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1 5 ABSTRACT 

This study was conducted t o  determine the a t ta inab le  generation increase and 

t o  evaluate the economic mer i ts  o f  superheating the steam t h a t  could be used 

i n  fu tu re  geothermal steam power plants i n  the Geyser-Calistoga Known 

c Geothermal Resource Area (KGRA) . 
c m It was determined t h a t  using a d i r e c t  gas- f i red superheater o f f e r s  no economic 

advantages over the e x i s t i n g  geothermal power plants. 

I f  the geothermal steam i s  heated t o  900°F by using the exhaust energy from a 

gas tu rb ine  o f  cur ren t ly  ava i lab le  performance, the n e t  reference p l a n t  output 

would increase from 65 MU t o  159 MW (ne t ) *  Such hybr id p lan ts  are cost 

e f f e c t i v e  under c e r t a i n  condit ions i d e n t i f i e d  i n  t h i s  document. 

The power output  from the residual Geyser area steam resource, now equlvalent 

t o  1,437 MW, would be more than doubled by employing i n  the fu tu re  gas tu rb ine  

enhancement. The f o s s i l  fuel consumed i n  these p lan ts  would be used more 

e f f i c i e n t l y  than i n  any other foss i l - fue led  power p lan t  i n  Cal i fornia.  

Due t o  an increase i n  evaporative losses f n  the cool ing towers, the v i a b i l i t y  

o f  the superheating concept i s  con t in  development of of the water 

resources in the Geysers-Cal i stoga t o  provide the necessary makeup 

water. 

. 
c 

v i  
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1 5 EXECUTIVE SUMMARY 

Improving the  performance o f  geothermal power p lants  by f o s s i l  fue l  augmenta- 

t i o n  has been analyzed pe r iod i ca l l y  and the resu l ts  reported i n  the l i t e r a t u r e  

(see references 2, 3, 4, 6 ,  7, 8, 9, 10, 12 and 13). I n  these previous 

studies, many techniques common t o  steam power p lan t  engineering have been 

evaluated f o r  t h e i r  theore t ica l  a p p l i c a b i l i t y  t o  geothermal steam plants. 

Typica l ly ,  these hybr id  energy schemes have involved a hypothet ical  hot b r ine  

p lan t  t ha t  employs coal f i r i n g  t o  superheat the f lashed steam. I n  sp i te  o f  

c lea r  gains i n  cyc le  performance, no one has b u i l t  a hybr id fossi l /geothermal 

p lan t  o f  any type. 

The object ive o f  t h i s  study i s  t o  compare the  performance and the cost of 

e l e c t r i c i t y  produced i n  an ex i s t i ng  state-of- the-art  geothermal p lan t  t ha t  

uses the  348OF steam as produced i n  the Geysers-Calistoga KGRA w i th  a modified 

p lant ,  using the  same f l o w  o f  geothermal steam, bu designed t o  superheat the 

steam w i t h  f o s s i l  energy t o  9 F. By superheating the steam the power output 

from the remaining uncommitt geothermal resource could be increased more 

than twofold. 

The scope o f  t h i s  study covers d i r e c t - f i r e d  superheating and also recovery of 

t t o  superheat the  geoth steam. Only 

"clean"-burnin s considered, as i t  i s  the prac t ica l  form 

o f  f o s s i l  ene rab le  t o  the  Geysers are 

p lan ts  that could be constructed i n  the  fu ture were considered. 

The determination o f  a t ta inab le  nerat ion enhancement and analyses of 

economic m e r i t s  were l i m i t e d  t o  comparison w i th  a 65 megawatt (Mw) net, low 



4 back. pressure, four-fl ow geothermal steam turbine (Sacramento Municipal 

U t i l i t y  D i s t r i c t  model). 

A schematic description o f  these concepts i s  presented i n  Figure S-1. 

. 

P 
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FIGURE Sol 

SCHEMATIC SUMMARY OF SUPERHEATING OPTIONS 

REFERENCE GEOTHEW4L STW PLAIT 
Cost:&2.3 million (1983) 

0 

a 100 mllls/kWh r MI (1989, levelizea) 
I 

Geothermal steam 
93OF 

REFERENCE GEOTHEW4L STW PLAIT 
Cost:&2.3 million (1983) 

0 

- a 100 mllls/kWh r MI (1989, levelizea) 

Geothermal steam t I 
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946.000 lbs/hr 

I 
74°F 
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Cost: $114 mil lion 6983 1 
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CONCLUSIONS 
A % 

The resu l t s  o f  t h i s  study produce the fo l lowing f ind ings and conclusions: 

1. As i n  previous studies o f  hybr id  energy schemes (see references), super- 

heat ing the  geothermal Steam was found t o  increase steam tu rb ine  output. 

I n  t h i s  study, using a 65 MI4 p lan t  i n  the Geyser area as a reference, it 

was determined t h a t  by employing a superheater t o  ra i se  the 348OF steam 

temperature t o  900OF and maintaining the same t h r o t t l e  steam flow, the 

ne t  p lan t  output increases from 65 t o  102 MU. 

- 
9 

2. By u t i l i z i n g  the thermal energy i n  the exhaust of a 57 MW gas turbine- 

generator u n i t  t o  superheat the reference p lan t  f low o f  geothermal steam, 

the  t o t a l  p lan t  output increases t o  159 MW. O f  t he  f o s s i l  fue l  consumed, 



5. 

6.  

7, 

80 

'enhanced p lan t  requires 6,18 pounds o f  geothermal steam - and 3,940 Btu of 

f o s s i l  fue l  per kWh o f  generation. 

The Geysers area power generation po ten t ia l  from the residual resource 

could be increased from an estimated 1,437 MW t o  3,514 MW from the use of 

22 gas turbines-superheaters i n  the  remaining planned p lants  and uncom- 

mi t ted  steam resources using cur ren t ly  avai lab le gas turbines. 

The 2,077 MW o f  addi t ional  Geysers area generation w i l l  e f f e c t  a net 

reduct ion i n  f o s s i l  f ue l  use of  8.0 m i l l i o n  bar re ls  o f  o i l  equivalent 

annually, using cu r ren t l y  avai lab le gas turbines. 

A d i  rec t - f i r ed  superheater o f fe rs  no economic advantages. 

The integrated gas turbine-superheater enhanced geothermal power p l  ant 

can be compared i n  cost and performance t o  a reference unenhanced geo- 

thermal p lan t  together w i th  a combined cyc le p lan t  each operating sepa- 

ra te ly ,  Only a u t i l i t y  which will continue t o  use gas and geothermal 

steam t o  generate e l e c t r i c i t y ,  and, therefore, has the opt ion t o  i n te -  

grate a gas turb ine with a geothermal power p lan t  ra ther  than operate two 

such f a c i l i t i e s  separately may have a s l i g h t  economic advantage (and so 

would the  ra te  payer) i n  doing so, I n  1988, depending on the ra te  o f  

i n f l a t i o n  and the rea l  escalat ion ates of gas prices, a turb ine exhaust 

superheater-enhanced geothermal power p lan t  w i l l  cost about $30 m i l l i o n  

less; i t  w i l l  produce 11 W more, and w i l l  operate a t  1 t o  2 UkWh 

( leve l fzed)  less  than the  sum of both geothermal and combined cyc le 

p lan ts  operating separately w i th  the respective use o f  gas and geothermal 

steam being the  same, Such an advantage could be t o t a l l y  o r  i n  pa r t  

EE-58 €OS 



'eliminated if the costs o f  development o f  the necessary make-up water 

a v a i l a b i l i t y  were included. 

For a u t i l i t y  which i s  not l i k e l y  t o  use gas for power generation i n  the  

fu tu re  o r  f o r  a small power producer who s e l l s  energy a t  avoided costs, 

superheating the  geothermal steam o f fe rs  no advantage. Even without the 

addi t ional  cost  o f  acquir ing cost o f  make-up water,  the  generation cost 

using tu rb ine  exhaust f o r  superheating the  geothermal stea would be a t  
* 

best 0.4 $/kWh less, but  perhaps as much as 2.0 Q/kWh more (15 t o  25 

percent mare, depending on the  ra te  o f  i n f l a t i o n  and gas pr ices)  than the 

cos t  o f  e l e c t r i c i t y  produced by the reference geothermal p lan t  wi thout 

superheating . 
9. A s i g n i f i c a n t  environmental impact resu l t i ng  f rom operation of  enhanced 

geothermal p lan ts  would be the emission of n i t rogen oxides (NOx). How- 

ever, the  cumulative NOx emissions f rom a l l  22 p lan ts  would not v i o l a t e  

s t a t e  o r  federal a i r  q u a l i t y  standards tn any Geysers area community. 

10. The enhanced geothermal power p lan t  poses several d i  sadvantages i d e n t i  - 
f i ed bel  ow. 

16 percent increase i n  heat d iss ipa t ion  capacity w i l l  r esu l t  i n  

evaporation o f  a1 1 i 1 ab1 e condensate. 

c 

b. This represents a minimum annual def ic iency ( f o r  22 p lan ts )  of 

10,000 acre-feet needed f o r  water i n jec t i ons  i n t o  the  gas tu rb ine  

f o r  NOx t r o l ,  cool ing tower lowdown and re in jec t i on  fn to  the 

steam f i e l d .  



c. To s a t i s f y  t h i s  need, construct ion o f  reservo i rs  would be required 
4 * 

because a l l  o f  the watershed i n  the Geysers-Calistoga KGRA 

Sulfur, Dry, Putah and Kelsey creeks) have only a minimal o r  

f low dur ing the  summer months. 

d. Addi t ional  (not included i n  these analyses) cap i ta l  and operat 

(pumping) costs would be incurred. 

zero 

onal 

1 

e. There would be environmental impacts associated w i th  construct ion of 

these reservoi  rs . 



U NC ERTA I NT I E S 

I n  addi t ion t o  the advantages 

few uncer ta in t ies per ta in ing  

steam. These are as follows: 

. 1. 

i 

2. 

3. 

Gas avai 1 abi 1 i ty  

and disadvantages i d e n t i f i e d  above, there are a 

t o  the concept o f  superheating the geothermal 

The long-term a v a i l a b i l i t y  o f  the gas 

could only be assured through a 

supplier(s). It i s  not ce r ta in  t h a t  

needed f o r  the pro jec t  (22 p lan ts )  

long-term contract (s)  w i th  the  

the suppl ier (s)  would be w i l l i n g  t o  

make a long-term comrnittment and tha t  the terms o f  the contracts 

assure an economic advantage o f  superheating over the p lan t ' s  l i f e .  

Suscept i b i  1 i ty t o  Corros i on  

would 

The superheater tubes can be protected (have been i n  the par t )  against 

corrosive e f fec ts  o f  H2S a t  900°F through vapor deposi t ion o f  aluminum 

(a1 o n l t i  ng process) . However, the success o f  a1 o n i r i  ng the tu rb ine  

blades without dimensional d i s t o r t i o n  has not been f u l l y  demonstrated. 

Avai l  abi 1 i ty o f  the  Water Resources 

Although the median o f  Annual Mean Discharge of the Geysers area water- 

sheds i s  about 300,000 acre-feet o f  which 10,000 t o  40,000 acre-feet 

would be required t o  support the superheating concept and t o  maintain the 

steam resources, it i s  not ce r ta in  that there would be no opposit ion t o  

dam o r  reservo i r  construct ion t o  prevent the t imely development o f  these 

resources o r  t o  preclude such development altogether. (To date, no 

s i g n i f i c a n t  opposi t ion t o  construct ion o f  a dam on the  Big Sulfur Creek 

has come forth.) 

EE-58 EOS 



A RECOAMENDATI ONS 

1. Should economic condi t ions develop t o  ,dst Fy the superhea ing o f  the 

c 
1 

geothermal steam, the  indust ry  should be prepared t o  take advantage of 

t h e  s i t u a t i o n  and deploy superheater-enhanced geothermal power plants. 

To t h i s  end, it i s  recommended t h a t  the  Ca l i f o rn ia  Energy Commission, the 

power producers, the E l e c t r i c  Power Research I n s i t u t e  (EPRI) and the  

steam suppl iers sponsor a research and a subscale experiment designed 

to :  

a. Determine if i n  s p i t e  o f  small (0.006-0.1 percent) HpS content i n  

the  geothermal steam, a treatment o f  exposed surfaced a t  900°F i s  

requi  red t o  prevent an increase i n  corrosion. 

b. Develop a process f o r  corrosion prevention o f  the  tu rb ine  blades, i f  

requi rad. 

2. ConsJdering t h a t  the hot water dominated geothermal resources i n  Ca l i f o r -  

EE-58 EOS 
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' I .  ' INTRODUCTION 

The u t i 1  i ties ' resour plans show t h a t  

Cal istoga Known Geothermal Resource Area (KGRA) 

r 

geothermal power will continue, 

Whi 1 e there are other opportuni ti es for  

efficiency including repowering of t ng 011 or gas-fired units, 

this study i s  devoted expressly to  the question of whether the use of 

na tura l  gas for  superheatfng the steam f n  the planned, new geothermal 

r plants i s  justifiable. 

posed t h a t  i n  order t o  i 

the geothermal power plants the use 

i ts  current use oduction of power he generation system. What 

this study sugg of 1 or gas use i n  currently 

operated (or future) less efficiept 

t ies  w i t h  1380 M1J total capacity operating i n  excess of 10,000 Btu/kWh 

consume al l  the fuel tha t  would be required for superheating 

eothermal plants 

increase the annual power production a t  the ~ Geysers-Cal istoga KGRA by 

2077 MW, raising 

T h l s  study presents an economic and technical evaluation of two concepts 

for generation enhancement of geothermal power plants a t  the Geysers- 

Calistaga Known Geothermal Resource Area (Geysers KGRA) by comparing them 

to  a 65 megawatt (MN (net) Sacramento Municipal U t i l i t y  District (SMUD) 

model geothermal power plant.  

t a l  to 3514 MV, 

1 
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The study was prompted by two primary considerations: b .l 

(1) The low energy content i n  the  geothermal steam i n  the  Geysers- 

Calistoga KGRA requires a r e l a t i v e l y  la rge  amount of steam t o  

produce a u n i t  o f  e l e c t r i c l t y .  I f  the  energy l eve l  (temperature) of 

t he  geothermal steam were raised, the  e l e c t r i c i t y  output could be - 
s i g n i f i c a n t l y  increased. A d i r e c t  gas- f i  red superheater would 

sa t i s f y  t h i s  objective. 

