y  o f  San Miguel. Exploration is  p resen t ly  underway. It is ex- 

pected t h a t  a geothermal power u n i t  w i l l  be  opera t ing  t h e r e  by 1985. It may 

eventua l ly  support  100 MW(e). 1 
6.2.3. San Vicente 

The San Vicente geothermal f i e l d  i s  loca ted  i n  eas t - cen t r a l  E l  Salvador,  

50 km (31  m i )  east o f  San Salvador and 40 km (25 m i )  west-northwest o f  Ber l in .  

Extensive explora t ion  a c t i v i t y  is  t ak ing  place.  The p o t e n t i a l  of  t h i s  s i t e  is  

est imated a t  100 M W ( e ) .  

6.2.4. Chipilapa 

This area is  about 5 km ( 3  mi) east o f  t h e  AhuachapSn 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. Chipi lapa may I 
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be p a r t  of t h e  same geothermal f i e l d  as Ahuachapdn and is expected t o  develop 

about 50 MW(e) in t h e  fu tu re .  
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7. Costa Rica 

The geothermal development program in CostamRica is d i r ec t ed  by t h e  

I n s t i t u t o  Cos tar r icense  de E lec t r i c idad  ( I . C . E . )  and has concentrated on t h e  

Guanacaste province i n  t h e  northwestern p a r t  of  t h e  country.  The geothermal 

area extends f o r  30 km (19 mi) a long t h e  f lank  of a chain of  a c t i v e  volcanoes 

[Furgerson and Afonso L . ,  19771. 

c o n s i s t s  of  a c o a s t a l  b e l t  o f  Mesozoic marine sedimentary rocks and ophio- 

l i t e s ,  an i n t e r i o r  lowland of  Mesozoic and Lower Te r t i a ry  sedimentary rock, 

and an i n t e r i o r  c o r d i l l e r a  of Upper T e r t i a r y  and Quaternary volcanic  rocks 

[Corrales ,  -- e t  a l ,  19771. 

s i s t i n g  of a series of Quaternary a n d e s i t i c  s t ra tocone  volcanoes t h a t  s t r e t c h e s  

from Panama t o  Guatemala [Blackwell, -- e t  a l ,  19771. 

volving heat flow, temperature g rad ien t ,  geochemical, electrical  and hydro- 

l o g i c a l  i n v e s t i g a t i o n s  i s  being c a r r i e d  out  i n  t h e  southwestern por t ion  of  

t h e  Cord i l l e r a  de Quanacaste. P a r t i c u l a r  a t t e n t i o n  is  being given t o  t h e  

areas of Las Horni l las  de Miraval les ,  Las Pailas and Borinquen, where some 

d r i l l i n g  has been conducted [Blackwellyet  -- a1 19771. 

The geology of  northwestern Costa Rica 

The c o r d i l l e r a  is an i s l and  arc volcanic  chain con- 

An in t eg ra t ed  program in-  

W 

A t o t a l  of 35 explora tory  w e l l s  have been sunk i n  t h e  a rea ;  24  of 

t h e s e  have been t o  depths o f  50 m (164 f t )  o r  less and 9 of  t hese  have ex- 

ceeded 90 m (295 f t ) .  

power p l an t  is  scheduled by I .C .E .  t o  be i n s t a l l e d  by 1984-1985 [Kuwada, 19781. 

Active development is underway and a 40 MW geothermal 

7.1. Las Horni l las  de Miravalles 

Geochemical s t u d i e s  have revea led  t h e  p o s s i b i l i t y  of  a deep, ch lor ina ted  

a q u i f e r  with r e s e r v o i r  base temperatures as high as 24OOC (464OF) [Gardner and 

Corra les ,  19771. 

chemical compositions) and cool  (b icarbonate)  spr ings  o f t en  appear i n  c lose  

Surface mani fes ta t ions  such as hot  spr ings  (of var ious 
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proximity. 

tems which discharge a t  t h e  su r face  through f a u l t s .  

r a i n f a l l  i n  t h e  area near  t h e  crest of t h e  volcanic  c o r d i l l e r a ,  permeable 

near-surface rocks,  and evidence of excess water i n  both t h e  shallow and 

deep groundwater system, a d d i t i o n a l  s t u d i e s  are requi red  t o  confirm t h a t  

s u f f i c i e n t  recharge is present  t o  support  l a r g e  f l u i d  withdrawal rates t h a t  

would accompany a geothermal power p l a n t  i n  t h e  area. 

These may b e  fed  from separate deep and shallow c i r c u l a t i o n  sys- 

Although t h e r e  is heavy 

Active fumaroles cover an area of 50 ha (124 acres), with ind ica t ions  

t h a t  t h e  e n t i r e  fumarole zone extends t o  about 200 ha (494 ac res ) .  

t u r e  g rad ien t s  a t  shallow depths  exceed 1°C/m (0.5OF/ft), o r  about 30 times 

the average normal g rad ien t ,  over an area of 200 ha (494 a c r e s ) ;  t h e  gradi-  

en t  measured a t  depths  of 50 - 100 m (164 - 328 f t )  exceeds 0.4OC/m (0.2OF/ft)  

over  an area of a t  least 1000 ha (2471 acres). 

temperature of 1 5 O O C  (302OF) a t  a depth o f  200 m (656 f t )  [Blackwell, -- e t  a l ,  19771. 

Tempera- 

The deepest  ho le  showed a 

Beginning i n  November 1978, af ter  t h e  w e t  season comes t o  an end, a 

program of deep d r i l l i n g  w i l l  commence. 

has  been programmed, which should al low f o r  t h e  completion of fou r  wells 

s i n c e  the a q u i f e r  is est imated t o  l i e  a t  a depth o f  between 800 - 1200 m 

(2625 - 3937 f t )  [Kuwada, 19781. 

