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ABSTRACT 

:3 

Studies w e r e conducted to a s s e s s the technica l and economic m e r i t s 

and l i m i t a t i o n s of advanced s o l a r - g e o t h e r m a l hybr id e l ec t r i c power plant 

c o n c e p t s . G e o t h e r m a l r e s o u r c e c h a r a c t e r i s t i c s and technologies were 

r ev i ewed to d e t e r m i n e the b e s t poss ib le ways of combining so la r and geo the rma l 

t echnologies into a hybr id ope ra t ion (Section 1). 

Po t en t i a l hybr id s y s t e m concep ts a r e defined (Section 2) and thei r 

p e r f o r m a n c e , r e s o u r c e u s a g e , and economics a r e a s s e s s e d re la t ive to the 

individual s o l a r and g e o t h e r m a l r e s o u r c e development techniques (Sections 3 

and 4) . Key r e s u l t s a r e p r e s e n t e d in Section 5. 

vvi 
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1. 0 ASSESSMENT OF GEOTHERMAL 

RESOURCE AND TECHNOLOGY 

A rev iew of the geo thermal r e s o u r c e 

ava i lab i l i ty , compat ib i l i ty with so la r s i t e s , 

r e s o u r c e c h a r a c t e r i s t i c s , power conve r s ion 

t echn iques , and technology development 

i s s u e s is p r e s e n t e d to identify the bes t ways 

of combining geo the rma l with s o l a r . 

1 

1 
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1. 1 GEOTHERMAL RESOURCE CHARACTERISTICS 

Regional but abundant w a t e r - d o m i n a t e d geo the rma l r e s o u r c e s a r e avai lable in the 
w e s t e r n United S t a t e s . Many g e o t h e r m a l s i t e s a r e compat ib le with good inso la t ion 
ava i lab i l i ty for hybr id ope^ajign. . . .^ „ ._ -=^ T=^^^^^^^— • 

G e o th e r m al en e r g y i s p r e s en tly" b^in g^u ti l i^^d in na an v_cfl-unt r l e s-f o r—th e-g-e ne-ra-t-ien-ef-e o m m e r c i al— 
""el"e"c't'fic power . The G e y s e r s fields in n o r t h e r n Cal i forn ia , a t p r e s e n t , r e p r e s e n t the only 
c o m m e r c i a l ope ra t ion in the United Sta tes with app rox ima te ly 500 MWe of e l ec t r i c p roduc t ion 
capaicity. 

G e o t h e r m a l r e s o u r c e s in the U . S , include h y d r o t h e r m a l r e s e r v o i r s and o ther t h e r m a l r e s e r v o i r s 
such a s d ry hot r o c k s . The h y d r o t h e r m a l r e s e r v o i r s , m o s t l y loca ted in w e s t e r n s t a t e s , cons t i t u t e 
the p r i m a r y g e o t h e r m a l r e s o u r c e . A l a r g e m a j o r i t y of these h y d r o t h e r m a l r e s e r v o i r s a r e the 
w a t e r - d o m i n a t e d va r i e ty (hot b r ine r e s e r v o i r s ) as opposed to s t e a m - d o m i n a t e d G e y s e r s f ie lds 
which can be u t i l i zed for power genera t ion without s ignif icant ext rapola t ion of convent ional 
s t e a m power technology. 

E s t i m a t e s of known geo the rma l r e s o u r c e s , with the wel lhead fluid t e m p e r a t u r e s exceeding 300 F , 
app rox ima te 0. 8 x 10^ M W e - y e a r ene rgy (Reference 1) or the total e l ec t r i c energy p roduc t ion 
f rom 270 g e o t h e r m a l plants each with a 100 MWe capac i ty and 30 -yea r opera t ing l i fe . E s t i m a t e s 
of total energy r e s o u r c e po ten t i a l s , cons ide r ing d i s cove red and und i scovered r e s o u r c e s , exceed 
4 . 5 X 10° M W e - y e a r s . 

• ". / I 

A m a j o r l imi ta t ion of a hot b r i n e r e s o u r c e is its low g r a d e hea t (250-500 F , 50-400 psi) r e s u l t i n g 
in poor t he rmodynamic eff iciencies a s shown in F i g u r e 1-a. The hot b r ine r e s e r v o i r s with fluid 
t e m p e r a t u r e s a t 300°F o r lower a r e c o n s i d e r e d s u b m a r g i n a l for e l ec t r i c product ion u s ing con 
ven t iona l ' geo the rma l power technology. 