The heat recovery from a gas tu rb ine  exhaust t o  generate steam from 

water i n  a t y p i c a l  corrbined cyc le  increases the  power generation 

e f f i c i e n c y  by about 35 percent, A t  t he  Geysers where steam i s  

already avai lable, approximately 930 B r i t i s h  thermal u n i t s  (Btu) per 

each pound o f  steam used could be saved by avoiding the  need t o  

provide the  l a t e n t  heat o f  vaporization. Thus, applying the  

"combined-cycle" concept t o  the  geothermal steam a t  t he  Geysers 

* 

(2)  

should prove even more ef fect ive,  

This study provides analyses o f  the degree o f  generation enhancement 

which may be a t ta inab le  and the  cost o f  e l e c t r i c i t y  production from 

e i t h e r  concepts. 

2 
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L 1 1 4  SCOPE 

The scope o f  the study i s  l i m i t e d  t o  the cdmphrison of the meri ts o f  two 

geothermal p lan t  generation enhancement concepts (d i  r e c t - f  i red super 

heater and recovery o f  heat f rom a gas turb ine exhaust) t t o  a 65 MW (net )  

reference geothermal power plant. The 65 MW p lant  was chosen as a re fe r -  

ence because the cost o f  t h i s  u n i t  was avai lable,  whereas the cost data 

needed f o r  a s im i la r  comparative study re la ted t o  a 110 tclw geothermal 

power p lan t  i s  cur ren t ly  not avai lable. 

used as a source o f  heat was l i m i  

gas. The l o g i s t i c s  associated w i  i v e r y  o f  fue ls  such as coal , 
petroleum, coke, o r  biomass and environmental consideratlons, a i r  q u a l i t y  

i n  pa r t i cu la r ,  placed these fue ls  i n  a second choice category and, there- 

The consideration o f  fue l  t o  be 

clean-burning pipe1 ne 



I I I. SUPERHEATING GEOTHERMAL STEAM AT THE GEYSERS 
1 * 

A. Background 

The b o i l e r  drums i n  foss i l - f ue led  power p lants  generate steam a t  the  

temperature and pressure o f  t he  b o i l i n g  water, a t  the  so-called 

sa tura t ion  condition. The e a r l i e s t  steam turb ines expanded the  

saturated steam d i r e  y from the  bo i l e r .  As the  saturated steam 

expanded t o  lower pressures through successi ve t u r b i  ne stages, a 

EE-58 EOS 

s i g n i f i c a n t  f r a c t i o n  o f  the  steam condensed t o  water, creat ing blade 

wear, lowering e f f i c i e n c y  and l i m i t i n g  the  work obtained from a 

pound o f  entering steam. 

As steam power p lan t  technology evolved, it was determined t h a t  i f  

the  temperature o f  saturated steam were ra ised before expanding the  

steam through the  turbine, condensation was avoided, e f f i c i e n c y  

improved and the  work obtained was g rea t l y  increased. This process 

i s  re fe r red  t o  as steam superheating and i s  used i n  every modern 

f o s s i l  fueled steam power plant. 

Typica l ly ,  modern b o i l e r s  operate a t  2400 pound per square inch 

the  662°F saturated steam t o  1,000"F or  higher. (ps i )  and superheat 

Mater ia l  s t ress 

temperature. 

i m i t s  usual ly  set  the  maximum at ta inab le  

The geothermal steam found i n  the Geysers area t y p i c a l l y  produces 

tu rb ine  t h r o t t l e  pressure o f  115 p s i  and temperature of 348OF. The 

geothermal steam i s  10 degrees above the  sa tura t ion  temperature 

( b o i l i n g  po in t  a t  t h a t  pressure), i .e., t he  steam i s  "dry" and 

na tu ra l l y  superheated 1 0 O F .  

4 
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The Geysers area geothermal steam i s  r e l a t i v e l y  pure and t y p i c a l l y  

contains only 0.4 percent non condensible gases, 82 percent o f  which 

i s  carbon dioxide, 5 percent i s  hydrogen su l f ide,  4 percent i s  

ammonia, and the remaining 9 percent i s  made up o f  l i g h t  

hydrocarbons. These gases are a l l  thermal ly s tab le a t  elevated 

L temperatures, i .e., <l,OOO°F. For p rac t i ca l  purposes, the Geysers 

area steam should behave thermodynamically as does the pure steam 

L * 

f o s r i  1 fue l  ed b o i  1 ers. 

Thermodynamic E f f e c t  o f  Superheating Geothermal Steam 

The analysis, as n i n  Appendix A, determines how much addi t ional  

e l e c t r i c a l  generation can be obtained f rom a i c a l  advanced design 

Geysers area p lan t  by superheating the geothermal steam t o  900OF. 

I n  addit ion, a determination i s  made o f  how much f o s s i l  fue l  must be 

B. 

f f e c t  the superheating and how 

energy contained i n  the  exhaust must be continuously removed from 

the  p lan t  (see Appendix A), 

1, Reference Geothe Steam Plant* 

The most e f f i c i e n t  Geysers area geothermal steam power p lan t  

Y PO ta tus  i n  December 

1983, This plant,  the  SMUDGE0 #1 un i t ,  w i l l  be used as a 

reference i n  a cost  and performance comparison w i th  a p lan t  

u t i 1  Sting superheated geothermal steam. The reference plant, 

using geothermal the enhanced geothermal 

- 

*See Appendix D, page 3 .  

5 
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p lant ,  using superheated geothermal steam, would each 

steam re la ted  charac ter is t i cs  l i s t e d  i n  Table 1. 

have the 

TABLE 1 

S t  eam- re1 ated Cha r a c t e r i  s t  i cs 
o f  Reference and Enhanced Plants 

Reference Plant  vs. Enhanced Plant  

T h r o t t l e  Steam F1 owa 946,200 lbs/hr  946,200 lbs /h r  

Steam Pressureb 115 ps ia  110 ps ia  

S t earn Temperat u reb 348' F 900" F 

Steam Turbine Ef f i c iency  83.4% 90% 

Steam Turbine Back Pressure 1 1/2" Hg 1 1/2" Hg 

Steam Turb i ne TypeC 4F-TC-25" LSBd 4F-TC-25" LSBd 

Steam Condensation 16% 2% 

Steam Condenser Duty 824 M i l  1 i o n  (MM)Btu/hr 960 MMBtu/hr 

a. 
b. Turbine i n l e t .  
c. 
d. 

Excludes 36,800 Ibs/hr  of e jec to r  motive steam. 

Not the same f i r s t  stages blades. 
LSB - l a s t  stage blade. 

2. Net Power Generation Increase by Superheating 

The de ta i led  thermodynamic analysis, shown i n  the Appendix A, 

establ ishes t h a t  heating the geothermal steam t o  900OF w i l l  

increase the energy content o f  the geothermal steam by 23.81 

percent. The net p lan t  power generation of the reference p lan t  

i s  increased 56.97 percent (see Appendix A, page A-5). Thus, 

t h e  output o f  the reference p lan t  geothermal steam tu rb ine  w i l l  

increase from 65 MW (net) t o  102 MW (net). 

6 
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b 1 . 3 .  Fossi l  Energy Conversion E f f i c i enc  

dynamic analysis shows'that 46.80 percent o f  the fos- 

s i l  energy added t o  the  reference geothermal steam p lan t  i s  

converted t o  net p lan t  e l e c t r i c i t y  (Appendix A, page A-5). The 

heat re jec t i on  requirement, i.e. p lan t  cool ing, i s  increased 

3 percent (Appendix A, page A-7). 

This ind icates tha t  whi le  i n  the reference p lan t  84 percent o f  

the  condensate i s  evaporated through the  cool ing towers, an 

enhanced p lan t  1 d sustain 100 percent of evaporative losses. 

As a resul t ,  there would be no water avai lab le f o r  cool ing 

A make-up 

There are water resources i n  

sers-Calistoga KGRA (Ref . ' l ) .  A construct ion of a dam 

n the Big Su l fu r  Creek i s  cur ren t ly  under study by Union O i l  

from which water could be drawn t o  

i n j e c t i o n  'rates i n t  ion 's  steam f ie ld .  Other 

water resources nd Kelsey creeks could be 

re in jec t i on  i n t o  the steam f ie ld .  

water would have t o  be provided. 

s the costs and 

the geothermal steam. 

4 8 O F  t o  900°F by 

ing conventional ubular heat exchange equipment. A 

7 

-58  tu3 



conventional a i r  preheater would reduce stack losses to'about' 

10 percent o f  the f o s s i l  fuel input. The geothermal steam 

would lose approximately 5 p s i  i n  pressure i n  passing through 

the  superheater. 

The geothermal steam superheater has several unique advantages. . 
Unl ike  a heat recovery steam generator, t he  superheater has no 

thermal pinch point, i.e., a l i m i t i n g  temperature approach 
0 

between the  f lowing hot gas and the  b o i l i n g  f l u i d .  The geo- 

thermal steam increases s tead i l y  i n  temperature from 348°F t o  

900°F whi le  f lowing counter-current t o  the hot combustion gases 

which are cool ing from 1000°F t o  about 400OF. The superheater 

requires no steam drum, deaerator, o r  makeup water system, and 

has essen t ia l l y  no cont ro ls  and no moving parts. The hot gas 

s ide o f  the superheater tubes would be exposed t o  environment 

encountered i n  any gas- f i red steam b o i l e r .  The ins ide  of the  

tube wa l ls  would be i n  contact w i th  geothermal steam f lowing a t  

348OF a t  the  i n l e t  and e x i t i n g  a t  9OOOF. Whether or not the  

hydrogen s u l f i d e  content which may range from a low o f  0.006 

percent t o  a high o f  0.1 percent would cause an increase i n  the  

corros ion rates i s  debatable (no data). However, i n  order t o  

p ro tec t  the superheater tubes from erosion, corros ion and scale 

formation on the  tubes' outer  surfaces, the  tubes should be 

aluminized by vapor d i f f u s i o n  process. This process has been 

D 

developed and perfected w i th  wide appl icat ions over the  l a s t  20 

years, the l a t e s t  of which was the Texaco g a s i f i e r  of the  Cool 

Water Project. Industry users (Standard O i l  o f  Indiana) 

8 
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bel ieve tha t  "a t  temperatures i n  the 1,800"F range, aluminizing 

wi l l  pro tec t  metals up t o  100,000 hours." A t  l,OOO°F, the tube 
., 3 

l i f e  should be even longer. Tube f a i l u r e  due t o  metal fa t igue 

would be the more . .  l i k e l y  cause o f  p lant  outage. On t h i s  basis, 

the  s t a f f  bel ieves tha t  there would be no s i g n i f i c a n t  reduction 

i o f  the p lan t  r e l i a b i l i t y .  

(ALON quotation) cost  o f  aluminizing 

s t  o f  the  superheaters subject t o  t h i s  study. 

Figure 1 shows a comparison performance and cost of the 

reference geot ermal p lan t  w the d i  rec t  f i r e d  superheater 

p lan t  . 
2. Gas Turbine Exhaust f o r  Superheating 

A gas .turbjne (GT) converts f o s s i l  energy t o  work a t  a 

temperature o f  a 

about 1 ,OOO°F. 

current  flow, t rans 

geothermal stea 

i s  included 
7 - _  

L 

- - n the United 

States e l e c t r i  ent  e f f i c i e n t  

(GT-31). Gas y have been i n  

Uni ted States 

e f f i c i e n t  (38 

service was expect be i n  commercial cogeneration operation 

9 



FIGURE 1 

Comparison o f  Reference Geothermal Plant t o  
Direct-Fired Superheated Plant  

1 * 

REFERENCE PLANT 

Geothermal Steam, 
* 348OF 

DIRECT-FIRED SUPERHEATED 

@ Steam Turbine @ Cooling Tower 

0 Electric Generator 4 Direct-Fired Superheater 

Direct-Fired 
0 

Reference - P1 a n t  Superheater Plan t  

Steam Throttle Flow M lbs /hr  
Steam Temperature, 'F 
Steam Pressure, psia 
Steam Turbi  ne, Unen hanced , F?w 
Steam Turbine Enhancement, 14w 
Net Plant Ou tpu t ,  
Fuel Use, MM B t u / h r  
Fuel Use Efficiency, % 
Condenser Duty, MY Btu /h r  
Capital Investment, MM $ 
Capital Investment/kW, $ 

946.2 
348 
115 
65 

65 
- 
- - 
824 

1420 
92.3 

946.2 
900 
110 
65 
37 
102 
300 

960 
114 
1120 

42.1 
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i n  June 1983 a t  Andersen, Ca l i f o r  ome 4,000 of these same 

machines a r e  now i n  n o n u t i l i t y  service worldwide. Contracts 

have recent ly  been -signed by the gas turb ine manufacturers w i th  

nonut i l  i t y  customers guaranteeing 1985 de l i very  o f  gas turbines 

which-are 10 percent more e f f i c i e n t  than the best (32 percent) 

a 

. now ava i lab le  which ind icates t h a t  the 42 percent e f f i c iency  

f o r  u t i l i t y  service can be expected t o  be avai lab le i n  

the  near future. Both the ex i s t i ng  gas tu rb ine  (GT-31) and 

t h i s  advanced gas tu rb ine  (GT-42) are analyzed. 

It can be seen f r o m  the  deta i led analysis i n  Appendix 3 t ha t  

depending on gas turb ine e f f i c iency ,  0.65 t o  0.40 k i l o w a t t  (kW) 

enhancement can be obtained from the exhaust o f  the gas tu rb ine  

per  kt4 o f  gas turb ine output. Using (conceptual ly) the  31  

n t  e f f i c i e n t  gas t ne (GT-31) t o  provide the exhaust 

of performance and investment i s  

uperheater @qui prnent 

arrangement i s  shown i n  r e  3. 

3. Waste Heat Recovery 

a t  geothermal steam 

h "enters the  supe a t  a steam temperature of 348OF 

that ,  t o  have e f f i c i e n t  heat t ransfer ,  the gas tu rb ine  

i 

xhaust gas leaving the- sup 

han 348OF. A bottoming cyc 

he 400°F t o  4 5 O O F  superheater exhau 

.07 kW per k!4 o f  gas t 

power (Appendix 8, page 8-13). 