A t o t a l  depth of 4000 m (13,000 f t )  . 

7.2. Las Pailas 

Several  explora tory  w e l l s  have been d r i l l e d  i n  t h e  Las Pailas thermal 

area, al though only one hole exhib i ted  a high temperature g rad ien t .  

had a temperature of 91OC (196OF) a t  50 m (164 f t ) ;  o t h e r  holes  were cold ,  

i nd ica t ing  t h e  presence of excessive co ld  water, i n  s p i t e  of t h e  f a c t  t h a t  

t h e  w e l l  w a s  200 m (656 f t )  from a hot sp r ing  [Blackwell, -- e t  a l ,  19771. 

That wel l  
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7.3. Ebrinquen 

The r e s u l t s  have been repor ted  on only one wel l  i n  t h i s  a rea .  A bot-  

tomhole temperature of 90°C (194OF) was observed a t  a depth of 1 0 0  m ( 3 2 8  ft). 

The w e l l  was loca ted  800 m (2625 f t )  from t h e  nea res t  fumarole and showed a 

temperature grad ien t  of g r e a t e r  than 0.6OC/m (0.3OF/ft) [Blackwell, e t  a l ,  1977 -- I. 
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8. Nicaragua 

The n a t i o n a l  e l e c t r i c  a u t h o r i t y  of Nicaragua, E.N.A.L.U.F., is pre- 

d i c t i n g  t h a t  100 MW(e) of geothermal power w i l l  be i n s t a l l e d  i n  Nicaragua 

by t h e  e a r l y  1 9 8 0 ' ~ ~  wi th  about 150 - 220 MW(e) i n s t a l l e d  by 1985, 300 - 
400 MW(e) by 2000,  and as much as 800 MW(e) by t h e  year  2020 [Meidav, -- e t  a l ,  

19773. 

is t h e  Momotombo f i e l d  which w a s  i nves t iga t ed  from 1969 t o  1971 along with 

t h e  San Jac in to-Tisa te  area. These two promising areas were explored under 

a program sponsored by t h e  U.S. Agency f o r  In t e rna t iona l  Development. Work 

a t  t h e  s i t e s  was delayed s e v e r a l  yea r s  on account o f  t h e  Managua earthquake 

of December 23, 1972 [Muffler,  19751. 

The most l i k e l y  candidate  s i t e  for t h e  f i rs t  geothermal power p l an t  

8.1. Momotombo 

The geothermal f i e l d  a t  Momotombo is  loca ted  on t h e  lower s lopes  of 

t h e  Momotombo Volcano, on t h e  edge of  Lake Managua. 

200 ha (494 a c r e s )  i n  e x t e n t ,  being roughly r ec t angu la r ,  1 x 2 km 

(0 .6  x 1 . 2  mi).  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 .  Some 

of t h e s e  wel ls  show d r a s t i c  temperature invers ions ,  as much as -1.5OC/m 

(-0.8OF/ft), i nd ica t ing  t h e  presence of  co lde r  f l u i d  a t  depth.  

rates from a f e w  of  t h e  w e l l s  have been repor ted  [Gi re l l i ,  19771: 

The area is about 

Some flow 

Momotombo w e l l  No. 3 . . . . . . . . . .  85 Mg/h (187 klbm/h) 

Momotombo w e l l  No. 9 . . . . . . . . . .  56 Mg/h ( 1 2 3  klbm/h) 

Monotombo w e l l  No. 1 2 .  . . . . . . . . .  40 Mg/h (88 klbm/h) 

It is expected t h a t  cons t ruc t ion  w i l l  begin i n  1979 on a geothermal power 

p l an t  a t  Momotombo although t h e  s i z e  of t h e  u n i t  has not  been decided. 

s i t e  is  be l ieved  capable of  support ing 100  MW(e), bu t  a smal le r ,  30 MW(e), 

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  is thoroughly 

e s t ab l i shed  [ G i r e l l i ,  19771. 

The 
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9. Guatemala 

The n a t i o n a l  e l e c t r i c  company of  Guatemala, I . N . D . E . ,  is aiming a t  a 

goal of  100 MW of  i n s t a l l e d  geothermal capac i ty  by t h e  e a r l y  1980's [Meidav, 

-- e t  a l ,  19771. Three areas have been under explora t icn  with t echn ica l  assis- 

tance  from Japan: Moyuta, AmatitlSn and Zunil .  

There were high hopes f o r  t h e  f i e l d  a t  Moyuta which i s  about 25  km 

(16 mi) northwest of  the successfu l  p ro j ec t  a t  Ahuachapdn across  t h e  border 

i n  E l  Salvador. 

0.25OC/m (O.l4OF/ft); unfor tuna te ly  two wells produced low temperatures and 

t h e  s i te  essent ia l ly  has been abandoned [Dominco, 1977; Kuwada, 19783. 

Shallow wells revealed temperature g rad ien t s  of  about 

At ten t ion  is s t i l l  being given t o  t h e  o the r  two s i t e s ;  Amit i t lsn may 

someday support  50 - 1 0 0  MW(e) whereas Zunil  appears t o  be a r a t h e r  small 

area with l i m i t e d  prospects.  

10. Honduras 

In  1977 t h e  na t iona l  e l e c t r i c  a u t h o r i t y  of  h'onduras, E.N.E.E. ,  began 

a program of  geothermal explora t ion  t h a t  focussed on two a reas :  

t h e  southernmost p a r t  of  t h e  country near Choluteca, and San Ignacio,  

which is loca tednor thwes t  of  t h e  c a p i t a l  c i t y  of Tegucigalpa [Meidav, -- e t  a l ,  

19771. 

ance [Kuwada, 19781. By 1982, E.N.E.E. hopes t o  have 50 M W  of geothermal 

power on-l ine,  with an a d d i t i o n a l  50 MW by 1984-1985 [Meidav, -- e t  a l ,  19771. 