The t he rmodynamic eff iciencies and, consequent ly , e l ec t r i c power genera t ion capac i ty of a. 
given g e o t h e r m a l r e s o u r c e can be enhanced subs tan t ia l ly by s o l a r - g e o t h e r m a l hybr id ope ra t i on 
as indicated by the b a r c h a r t , F i g u r e 1-b. 
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1.1 GEOTHERMAL RESOURCE CHARACTERISTICS (continued) 

f i gu re 2 along with the contours of representat ive daily solar energy availabilitv As cai 
be seen, a large number of KGRA are in the southwestern states wfth good^nsolation f̂^̂^ 
^ ^ e ^ ^ > P ^ 

The greatest concentration of hydrothermal si tes is in California and Nevada. Areas in 
which geothermal development is expected in the near future include Imperial Valley and 
Mono. Long Valley, California and several sites in Nevada. All of these sites have hot 
brine r e se rvo i r s . 

Est imates of potential electr ical energy availability at the Salton Sea Geothermal Fields 
in Imperial Valley alone a re 80, 000 MWe, i. e. , sufficient geothermal energy to operate 27 
geothermal plants or 135 solar-geothermal hybrid plants each with a 100 MWe capacity 
and 30-year life. 
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1. 2 GEOTHERMAL POWER CONVERSION TECHNOLOGIES AND OPTIONS 

P o w e r conver s ion m a c h i n e r y for a g e o t h e r m a l r e s o u r c e is s i m i l a r to that for 
convent ional low t e m p e r a t u r e Rankine s y s t e m s but m u s t be designed aga ins t 
s c a l e deposi t ion and c o r r o s i o n effects of geofluids. 

The equipment for conve r s ion of hydrqthe^rrnad en^ei^gy: mto^elect r ical -^power- is-s imilar to t̂ ^ — 
ut i l ized for th^^conveWtirniallow temperatur-e_s.teani-and--bina-r^y--R-a-nk-ine-cycle-techn'ology; TKe" 

•• p.,-, >^...^_»,,,A^t**»»-cxiiAi»—t)ii»ci-i-y—r>rct-nK-rne-cycTe~te"c"nn"olT5gyI 
geoflmB^loop, however , has d i s t inc t ive c h a r a c t e r i s t i c s a s i l l u s t r a t ed in F i g u r e 3 . Var ious 
techniques and options for e l e c t r i c power genera t ion f rom geo the rma l s o u r c e s include the 
following: 

a. Conventional low t e m p e r a t u r e , low p r e s s u r e steann Rankine cyc le p r o c e s s u t i l iz ing 
d i r e c t s t e a m f rom vapor dominated r e s e r v o i r s . The cooled wa te r f rom the c o n d e n s e r 
is re in jec ted into the r e s e r v o i r by high p r e s s u r e pumps through re in jec t ion wel l s 
( see F i g u r e 3 -a ) . 

b . F l a s h e d s t e a m p r o c e s s in which the hot b r i n e is f lashed into s t e a m in one o r m o r e 
s t ages by lower ing the fluid p r e s s u r e in f lash tanks . The r e s idua l fluids f rom the 
tank and the condense r a r e mixed and re in jec ted into the r e s e r v o i r as i l l u s t r a t e d 
in F i g u r e 3-b . î  

B i n a r y p r o c e s s in which the geofluid s e r v e s a s the boi ler heat s o u r c e for a 
s econda ry working fluid, such as i sobutane , in a c losed b inary Rankine cyc l e . 
The cooled geofluid fronn the b o i l e r / h e a t exchanger is re in jec ted into the r e s e r v o i r 
( see F i g u r e 3-c) . 