11 
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FIGURE 2 

Comparison of Reference Geothermal Plant t o  
Turbine Exhaust-Superheated Plant 

REFERENCE PLANT 

Geothermal Steam, 
348OF 

GAS TURBINE EXHAUST-SUPERHEATED 

0 Steam Turbine @ Cool ing Tower 

Electric Generator @ Superheater @ Gas Turbine 
W 

Reference Gas Turbine Exhaust 

Steam Throttle Flow, M1 bs/hr  
Steam Temperature, OF 
Steam Pressure, psia 
Steam Turbine Unenhanced, MW 
Steam Turbine Enhanced, Y W  
Gas Turbine Output  
Net Plant O u t p u t ,  MW 
Fuel Use, FM Btu /h r  
Fuel Use Efficiency, % 
Condenser Duty, MM Btu/hr 
C a p i t a l  Investment, MM $ 
Capital Investment/kW, $ 

P1 a n t  

946.2 
348 
115 
65 

- 

- - 
65 - - 
824 

1421) 
92.3 

12 

Enhanced P1 a n t  

946.2 
900 
110 

102 
57 
159 
627 

960 
131 

c 

51.2 

824 



Source: Rolls-Royce, Inc. 
- 
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The cap i ta l  

page C-3). 

A1 te rna t  ivel :  

investment would be about $1,00O/kw, (Appendix C, 

1 1 

, the exhaust heat could be recovered i n  a low 

pressure waste heat b o i l e r  and generate the  requi re a i r  Ojector 

motive steam, (Appendix 8, page B-10) i f  the necessary water 

resources were devel oped. . 
The exhaust heat could also be used i n  a waste heat b o i l e r  t o  P 

generate induct ion steam, lee., low-pressure steam inducted 

i n t o  the low-pressure tu rb ine  stages t o  produce addi t ional  

generat i on. 

The above schemes requi re increased heat re jec t i on  and a s ign i -  

f i can t  negative water balance of about 10 percent (Appendix 8, 

page 8-13), and are perhaps not viable. Recause o f  water 

unava i l ab i l i t y ,  the bottoming cycle i s  not included. 

0. Combined-Cycle Comparison 

This sect ion provides a comparison of the r e l a t i v e  power generation 

ef fect iveness between a f o s s i l  - fueled gas tu rb ine  used t o  superheat 

the  geothermal steam w i t h  the use o f  the same gas tu rb ine  i n  a con- 
* 

ventional combined cycle power plant. 

1. 

! 

€E-58 EOS 

Conventional Combi nsd Cycle Power P1 ant % 

The 57 MW, 3 1  percent e f f i c i e n t  gas tu rb ine  (GT-31) used t o  

superheat the reference geothermal steam f low could exhaust 

i n t o  a mult ipressure waste heat b o i l e r  and generate 26 MW i n  a 

steam turbine. The investinent and performance comparison i s  

shown i n  Figure 4. 
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FIGURE 4 

Canparison o f  Superheater-Enhanced Geothermal 
to Combined-Cycle Power Plants 

. . I  
1 

t $AS TURBINE EXHAUST SUPERHEATING 

c 

CQMBIHED-CYCLE POWER PLANT 

t 300°F 

a Supertreater 



* 
2. Advanced Power P lan t  

\ 

An advanced, 42 percent e f f i c i e n t  (GT-42) combined-cycl e gas 

turb ine (1985 de l i very  projected) used t o  superheat the refer-  

ence geothermal steam f low would generate the same 26 MW (as 

the GT-3 1 -exhaust) from the same mu1 ti pressure boi  1 e r  and same 

steam turbine. However, the GT-42 would generate 93 My1w from 

i t s  operation. A performance and investment comparison i s  

* 

shown i n  F i g r e  4. 

E. D i f f e r e n t i a l  Cost Estimate 

This study was aided by the a v a i l a b i l i t y  o f  u t i l i t y  cap i ta l  and 

operating cost data from the most recent Geysers area geothermal 

steam power p lants  appl icat ions f o r  c e r t i f i c a t i o n  (AFC) . 
A well-documented ser ies o f  studies have been produced (see Referen- 

ces) which show a s i g n i f i c a n t  thermodynamic advantage f o r  incorpora- 

t i n g  f o s s i l  f ue l  i n  a geothermal steam plant. However, t o  date, no 

such p l a n t  has been b u i l t  and the CEC s t a f f  has n o t  come across any 

cost estimates o f  such uni ts.  The a v a i l a b i l i t y  o f  wel l  defined cost 

and performance o f  a Geysers area geothermal p l a n t  together w i t h  the I 

r a p i d  evolut ion i n  gas turb ine technology has created an opportuni ty 

t o  evaluate and compare f o r  the f i r s t  time t h i s  form of power 

generation w i t h  other options. 

A comparison o f  the required c a p i t a l  investments and generation 

costs o f  superheating enhancement and other  generation 

be made on the basis of the f i r s t  year on- l ine operation. Making an 

EE-58 EOS 
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assumption tha t  such plants would be constructed and "on-l ine" i n  

the s t a f f  t o  use the l a t e s t  cap i ta l  and fue ls  cost  data 

i n  making the comparative analyses without speculating as t o  what 

the  fu tu re  may hold i n  terms o f  i n f l a t i o n ,  

discount rates (cost o f  money). Admittedly, a t  the ea r l i es t ,  the 

superheating concepts could be incorporated i n t o  the geothermal 

power p lants  i s  i n  the  year 1989, and some assumptions re la ted  t o  

various economic parameters have t o  be made. 

Because o f  the confidence i n  the current cost data and the need t o  

i d e n t i f y  the magnitude o f  advantage o r  f inanc ia l  r i s k  t o  the u t i l i -  

t i e s  and the ra te  payer, both the 1983 f i r s t  year and 1989 leve l i zed  

4 8 

cos t  comparisons are presented i n  t h i s  section. 

One o f  the fac to r  which h igh ly  influences the  advantage/di sadvan- 

tage o f  superheating the  geothermal steam i s  the re la t ionsh ip  

between the p r i c e  o f  steam-and the  p r i c e  o f  natural  gas. The higher 

the  steam p r i c e  (o r  the  lower the gas pr ice) ,  the higher i s  the 

r reduct ion o f  power generation cost by superheating the  

for  the  steam about 32 

quiva lent  t o  $1.77 per 1,000 l b s  o f  steam 

compared w i t h  $1.37/1000 l b  and $l.OS/lOOO l b  d by SMuD and the  
e 

n r n i a  Power Agency (NCPA 

i t  would appear t h a t  PGandE stands t o  b from superheating 

the  geothermal steam than the other two u t i l i t i e s .  However, because 

PGandE pays f o r  the steam on the bas is  mflls/kWh produced, it i s  

not ce r ta in  i f  and h r a c t  w i th  the steam suppl ier  could be 

modif ied i n  order t o  avoid the po ten t ia l  savings t o  be o f f s e t  by 

1 7  
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I t 

paying f o r  the increase i n  energy output which i s  a t t r i b u t a b l e  t o  

the  use o f  gas rather  than steam. 

Without appropriate steam purchase contract  modif icat ions, had 

PGandE had i n  1983 a 65 MW reference plant, it would pay f o r  the 

superheated steam $22 m i l l i o n  more than i t  would without super- 

heating, and the cost o f  e l e c t r i c i t y  would be 73 mi l ls /k#h compared 

w i t h  65.5 mills/kWh generation cost without superheating, o r  54 

mills/kWh w i th  superheating i f  no "premium" would need t o  be paid 

for  the increase i n  energy output. 

Because o f  the uncertainty whether o r  not the PGandE contract  could 

be modif ied and the c lea r  disadvantage i f  i t  could not, the CEC 

s t a f f  used i n  i t s  analyses $1.37/1000 lbs,  the p r i c e  paid by SMUD -a 

median w i t h i n  the $1.09 t o  $1.77 range-not subject t o  per turbat ion 

by  an increase i n  energy output. 

1. Elements o f  Capital Cost 

I n  developing cost comparisons fo r  various options presented i n  

Tables 2 and 3, the fo l lowing cost elements (developed i n  

Appendix C)  were used: 

Capital Costs (1983 prices; u t i l i t y  and equipment suppliers 

data) 

o Unenhanced plant:  65,000 kW a t  $1,42O/kWh 

o D i  r e c t - f i r e d  superheater enhanced: 102,000 kW a t  

$1,12O/kW 
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i 1 o GT-31 gas turb ine exhaust enhanced: 

o GT-31 corrbine cycle: 83,000 kW a t  

GT-42 gas t u h i  ne exhaust enhanced: 

159,000 kW a t  $824/kW 

$730/kW 

195,000 kW a t  $831/kW 

o GT-42 conbined cycle: 119,000 kW a t  $771/kW 

2. Energy cost (1983 prices; u t i l i t y  data and s t a f f  estimates) 

o Geothermal steam: $1.37/1000 l b s  

o Natural gas: $5.35/mill ion Btu 

3. Operation and Maintenance (O&M) Cost (1983 costs, Reference 

EPRI-AP-2321) 

o Geothermal p lant  f i xed  costs--$lO/kW i n s t a l l e d / y r  

o Geothermal p lan t  var iab le costs--2.2 mills/kWh 

o Gas turb ine ant f ixed costs--$4/kW dnstal led/yr  

osts-0.2 m i l  

he p lants '  c a p i t a l  

e values found i n  the cost were used w 

Appl icat ion f o r  C e r t i f i c a t i o n  (AFC) f o r  Geysers Un i t  20. 
~- 

t i o n  and t o t a l  

f i r s t  year generation f o r  s i x  d i f f e r e n t  plants i f  a l l  

such p lants  were on l i n e  i n  1983. Three o f  -these plants are 
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TABLE 2 

Comparison o f  F i r s t  Year (1983 Prices) Costs 
f o r  Unenhanced Geothermal, Enhanced Geothemal 

and Combined-Cycle Power Plants 

Unenhanced Enhanced Enhanced Combined Enhanced Combined 
Geothermal D i rec t -  GT-31 Cycle GT-42 Cycle 

P1 ant F i red  Exhaust GT-31 Exhaust GT-42 
P 

Net Output, MW 65 102 159 83 195 119 

Geothermal Steam Flow, 
1000 lbs/hra 983 983 983 0 983 0 

Foss i l  Fuel Flow, m i l l i o n s  
B t  u/hr 0 300 627 627 756 756 

8 

Annual Generation, m i l l i o n s  
kWh a t  83% Capacity Factor 473 742 1,160 603 1,420 86 5 

Total Capi ta l  Costs (1988) 
m i l l i o n s  $ 92.3 114 131 60.6 162 91.8 

Annual Level ized Costs, 
m i  1 1 i ons $/yr ( i n  19831 

Capital  a t  16% Fixed Charge 
Rates 

Steam a t  $1.37/1000 l bs  

Fuel a t  $5.35 per m i l l i o n  Btub 

O&M, Varjable and Fixed 

TOTAL ANNUAL COSTS 

Generation Costs, m i l  Is/kWhc 

D i f f e r e n t i a l  Costs, m i l  ls/kWh 

14.77 18.24 20.96 9.70 25.92 14.69 

9.79 9.79 9.79 0 9.79 0 

0 11.67 24.39 24.39 29.41 29.41 

2.20 1.00 1.70 1.70 2.00 0.80 

26.26 41.40 57.15 34.59 67.32 45.10 

55.5 55.8 49.3 57.9 47.45 52.1 

BASE +O. 3 -6.2 +2.4 -7.1 -3.4 

- 

a. Includes 36,900 l bs /h r  o f  e jec to r  motive steam. 
I 

b. Includes the cost o f  p ipe l i ne  o f  3.3 $ /m i l l i on  Btu see Appendix 8, page R-13). 
The charge w i l l  vary between 3.3 $ /m i l l i on  Btu and 13. 5 $ / m i l l i o n  Btu f o r  22 p lan ts  
and a s ing le plant, respectively. 

c. noes not include transmission l i n e  i n t e r t i e  of $40/klJ or 1 mill/kWh f o r  each 
geothermal case considered. The current cost o f  construct ion of a 230 k i l o v o l t  
l i n e  i s  about $1 m i l l i o n  per mile. 
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h 

7 . .  8 s ing le  energy type plants, and three are hybr id  energy plants. 

All o f  these p lants  have been previously described and are 

shown i n  Figures 1, 2 and 4. 

Table 2 shows t h a t  a t  the  known 1983 pr ices generation enhance- 

ment achieved by using the  exhaust gas from a codws t ion  

tu rb ine  t o  superheat the  geothermal am would r e s u l t  i n  a 

lower cost o f  e l e c t r i c i t y  compared w i th  the  cost o f  e l e c t r i c i t y  

produced by e i t h e r  the  reference 65 MW geothermal p lan t  o r  a 

cornbined cycle. What the  p lan ts '  cap i ta l  costs, i n t e r e s t  

rates, gas and steam pr ices  may be by 1989, t he  e a r l i e s t  year 

when an enhanced geothermal p lan t  could be i n  service, i s  much 

less  certain. Rather than speculate and assume a s ing le  set of 

values o f  these factors, the  s t a f f  performed comparative 

analyses over a range o f  economic condi t ions which may develop 

i n  the  future. 

parameters used i n  these analyses i s  present 

Ref lec t ing  the  current  CEC forecast of re1 evant 

i n  t h i s  table, a comparison o f  1989 generation costs 

l eve l i zed  over 30-year p lants '  l i f e  i s  presented i n  Table 4. A 

f u l  I representation o f  generation the  e n t i r e  range 

o f  economic parameters would requi re twenty-four add i t iona l  

he resu l t s  o f  t he  

the  e n t i  r e  range are presented graph ica l l y  

i n  Figure 5. This f i gu re  shows tha t  unless the escalat ion 

rates o f  the  gas pr ices w i l l  not  be the  escalat ion 

rates o f  the geothermal steam prices, generation enhancement 
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1 t TABLE 3 

Economic Parameters f o r  1989 Level i zed  Cost 
o f  E l e c t r i c i t y  Production Estimates 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

General I n f  1 a t  i on, 
Annual Rate (percent) 

Discount Rate (percent) 

Fixed Charge Rate (percent) 

P lant  Cost and Steam Annual 
Escalat ion Rates (percent) 

Steam Pr ice  Level i t a t  i o n  
Factor (L.F. ) 

Gas Pr ice  

a. Real Escalat ion Rates 

b. L.F. 

Gas Pr ice  

(percent) 

a. Real Escalat ion Rates 
b .  L.F. 

Gas Pr ice  

a. Real Escalat ion Rates (%) 
b. L.F. 

Gas Pr ice  

a. Real Escalat ion Rates ( X )  
b. L.F. 

Gas Pr ice  

a. Real Escalat ion Rates (%) 
b. L.F. 