Pavana, i n  

A t  the present  time t h e  explora t ion  program is  temporar i ly  i n  abey- 

11. Panama 

Panama present ly  has a t o t a l  i n s t a l l e d  e l e c t r i c  capac i ty  of 237 M W  with 

p ro jec t ions  of  534 MW by 1984. 

amounted t o  about 660 kW-h per  cap i t a .  

t u t e  a s i g n i f i c a n t  f r a c t i o n  of  Panama's generat ing capac i ty ,  it is bel ieved 

In 1976, t h e  consumption of e l e c t r i c i t y  

Although hydroe lec t r i c  p l a n t s  cons t i -  
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t h a t  a 75 MW p l a n t  of e i t h e r  conventional thermal o r  geothermal design will 

be needed by 1985. 

although it is too  e a r l y  t o  assess t h e  q u a l i t y  of t h i s  p o t e n t i a l  a r ea  i n  t h e  

l i g h t  of the minimal amount of exploratory work completed t o  da t e  [Ho, 1977; 

Meidav, e t  a l ,  19771. 

The most promising geothermal s i t e  is a t  Cerro Pando 

-- 
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Table 1 

Wellhead and sepa ra to r  condi t ions averaged over 12  wells'') a t  Cerro P r i e t o  

[after Reed, 19751 

2 (162 f. 142 I b f / i n  ) 

sepa ra to r  ................ 710 f. 72 kPa (103 f 1 0  l b f / i n 2 )  

( 2 )  Pressure : wellhead ................. 1119 2 982 kPa 

Temperature: s epa ra to r  ................ 1 6 5  4OC (329 2 7OF) 

Mass flow rate: separa ted  steam .......... 47.5 F 22.7 Mg/h (104.7 2 50.0 klbm/h) 

s i l e n c e r  l i q u i d  .......... 130.0 * 42.8 Mg/h (286.6 f 94.4 klbm/h) 

s i l e n c e r  steam .......... 16.0 f. 9.2 Mg/h (36.4 f 20.3 klbm/h) 

t o t a l  f l o w  .............. 194.0 f. 69.0 Mg/h (427.7 f. 152.1 klbm/h) 

3ryness f r a c t i o n  at  sepa ra to r  ............... 0.24 L 0.06 

41) Samples taken from wel l s  M-5, -8, -9, -11, -20, -25, -26, -29, -30, -31, -34, 
-39 during January and February 1974. 

(2) Wells M - 1 1  and M-31 showed wellhead pressures  of 4170 and 1960 kPa ,  
r e spec t ive ly .  The aver ge wellhead pressure  f o r  t h e  o the r  1 0  w e l l s  
was 729 kPa (106 l b f / i n  ) with a s tandard devia t ion  of 66 kPa (10 I b f / i n 2 ) .  3 

I 
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T a b l e  2 

Chemical composition of separa ted  water samples 

from 1 2  wells‘’) a t  Cerro P r i e t o  [after Reed. 19751 

Chloride. C 1  . . . . . . . . . . . . .  
Sodium. N a  . . . . . . . . . . . . .  
Potassium. K . . . . . . . . . . . . .  
S i l i c a .  Si02 . . . . . . . . . . . . .  
Calcium. Ca . . . . . . . . . . . . .  
Bicarbonate. HC03 . . . . . . . . . .  
Lithium. L i  . . . . . . . . . . . . .  
Boron. B . . . . . . . . . . . . . .  
S u l f a t e .  SO4 . . . . . . . . . . . . .  

Concentration 

mg/t 

14. 370 

7. 760 

1. 660 

850 

545 

50 

1 8  

18 

1 7  

Magnesium. Mg . . . . . . . . . . . .  1.4 

pH @ 25OC . . . . . . . . . . . . . .  

Standard devia t ion  

me/t 

8.2 k 0.1 

2. 220 

1. 060 

430 

185 

110 

10 

3 

4 

1 4  

1.0 

(1) Samples taken from wells M.5. .8. .9. .11. .20. .25. .26. .29. .30. .31. 
.34. -39 during January and February 1974 . 
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Table 3 

Country 

h i t  nane 

Owner 

Year of s t a r t - u n  

P l a n t  tvDe 

. 

-- 

Mexico 

Cerro P r i e t o ,  U n i t s  1 and 2 

Comisio'n Federal  d e  E l e c t r i c i d a d  

1973 

Separated steam (" s ing le  f l a s h " )  

_- 

Yanuf acturer 

Tvpe 

(hnd  c n s  er char  a c t  e r i s t i c I- /un it 

Tokyo Shibaura Electric Company, Ltd. (Toshiba) 

Single-cyl inder ,  double-flow, 6 x 2 impulse-reaction 

i 1 

Rated c m a c i t v  

%x imun car, ac i t 7 1  

!heed 

S t e m  i n l e t  p ressure  

Steam i n l e t  temnerature 

Moncondensahle gas content  

Exhaust pressure  

Turbine steam f lov r a t e  

Vaximum allow ai: le pres  s u r e  
----- 

Last staEe !)lade heicrht 

I Tvpe I Spray j e t ,  barometric 

37 . 5 YW 

40.0 ?!I;T 

3600 rev/min 

618.1 kPa 89.6 l b f / i n  

160.0 oc 320.0 OF 

2 

"'1.0"~ hv  LieiEht of i n l e t  steam 

11.9 :<Fa I 3.5 i n  Yc 

285.45 ? W h  

( N A )  WJ 

0.629 x l o 6  1Sm/h 
c) 

( N A )  Lbf/ini 

508.0 mm 20.0 i n  

Pressure 11.2 ,<";I 

Coolinn \ycitcr t e n r e r a t u r e  32.0 ' c  

nut  lat :'at P r  tennerature  45.3 O C  

Cool i n ?  w , : t v -  f l o t ~  rate 1 0  ,710 " ~ / h  

- 

- - 
-_--- - 

3 . 3  i n  !iq 

83.6 O F  

113.5 OF 

23.6 x 1,)' 1Sv/h 
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Tvne Steam j e t  ejector 

Table 3 (cont .  