Tota l impulse p r o c e s s in which the wel lhead b r i n e is flashed through nozz l e s and 
two phase high veloci ty geofluid (fluid and vapor) is d i rec t ly impinged on the 
bucke t s of tu rb ine whee ls to e x t r a c t the m a x i m u m amount of energy (see F i g u r e 3-d) . 

c . 

d. 

e . Hybr id p r o c e s s e s in which the geofluid is u t i l i zed for preheat ing the working fluid 
(e i ther in a d i r e c t loop or in a s econda ry loop such as in the b ina ry p r o c e s s . 
F i g u r e 3-c) for a high t e m p e r a t u r e s o l a r o r foss i l s t eam Rankine cyc l e . These 
techniques a r e d i s c u s s e d in Section 2. 

• 6 -
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FIGURE 3 
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1.3 GEOTHERMAL FLUID EXTRACTION AND REINJECTION 

Exlract ion-

The ex t rac t ion s y s t e m for geo the rma l energy is s i m i l a r to oi l and gas in that a wel l is j r i l l e d 
t o ^ ^ u f f i c i ^ n t j d ^ p t h , ^a^ed^, ^nd^ c^m^^te^^t^ provide a s tab le conduit for f luids. The l ower 

-par-t^of-the-w-ellbo.r-e_is_usually_an-0.p.en_hole. Fluid is forced to the sur face because of tKe 
p r e s s u r e di f ferent ia l between the r e s e r v o i r and the s u r f a c e . This p r e s s u r e di f ferent ia l a l s o 
con t ro l s the nnass flow r a t e . F a c i l i t i e s a r e added to the wel l to cont ro l and t r a n s p o r t the 
fluid to. its point of u t i l i za t ion . 

F i g u r e 4 shows a typica l depth and d i a m e t e r configurat ion of a geo the rmal well a t G e y s e r s . 
Comple ted wel l s a t G e y s e r s r ange in depth f rom 600 to 9, 000 feet with fluid t r a n s p o r t l ines 
ranging up to two m i l e s in length. P roduc t ion r a t e s a t G e y s e r s range from 4 0 , 0 0 0 - 3 0 0 , 0 0 0 
pounds of s t e a m p e r hour r equ i r ing s e v e r a l wel ls p e r plant . 

Reinject ion 

The high concen t ra t ion of d i sso lved sol ids ( p r i m a r i l y Si, CaC03 , NaCl) general ly p r e c l u d e s 
r e l e a s e of b r i n e in f r e sh su r face or ground w a t e r . The was t e b r ine c a n be re in jec ted into 
the deep fo rmat ions f rom which it is e x t r a c t e d at high p r e s s u r e s via reinject ion wel ls to 
ma in ta in r e s e r v o i r p r e s s u r e and m i n i m i z e contaminat ion of ground wa te r . 

• 8 -
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FIGURE 4 

Typical Geotherma! Extraction Well (Geysers) 
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1.4 GEOTHERMAL TECHNOLOGY DEVELOPMENT ISSUES 

Major technology deve lopment i s s u e s of g e o t h e r m a l power s y s t e m s a r e outlined in 
F i g u r e 5. None of these p r o b l e m s nega te the p r a c t i c a l u se of hot b r ine 

- —resource faut-will-inipac^I- on-p lantepera t ing-GQSts . - B r o p e r s o l a r hybridsonfigu^'as^ 
tiojtis can m i n i m i z e s o m e of these p r o b l e m s . 

F i g u r e 5 out l ines s o m e of the impor tan t technology development i s sues of conce rn in the u s e of 
g e o t h e r m a l ene rgy in hybr id opera t ion with s o l a r p l an t s . These technology i s sues do not n e g a t e 
t h e ' p r a c t i c a l u s e of g e o t h e r m a l energy but will i rapact on the opera t ing economics of the 
g e o t h e r m a l p l an t s , p a r t i c u l a r l y at the w a t e r domina ted t h e r m a l r e s e r v o i r s . 

T h e r p r e s e n c e of l a r g e amounts of s o l i d s , p a r t i c u l a r l y at the geo the rma l b r ine r e s e r v o i r s in 
I m p e r i a l Valley, will c a u s e p rec ip i t a t ion of m i n e r a l depos i t s which form sca l e s in p ipes 
and m a c h i n e r y . P r o b l e m s a r e nnost s e v e r e in the energy convers ion m a c h i n e r y w h e r e l a r g e 
p re s su r i s and t e m p e r a t u r e d rops can c a u s e m a s s i v e p rec ip i t a t ion of s o l i d s . F o r so l a r hybr id 
app l ica t ions it will be d e s i r a b l e to u t i l i ze the g e o t h e r m a l hea t through a s econda ry loop h e a t 
e x c h a n g e r i ( s i m i l a r to that in a b ina ry c y c l e , d i s c u s s e d above) to avoid sca le depos i t s in the 
r e c e i v e r and power c o n v e r s i o n equipment and r e d u c e down t ime and ma in tenance c o s t s . 