4.5 6.5" 7.5 

10.2 13.0* 14.5 

12.7 15.5* 17.0 

8.5 

16.0 

18.5 

9.5 

17.4 

19.9 

4.5 6.5 7.5 8.5 9.5 

1.508 1.705 1.790 1.868 1.946 

0 0 0 
1.508 1.705 1.790 

0 
1.868 

0 
1 . 946 

0.5 0.5 0.5 
1.588 1.791 1.879 

0.5 
1.955 

0.5 
2.034 

1.5 1.5 1.5 
1.768 1.982 2.070 

1.5 1.5 
2.150 2.213 

I 

2.5 2.5" 2.5 
1.979 2.204 2.294 

2.5 2.5 
2.375 2.457 * 

3.5 3.5 
2.635 2.719 

3.5 3.5 3.5 
2.226 2.463 2.554 

*These values represent the  current  CEC forecast. 
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C. 

'I . TABLE 4 

Comparison o f  1989 Level ized Costs 
f o r  Unenhanced Geothermal, Enhanced 

Geothermal and Combined-Cycle Plants 

Unenhanced Enhanced Enhanced Cont, i ned Enhanced Comb i ned 
Geothermal Oirect-  GT-31 Cycle GT-42 Cycle 

P1 ant F i red  Exhaust GT-31 Exhaust GT-42 

Net Output, MW 65 102 159 83 195 119 

Geothermal Steam Flow, 
1000 lbs/hra 

Foss i l  Fuel Flow, 
m i  11 ions Btu/hr 

983 953 983 0 98 0 

d 300 627 * 627 75 7 56 

Annual Generation, m i l l i o n s  
kWh a t  83% Capacity Factor 473 742 1,156 603 1,420 865 

Total  Capi ta l  Costs (1988) 221.9 125.8 
m i l l i o n s  $ 126.5 156.2 179.5 83.0 

Annual Level i zed Costs 
m i  1 1 ions $/yr 

Capital  a t  15.5% Fixed 
Charge Rate 19.61 19.61 24.21 27.82 12.87 3.40 19.59 

Steam a t  $3.2/1000 lb 22.87 22 .a7 22.87 0 22.87 0 

Capi ta l  a t  15.5% Fixed 
Charge Rate 19.61 19.61 24.21 27.82 12.87 3.40 19.59 

Steam a t  $3.2/1000 lb 22.87 22 .a7 22.87 0 22.87 0 

Gas a t  $18.2 per m i l l i o n  Btub 0 39 e57 82.70 82.70 99.71 99.71 

7.18 3.32 8.88 5-03 O&M Variable and Fixed - 
TOTAL ANNUAL COSTS 92.90 140.57 98.89 165.86 124.23 

Generation Costs, mills/kWh 121.6 164.0 116.8 143.6 

D i  f ferent  i a1 Costs, m i  11 s/kWh +16.3 +43.1 

a. Includes 36,800 lbs /h r  o f  e jec to r  motive 'steam. 

8.2 $ /m i l l i on  Btu. 
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which can be achieved through superheating the geothermal steam 

o f fe rs  no economic advantage over an unenhanced geothermal 

plant.  A s im i l a r  conclusion based on s t a f f  analyses appl ies t o  

a system i n  which a more e f f i c t e n t  GT-42 gas turb ine provides 

the  heat f o r  superheating the  geothermal steam. 

5. Enhanced Geothermal 

Operated Separately 

The mer i ts  o f  a geothermal-enhanced u n i t  were also evaluated 

against the combi ned cap i ta l  and generation costs o f  separately 

operated unenhanced geothermal power plants, such as the 65 MW 

reference p lan t  and a GT-31 cont>ined cycle, each using the  same 

respect i ve amount of geothermal steam and gas as those 

required for  the operation o f  a superheater-enhanced plant. 

Using the  CEC forecast ‘ o f  economic t rend parameters i d e n t i f i e d  

25 



TABLE 5 

Comparison o f  Annual Generating Cost o f  a 
Superheater-Enhanced Geothermal P lant  t o  

* Separately Operated Unenhanced Geothermal 
and Cohined-Cycle Plants 

Net Plant 
output, 

Annual M i l l i o n s  Generation Gas Use 
cost, k W h /y r a nd cost, M i  11 ions 
$ m i l l i o n s  (MU) Mills/kWh Btu/hr 

k W h /y r (M W ) 

Reference 
Geothermal Plant 47.54 473(65) 100.5 

Geot herma 1 
Steam Use, 
Thou sands 

lbs /h r  

Conb i ned Cycle 
627 - Plant 9% .89 603(%3) 164.0 

0 983 

Two Separate 
Plants Total 146 -43 1,076( 148) 136.1 627 

0 - 

983 

GT-Enhanced 
Geothermal 
Plant 140 . 5 1,156( 159) 121.6 627 983 

D i f f e r e n t i a l s  6.86) 80( 11) 14.5 0 0 

Annua 1 Worth 
o f  11 MW 1.16 

Total Annual 
Savi ng 7.02 

Present Worth* 52.62 

*Present Worth Factor (PWF) = (1.1330 - 1)/.13(1.13)30 = 7.4956 
The Present Worth = PWF x 7.02 mi l l i on .  

EE-58 EOS 
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FIGURE 6 

1989 30-Y ear Level i zed Cost o f  El ectri ci ty 
Production f o  a Superheater-Enhanced 

Geothermal Plan and Unenhanced Geothermal 
P1 ant/Combi ned cle Operating Separately 
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cost than those which would r e s u l t  f r o m  a separate use o f  the  

Geysers' steam and natural  gas i n  an unenhanced geothermal 

p lan t  and combined-cycle, respect ively.  This, however, i s  t r u e  

only i f  (a) the  opportuni ty t o  conbine such separate operations 

i n t o  a superheater-enhanced geothermal p lan t  ex i s t s  w i t h i n  the  

u t i l i t y  generation system, and (b) the  payments f o r  steam would 

not increase i n  propor t ion t o  the  increase i n  energy output by 

the superheater-enhanced geothermal plant.  

L 

F. S e n s i t i v i t y  Analyses 

As previously stated, the cost informat ion developed thus f a r  was 

der ived from the  known 1983 p l a n t ' s  cap i ta l  costs, gas and geother- 

mal steam pr ices l e v e l i t e d  over a range o f  discount rates, general 

i n f l a t i o n  and gas p r i c e  escalat ion rates. 

The very recent (Ap r i l  1984) indust ry  pro ject ions o f  p lan t  costs 

ind ica te  tha t  the reference p lan t  which was b u i l t  i n  1983 for  $92.3 

m i l l i o n  may cost $170 m i l l i o n  by the end o f  1988. I f  one was t o  

a l l o w  a 5 percent general p r i ce  increase ( i n f l a t i o n )  i n  1984, the  

r a t e  of i n f l a t i o n  over the  subsequent 4 years (1985-1988) would have 

t o  be 15 percent, which i s  beyond the range considered by the  CEC 

s t a f f .  Likewise, the market forces may have caused the  p r i ce  o f  

geothermal steam t o  escalate t o  $1.77 per 1,000 lb. (1983 $). The 

impact of these extremely high escalat ion rates on the re la t ionsh ip  

o f  the cost o f  e l e c t r i c i t y  generation by superheater-enhanced and 

unenhanced power p lants  (such as the reference p lan t )  i s  examined i n  

t h i s  section. The s e n s i t i v i t y  o f  the cost o f  e l e c t r i c i t y  generation 

28 
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t . of each in f luencing parameter (p lan t  costs and geothermal steam 

cost) ,  and the canbined ef fects are presented graphica l ly  i n  Figures 

7 through 12. 

des a comparison o f  e l e c t r i c i t y  f o r  

superheater-enhanced and unenhanced p l  

p lan t  cost would increase by 1989 abo 

costs. Comparing these values t o  those displayed i n  Figure 6 shows 

t h a t  (1)- the  overa l l  cost  o f  e l e c t r i c i t y  would increase about 10 

percent, and (2) the  gas pr ices  can escalate about 1 percent above 

general i n f l a t i o n  before the  advantage o f ‘  superheating the  geother- 

mal steam by gas turb ine exhaust would be lost ,  A t  general annual 

exceeding 10 percent (Figure 6), no increase i n  gas 

pr ices  above general i n f l a t i o n  can be to le ra ted  i f  the advantage o f  

Superheating i s  t o  be real ized. 

Figure 8 shows tha t  high p lan t  cost does not a l t e r  the conc1usion 

operation of a cohined-cyc le p lant  and an unen- 

- .  - hanced geothermal p lan t  - 1  (each using the  respective quant i t ies  o f  gas 

and geothermal steam t h a t  would be required t o  

han operating a gas 

* 

i n  generation 

of gas p r i c e  

the geothermal 

steam would be lost .  
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1989, 30-Year Level ized Cost o f  Electricity Production 

Geothermal Power Plants for Superheater-Enhanced and Unenhanced \ c 
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FIGURE 8 

1989, 30-Y ear evelized Cost of E l e c t r i c i t y  Production 

Plant and Unenhanced Geothermal Power Plant  with 
?i . f o r  Superheater-Enhanced Geothermal Power 

Combined-Cycle Operating Separately 
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Figure 10 ~ confirms the advantage o f  superheating the geothermal 

steam over separa 

geothermal p l  ant. 

Figure 11 shows the c o h i n e d  e f fec ts  o f  high p lan t  and geothermal 

steam costs. 

operations of a cohined-cyc le and an unenhanced 

Under these condit ions, the g 

about 2 percent ove the  general ann crease rates before 

the  superheater-enhanced geothermal system would become 

noncompet i t i ve . 
Figure 12 ind icates tha t  the conbined e f f e c t  o f  high p lan t  costs and 

h igh cost o f  geothermal steam s t i l l  r esu l t s  i n  cheaper operation of 

a superheater-enhaneed l a n t  compared w i th  a separate operation of a 

cohined-cyc le and an nhanced geotherma 

G. Generatfon Potent ia l  o f  Geysers Area Resource 

The geothermal power p lan t  development h i s to ry  i n  the  Geysers- 

Calistoga KGRA and CEC pro ject ions (Ref. 18) through June 1991 are 

presented in Table 6. 
_i . . 5 . 

1. Unenhanced Generat i on  

f the remaining Geyser area 

ear 2002, approxi - 
mately 3000 MW could be on-line. This assumes t h a t  the  

33 
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FIGURE 10 

1989, 30-Year Levelited Cost of Electricity Production 
for Superheater-Enhanced Geothermal Power 8 t 

Plant and Unenhanced Geothermal Plant with 
Combined-Cycle Operating Separately 
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FIGURE 11 

30-Year Level ized Cost of  Electricity Production 
T for Superheater-Enhanced and 
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TABLE 6 
.F * 

Power Plantzvelopment i n  the Geysers KGRA 
1960 - 1991 

Estlmated County of Gross Net Cumul a ti ve 
. Capacfty (ml CdDacity (w) Net & J t R U t  

CEC 
Certificatlon On Llne Date 

-- 1360 * 

Sonama -I 1963 
Sonma -- 1967 
Sonoma *- 19E8 
sonoma -- 1971 
Sonma e- 1971 
Sonma .- 1972 PGandE 6 

Sonma 1972 
PGandE 7 

Sonoma -- 1973 PGandE 8 I 

Sonma 1973 
PGandE 9 

S o n m  -- 1975 PGandE 10 
Sonana .- 1979 PGandE 11 
Sonma e- 1979 PGandE 12 
Lake .- 1980 PGandE 15 
Sonma -- 1 ?a9 

WandE 13 

Sonoma 12/8 
PGandE 14 

Sonoma ‘ 12/82 
tKPA 2 

Senma 
Sonom 

5/83 
PGandE 17 

12/83 
PCandE 18 

Cake 6/84 
Lake 6/84 

OWR Bottle Rock 
Sonuna 1984 Occidental tl 

PGandE 16 9/81 6/85 Lake Maqma Wltd Well 

Sonm 8/85 -- 1985 
NCPP 3 
FlSR 11 

11 /e1 
3/86 

DWR So. Geysers 
PGandE 20 1 I83 
NCPA 1 -- Shelved IndefYnltely -- 
PGandE 1G 6/88 
PGandE 22 6/88 

CCPA e1 
#fC/Shell 
CCPA P2 
PGandE 24 

11 11 
13 24 

51 
78 

27 
27 
53 131 

184 * 53 
237 53 
290 . 53 
343 53 

53 386 
502 106 
608 106 
e67 59 
802 

. 911 
133 
1 c9 

1,017 lC6 
1,127 110 
1,237 110 
1,302 65 

52 1,354 
1,434 
1,439 

80 
5 

1,552 113 
1,658 106 
1,663 
1,715 

12 
14 
28 
28 
55 
55 
55 
55 
55 
55 

110 
1 IO 
62 

138 
114 
110 . 

1- 

4/80 
9/79 
5/00 
3/81 
11/6 
1/81 

SWOGEO *la 

5 
120 
110 

-- 
12/82 

i,a2e 

53 (63) 1,881 
.- 2/a6 

-* 

2,093 (2,153) 
2,199 (2,253) 

281 x:% [$:%{ 
165) 2,381 (2,505) 

C6 (13Q) 2,487 (2.635) 

[!%’ 

- 
ata in table  are current as o f  January 1, 19 plant projects ‘st 

under Constructfdn, i n  reoulatory revfew, or fde r t f -  

h. Candidate a1 aotential suoerheater 
e. 8ased on the cy o f  typical (other t geothermal power plants, the CEC 

staff  es t imtes  that the  total recoverable 
The numbers f n  parenthesis fndicate gross. 
result f r o m  efficiency improvement patterne 
Plant canacity subject to revision, 

rce represents 3000 MW (net) .  
umul a t l  ve genera ti on potent la1 t h a t  would 

d .  



a t 

remaining residual  resource o f  1,172 MW (3000 MW - 1828 MW) 

would be developed without generation e f f i c i ency  fmprovement 

re f l ec ted  i n  the  65 MW reference p lan t  and without enhancement 

through superheatinq o f  the geothermal steam. With ef f ic iency 

improvement (but wi thout superheater enhancement) appl ied t o  

- 

EE-58 €OS 

a l l  fu tu re  p lants  the remaining geothermal resource would 

increase t o  1,437 MW (net), for  a t o t a l  of 3,265-MW. 

I n  the  event the geothermal resource i n  the  Geysers-Calistoga 

KGRA prove t o  he la rger  than cur ren t ly  estimated, the  environ- 

mental impacts, p a r t i c u l a r l y  a i r  q u a l i t y  would need t o  he 

reassessed. 