Steam j e t  ejector 

2 s t a g e s  1 PTuinber o f  s t a q e s  OF s e t s  I I 
10.7 k23 1 3.1 in3!-!2 1 

3 .  Clanacitv % 32,000 n /n % 19,000 ft /=in 

- 
Suction w e s s u r e  10.7 k23 

3 .  Clanacitv % 32,000 n /n 
--- 

Steam ccnsunDticn 24.2 Mg/h 

- 
3.1 i n  3 2  - 

3 
% 19,000 ft /=in 

0.053 x 10' I b m / n  1 24.2 Mg/h Steam ccnsunDticn 
I 

1 0.053 x 10' I b m / n  

-- 
I w e  

8 3 5 k;i 

Cross-flow, mechanical-draft  cool ing  to.*ler 

~ 

32.0 ' 2  89.6 

(:?A) O C  (NA) O F  

I :,iatsr o u t l e t  te-nerature 

9es?<n wet-hul5 tennera ture  

':!atcr 510:~ r a t e  11.4 Gs/':i 

-- 

25.5 x 1 3  8 LDE!/.l 

I 

::urnher of ce l l s  

Water i n l e t  temperature 

6 
_- - --- 

114.6 O F  I 45.9 O C  
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Table 4 

Well information a t  Ahuachapdn CCuBllar, 19781 

Well No. 

AH-1 
AH-2 
AH- 3 
AH-4 
AH- 5 
AH-6 
AH-7 
AH- 8 
Ad-9 
AH-10 
AH-11 
AH-12 
AH-1 3 
AH-14 
AH-15 
AH-16 
AH-17 
AH-18 
AH-19 
AH-20 
AH- 2 1 
AH-22 
AH-2 3 
AH-24 
AH-25 
AH- 2 6 
AH-27 
AH-28 
AH-29 

Elevat ion 

m ft 

802.8 2634 
808.0 2651 
855.5 2807 
812.2 2665 
789.5 2590 
783.0 2569 
804.8 2641 
811.0 2661 
871.3 2859 
723.8 2375 
759.3 2491 
758.8 2490 
859.6 2820 
822.0 2697 
772.7 2535 
869.0 2851 
773.0 2536 
926.3 3039 

~ 8 8 0  ~ 2 8 8 7  
792.9 2602 
795.0 2608 
842.0 2763 
825.4 2708 
783.1 2569 
798.5 2620 
791.1 2596 

Q830 2723 
(NA) (NA) 
794.8 2608 

Depth 

m ft 

1205 3954 
1200 3937 

802 2631 
640 2100 
952 3124 
5 9 1  1939 
950 3117 
988 3242 

1424 4672 
1524 5000 

943 3094 
1003 3291 

860 2822 
1053 3455 

704 2310 
1006 3301 
1200 3937 
1256 4121 
(NA) (NA) 
600 1969 
849 2786 
660 2165 
924 3032 
850 2789 
943 3094 
804 2638 

(NA) (NA) 

1200 3937 
- - 

Comments 

Producer f o r  u n i t  No. 1. 
Rein jec te r  f o r  AH-4. 
Collapsed during d r i l l i n g .  
Producer for  u n i t  No .  1. 
f ioducer  f o r  u n i t  No. 2. 
Producer f o r  u n i t  No. 1. 
Producer f o r  u n i t  No. 1. 
Dual-purpose; r e i n j e c t e r  f o r  AH-7. 
Dry hole ,  beyond t h e  f i e l d .  
Dry hole ,  beyond t h e  f i e l d .  
Dry hole ,  beyond t h e  f i e l d .  
Dry hole ,  beyond t h e  f i e l d .  
Producer, on st and-by . 
Dry hole ,  but h ighes t  temperature.  
Dry hole ,  beyond t h e  f i e l d .  
Producer, on stand-by. 
Dual-purpose; re injecter  f o r  AH-6. 
Newly-drilled, no t  i n  equi l ibr ium ye t .  
Newly-drilled. 
Producer f o r  u n i t  No. 2. 
Producer for  u n i t  No. 2 
Producer f o r  u n i t  No, 2. 
Producer, on stand-by. 
Producer f o r  u n i t  No. 1 
Dry hole  i n  middle of  f i e l d  
Producer f o r  u n i t  No. 2 
Producer, on stand-by 
To be s i t e d  and d r i l l e d .  
Rein jec te r  f o r  AH-1. 
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Table 5 

Lengths and diameters  of steam t ransmiss ion  l i n e s  

and l i a u i d  re ini  ect Con l i n e s  a t  P-huachaDbn 

Unit  No. 

1 

1 

1 

1 

1 

2 

2 

2 

2 

2 

Reinj .  

Reinj  . 
Reinj  . 
Reinj.  

Well No. 

AH-1 

AH-4 

AH-6 

AH-7 

AH-24 

AH- 5 

AH-20 

AH-21 

AH- 2 2 

AH-26 

AH-2R 

AH-8R 

AH-l'IR' 

AH-29R 

Pipe Dimeter 

mm 

406 

508 

406 

305 

305 

305 

406 

406'l) 

508 

406'l)  

305 

305 

30 5 

305 

i n  

1 6  

20 

16  

12  

12  

12  

1 6  

16  

20 

16 

1 2  

12  

12  

12  

Length : Wellhead-Receiver 

m 

560 

820 

280 

69 5 

303 

740 

420 

256 

900 

100 

600 

350 

2 50 

500 

f t  

1840 

2690 

920 

2280 

995 

2430 

1380 

840 

2955 

330 

1970 

1150 

820 

1640 

~~ ~ 

( 1 )  Joined i n t o  a 508 mm (20  i n )  l i n e  which runs 470 m (1540 f t ) .  