Hydrogen sulfide is toxic and the m o s t t r o u b l e s o m e of the va r ious a i r pol lutants noted in F i g u r e 5. 
At hot w a t e r r e s e r v o i r s the r e l e a s e of H2S is expec ted to be h igher . The H2S r e l e a s e a t 
C e r r o v P r i e t o , Mexico is e s t i m a t e d to be 480 t o n s / M W e / y e a r , roughly ten t imes that a t G e y s e r s • 
(F igure : 5). Cont ro l techniques include u s e of s c r u b b e r s to reduce H2S content to env i ronmen ta l l y 
accep tab le l eve l s p r i o r to vent ing. A p p r o p r i a t e power conver s ion c y c l e s , such a s those 
d i s c u s s e d in Section 2; can a l so m i n i m i z e this p r o b l e m . ";"' 

P o s s i b l e decl ine in r e s e r v o i r t e m p e r a t u r e and p r e s s u r e in t ime would reduce the plant 
e l e c t r i c a l output. This l o s s of energy can be c o m p e n s a t e d for by dr i l l ing addi t ional wel l s if 
adequate s i t e s a r e ava i l ab l e . The addi t ional s i t e s for the contingency wel ls m u s t be included 
in the- des ign . 

The l iquid to be r e in jec ted into the fo rmat ions m u s t be f ree of suspended m a t t e r to avoid c logging 
of the po re s of the fo rma t ion . L o s s of p e r m e a b i l i t y will r e q u i r e i n c r e a s e d pumping p r e s s u r e s 
to ma in ta in the r e q u i r e d re in jec t ion flow r a t e . A m a x i m u m pumping p r e s s u r e l i m i t is s e t by ''. 
the p r e s s u r e th^t the wel l c a s ing can wi ths tand be fo re r u p t u r e . As an a l t e rna t i ve , a c logged 
well m a y be c leaned c h e m i c a l l y in the c a s e s w h e r e the obs t ruc t ing spec i e s can be r e d i s s o l v e d . 

10-
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FIGURE 5 

Geotliermal Teotinofogy Devejopiment Issues 
® PRECIPITATION OF SOLIDS 
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. CONTROL TECHNIQUES - ACIDIFICATION, SLURRY SEEDING, ALTERNATE CONVERSION CYCLES 
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• co^-esi 
. H^S - 39 

• METHANE (TOXIC) AND AMMONIA - 90 

, .CONTROL: SCRUBBERS, ALTERNATE CONVERSION CYCLES 

© DECLINE IN WELL PRODUCTION 

• DECLINE IN FLOW RATES, TEMPERATURE, AND PRESSURE WITH TIME 

. CONTROL TECHNIQUE - PLAN DRILLING ADDITIONAL WELLS 

© REINJECTION 

9 UNKNOWN SUBTERRANEAN STRUCTURE 

. SUSPENDED MAHER MAY CLOG UP PORES 

• LOSS OF WELL PERMEABILITY REQUIRING INCREASED PUMPING PRESSURE 
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2.0 SOLAR GEOTHERMAL HYBRID SYSTEM CONCEPTS 

Potential solar-geothermal and solar-fossi l 

geothermal concepts that minimize geothermal 

^ technology problems and provide improvements in 

J . plant economics and operation are identified and 

discussed. 
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2. 1 SOLAR-GEOTHERMAL HYBRID SYSTEMS - GENERAL CONSIDERATIONS 

Cons ide ra t ions outlined in F i g u r e 6 n a r r o w down the potent ial s o l a r - g e o t h e r m a l 
hybr id options to those ut i l iz ing g e o t h e r m a l hea t for feedwater heat ing. 