2 . Su pe rhea t e r- En h anced Gene r a t  i on 

The e a r l i e s t  geothermal power p lants  tha t  could incorporate the  

superheatinq concept a r e  present ly scheduled for  June 1988 

operation (see Table 6 ) .  Ry increasing t h e i r  efficienc.y 

patterned a f t e r  the 65 MI4 reference p lan t  ( s t i l l  usinq the  same 

amount o f  steam) and by usinq cur ren t ly  avai lab le qas tu rb ine  

exhaust for  superheating, each plant,  o r  mul t ip les of such 

u n i t s  could produce 159 MW from t h i s  same amount o f  steam. A l l  

geothermal p lants  a f te r  June 1988 could u t i l i z e  superheated 

geothermal steam. The po ten t ia l  f o r  enhancing the  remaining 

1,437 MW (3,265 MW - 1,828 MW) resource i s  shown i n  Table 7. 
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TABLE 7 
'7 b 

Geysers Area Residual Resource IJt i1 i t a t i o n  

I Enhanced Enhanced 

(Megawatts )a  Megawatts Megawatts 
Residual Resource GT-31, GT-42, 

808 1,976 2,425 

2,875 
+% +% 

2,077 
* Uncommitted 

I ncrcase BASE 
Tot a1 

a. With e f f i c i ency  improvement. 

The residual resource o f  la437 MW allows for  construct ion of 22 

65 MW reference plants, which thrrmqh qeneration enhancement 

(GT-31) t o  159 MV (each) could increase the t o t a l  output a t  the 

addi t ional  2,077 MW, The fue l  requirements for  

d f o r  enhanced GT-42) are shown i n  

TABLE 8 

Fossi l  Fuel Requirement for  GT Enhancement 

Enhanced Enhanced 
GT-3 1 GT-42 

Foss i l  Fuel Use, m i l l  /p lant  627 756 
Equi valent Fuel O i  1 , 133 

Fuel Use Rate, hhl/YW-yr 8,926 

Total Fuel, 22 p lants  21.3 
Total Annual Generati .83 2,875 x 0.83 

heater-enhanced geothemal 

t i  onal o i  1 -based 

39 

EE-58 EOS 



3. Fossi l  Fuel Wsplacement 
t 4 

It i s  CEC po l i cy  t o  b r i ng  about a lonq-term reduction i n  the  

use o f  petroleum-der1 ved fue l  f o r  power seneration. 

The 3,265 MW Geysers area  geothermal power (Table 6) displaces 

t h e  equivalent o i l  and gas use b.y 100 percent. The enhance- 

ment, as described i n  t h i s  study provides an add i t iona l  oppor- 

t u n i t y  fo r  o i l  displacement. 

Data on past and projected fue l  oil-based generation i n  C a l i -  

f o r n i a  is  l i s t e d  i n  Table 9. (Ref. 16, page 71) 

TABLE 9 

Oil-based Generation i n  C a l i f o r n i a  

1978 1985 1992 2002 - - - - 
Fuel O i l  -based Generation, MW-yrs 6,164 7,306 2,968 2,968 
Fuel O i l  Use, MMBbl/yr 90.5 109.5 44.9 44.9 
Fuel Use Rate, bbl/MW-yr 14,682 14,988 15,128 15,128 

The addi t ional  power derived from the Geyser area through 

f o s s i l  fue l  enhancement could produce the  fo l low ing  o i l  equiva- 

l e n t  reduction l i s t e d  i n  Table 10 by the  addi t ional  statewide 

generation d i  spl acement: 

TABLE 10 

Potent ia l  f o r  O i l  Displacement 

GT-42 - GT-3 1 - 
Generati on D i  sp1 aced, MU-yrs 
O i l  Displaced 0 14,682 bbl/MW-.yr 25.8 35.8 
O i l  f o r  GT Enhancement, MMBbl/yr 17.8 21.3 
Met O i  1 Reduct i on, . WSb1 /.yr 335 m 
30 Year O i l  Savinqs, 

M i  11 i on har re l  s 240 435 

2,n77 x 0.83 2,875 x 0.83 
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T 5 In summar.y, the above shows t h a t  by using qas equivalent t o  

17.8 mil l ion  barrels of o i l  per year t o  superheat the geo- 

thermal steam, 25.8 mill ion barrels of oil would be displaced 

each year t h a t  otherwise would be required t o  qenerate 2,077 

MU-year (1983 value of $256 mill ion per year savings), In the 

future, should favorable economic conditions develop, the 

natural gas equivalent t o  17.8 million barrels of o i l  per year 

could also he saved by gasification of coal, petroleum coke o r  

biomass t o  produce low-, medium- o r  high-Btu gas which can be 

used i n  the gas turbines. 

4 1  
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I V .  ENVIROPNENTAL, R E G U U T O R V ,  AND OTHER C O N S I D E R A T I O P 6  

A. Environmental Aspects 

1. NOx - The New Po l l u tan t  

The burning o f  f o s s i l  fue l  i n  the Geyser area w i l l  introduce a 

s ing le  a i r  po l lu tant ,  n i t rogen oxides (NO,), t h a t  i s  regulated 

by both s ta te  and federal laws. 

The NOx l e v e l  i n  the  gas tu rb ine  exhaust can be maintained a t  

about 50 par ts  per m i l l i o n  h.y w a t e r  in jec t ion ,  accordinq t o  the 

qas tu rb ine  manufacturer. 

The annual water requirement for t h i s  purpose would be 63 acre- 

feet. nue t o  evaporative loss o f  the e n t i r e  condensate, t h i s  

requirement could be met only i f  addi t ional  water resources, as 

discussed i n  previous action, were developed. 

Approximately 106 l bs /h r  o f  NOx would he emitted from each o f  

the  po ten t ia l  22 gas tu rb ine  exhaust enhanced qeothermal 

plants. The annual NO, emitted would t o t a l  8,478 tons. 

However, as deta i led i n  Appendix B, page 8-8, the NOx concen- 

t r a t i o n  i n  the Geysers area communities w i l l  not exceed s ta te  

o r  federal a i r  qua l i t y  standards. 

EE-58 EOS 

, 

Nevertheless, it i s  expected t h a t  Prevention o f  S ign i f i can t  

Deter iorat ion (PDS) review by the  Environmental Protect ion 

Agency (EPA) and D i s t r i c t  New Source Review would be required. 
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The Geysers area has. been the subject of exhaustive, 5 .year 

1 ong, atmospheric dispersion studies. The mathematical model 

these studies has been developed for h.ydrogen 

s u l f i d e  (H2S) dispersion, incorporat inq measured data. R e  

atmospheric dispersion model i s  both s i t e  and receptor 

spec i f ic ,  and the  resu l t s  are widely accepted as va l id  by the 

government and industry. The enhanced p lants  w i l l  u t i l i z e  the 

same geothermal stea low, and therefore there i s  no increase 

H2S emission. 

s dispersion ’ model, it was p re l im ina r i l y  determined 

t h a t  under the  adverse meteorolow, the FrO, concentrat ion 

2. 

E€-58 €OS 

i n  the  l oca l  communities frm a l l  22 p lan ts  would not exceed 1 

hour ambient s ta te  standards o f  470 micrograms (uq) of M)? per 

143 (see Appendix 5 ,  page 8-10). 

A i r  P o l l u t i o n  Displacement 

n t l a l )  enhan geothermal plants i n  the Geyser 

-fueled generation and the  

r po l lu t ion ,  oxides of su l fur  (SOX), 

s i  s in ’  Appendix 6-14. . . . and pa r t i cu la tes  Taken from- the 

o Par t i cu la tes  displacement i s  1,737 tons/year. 

43 



The reduction i n  po l l u tan ts  would occur i n  areas of hiqh wpu- 

l a t i o n  t h a t  now may exceed a i r  p o l l u t i o n  l i m i t s ,  i.e., non- 

attafnment areas. 

EE-58 EOS 

3. Land, Water, and Socioeconomic Impacts 

a. Land 

The add i t i on  o f  a steam superheater sized t o  heat 946,200 

lbs  per hour o f  geothermal steam from 348OF t o  900OF and a 

57 MW qas t u r b i  ne-generator w i  11 occupy approximately 1/2 

o f  an acre. The gas p i p e l i n e  const ruct ion would have an 

as y e t  undetermined impact. 

The referenced geothermal steam p l  ant now requires about 

5.5 fenced acres. 

b. Water 

The unenhanced reference geothermal p1 ant evaporates 

845,500 lbs  per hour and r e i n j e c t s  136,875 l bs  per hour. 

The enhanced p lan t  w i l l  requi re  15.93 percent more evapo- 

r a t i o n  (see Appendix A, paqe A-6 and n, page 0-3, low back 

pressure heat balance). The enhanced p lan t  w i l l  use 

essen t ia l l y  a1 1 water normal l y  reinjecten. Water f o r  

r e i n j e c t i o n  and cool ing tower basin blow down if required, 

w i l l  have t o  come from other sources, as previously 

discussed. 
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c. Socioeconomics 
'p \I 

, F!o s ign i f i can t  adverse socioeconomic impacts are expected 

t o  resu l t  from the cons c t i o n  and operation of the 

enhanced geothermal power plants. 

A s i g n i f i c a n t  economic benef i t  t o  the communities of the  

enhanced qeothermal p lant  could be the in t roduc t ion  of 

natura l  gas t o  the Geysers area. Space heating i s  now 

accomplished w i t h  trucked-in' propane a t  two t o  three times 

the  cost o f  natural  gas, had i t  been avai lable. 

.. 

In t roduc t ion  of natural  gas i n to  the  Geysers area would 

a lso reduce the  amount o f  par t icu la tes,  which are already 

not iceable as resu l t  o f  extensfve wood burninq. 

8. Regulatory Consideration 

1. Federal Energy Regul !tory 

FERC has j u r i s d i c t i  ver m a m  fuel-burnin!l i n s t a l l a t i o n s  

f 100 mi 1 1 i o n  Rtu/hr) 

1978 (PIFUA) 

generation fac i  

i c a l l y  excluded from t h i s  res t r i c t i on .  

Addi ti onal l  y , f a c i  1 i t i  es that mixture of 50 percent 

o r  greater a l te rna te  fue l  (geot steam i s  ca l led  an a l t e r -  

f ue l )  are - ex from PIFUA. - The m-31 enhanced p lan t  

27 m i l l i o n  B t  foss i l  fuel and about 1,180 

- 

m i l i i o n  Rtu per hour of geothermal steam. 



Thus, more than 65 percent o f  the enhanced qeothermal plant2s t 

energy use i s  derived from an a l te rna te  fuel ,  and the p lan t  i s  

therefore e l i g i b l e  f o r  a mixture exemption t o  PXFUA. 

2. Ca l i f o rn ia  Publ ic  I l t i l i t i e s  Commission (CPUC) 

Neither the  CPUC nor the FERC have p r i c e  j u r i s d i c t i o n  over 

natura l  gas t h a t  i s  purchased, transported and consumed by the 

same company. (Ref. 17) 

6y forming a consortium, a l l  power producers i n  the Geysers 

could take advantage o f  the above provision. 

Proposed changes i n  ex i s t i ng  law w i l l  a l low larqe volume con- 

sumers t o  negot iate purchase contracts w i th  natural  gas or  

synthet ic  natural  qas producers anywhere i n  the  United States 

(o r  l i que f i ed  natural  gas offshore) payinq only a transporta- 

t i o n  charge (Ref. 21, a prov is ion o f  natura l  gas decontrol 

l e g i s l a t i o n  now pending). The purpose o f  t h i s  p rov is ion  ( the 

"carr iaae" prov is ion)  i s  t o  create downward pressure on natura l  

gas prices, which i f  approved would i n  t u r n  lower enhanced geo- 

t hemal p l  ant generati on cost . 
C. Other Considerations 

1. Transmission System 

The e l e c t r i c i t y  costs presented are t the  busbar w i th  tra 

mission excluded. The transmission system, as proposed for  the 

unenhanced p lants  i n  the Geysers area, i s  c l e a r l y  inadequate . i n  

~ ~ - 5 8  EOS 
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. capacity f o r  enhanced plants. The addi t ional  cost i s  estimated 

a t  340 per k i l o w a t t  t o  connect w i th  ex i s t i nq  o r  future t rans- 

mission l ines,  (based on prel iminary s t a f f  analysis). This 

cost  i s  not included i n  Tables 2 and 4 and Figures 5 throuqh 

12. 

The cost o f  transmission l i n e  construct ion was estimated from a 

PGeiE January 1983 "Geysers 

about $1 m i l l i o n  per mile. 

230 kV Col lector  L ine Study" t o  be 

2. Natural Gas P ipe l ine  

The 22 gas tu rb ine  enhanced geothermal power p lants  w i l l  

requ i re  about 0.4 b i l l i o n  cubic fee t  (RCF) of natural  gas per  

day. A 14 inch diameter hiqh pressure p ipe l i ne  would t ranspor t  

t he  natural  gas 42 a i r l i n e  miles due west from the ex i s t i ns  

main 36-inch diameter north-south trunk l i n e  in te rsec t ing  i n  

the  nor th  central  Yo10 County. The loca t ion  o f  ex i s t i ng  pipe- 

l i n e  i n  re la t ionsh ip  t o  the Geysers-Calistoqa KGRA i s  shown on 

Figure 13 (see Appendix 8 ,  paqe 8-16), 

Allowing 50 actual p ipe l i ne  miles and some 25 mi les o f  smaller 

diameter d i s t r i b u t i o n  p ipe l i ne  t o  the ind iv idua l  geothermal 

plants, the construct ion cost i s  estimated t o  be $18.5 m i l l i on ,  

o r  approximately $I m i l l i o n  per p lan t  (Appendix 8 ,  i tem 9). 

3. kothermal  Steam Contracting 

This study i s  based on a steam contract  expressed i n  do l la rs  

per thousand pounds of geothermal steam. However, other steam 
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purchase contracts a r e  expressed i n  cents per kilowatt-hour o f  

generation. This l a t t e r  contract would have t o  be modified for 

enhanced plants, because the  qeneration increase would resu l t  

from foss i l  fue l  use only. 

* 8 

/ 

r 
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APPEFIDIX A 

THERMODYNAMIC ANALYSIS 

I .  I MRODUCTION 

The most sens i t ive parameter i n  est imat inq the  .thermodynamic e f f e c t  o f  

* superheatinq geothermal steam i s  the  assumption o f  tu rb ine  ef f ic iency.  