( 2 )  Values given are for t h e  connection between AH-6 and AH-17R; t h e r e  is a 

254 nun (10  i n >  l i n e  from A H - 2 1  t o  the l i n e  jo in ing  AH-6 and AH-17R. 
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Table 6 

Well No.. 
~ 

Unit No. 1 

AH-1 

AH-4 

AH-6 

AH-7 

AH-24 

Totals 

Unit  No. 2 

AH- 5 

AH-20 

AH-21 

AH-22 

AH-26 

Totals 

P lan t  to ta ls  

C h a r a c t e r i s t i c s  of w e l l  production f o r  units No. 1 and 2 

kPa 

665.3 

699.4 

670.5 

660.5 

- 

631.2 

626.3 

650.9 

635.3 

640.9 

October 1976 

81.70 

102.97 

44.97 

53.89 

- 

283.53 

47.72 

44.72 

81.29 

54.24 

19.55 

mv 

kg/s  

13.20 

23.66 

17.65 

9.17 

- 

63.68 

6.15 

10.74 

12.51 

16.47 

12.37 

t m 

kg/s 

94.90 

126.63 

62.62 

63.06 

- 

347.21 

53.87 

55.46 

93.80 

70.71 

31.92 

k Pa 

670.3 

660.2 

651.1 

591.5 

602.0 

601.8 

611.6 

655.8 

591.2 

601.7 

A p r i l  1978 

R 

kg/s 

76.39 

131.73 

61.80 

44.32 

54.01 

368.25 

55.09 

48.67 

59.63 

48.48 

19.44 

m 
V 

kg/s  

lil 

kg/s  

t 

14.16 

23.69 

15.18 

6.94 

7.82 

90.55 

155.42 

76.98 

51.26 

61.23 

67.79 

7.69 

14.87 

12.50 

13.66 

10 .26  

436. C 4  

62.79 

63.5Lc 

72.13 

62.14 

29.70 

247.52 

531.05 

58.24 

121.92 

305.76 

652.97 

231.31 

599.56 

58.98 

126.77 

290.29 

726.33 

(1) Pressure a t  wellhead s e p a r a t o r  
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Substance 

T a b l e  7 

Chemical analysis of liquid from wells at Ahuachapdn 

c1 

Na 

K 

Si02 

Ca 

B 

Br 

HCO 

s04 

Li 

As 

I 

Rb 

cs 

Sr 

Sb 

F 

Mg 

AH-1 AH-4 -- 
10600 9050 

5800 5000 

1000 740 

577 534 

425 400 

147 144 

46.0 35.7 

34.4 32.5 

30.8 34.2 

18.5 15.7 

10.8 10.0 

8.2 6.5 

7.9 5.6 

5.8 4.6 

4.5 -4.6 

2.3 1.9 

1.5 1.3 

0.09 0.13 

AH- 5 

9110 

5000 

680 

470 

44 0 

138 

38.1 

28.1 

40.8 

14.8 

9.9 

7.0 

5.1 

4.1 

5.7 

1.8 

1.2 

0.24 

- 

Note: All values i n  ppm. 

AH-6 

10900 

6080 

1050 

500 

439 

156 

43.0 

46.5 

29.7 

18.8 

11.6 

8.5 

8 . 3  

6.3 

4.5 

2.1 

1.8 

0.09 

Well number 

AH-7 AH-20 

12500 

6600 

1280 

610 

486 

178 

50.4 

26.6 

23.3 

20.0 

14.0 

9.2 

a. 5 

6.6 

4.8 

2.5 

1.8 

0.08 

109co 

6000 

1040 

556 

450 

155 

45.9 

31.6 

30.2 

18.5 

12.0 

8.5 

7.9 

6.0 

4.5 

- 
1.6 

0.07 

AH-21 AH-22 AH-26 - -- 
11500 9217 

6100 5n80 

1140 710 

535 552 

480 437 

169 127 

48.4 39.8 

40.3 31.5 

40.5 32.7 

19.1 15.0 

11.8 10.2 

10.1 6.9 

8 . 3  5.2 

6.3 4.5 

4.7 4.7 

- - 
1.7 1.3 

0.01 0.16 

10130 

5600 

900 

500 

430 

14 2 

47.7 

36.3 

44.2 

17.5 

11.0 

8.5 

7.3 

5.8 

4.5 

- 
1.4 

0.30 
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Table 8 

Average chemical composition of  l i q u i d  from we l l s  

(1) a t  Ahuachapdn 

Substance ConcentratiordsFm 

Chloride,  C 1  . . . . . . . . . . . . . . . . . . . . . .  10430 

Sodium, Na . . . . . . . . . . . . . . . . . . . . . .  5690 

Potassium, K . . . . . . . . . . . . . . . . . . . . .  950 

S i l i c a ,  Si02 . . . . . . . . . . . . . . . . . . . . .  537 

. . . . . . . . . . . . . . . . . . . . .  443 Calcium, Ca. 

Boron, B .  . . . . . . . . . . . . . . . . . . . . . .  1 5 1  

. . . . . . . . . . . . . . . . . . . . .  43.9 Bromide, B r .  

Bicarbonate, HC03. . . . . . . . . . . . . . . . . . .  34.2 

. . . . . . . . . . . . . . . . . . . . .  34.0 S u l f a t e ,  SO4 

Lithium, L i .  . . . . . . . . . . . . . . . . . . . . .  17.5 

Arsenic, As. . . . . . . . . . . . . . . . . . . . . .  11.3 

. . . . . . . . . . . . . . . . . . . . . .  8 . 1  Iodide,  I. 