A va r i e ty of s o l a r - g e o t h e r m a l concepts w e r e s c r e e n e d on the b a s i s of cons ide ra t ions out l ined 
AnlEligure ~6T_TFor~ exarnple ." a hybr id conc^pt invia lv ing pr e s s u r izat ion of- wellheat- flu id- and- the-
addit ion of s o l a r heat p r i o r to f lashing provides h igher quali ty s t eam and the rmodynamic 
advantage over a geo the rma l f lash s y s t e m . However , the introduct ion of hot b r ine into 
r e c e i v e r loop and the s t e a m f rom hot b r i n e into the EPGS cyc le would r e su l t in p r o b l e m s 
of s ca l e deposi t ion and c o r r o s i o n much m o r e s e v e r e than those of a pure geo the rma l f lashed 
s t e a m plant . 

The candida te concepts thus should involve a p p r o p r i a t e combinat ions of so la r t h e r m a l s y s t e m 
e lement s u t i l iz ing a high p e r f o r m a n c e s t e a m Rankine cycle with pa r t i a l or total feedwater 
heat ing by geofluid us ing a hea t exchanger . 
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thermal Hybrid Systems General Consideratio 

:R|V4lWZQf-&EOTHlffî  
ISSUES (Section 1) SUGGESTS AN INDIRECT USE OF GEOTHERMAL HEAT 
THROUGH FEEDWATER HEAT EXCHANGER (FWH-X) IN THE SOLAR EPGS CYCLE. 
THIS APPROACH WILL-

o LIMIT SCALE FORMATION AND CORROSION PROBLEMS TO FWH-X 

© MINIMIZE IMPACT OF SOLID AND GAS POLLUTANTS (geofluid in 
-J closed loop) 

J © MINIMIZE CHANGES IN COMPOSITION OF REINJECTED FLUID 

n o PROVIDE MORE EFFICIENT USE OF GEOTHERMAL RESOURCE 

Q MINIMIZE RISK OF PREMATURE DEPLETION OF RESOURCE AT 
^j-> PLANT SITE (plant can operate as pure solar) 

J Q REDUCE THE NUMBER OF WELLS REQUIRED PER PLANT 

^ ^ 

. j 
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2.2 HYBRID CONCEPT A 

This concept represents a relatively simple, solar-geothermal hybrid configuration 
but resul ts in an unacceptable power profile with no flexibility in power delivery. 

^nie_simplestjiybrid concept involves the use of current technology solar steam system with 
-no-storap-e-in-conibina.tiflnriwithrgeo^th^^^ 
Figure 7. In this case the conventional steam bleed lines from fhe turUine us"e"d~f"or-heatrng 
the feedwater have been eliminated. This results in an increased flow through the turbine 
or increased power output if slightly la rger EPGS equipment is used. In this concept the 
geothermal heat is converted to electricity at the hybrid plant efficiency which is much higher 
(1.7 times) than that for a pure geothermal plant. 

At nighttime or during cloud cover, the feedwater can be heated by geothermal fluid and flashed 
into a lower temperature steam cycle to generate power as shown in Figure 7. However, as a 
result of lower efficiency and low heat content steam cycle, only a fraction of the installed 
capacity can be generated during non solar operation. The resulting power profile is 
unsatisfactory. It suggests the use of a storage-coupled solar system with high cycle 
efficiency. 
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FIGURE 7 
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2. 3 HYBRID CONCEPT B 

This concept r e p r e s e n t s a m o r e complex conf igurat ion but p rovides an accep tab le 
power prof i le , high p e r f o r m a n c e , and a much g r e a t e r flexibili ty of opera t ion . 

This hybr id concept conibines the high p e r f o r m a n c e f e a t u r e s of the Sodium or Salt ACR 
sys tern with a low cos t geothe r m a l feedwater heat ing equipment to- g e n e r a t e e l e c t r i e ity. 
This concept improves the power profi le"(see F i g u r e 8)~s^ince the plant can opera te on 
s t o r a g e at its peak capac i ty dur ing n igh t t ime or dur ing cloud c o v e r . The p e r f o r m a n c e 
and economics of this and o the r hybr id concepts a r e d i s c u s s e d in Section 3 . 