The 83.4 percent tu rb ine  e f f i c iency  o f  the reference plant, achieved w i t h  

near saturated steam condit ions and w i th  16 percent condensation, i s  

expected t o  increase when the  steam i s  superheated. 

.The state-of- the-art  i n  power recovery from low-pressure steam i s  docu- 

mented i n  a recent study sponsored by the E l e c t r i c  Power ‘Research I n s t i -  

EPRI-AP-2321, (Ref. 23). 

of gas and steam turbines. - (LP), intermediate- (IP), 

ed. The HP and IP steam and high-pressure (HP) steam turbines were 

c 
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11. THERMODYNAMIC EFFECT OF SUPERHEATING GEOTHERMAL STEAM 
\ J 

Assuming a t h r o t t l e  steam temperature o f  900°F, a pressure o f  110 psia, 

1.5 inches o f  mercury back pressure, and a steam tu rb ine  o f  90 percent 

e f f i c i ency  w i th  neg l i b le  " leaving losses," the  thermodynamic effect o f  

superheating the  geothermal steam can be read i l y  determined from the 1967 

American Society o f  Mechanical Engineers (ASME) steam tab les  as follows: 

A. The Ideal Exhaust Enthalpy Determination 

Th ro t t l e  condi t ions are: 110 psia, 900°F, the  enthalpy, h and 

entropy, s, are: 

h = 1,480.1 Btu / lb  s = 1.8732 Btu/lb/'F 

Exhaust condi t ions are: 

l i q u i d  (1) proper t ies are: 

1.5 inches Hg and 92OF; the  vapor (v)  and 

hv = 1,101.6 Btu/ lb;  h l  = 60.014 Btu/ lb;  sv = 2.0033 BtU/lb/OF; 

SI = 0.1152 Btu/lb/OF 

For an ideal  i sen t rop ic  expansion: 

The ideal  X moisture content (y) i s  given by equating the t o t a l  

entropy t o  the sum o f  vapor and l i q u i d  entropy: 

1.8732 = (y)0.1152 + (1 - y)2.0033 

y = (2.0033 - 1.8732)/(2.0033 0.1152) x 100 = 6.89% 

S imi la r ly ,  the  ideal  exhaust enthalpy i s  given by equating the  t o t a l  

enthalpy t o  the  sum o f  the  vapor and l i q u i d  enthalpies: 

h t o t a l  = 1,101.6 BtU/lb - 0.0689(1,101*6 BtU/lb - 60.014 B t u j l b )  

= 1,029.83 Btu / lb  

EE-58 €OS 
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The actual exha enthalpy i s  given by a tu rb ine  enthalpy balance: 

= 1,074.86 Rtu/ lb  

The actual X moisture i s  given by equating t o t a l  enthalpy t o  vapor 

and l i q u i d  enthalpy: 
* ^  

1,074.86 = (y)60.014 + (1 - y)(l,lnI. 

* .  

This value i s  ear  the  steam tu rb ine  manufacturer recommended 

optimum o f  about 2.0 percent, which Insures no superheat i s  wasted 

i n  the  condenser. 

B. Discussion o f  Turbine Eff ic iency Assumption 

ted  value o f  exact ly 2.0 percent moisture i n  the tu rb ine  

exhaust f low was exceeded by 0.57 percent. This means the 90 per- 

cent e f f i c i e n t  steam tu rh ink  w i l l  support ( t heo re t i ca l l y )  a s l i g h t l y  

and back cal  tu1 a t  i n 

of 932OF. Simi lar  

- 
sens i t ive parameter i s  the  tu rb ine  eff iciency. If the  

tu rb ine  e f f i c i ency  i s  assumed 91 perc b as i n  the  recent EPRI 

design study (Ref. 23) 

percent moisture, and the  5 p s i  superheater pressure drop i s  989OF. 

A-3 
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Clearly, determining the  optimum turb ine  eff iciency, corresponding 

exhaust moisture, and maximum useful superheat temperature, are a1 1 

p a r t  o f  the  same design problem. 

r. f 

C. Generation Increase: 

The generation increase (G.1.) per pound o f  steam achieved over the  

reference geothermal p lan t  a t  348OF by superheating the  tu rb ine  

t h r o t t l e  steam t o  900°F-with the  tu rb ine  exhaust steam maintained a t  

and D- 

, 3, for  a generation comparison o f  a high tu rb ine  back pressure and 

I 92OF i s  given by tu rb ine  enthalpy balances (See Appendix 0-2 

, 
low tu rb ine  back pressure p lan t )  as follows: 

G.I. = (H2 -h2)N2 x e - A2  - ( H i  -hl)FI1 x e - A 1  

I 

f 

Where: 

G.1. i s  the generation increase p e r  pound of steam: Rtue/lb 

H i  i s  the geothermal steam enthalpy: 1,195.5 Rtu/ lh  

H2 i s  the  superheated steam enthalpy: 1,480.1 Rtu/ l  b 

h i  i s  the isen t rop ic  exhaust enthalpy wi thout 

superheat: 878.05 Rt u/ l  b , 

h2 i s  the  isen t rop ic  exhaust enthalpy w i th  

s u pe rh  eat : 1,929.83 %tu / l h  

N1 i s  the  tu rb ine  ef f ic iency without superheat: 0.834 

0.900 M2 i s  the turb ine e f f i c iency  w i th  superheat: 

A 1  i s  the p lan t  a u x i l l i a r i e s  without superheater: 25.7 Stu/ lb  

, A 2  i s  the p lan t  a u x i l l i a r i e s  w i th  superheater: 30.? B tu / lb  

e the  generator efficient-y: 0.98 

A-4 

EE-58 EOS 



f - The equation reduces t o  enhanced m i  nus unenhanced qeneration: 

= 366-94 BtUe/lh 0 233.76 Btue/l 

= 133.18 RtUe/lh (increase i n  net qeneration per pound of 

s t eam) 

Thus, the e f f e c t  o f  superheatinq the qeothenal  steam i s  t o  enhance 

t h e  net turbfne output by: 

(366,94/233-76 - 1)lOO Or 56.972 

The tu rb ine  steam r a t e  I s  now 3,412 Rtu/kWh/366,94 Rtu/ lb or 9-30 

lbs/kWh (wi th  a u x i l l i a r y  steam, 9.64 lhs/kWh) 

By way o f  numerical ' example, the reference 65 MW net geothermal 

p l a n t  t h r o t t l e  steam f l o w  o f  0.9462 m i l l i o n  pounds per hour would 

now y i e l d  an enhanced power as follows: 

(366.94 R t u j l h  x 946,200 lb /h r )  / 3,412 Btu/kWh 

= 101,758 ne t  k i l owa t t s  from the 

0. Energy Requirements 

an addi t ion of enerqy. That  pa 

c 

1,480.1 Rtu/ lh  - 2,19505 Btu/ lb  284.6 Rtu/ lb 
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Therefore, the  incremental enerq-y conversion e f f i c i ency  i s  

g i  ven by generation increaselenerqy added: 
3 c 

(133.18/284.6) 1OM o r  46.80% (So increase i n  steam enthalpy 

i s  284.6/1195.5 x 100 = 23.8155) 

2. Discussion o f  Energy Addi t ion Requirements 

I n  order t o  increase the qeothermal steam temperature from 

348OF t o  900°F, 284.6 Btu o f  energy must he added t o  each pound 

of steam, regardless o f  the  methods or  source o f  energy. 

For the  reference qeothermal t h r o t t l e  steam f low  o f  946,%00 

pounds per  hour, the  energy requirement i s  269.3 m i l l i o n  

Btu/hr. In a conventional steam superheater, the  steam flows 

throuqh tubes, and hot combustion gases heat the tubes. The 

superheater e f f i c i ency  as a maximum would be about 90 percent. 

The fue l  requirement, i n  t h i s  case, would then he 269.3/0.9 = 

299.2 m i l l i o n  Btu/hr o f  fuel. 

3. Energy Rejection Requi rement 

The energy rejected (Q r e j e c t )  i n  the  condenser i s  qiven by the 

enthalpy d i f ference between the t h r o t t l e  steam and the satu- 

rated condensate less  the generation. I n  geothermal p lants  

wi thout the  superheater, re fe r r inq  t o  paqe A-4, 

Q r e j e c t  = H i  - Ni(fl1 - h i )  - condensate enthalpy 

Q re jec t  = 1,195.5 Rtu/ lb -0.834(1,195.5 Rtu/ lb  - 878.05 

BtU/lb) - 60.014 Btu/ lb  

= 870.73 Rtu/ lb  must be re-iected i n  the  condenser 

f 
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I n  the  Superheater enhanced qeothermal plant,  re fe r r i nq  t o  oaqe 

r) r e j e c t  H2 - Nz(H2 - H2) - Condensate enthalpy 

Q r e j e c t  = 1,480.1 R tu / l b  - 0.9(1,480.1 Rtu/ lb  - 1,029.8 

Btu/ lb)  60.014%to/l b 

. = 1,014.82 Rtu/ lh  must be rejected i n  the  

condensate . 
. 

Thus, the  heat r e j e c t i o n  ra te  i s  increased by the addi t ion of  a 

superheater by: 

1,014.82/870.73 x 100 o r  16.55% 

To maintain the  same tu rb ine  hack pressure and f u l l  superheat 

u t i l i z a t i o n ,  condenser surface, c i r c u l a t i n g  water f low and 

cool ing tower capacity w i l l  have t o  increase 15.93 percent. 

(The e jec to r  steam f l ow  reduces the overa l l  increase t o  15.93 

percent . 
The incremental cap i ta l  cost  increase i s  known i n  the indust ry  

t o  vary w i th  0.4 t o  0.8 power o f  the duty increase. 

Thus, the  cap i ta l  cost  increase f o r  the  e n t i r e  heat d iss ipa t ion  

system could range from 6.3 percent t o  13  percent. The s taf f  

used 10 percent cap i ta l  cost  increase i n  t h i s  analysis. Usinq 

e i t h e r  o f  the extremes o f  the above range would not a l t e r  the  

conclusions o f  t h i s  report. 

A superheater enhanced geothermal p lan t  o f fe rs  a new incent ive 

t o  maximize the heat re jec t i on  system investment, i.e., lower 

* 

* 

t he  tu rb ine  back pressure from the typ ica l  3 t o  4 inch o f  Hq. 
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I 

A plant employing 900°F, 119 ps i a  throttle steam would lesve 1 

superheat, i.e., waste fuel i n  the  typ ica l  turbine exhaust. Ry 

way o f  example, f f  the hack pressure were 3 inch of Hg (115'F) 

and above, main ta in ing  3, percent exhaust moisture would neces- 

s i ta te  lowering the throttle temperature t o  785OF, whereas 

1 owering the turbine back pressure would simultaneously a1 low 

raising the throttle enthalpy equivalent t o  9OOOF and reduce 

the exhaust enthalpy equivalent t o  92OF. 

9 
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* APPEPIDIX 8 

E N G I M E R I K  OPTIONS AND ANALYSIS 

I. BACKGROUND 

There i s  one basic conventional method o f  superheatinq steam and tha t  i s  

t o  flow the  steam throuqh a su i tab le  s tee l  tube and then heat the tube. 

The design question i s  how best t o  supply heat t o  the tube. In the  power 

industry,  steam generation i s  achieved by heating the  tubes by d i r e c t  

I n  more modern p lan ts  such as combined- 

cycle, the  heat i s  'provided the hot 'qas leaving the combustion 

t u r b j  ne exhaust heated tube 

of carbon dioxide (C02) and 

aut that a t  The Geysers the  hy- 

the  geothermal steam, when 

'coal, o i l  o r  gas, 

. i 

t o  .900°F wou? t accelerate the  corrosion of t 

rfaces, One very successful process which h 

ed over the  l a s t  twenty years i s  cat led "alonit ing." This 

process i s  an aluminum r di f fus ion i n t o  the  t tee1 a t  1900- 

hemical at tack o f  CO2 and su l fur  

e corrosive agents, a lon i -  

s o f  operation. 

Ca l i f o rn ia  Edison Company Cool Water Coal Gas i f i ca t ion  Plant. Given t h a t  

t he  tubes' outer surface not be exposed t o  nore severe corrosion 

envi ronmnt than t h a t  usual l y  encountered i n  d i  r e c t - f i  red o r  tu rb ine  

EE-58 EOS 
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exhaust heated heat exchangers and the  H?S concentrat ion i n  the  qeo- 

thermal steam f lowing throuqh the  tubes i s  low (O.nO6-0.1 oercent), the  

a lon iz ing  process should provide protect ion against an.y s i q n i f i c a n t  loss 

1 .f 

o f  p lants '  re1 i a b i l  i ty. 

11. EFJGINEERIFIG WTIOflS 

A. D i  rect -F i  red Superheater 

There are several options f o r  supplying heat t o  the superheater 

tubes. The most common power p lant  p rac t i ce  i s  t o  employ d i r e c t  

f i r i n g  w i th  fue l  and a i r  a t  near s to ich iometr ic  r a t i o s  ( t o  maximize 

rad iant  heat t rans fe r  and minimize stack .losses) and then pass the  

hot combustion qases across the superheater tube. The steel  a l l o y  

tubes are heated b.y rad ia t ion  from the  hiqhest b o i l e r  flame tempera- 

t u r e  and by convection f rom the f lowing qases. 

Another method o f  supplyinq the necessary heat t o  the tubes i s  by 

convection from the hot qas ( t y p i c a l l y  1,OOOOF) exhaustinq from a 

combustion turbine. (See Section B, on Gas Turbine Exhaust 

Superheating) 

Regardless o f  the  heating mode, the  qeothemal steam superheater has 

two unique requirements. The in- tube (steam side) pressure drop 

should be a t  a minimum, and heat from the 4 O O O F  plus combustion gas 

e x i t i n g  the superheater should be recovered t o  increase the fuel use 

e f f i c i  ency . 
The geothermal steam superheater has several unique advantages. 

Unl ike a heat recovery steam generator, the  superheater has no 

B -2 
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thermal pinch point ,  1.e. , . a  l i m i t i n q  temperature approach hetween 

the  f lowing hot  gas and the b o i l i n q  f l u id .  The geothermal steam 

increases s tead i l y  i n  temperature from 3480 t o  9oo°F wh i l e  flowing 

countercurrent t o  the  hot combustion qases wh i  are coolin(l from, 

The superheater requi res no steam drum, 

deaerator, o r  make-up water system and has essent ia l l y  no contro ls  

and no moving e noted t h a t  a 3(1OoF (or  less)  heat 

i n  con- 

i n  superheating 

x i t  gas temperature, commonly encounterd 

-cycle plants, cannot be achieved 

the  geothermal steam. The 348OF steam i n l e t  temperature d ic ta tes  

t h a t  the-combustion qas e x i t  temperature could not be much less than 

400'F. 