Rubidium, Rb . . . . . . . . . . . . . . . . . . . . .  
Cesium, C s . .  . . . . . . . . . . . . . . . . . . . .  
Strontium, Sr.  . . . . . . . . . . . . . . . . . . . .  
Antimony, Sb . . . . . . . . . . . . . . . . . . . . .  
Fluor ide ,  F. . . . . . . . . . . . . . . . . . . . . .  
Magnesium, Mg. . . . . . . . . . . . . . . . . . . . .  

7 .1  

5.5 

4.7 

2 . 1  

1 . 5  

0.13 

i ( 1 )  Samples taken frcn wells A H - 1 ,  - 4 ,  -5 ,  - 6 ,  -7 ,  -20 ,  - 2 1 ,  -22 and - 2 6 .  
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Table 9 

Composition of steam condensate a t  r e c e i v e r  and hot  w e l l  

Liquid a t  r e c e i v e r  t r a p  

Cons t i tuent  Concentrat ion 

C 1  . . . . . . .  13.6 

Na . . . . . . .  7.15 

K . . . . . . . .  1.25 

SO4 . . . . . . .  0.6 

Si02 . . . . . . .  1.61  

HC03 . . . . . . .  2.90 

C a  . . . . . . .  0.80 

B . . . . . . . .  0.75 

pH . . . . . . .  5.28 

Concentrat ions are i n  ppm . 

Condensate i n  hot  w e l l  

Cons t i tuent  Concentrat ior. 

c1 . . . . . . .  59.3 

Na . . . . . . .  130 
K . . . . . . . .  0.35 

SO, . . . . . . .  181.5 

Si02 . . . . . . .  0.86 

NH4 . . . . . . .  0.36 

Fe . . . . . . .  0.10 

CaC03 . . . . . . .  6.49 

S . . . . . . . .  0.15 

pH . . . . . . .  7.22 
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Table 1 0  

Country 

!Jn i t nane 

Owner 

Year of s ta r t -un  

P l a n t  type 

E l  Salvador 

Ahuachapsn, Units 1 and 2 

Comision Ejecut iva Hidroelectrica d e l  ? io  Lempa (CEL) 

1975 (Unit 11, 1976 (Unit 2 )  

Separated steam ( " s ing le  f l a s h "  

Yanuf ac turer  

Tvpe 

I4itsubishi Heavy I n d u s t r i e s  , Ltd. 

Single-cyl inder ,  double-flow, 5 x 2 impulse 

?atea c m a c i t v  

b,'aximum canac i tv  

Speed 

Steam i n l e t  n ressure  
- 

30 . 0 '.:GI 

35.0 ' ! !"T 

3600 rev/rlin 

3 558.9 kPa 81.1 l b f / i n  

Steam i n l e t  temnerature 

:ioncondensable gas content  

Exhaust pressure  

Turbine s t e m  flax r a t e  

'lax inum allow c& 1 e pressure  

:,ast s t a g e  b lade  h e i r h t  

- 

- - 
---- 

156.1 OC: 313.0 O Y  

2.46 i n  'is 

0.2 "2 by t ie inht  of inlet steam 

8.33 ;Pa 

230.0 Y ~ l h  0.507 x 13' 1!m/h 

984.0 XPa 142.7 lb f / in '  

520.0 mm 20.5 i n  
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T a b l e  1 0  (cont  . 

Tvne Steam j e t  ejector 

:Tunher of  s t ages  or sets 2 

Suction 3ressure 7.84 k?'a 2 - 3 2  in :;s . . *  

3 Canac i t v  11,700 m3/h 6,886 f t  /ZliIl 

3 Steam consumt ion  4.1 Mgh 9.04 x 10 lbm/h - 

~ 

::urnher of ce l l s  

Mater i n l e t  temperature 

Heat r e j e c t i o n  svstem c h a r a c t e r i s t i c s / u n i t  

I I 

5 

40.3 O C  104.5 OF 

Type 

27.0 O C  

22.0 " C  

1 ?;ate? c u t l e t  t enpera ture  

Des i,:n xet-SulS temperaydre 
-- 

Vater f l o : . r  r a t e  9 -02  C ; ~ , / h  

Cross-€low, rnechanical d r a f t  cool ing  tower 

80.6 Of 

71.6 O F  

19.9 x loo l h l / n  

!.later DU?D po:e? ( NA 1 k v i  

0 
443.3 m'/s I 0.339 x 10 ft'/rnin 1 .4ir flow r s t e / f a n  

Draft  f an  tvse Vertical, a x i a l  
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Table 11 

Country 

Unit name 

E l  Salvador 

Ahuachapdn, Unit 3 

&mer 

Year of s tar t -u;> 

P lan t  tvpe 

Conision Ejecut iva H i d r o e l e c t r i c a  d e l  R i o  Lcmpa (CEL) 

19  80 

Separated steain/f:ash ( " d o h l e  f l a sh" )  

?-!anufac t u r e r  

Type 

311.6 O F  

-l 

21.8 lb f / in '  

F u j i  Electr ic  Company, Ltd. 

Single-cylinder , double-flow , 7 x 2, pass- in  

232.6 

Rated ca?aci ty  

Yax imum cap ac i t v  

Speed 

3 5 . 0 i-IW 

40.0 l43 

3600 rev/min 
~~ ~ 

!lain stem i n l e t  p ressure  

:!sin steam i n l e t  t en9era ture  

Secondarv steam pressure  

Secondam s t e m  ten?cra ture  

548.1 k?a 

155.3 OC 

150.0 

111.4 
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r 

Tvpe Steam j e t  e jector  

:!umber of staces or  s e t s  2 

. .. Suction pressure (NA) k?a (r'JA) 13 rig 

Canacitv ( W R )  i z 3 h  ( X A )  f t  /ai2 3 

Steam ccnsumtion ( iJA)  
a 

Table 11 (cont.) 