A d isadvantage of this s y s t e m for i n t e r m e d i a t e ope ra t ion is the r e q u i r e m e n t of daily 
s t a r t - u p and shutdown of the geo the rma l flow. However , this p rob lem can be e l iminated 
by adding convent ional f lash s t e a m power genera t ion equipment , such as that used in 
configurat ion A, to provide addi t ional power and cont inuous opera t ion of geo the rmal we l l s . 
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FIGURE 8 
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2 . 4 S O L A R G E O T H E R M A L F O S S I L H Y B R I D C O N C E P T S 

T h e s e c o n c e p t s a r e m o d i f i c a t i o n s of C o n c e p t s A a n d B in wh ich t h e s t o r a g e i s 
r e p l a c e d by a h y b r i d f o s s i l h e a t e r o r b o i l e r . T h e s e c o n c e p t s a r e e x p e c t e d to s h o w 
a n e c o n o m i c a d v a n t a g e o v e r C o n c e p t s A and B f o r a r a n g e of fuel c o s t s and fue l 
e s c a l a t i o n raireB=. =—^-^ 

-Jlh e-G on&ept—G--ut-i-l-i-z e s -a - s od-i-uin-{-o-r-s a-l-t-)-rA-G-R—s ola-r---f-o s-s41--by-b-ri 
w i th g e o t h e r m a l f e e d w a t e r h e a t i n g . T h e r e s u l t i n g s y s t e m c o n f i g u r a t i o n is s i m i l a r to 
C o n c e p t B d i s c u s s e d a b o v e e x c e p t t h a t the l a r g e s t o r a g e t a n k s h a v e b e e n r e p l a c e d by s m a l l 
bu f fe r t a n k s , a n d a f o s s i l h e a t e r i s a d d e d in a s o d i u m ( o r s a l t ) b y p a s s loop a s s h o w n in 
F i g u r e 9. 

T h e p o w e r p r o f i l e a n d the a d v a n t a g e s a n d d i s a d v a n t a g e s of t h i s c o n c e p t a r e s i m i l a r to t h a t 
of C o n c e p t B . T h i s c o n c e p t u t i l i z e s t h r e e e n e r g y s o u r c e s bu t i s e x p e c t e d to show a c o s t 
a d v a n t a g e o v e r t h e o t h e r o p t i o n s for a r a n g e of fue l c o s t s a n d fue l e s c a l a t i o n r a t e s . 

C o n c e p t D u t i l i z e s f i r s t g e n e r a t i o n s t e a m t e c h n o l o g y s o l a r - f o s s i l h y b r i d e q u i p m e n t i n s t e a d 
of A C R s o l a r - f o s s i l h y b r i d e q u i p m e n t . T h e p o w e r o u t p u t f r o m t h e g e o t h e r m a l h e a t is 
l o w e r for C o n c e p t D t h a n t h a t for C o n c e p t C b e c a u s e of a l o w e r c y c l e e f f i c i ency . 
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3. 0 HYBRID SYSTEMS PERFORMANCE CHARACTERISTICS 

Performance characteris t ics of solar , solar 

geothermal hybrid, and geothermal stand-alone 

systems are defined and connpared as a function 

of geothermal resource temperature. Estimates 

of relative improvements in resource utilization 

by a hybrid technique and other figures of mer i t 

for hybrid systems a re presented. 
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3. 1 GEOTHERMAL AND HYBRID CYCLE PERFORMANCE 

Use of the hybr id concept subs tan t ia l ly i m p r o v e s the t he rmodynamics of power 
conve r s ion f rom g e o t h e r m a l ene rgy . Hybr id cycle efficiency is sl ightly r educed 
f rom that for pu re s o l a r because of the hea t addi t ion to the s y s t e m at lower t e m p e r a t u r e s . 

The p e r f o r m a n c e and economics of the va r ious hybr id configurat ions d i s cus sed above-have 
been conducted by ut i l iz ing the methods and data developed in Refe rences 3 , 4 , b, 6, and T. 
Re fe rence 4 p r e s e n t s an excel lent ana ly t ica l t r e a t m e n t of the ana lys is of hybr id s y s t e m s ' 
p e r f o r m a n c e . Re fe rences 5, 6, and 7 developed des ign , c o s t s , and technology data on 
g e o t h e r m a l and f o s s i l - g e o t h e r m a l hybr id p l an t s . 