Gas Turbine' Exhaust Su 

The geothermal steam can also be superheated from 348OF t o  900°F by 

he heat i n  the  exhaust of a high performance simple 

The most e f f i c i e n t  simple cycle ga ne avaf iable ' today produces 

demonstrated ef f ic iency of about 38 percent (9,000 

37 percent (9,200 Rtu/kWh heat 
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pounds/second. The qeothermal steam can be heated t o  90tlOF. The 

75OF i n i t i a l  temperature d i f ference i s  near the  economic optimum, 

i.e., the  qeneration qain versus the  increase exchanqer surface area 

near ly  a t  an equal cost t rade-of f  point. However, t h i s  gas turbine, 

as w i l l  be shown, does not match superheating requirements. 

t # 

The superheater optimum (y ie ld ing  minimum e l e c t r i c i t y  cost)  terminal  

temperature dif ference, i.e., o u t l e t  gas temperature minus the i n l e t  

steam temperature, cannot be determined prec ise ly  wi thout a de ta i led  

post superheater waste heat recovery scheme. 

Conceptually, the  superheater w i l l  reduce the  qas tu rb ine  exhaust 

temperature from 975OF t o  about 400OF. Thus, the  terminal tempera- 

t u r e  d i f ference w i l l  be given by 400-348 o r  5 2 O F .  The ar i thmet ic  

average and l o q  mean (LM) superheater temperature dif ference w i t h  

t h i s  assumption is :  

(975 - 900 + 400 - 348)/2 = 63.5'F (ar i thmat ic  averaqe) o r  

(975 - 900 - 400 + 348)/1n (975 - 900)/(400 - 348) = 62.8"F 
( l o q  mean average) 

This temperature di f ference (TD) i s  at ta inab e i n  conventional 

equipment. The optimum TD would await deta i led enqineering. 

I I I. GAS TIJRRE FJE PERFORMANCE ESTIMATE 

The energy i n  the fuel consumed i n  the gas tu rb ine  reappears as work o r  

heat i n  f i v e  measurable places. They are (1) net  e1ectr ici t .y leavinq the  

generator terminals (3,412 Btu/kWh), (2 )  heat removed from the generator 

, windings by the hydroqen cool ing system (2.5 percent), ( 3 )  heat generated 

(4) rad ia t ion  in bearing f r i c t i o n  and removed f rom the l uh r i ca t i nq  o i l ,  
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i losses from the  hot tu rb ine  casing, and ( 5 )  heat above 5 9 O F  i n  the  
-L 

exhaust gas leav ing the  power turbine. 

The combustion energy released by the  fue l  i s  measured, by convention, a t  

15OC (59OF). g iv ing a higher 

heat ing value, o r  not condensed, g i v ing  the  lower heating value. The gas 

tu rb ine  has no chance t o  u t i l i z e  the heat o f  condensation. Thermal 

performance is ,  therefore, measured against the fue l ' s  lower heating 

value (LHV). 

The water vapor produced can be condensed 

- 

Assuming a generator e f f i c i ency  o f  97.5 percent and al lowing 1 percent 

f o r  bearing and rad ia t ion  losses, the  thermal energy i n  the gas turb ine 

exhaust t ha t  goes t o  superheat the geothemal steam from 348OF t o  900°F 

i s  given by fo l lowing formula (based on 1 k i l o w a t t  o f  gas tu rb ine  

out put ) : 

ETS = {A - 8 - C)O, where: 

ETS = energy t o  superheating, Btu/hr. 

A = gas t u r b i n  heat input, 9,200 Btu 

R = gas tu rb ine  shaf t  work, 3,412/ 

C = bearing and rad ia t ion  heat 10s 

0 = r a t i o  superheat t o  t o t a l  remaining exhaust heat 

. 

= 3,521 Rtu/hr per gas tu rb ine  k i l owa t t  avai lab le t o  superheating. 
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From the previous thermodynamic analysis, the net steam tu rb  

generation increase per energy added i n  the superheater is :  

BtUe/lb/284.6 B t u t / l  b, o r  0,4680 133.18 

Therefore, the  gas tu rb ine  (GT) exhaust w i l l  qenerate steam tu rb ine  

(ST) e l e c t r i c i t y  as follows: 

0.4680 x 3521/3412 

= 0.4830 kWh o f  ST/kWh o f  GT 

The incremental fue l  conversion e f f i c i ency  i s  given by: 

9,200 Btu/kWh/(l + 0.4830) = 6,204 Btu/l<Wh 

o r  3,412/6,204 x lOC% = 55% 

The 24 MW gas tu rh ine  w i l l  superheat the fo l low ing  qeotherma? steam 

flow: 

3,521 Rtu/kWh/284.6 Rtu/ lb  x 24,000 KW 

= 296,922 lbs/hr  

Therefore, mu l t i p le  24 MW gas tu rb ine  u n i t s  would be needed t o  

superheat the  reference p lan t ' s  required 0,95 m i l  l i o n  lhs/hr. 

I V .  GAS TURBINE SELECTION 

A. General Considerations 

Gas tu rb ine  technoloqy i s  evol ving rapidly.  Performance e f f i c i ency  

i s  increasing several percent per year due t o  intense worl.dwide 

competition. 

EE-58 EOS 
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I n  order t o  make the  c learest  comparison, and therefore draw appro- 

p r i a t e  conclusions between unenhanced and qas tu rb ine  enhanced geo- 

thermal plants: 

v * 

o A s ing le  gas tu rb ine  was selected ‘ t o  exact ly match the unen- 

hanced p lan t  geothermal steam flaw, 

o A combined cyc le was compared usinq the  same qas turbine, and 

o Both an ex i s t i ng  gas turb ine (31 percent e f f i c i e n t ,  GT-31) and 

an advanced qas tu rb ine  (42 percent e f f i c fen t ,  GT-42) are 

compared. 

- 

8. Gas Turbine Exhaust Generation Potent ia l  

1. IJs~ O f  GT-31 

An energy balance around the  gas tu rb ine  shows the fo l lowing: 

The energy input  i s  1 u n i t  o f  enerqy, 0.31/0.98 energy u n i t s  qo 

t o  the  qenerator, and 0.01 enerw u n i t s  go t o  bearing and 

rad ia t i on  loss. The remaining enerw i s  contained i n  the  

ease qeothermal steam 
* 

a1 heat avai lab le i n  the  

he geothermal steam, 0.4680 i s  

tu rb ine  w i l l  qenerate a 
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2. 

(1 - 0.31/0.98 - .01)(1,000 - 400)/(1,000 - 59)(0.468) I 

0.201 of enhancement per 0.31 o f  GT o r  0.201/0.31 

0.65 kWST enhancement, o r  0.65 x 37 Mld = 57 MU gas m 
tu rb ine  would s a t i s f y  the  requirement 

Fuel Use: 57,000 kW x 3,412 Btu/kWh/0.31 = 627 MMBtujhr 

Use of GT-42 

Simi lar ly ,  analyses o f  a GT-42 tu rb ine  fol lows: 

STE = (1 -0.42/0.98 - Oo01)(1,000 - 400)/(1,000 - 59)(0.468) 

= 0.1675 o f  enhancement per 0.42 of GT o r  0.1675/0.42 

= 0.40 kWST enhancement m 

Power = 37 = 93 M W  m 

Fuel Use = (93,000 kl.l x 3,412 Btu/kWh)/O.42 

= 756 MMBtu/hr 

As a check on the steam superheating capacity o f  the gas tu rb ine  

exhaust, the  fo l lowing formula gives the geothermal steam flow: 

For GT-31, GSF = (A-B-C)D/E 

GSF = geothermal steam f low i n  lbs/hr  superheated t o  900OF 

A = t h e  gas tu rb ine  heat input, 627 MMBtu/hr. 

B = the  gas tu rb ine  shaf t  work, 57 x 3,412/0.98 MMBtu/hr. 

C = t he  bearing and rad ia t ion  loss, 0.01 x 627 MMBtu/hr. 

D = superheat/total exhaust/ (1,000 - 400)/(1,000 - 59). 

E = heat added t o  1 l b  of geothermal steam, 284.6 Btu/lb. 
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Therefore, 

GSF * (627 - 57 x 3,412/0.98 - 0.01 x 627)(1,000 - 400)/ 
F - *  

b (1,000 - 59)/284.6 

= 0.95 MM1 bs/hr (meets requi red flow) 

For GT - 42 Simi lar ly ;  

GSF (756 - 93 x 3,412/0.98 - 0.01 x 756)(1,(100 - 400)/ 

(1,000 - 59)/284,6 

V. GAS TURBINE EMISSION CONTROL 

Since the  ws t u r b i n  

a i r  po l lu tan ts  are ni t rogen oxides (NO,). 

employs a sul fur- f ree qaseous fuel, the  only 

missions are 

tu rb ine  will wi t  50 ppm NOx o r  106 lbs/hr. The atmospheric disper- 

s ion model developed f o r  H2S t ranspor t  i n  the  Geyser area w i l l  

p red i c t  Nox conce 

l u t a n t  concentrations are corrected f o r  two m i  t i q a t i n q  ef fects  not 

used i n  H2S calculat ion.  

D Temperature o f  plume--The H2S i s  emitted from cool ing tower 

exhaust a t  about 11)OOF. The NOx i s  " 

e exhaust a t  400OF. 

. " S t  w 

0.72 o f  HzS concentrat ion (CEC a i r  qua l i t y  s t a f f  estimate). 

- This may not be t r u e  ated a t  an e levat ion 

severe1 hundre the cool ing tower. 
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0 Ffl2 concentration--The NOx i s  composed of PO and W02. State 

standards are for  NO2 only. The concentrat ion of NO2 a t  the' ' 

receptor w i l l  be 0.50 o f  the t o t a l  NO, emitted (CEC a i r  q u a l i t y  

s t a f f  estimate). 

Table 8-1 shows hypothetical Nox emissions from p lan t  s i t e s  adjacent 

and down wind from Anderson Springs i f  such p lants  used gas turb ine 

exhaust f o r  superheatjnq the qeothemal steam. - 
TABLE 8-1 

Maximuma NOx Concentrations i n  a Geysers Area Cmmunity 

Impact (ug/m3) f o r  
Impact Exhaust Emission Rate Shown 
Fact o r  Temp . NOx t o  NO2 a t  Anderson Springsb 
(uq/m3 Correction Conversion (1-hr average) 

Fact o r  106 l b / h r  
PI ant 
S i t e  per l b /h r )  Factor - 

0.346 0.72 0.50 13.2 oxy 1 

0.72 0.50 13. 3 

0.35 0.72 0.50 13.3 

SMUDGE0 1 0.35 

U n i t  20 

FCPA 3 0,311 0.72 0.50 11.9 

U n i t  16 1.0 0.72 0.50 - 38.2 

89.9 

a. tst imated by CEC s ta f f .  

h. Impacts equal the product o f  the impact factor, correct ion 

t 

factors  and emission rates. - 

The ca lcu lat ion o f  combined impacts o f  enhanced qeothennal f a c i l  i- 

t i e s  a t  the s i t e s  are wel l  below the most s t r ingent  ambient F!02 

standards i n  Cali fornia, 470 ug/m3. It i s  ne i the r  suqqested, or 

l i k e l y  t h a t  a l l  22 qas turb ine enhanced plants would be s i t e d  a t  the 
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5 locat ions near Anderson Springs. Rut even i f  they were, the  

combined emissions I d  resu l t  i n  110, concentrations of 396 w/m3 

89.9 = 396) which i s  below the  al lowable concentrat ion 

Ip r .  

1 i m i  t. 

V I  . WASTE HEAT RECOVERY - 
I n  both geothermal steam superheating methods--di rec t  f i r i n g  and qas 

tu rb ine  exhaust-the temperature leaving the  superheater w i l l  be i n  

excess o f  348OF by 50 t o  100 degrees. These potent ia l  stack temperatures 

t o  448OF) sulqqest consideration o f  add1 t i o n a l  heat recovery 

c 

schemes. 

Ry way o f  comparison, the  most recent ly  proposed combined-cycle p lan t  

w i l l  have a stack temperature of only 2 

heat recovery. I n  addi t ion,  the  Heber geothermal demonstration p l  ant 

technology can be applied t o  recover the  enhanced p lan t ' s  waste heat. 

The Heher p lan t  w i l l  u t i l i z e  a heat so a t  36f1°f- and qenerate 45 net  

megawatts with a 30YF t h r o t t l e  tempe 

ture. The overa 

About 62 percent 

t he  heat supply, 
* a source of heat around 

. 
the  most economic waste heat conversion scheme. 

he stack gas heat 

w i t h  the  incoming combustion a i r .  A ro ta ry  a i r  preheater, o r  equivalent, 

would probably be employed as t h i s  i s  essent ia l l y  common power p lan t  

practice.. 
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The gas tu rb ine  method o f  superheating coii ld not employ an a i r  preheate.r, 

as the  4OOOF gas i s  lower i n  temperature than the compressed a i r  t o  the 

combustor. The options for  waste heat recovery i n  t h i s  case are a l o w -  

pressure b o i l e r  o r  an organic cycle. 