:;urnher of c e l l s  

Giater i n l e t  temperature 

Water out le t  tenperature 

Des iqn  wet-hul3 ternperature 

!*later flow r a t e  

!.later DURT) wmr 

5 

40.3 O C  104.5 OF 

27.0 OC 80.6 O F  

22.0 o c  71.6 OF 

12.26 X Z g ? i  27.0 x 10 J k h  

-- - - 

6 

( Y A )  kA 

Feat re ject ion svstern character ls t ics  

Tvpe Cross-flaw, mechanical-draft cooling tower I 

1 Air flow ratelfan 3 
(NA) ft f m i n  
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Table 12 

L 

Country E l  Salvador 

Unit name Ahuachapin Auxi l ia ry  Turbo-Generator 

Pmer 

Year of Start-Un 1975 

Plan t  tvDe 

Cornisirk Ejecut iva  Hid roe lec t r i ca  d e l  Rio Lempa (CEL)  

Separated steam ("single-f lashl '  ) 

Yanufacturer 

Tvpe 

Mitsubishi  Heavy I n d u s t r i e s ,  Ltd. 

Single-cyl inder ,  C u r t i s  s t a g e ,  geared, noncondensing 

Rated capac i tv  

"axinurn canac i tv  

S D e d ,  tu rb ine /genera tor  

S t e m  i n l e t  p r e s s w e  

Steam i n l e t  t e n n e r a t w e  

ironcondensable gas conter,t 

Exhaust m e s s u r e  

Turbine steam flow r a t e  

- 

Maximum allowcable pressure  

Last stace blade 5eip;ht 

1 . 1 w 

1.3 '?V 

7129/1800 rev/min 

552.9 kPa 80.2 1b f / in2  

156 OC 313 O F  

0.2 $ bv weicrht of  i n l e t  steam 

96.2 kPa 28.4 ir. ?? 

21.0 !4q/h 0.0463~ lo6 1Sm/h 

974.5 '@a 141.3 f i f / i n 2  

(NA) nm (NA) in 



Table 1 3  

C a p i t a l  costs for geothermal power u n i t s  a t  Ahuachapdn 

It e m  - 

Turbogenerator,  condenser, cool ing water 
system, wellhead equipment, t u r b i n e  c o n t r o l s  

Steam pip ing ,  including supports ,  i n s u l a t i o n  
and d r a i n s  

Electrical  equipment 

Auxi l ia ry  equipnent 

Well d r i l l i n g  and piping 

Other c i v i l  engineering, i n s t a l l a t i o n  of 
equipment, s t u d i e s ,  engineering, 
adminis t ra t ion ,  etc. 

T o t a l s  

Unit No. 1 

U.S. $ (1975) 

3,42 3,740.48 

536,526.00 

790,272.18 

225,484.06 

3,200,000.00 

(1 )  23,389.967.55 

Unit No. 2 

U.S. $ (1976) 

5,205,803.80 

991,679.20 

613,576.60 

68,313.00 

3,200,000.00 

(1) 7,952,309.00 

Unit No. 3 

( 2 )  U.S. $ ( e s t . )  

8,000,000 

1,950,000 

700,000 

110,000 

1 ,000 ,000  

8,240,000 

$31,565,990.27 $18,031,681.60 $20,000,000 

( 1 )  Cost of waste water d i s p o s a l  channel ($lO,OOO,OOO) has been a l l o c a t e d  between u n i t s  No. 1 and 2; 

l a t e r  it w i l l  be a l l o c a t e d  among the t h r e e  u n i t s  upon completion of u n i t  No, 3 .  

I 
0, 

I 
r 

( 2 )  Estimates were made i n  1975; l a t e s t  es t imates  fo r  u n i t  No. 3 t o t a l  about $35,000,000. 
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T a b l e  1 4  

Cost of e l e c t r i c i t y  generat ion a t  Ahuachapin (exclusive of i n t e r e s t  1 

Expenses 

Product i on  / $ 

Depreciation/$ 

General/$ 

Total  

(est .  
82,191 398,363 584,340 613,600 

235,619 591,222 1,350,731 2,040 , 000 

24,313 114,580 187,650 192,000 

$342,123 $1,104,165 $2,122,721 $2 , 845,600 

400,051 418,400  ene era ti on'^) / M W - ~  72,330.6 279,800 

S p e c i f i c  c o s t ( 5  )/(mill/kW*h) 4.73 3.95 5.31 6.80 

Spec i f i c  cos t(6 / (mill/kW h 1 5.14 4.29 5.77 7.39 

(1) Unit No. 1 for 7 months of t h e  year .  

(2) Unit No. 1 for f u l l  year ;  u n i t  No. 2 f o r  5 months. 

(3) 

(4) .Gross  generat ion;  n e t  generat ion is 8% less. 
(5) Based on gross  generat ion.  

( 6 )  Based on n e t  generat ion.  

Both u n i t s  f o r  f u l l  year .  
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Fig. 2. Geographical location of Cerro Prieto geothermal field [CFE, 19711. 
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GEOTHERMAL 
S I E R R A  D E  W E L L  

LOS CUCAPAHS 
CERRO P R I E T O  

G R A N I T I C  
B A S E M E N T  

SANDSTONES 

1 km 
H 

APPROX. S C A L E  

A T  D E P T H  

&/ 
SOURCE 

Fig. 3. Schematic cross-section of Cerro Prieto geothermal field [after W E ,  19711. 
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Fig. 4. Well locations at Cerro Prieto [after Dominguez and Vital, 1975; Mercado, 19761. 
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Fig.  5. Steam p i p e l i n e  ga ther ing  system f o r  u n i t s  No. 1 and 2 a t  Cerro P r i e t o  
[after CFE, 1971; Mercado, 1975(B)]. 