F i g u r e 10-a shows e s t i m a t e s of cycle and plant eff iciencies for a dual flash geo the rma l power 
conve r s ion cyc le as a function of wel lhead fluid t e m p e r a t u r e s . Due to low grade g e o t h e r m a l / h e a t , 
the power convers ion efficiency, >?„, is low. The g e o t h e r m a l energy , when u t i l ized to p rov ide 
feedwater heat in a s o l a r plant cyc l e , p rov ides a s ignif icant the rmodynamic advantage s ince the 
g e o t h e r m a l energy is conver ted into power at a much higher efficiency as shown in C u r v e A, 
lower F i g u r e 10. This r e d u c e s the need for r e g e n e r a t i o n f rom in te rna l cycle s t e a m e x t r a c t e d 
f rom the tu rb ine . The cyc le efficiency of the hybr id s y s t e m is somewhat lower than that for 
pure s o l a r sy s t em s ince in t e rna l r e g e n e r a t i o n is being r ep l aced by ex te rna l heat addi t ion a t 
lower t e m p e r a t u r e ( feedwater t e m p e r a t u r e ) . As m o r e and m o r e ex te rna l geo the rma l hea t is 
added to the feedwater , the cycle efficiency d e c r e a s e s as shown in F i g u r e 10-b, Cu rve B . 
At a g e o t h e r m a l to s o l a r ene rgy f rac t ion , Q /Q = 0 . 20, the geo the rmal fluid p rov ides a l l the 
n e c e s s a r y feedwater hea t . 
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3.2 RELATIVE ELECTRICAL ENERGY OUTPUT OF A HYBRID PLANT 

E s t i m a t e s of va r i ous f igures of m e r i t indicate that hybr id s y s t e m s subs tan t ia l ly 
enhance the u t i l i za t ion of a g e o t h e r m a l r e s o u r c e and m a y have economic or 
ope ra t iona l advantages over the individual s o l a r o r geo the rmal u t i l iza t ion m e t h o d s . 

F i g u r e 11 p r e s e n t s e s t i m a t e s of the r e l a t i ve m e r i t s of energy product ion f rom hybr id 
t echn iques . F i g u r e F l - a shows fRa'f-ffie-Hybr^i'a^Ian'fs-offer a m o r e effTC"i'en"t-utitrza-ti-on-of-a 
gepthernnal r e s o u r c e c o m p a r e d to the g e o t h e r m a l p l a n t s . F o r example , a geo the rma l 
s y s t e m a t 350°F can develop 50 MWe; a hybr id s y s t e m for the s a m e geo the rmal energy 
wil l develop twice as much e l e c t r i c a l ene rgy a t 100 MWe capac i ty . Also , abundant h y d r o -
t h e r m a l r e s o u r c e s that a r e s u b m a r g i n a l for g e o t h e r m a l p lants (Tg<:300OF) may be u t i l i zed 
efficiently to p roduce e l ec t r i c i t y through hybr id ope ra t i on . Since s t eam ex t rac t ion f rom the 
tu rb ine is r educed in the hybr id c y c l e , the e x c e s s steann can be used to i n c r e a s e the output 
of the tu rb ine as shown by the Curve B . 

F i g u r e 11-b i l l u s t r a t e s the dependence of ene rgy u t i l i za t ion factor on geofluid t e m p e r a t u r e s . 
Thus , if a geo the rma l s y s t e m at 300°F can develop 50 MWe, a hybrid s y s t e m ut i l iz ing the 
s a m e g e o t h e r m a l r e s o u r c e plus a s o l a r r e s o u r c e will p rov ide a capaci ty of about 500 MWe. 
Approx imate ly 100 MWe of this capac i ty is p rov ided by the geo the rmal hea t . 