A 1 ow-pressure boi  1 e r  waul d generate e jec to r  steam o r  steam t u r b i  ne 

induct ion steam. Approximately 1 pound o f  qeothermal e jec to r  steam. i s  

required f o r  every 26 pounds o f  wellhead f l o w  a t  115 psia. The low- 

pressure (20 ps ia)  steam generating potent ia l ,  assuming a 400OF super- 

heater exhaust temperature and a 50 degree approach, i s  as follows: 

SG = A x B x C x D/E 

SG, steam generated; lbs /h r  

A, exhaust f l ow ;  154.2 lbs jsec 

8, 3,600 sec/hr 

C, temperature drop; (400 - 240 - 5O)OF 
D, spec i f i c  heat; 0.25 Rtu/OF/lb) 

E, l a t e n t  heat; 952.1 Rtu/ lb  

SG = 154.2 x (3,600) x (400 - 240 - 50)  x 0 . 2 5 / w . i  

SG = 30,610/1 bs/hour 

Three t o  four  u n i t s  would be needed f o r  a t o t a l  o f  about 100,000 

1 bs/hr 

The r a t i o  o f  superheated steam t o  low pressure steam i s  296,922/30,610 

(see B-5) 

= 9.70/1, therefore, the  waste heat b o i l e r  could possibly meet the 

It i s  not obvious a t  t h i s  po in t  e jec to r  steam demand, i.e., 26/1. 
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t ha t  the low (20 ps ia )  system o f f e r s  an advantaqe over the 115 

ps ia  with 37,000 l bs /h r  f l o w  cur ren t ly  used i n  the reference 
;* 3 ’ .  

p l  ant . 
VII. ORGANIC CYCLE WASTE HEAT RECOVERY 

The Heber geothermal demonstration p lan t  w i l l  be the  f i r s t  large-scale 

organic c-ycle generation f a c i l i t y  i n  the United States. The engineering 

and design f o r  t h i s  p lan t  i s  wel l  established, The orqanic cyc le  could 

. be employed f o r  waste heat recovery i n  the enhanced geothermal p lan t  

- 

concept . 
The Heber design (12.28 percent e f f i c i e n t )  i f  ad.justed f o r  a hiqher 

temperature heat source (35OOF versus 3M°F), a lower temperature heat 

sink (90OF versus 110OF) and lower pumping power qives a 

power r a t i o  o f  45.7/45. (Ref. 12). The organic cycle e f f i c i ency  estimate 

i s numerical l y  g i  ven by: 

E f f  = A x B/C x 0 

Where E f f  i s  organic cyc le  e 

exhaust 

d A = organic cyc le  e f f i c i e n  

3 

= the  Heber sourc erence, 305 -11OOF 

he net power ra t i o ,  Geyser/Heber, 45.7/45 

E f f  = 12.28% x (3 
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The energy ava i lab le  i n  the  exhaust f low i s :  (heat balance) Y L  I 

Q = A x B x C x D; MMBtu/hr. 

A = exhaust f l aw ,  154.2 lbs/hr. 

B = 3,600 sec/hr. 

C = gas temperature drop, (400 - 150)OF. 

D = spec i f i c  heat, 0.25 Rtu/'F/lh 

Q = 154.2 lbs/sec x 3,600 x (400 - 150) x 0.25 Btu/lb/OF 

= 34.7 m i l l i o n  Btu/hr 

Therefore, t he  organic cyc le  power recovery i s :  r) x Eff./3,412 

34.7 MMBtu/hr x .1663 x 1/3,412 

= 1.691 MW (net) or 1.691/24 = 0.07 KtJ Organic Turbine/KW Gas Turbine 

The heat re jec t i on  would be: 

Q - output x 3,412 

34.7 MMBtu/hr - 1.691 MW x 3,412 

= 29 m i l l i o n  8tu/hr, o r  about 29,000 lbs. o f  water evaporated/hr for  

each o f  t he  24 MW gas turbines used. 

The water requirement i s  29,000 lbs/hr, which i s  29,000 o r  10 percent of - 
t h r o t t l e  f low (see B-5), and produces a negative water balance. 

reason u n t i l  makeup water becomes ava i lab le  from other resources 

For t h i s  

such as 

B i g  Sul fur  Creek reservo i r  (Ref. 1) t h i s  concept cannot be implemented. 

VIII. WTURAL GAS PIPELINE 

The 22 gas tu rb ine  enhanced geothermal power p lan ts  w i l l  requi re  @ 1 

MBtu/ft3 the  fo l low inq  quant i ty  o f  natural gas: 
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22 X 627,000 f d / h r  X 24 hrs/d 

Using an i n i t i a l  p ipe l i ne  pressure 

o f  50 f t / s e c  the pipe diameter i s  given by the square roo t  of: 

1,000 Psis and an in-PiPe v e l o c i t y  

4/TT x F/V x 144 i n 2 / f t 2  

Where F/Y i s  actual volumetric f low (gas spec i f i c  volume corrected 

f o r  pressure) in-pipe ve loc i ty ;  

F igure 13 shows the escalat ion o f  ex fs t i ng  gas p ipe l ines  i n  re la t ionsh ip  



- - - -  -._I- 
C- - I - _  

L 

I 

1 
Figure 13 

Location of Existing Gas Pipelines in 
Relationship t o  Geysers-Cal istoga KGRA 

t 

- Location o f  the Geysers s t e a  f ie fd .  Modified from Stockton, et -- a1 QS8?), 

(Abstracted from Reference 22) 
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IX. A I R  POCLUTION DISPLACEMENT 

c 

If 22 Geysers area  geothermal 65 MW p l a n t s  were b u i l t  and enhanced by gas 

turb ine  exhaust superheating (G-31) they would produce 2,077 MW o f  addi- 

t i ona l  generation. The equivalent  fossil fueled generation (0 SO/SO o i l  

and gas) now produce the following specific air pol lut ion (from CEC s t a f f  

estimation ) : 

NO, = 1.82 lbs/MWh 

SO, = 2.26 lbs/MWh 

Par t i cu la t e s  * 0,23 lbs/MWh 

Thus,  the a i r  pollutlon displaced is: 

NOx - Geyser area  annually emmission is: 

22 plant ;  x 106 l b /h r ( a )  x 8,760 hrs/yr x 0.83 x 1 ton/2,000 l b s  

= 8,478 tons/yr. 

NO, displaced 8 1.82 Ib/MWh fossil generation: 

2,077 trlW x 8,760 x 0.83 x 1.82/2,000 lbs/ ton = 13,742 tons/year 

SO, displacement @ 2.26 lbs/MWh f o s s i l  generation: 

13,742 x 2.26 l b s  S0,/1,82 l b s  NO, = 17,064 tons lyear  vs 

10,303 tons/year t ha t  would be crated i n  the Geysers area(b)  

P a r t i c u l a t e  displacement @ 0.23 1 bs/Wh fossil generation: 

13,742 x 0.23/1.82 = 1,737 tons/year vs 1,046 tons/year t h a t  would 

be produced i n  the Geysers area.(b) 

(a) The gas turbine hea t  i n p u t ,  627 MMBtu/hr. 
( b )  If 50/50 o i l  and gas f o s s i l  and fuel were used i n  the 
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APPEMIIX C 

CAPITAL AND FUEL COST LEVELIZATIOk 

I. I KTRODUCT I O  N 

This appendix develops the  cap i ta l  cost f o r  the  comparable power p lants  

and shows the  method o f  br ing ing a l l  o f  the  fu tu re  fue l  costs t o  a com- 
- 

parable basis. 

The changes i n  e l e c t r f c i t y  cost  components, capi ta l ,  f u e l  and O&M w i l l  

determine the net 'change i n *  the cost o f  e l e c t r i c i t y .  

The cap i ta l  cost  breakdown o f  an unenhancwl geothermal p lan t  i s  based on 

a June 1982 paper e n t i t l e d  "The Economics o f  Geothermal Power" presented 

a t  the  American Society o f  Cost Engineers' annual meeting (see Ref. 20). 

11. CAPITAL COST ESTIMATE 11. CAPITAL COST ESTIMATE 

A. Reference Unenhanced P1 ant 

The reference ermal p lan t  o f  6 net i s  assumed t o  

have a 1983 t o t a l  ca stment of $1,420 excluding trans- 

mission, of wh kw. The cap i ta l  invest -  

( t o t a l / d i  rect 1420/770) . . 1,420 x 65,000 = M 

$%?,300,000. (The same cost reported by SMUO 

6. Direct-Fired Superheating Optio 

be required t o  
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o Superheater (from heat t rans fer  equipment vendor, based on the  
- 4  t i n l e t  and the desired o u t l e t  s ta te  oo in t )  

C $2.5 m i l l i o n  f o r  11,590 kW = $216/kW 

o Turbine-Generator (from manufacturers and A&E) 

Ca $31/kW + $3O/kY = $62/kW ( s t a f f  est imate for  t u rb ine  

modi f i cat  i on) . 
o Heat Reject ion System (duty r a t i o  t o  0.6 power and A&€ c i rc .  

water cost)  

(a $170/kW x (1.1655)*.6 = 186 o r  $lb/kW increase. 

o Transformer/Swi tchyard (from manufacturer) 

@ $30/kW = $30/kW 

The t o t a l  d i r e c t  cost = $324/kW, which i s  the siim o f  the  above 4 

items. Therefore, the  t o t a l  cap i ta l  investment . . . ( t o t a l / d i r e c t  

= 1420/770) 

0 $324 x 1,420/770 = $598/kW 

The t o t a l  cap i ta l  investment required f o r  enhancing geothermal 

p lan ts  b.y d i rec t  f i r i n g  from 65 MW t o  102 MW i s :  

(102,000 - 65,900) $598/kW = $22,100,000 (increment) 

The average cost i s :  

o Reference Plant:  3 92,300,000 

o Increment: s 22,100,noo 

I 
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C. Gas Turbine 

The cap i ta l  cost f o r  . the gas turhine-generator i s  taken from a 

recent competit ive bidding (Ref. 6). The: d i r e c t  capi ta l  cost 

inc lud ing erect ion i s  $130/kW f o r  the 75 - 101) MW units, i.e., GT-31 

class. The advanced (GT-42 class) 24 'Mid qas turbine-generator costs 

$6 m i l l i o n ,  or $2511/kW. The t o t a l  c t a l  Investment inc lud ing 

$30/kW f o r  swi tchyard 

I 

d transformer i s  ( t o t a l / d i r e c t  - 1420/770): 

o (250 + 30)1,420/770 = $516/kW (GT-42) 

o (130 + 3n)1,420/770 $295/kW (6T-31) 

D. Other 

The Potrero 7 A p p l k a t i o n  for C e r t i f i c a t i o n  (AFC) reported a t o t a l  

cap i ta l  investment i n  1983 af  $73O/kW, and i s  used for comparison. 

r project, $1 ,OOO/kW . 

111. CALCHLATIOE! OF LEVELIZEO FUEL COST 

The "average", o r  30-year l e v e l i t e d  ener cost, 1s obtained from the 

f i r s t  year cost. 

w i t h  p r i c e  escalat ion t o  the present value-without 

The l e v e l i r a t i o n  fac to r  . .  i s  the 
.I 

v a l u e - i n  each fu tu re  year, t, i s  discounted by 

factor,  i, by the term (l+i)-t, i n  the  tenth ye For .exam1 e, C J ~  s- 

counted a t  13.5 percent per y , each d o l l a r  spent has 'a present value 

of (1+, 135)-1o, 28,lS$. The sum of each of scounterf 30 years, 

o r  the present value of each annual d o l l a r  spent i s  (l+i)-t. This 
30 

1 A 

ca lcu la t i an  assumes a constant annual -nonescal a t i oq  enerqy cost. This 

EE-58 EOS 
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sum i s  67.241528798 per  d o l l a r  per year o f  energy cost, foe., the present 

value of $1 spent each year for  30 years discounted annually a t  13.5 and 

i s  c a l l e d  Present Worth f a c t o r  (PWF). 

* '  t 

The annual discount term ( l + i ) - t  can a lso be expressed as e - i t  where 

i = l  n( l+i annual ) . The 30 year  sum i s  then given by 1-e- 30 I n  ( l + i )  . > 

1 

9 The present value (pv) of the fu tu re  energy co t w i t h  annual escalat ion I+i 

0 

Numerfcally, i f  C = 6 percent escalat ion per year, and the discount r a t e  

i = 13.5 percent per year, the present value i s  $11.61843314 per f i r s t  

year d o l l a r  per year. 

The l e v e l i z a t i o n  factor  ( I f)  i s  given by the r a t i o  o f  pv t o  pwf o r  

11.61843314 o r  1.60441717O 
/ -24- 

Combi n i  ng equa ti on s gives 

LF = 1-e-n1& x i 

I-e-nl n( l + i  i -c 

An equivalent and more conventional expression f o r  the l eve l  i z a t i o n  also . 
given by: 

N n-1 -n 

1 

Computed values of LF, for  various values o f  i and c are given i n  

Table 3, page 22. 

c -4 
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- APPENRIX 0 

e v b  

GEYSER'S STEAM PLANT HEAT BALANCES 

Figure 0-1 depic ts  a t yp i ca l  Geysers area qeothermal steam plant. It uses 

l l i o n  pounds per hour o f  geothermal steam and produces 53 net 

c meqawatts. This p lan t  re in jec ts  20 percent (0.2 MMlhslhr.) o f  the steam flow. 

The p lan t  re jec ts  861 mi l ' l i on  Btul/hr, o r  16,240 Rtulk'rlh. 

F igure 0-2 depicts the  Geyser area reference qeothema1 Plant. This P l  ant 

uses about 1 m i l l i o n  pounds per hour o f  qeothermal steam but produces 65 net  

megawatts. This p lan t  re in jec ts  14 percent (0.14 MMlhs/hr) o f  the steam flow. 

This  p lan t  re jec ts  845 m i l l i o n  Rtu/hr o r  13,000 Rtu/kWh. 

This l a t t e r  p lan t  i s  taken as the 

superheating i s  employed and compared. The heat re jec t i on  would increase t o  

985 m i l  l i o n  Btu/hr, o r  9,660 Btu/kWh. .The. evaporatlon requirement would 

increase by 134, 2 pounds/hour, leav  ng only 2,183 Pounds/hour (0.22 percent) 

f o r  r e i n j e c t i o n  based on 6 5 O F  Wet w? Temperature ~ W T )  , not annual 1Y 

average, bu t  excludes cool ing tower blow clown requirements). This deficiency 

ind icates t h a t  makeup water supply would have 0 be developed* 

The t h r o t t l e  s t  am temperature woul 

generat i on woul d increase t o  

The cool ing water flow, condense 

- increase 15.93 percent (see Appendix. A, page A-7) 

The pr inc ipa l  design change from a t yp i ca l  t 6  the 

and 0-2) i s  i n  the steam turbine. Figure DL mbolizes a 2 f low steam 

tu rb ine  w i th  23" l a s t  stage blade length, whereas 

-~ 

" ) 1 1  .. 

II 

? - -  - ._ 
~ 

-. 
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steam turbine with 25" l a s t  staqe blades. The steam losses leaving t!e4 ~ 

turb ine are qreat ly  The turbine back pres- 

sure qoes from 4.4 "of Hg t o  about 1.5" Hg. The gross generation increases 

reduced wi th  t h i s  design change. 

from 57.59 MW t o  72.256 14W (net 65 MW). 

9-4 
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