E 
E 
t 
w 

\ 

a 
a 

W E L L  M-5 W E L L  M-8 WELL M - 9  W E L L  M - l l  W E L L  M-13 W E L L  M-15-A WELL M-19-A WELL M-20 W E L L  M - 2 1 4  

II: 

HOLE S I Z E S  CASING AND SLOTTEO LINER SIZES LEGEND 

0 6 6 0 m m  ( 2 6 i n )  0 2 7 3 m m  (IO?’,in) @ 6 1 0 m m  ( 2 4  In) @ 2 1 9 m m  (8?’8in) SLOTTED 

@ 5 5 9 m m  ( 2 2 l n )  @ 2 7 0 m m  (IO’/@in) a 5 5 9 m m  ( 2 2  i n )  0 1 9 4 m m  ( 7 y a i n )  

@ 5 0 ~ m m ( 2 0 i n )  @ 1 9 4 m m  ( 7 V 8 i n )  @ 4 0 6 m m  ( 1 6  i n )  @ l 7 8 m m  ( 7  i n )  

@ 381 m m ( l 5 i n )  @ 2 9 8 m m (  Il?’&) @ 1 4 0 m m  (5!$in) 

L I N E R  

COLLAPSED 

Fig. 6. Well p r o f i l e s  f o r  wells M-5, -8, -9, -11, -13, -15A, -19A, -20, and -21A 
at Cerro P r i e t o  [after Dominguez and V i t a l ,  19751. 



WELL M - 2 5  WELL M - 2 6  WELL M - 2 9  WELL M-30  WELL M-31 WELL M - 3 4  WELL M-35 WELL M-36 WELL M - 3 9  

-0 

-8 

moo 

*W 

E roo \ 
I 

W 
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moo 0 

1400 ' llmoo 
LEGEND C A S I N G  A N 0  S L O T T E D  L I N E R  S I Z E S  M O L E  S I Z E S  

@ 6 6 0 m m  ( 2 6 1 n )  @ 2 7 3 m m  (10% in) @ 610mm ( 2 4  in) @ 219mm ( 8 g I n )  CEMENTED SLOTTED 

@ 5 5 9 m m  ( 2 2 l n )  @ 2 7 0 m m  (10%In)  

@ 5 0 8 m m  ( 2 0 i n )  @ I 9 4 m m  ( 7 %  in) @ 4 0 6 m m  ( 1 6  in)  @ 178mm ( 7  In) 

@ 381 mm ( I 5 1 n )  @ 2 9 8 m m  ( 1 1 % )  @ 140mm ( 5 y l n )  CASING I 1 CASING 

@ 5 5 9 m m  ( 2 2 l n )  8 194mm ( 7 q l n )  I CASING a LINER 

COLLAPSED PERFORATED 

Fig. 7. Well profiles for wells M-25, -26, -29, -30, -31, -34, -35, -38, and -39 
at Cerro Prieto [after Dominguez and Vital ,  19751. 
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. F i n a l  moisture separator  at Cerro Prieto [photo by R .  DiPippol.  
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L 
MAIN STEAM 

310 .75  S 
160.0'C 
618.1 P 
157.3 H 

P= PRESSURE, kPa 
H = ENTHALPY, kJ/kg 

0.06 A 0.06 A 

T= TURBINE 
G =  GENERATOR 
C =CONDENSER 

I C =  INTER-CONDENSER 
AC =AFTER - CONDE N SE R 
EI=Ir t -STAGE EJECTOR 
E2 =2nd-STAGE EJECTOR 
GE=GLAND - SE AL EJECTOR 
HW-HOT WELL 

286.16 W 

I 

I I 

I 

1 
32' C -I ---+ 

11,083 W 
FROM 
COOL1 NG TOWER 

I * 45.3OC 

HW 
TO 

L------ 
45.9OC j I 1,394 W 

COOLING TOWER 

Fig.  13. S impl i f ied  flow diagram for energy conversion system f o r  each u n i t  a t  
Cerro P r i e t o  [after Akiba, 1970; Mercado, 19761. 
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Fig.7B. Geologic sross-section through Ahuachapsn: west-east elevation, looking --*t LOSS OF CIRCULATION 

north CCuellar, 19781. 
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Fig. 19 .  Well arrangement at Ahuachapin geothermal f i e l d  [CuGllar,  19781. 
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Fig. 20. Typical  well casigg programs f o r  ( a )  production and (b) r e i n j e c t i o n  
w e l l s  a t  Ahuachapan. 
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I Fig. 23. Surface thermal manifestations at Ahuachapin: 
in foreground, well AH-21 in background [photo by R. DiPippol. 

boiling mud pools and steam vents I 
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S 

STEAM J 
WHEN REIN JECTION 

TAKES PLACE 

1 LIQUID TO 
REINJECTION 

/ 
SILENCERS 

I- 
WASTE 
WATER 

T O  CHANNEL 

WHEN NO REINJECTION 
TAKES PLACE 

726.33 k g / s  

126.77 

599.56  

3 68.8 

2 30.76 

23 .08  

2 17.68 

726.33 k g / s  

126.77 

5 9 9 . 5 6  

0.00 

5 99.56 

46 .56  

5 53.00  , 

I Fig. 24. Overall mass balance fo r  t e n  wells serv ing  u n i t s  No. 1 and 2 a t  Ahuachapin. I 
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Fig. 26. Power plant s i t e  arrangement: Ahuachapin units No. 1 and 2 CMHI, 19771. 
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Fig. 27.  Cross-section of turbine fo r  u n i t s  No. 1 and 2 a t  Ahuachapin [MHI, 10771. 
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Fig. 28. Flow diagram for units No. 1 and 2 at Ahuachapin [after M H I ,  19771. 
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Fig. 29. Simplified flow diagram f o r  unit No, 3 at Ahuachapsn [after Fuji, 1977 (PL 311188)l. 
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