In F i g u r e 11-c the p e r f o r m a n c e of a hybr id plant is c o m p a r e d with the combined p e r f o r m a n c e of 
a s o l a r and a g e o t h e r m a l plant for the s a m e total e n e r g y r e s o u r c e ( so lar + g e o t h e r m a l ) . 
The r a t i o a is a m e a s u r e of unit c o s t of geothernnal hea t r e l a t ive to that of s o l a r hea t . F o r 
the example c a s e , the hybr id s y s t e m at a = 1.0 (i. e. , when unit cos t of geo the rma l hea t is 
equal to the unit cos t of s o l a r heat) shows an advantage over two individual s tand a l o n e s . This 
is b e c a u s e the hybr id s y s t e m is s t i l l u t i l iz ing the g e o t h e r m a l heat efficiently. Section 4 
examines the r e l a t i ve economics of va r ious options in m o r e de ta i l . 
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"•• 4.0 ECONOMIC CONSIDERATIONS 

Est imates of Busbar energy costs for 

various solar-geothermal , other hybrid sys tems, 
JO. 

and individual solar and geothermal plants arcs 

made on the basis of a uniform and consistent 

set of assumptions. Sensitivity to parameters -

such as heliostat unit cost, geothermal equipment 

and possible fuel costs , and fossil fuel cost 

escalation rates is shown. 

- < i 

"-5 

.i. 
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4. 1 RELATIVE ECONOMICS OF SOLAR-GEOTHERMAL HYBRID AND STAND ALONE 
PLANTS-CONCEPTS 

S o l a r - g e o t h e r m a l Concept B shows an economic advantage over the c o r r e s p o n d i n g 
s o l a r s t and -a lone s y s t e m . A s i m i l a r economic advantage is not apparen t when^ 

— ^hyfcr^id^G^^t-a^a-re-&orapared—v4th-#i:Qs^e of a gcothre^ifrval-s^and-alene-i—I4e^A^cver, 
hyb^rid~ope-rarticm^offers—a-^^^ueh-^yvo-re effieient^ttt^i^irzatton^of^r^s^ur^^s^tfaan-geo-
t h e r m a l p lan t s , i. e. , hybr ids can provide twice as much e lec t r i c i ty from the s a m e 
g e o t h e r m a l r e s e r v o i r . 

F i g u r e 12 p r e s e n t s c o m p a r a t i v e energy c o s t s of s o l a r - g e o t h e r m a l hybrid , pu re s o l a r , and 
pure g e o t h e r m a l plant concep t s . All cos t s have been n o r m a l i z e d with r e s p e c t to the cos t 
of f i r s t genera t ion s t e a m sys t em r e f e r e n c e . 

The modified s o l a r - g e o t h e r m a l concept (Concept A l , F i g u r e 12-a) incorpora te s s o l a r 
s t o r age in Concept A (F igure 7) to i m p r o v e the plant power p ro f i l e . Two c a s e s of s o l a r -
geo the rmal hybr id s y s t e m cos t s a r e p r e s e n t e d as shown by the two columns on the r igh t 
in F i g u r e 12-a . The two c a s e s r e f e r to a va r i a t ion in the cos t of geo the rmal equipment f rom 
the design e s t i m a t e s to twice the e s t i m a t e d cos t . The g e o t h e r m a l cos t s include fac i l i t i es 
c o s t s , h a r d w a r e c o s t s , cos t of product ion and re in jec t ion w e l l s , and pumps , piping and 
ins ta l la t ions a t a hot b r ine r e s e r v o i r s i t e . 

It is noted that (1) the s o l a r geo the rma l hybr id plant cos t s a r e lower than that for s o l a r 
s t and-a lone plant and (2) the energy cos t s for the hybr id s y s t e m a r e not ve ry sens i t ive to 
the unce r t a in t i e s in the cos t of g e o t h e r m a l e l e m e n t s . 

F i g u r e 12-b p r e s e n t s s i m i l a r r e s u l t s for the hybr id Concept B ut i l iz ing ACR so l a r s y s t e m 
technology. The energy cos t s of pu re geo the rma l p lants a r e a l s o p resen ted for c o m p a r i s o n . 
The sol id shaded por t ions in these co lumns r e p r e s e n t the sens i t iv i ty to the added c o s t of 
geo the rmal energy ( $ 1 . 0 / M BTU) due to fac tors such as l eas ing c o s t s . It should be noted 
that the hybrid s y s t e m s do not offer any economic advantage o v e r pure geo thermal p lants 
un less the g e o t h e r m a l cap i ta l cos t s or g e o t h e r m a l ene rgy cos t s i n c r e a s e subs tan t ia l ly ove r 
c u r r e n t e s t i m a t e s (Refe rences 5 and 6) . 
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4.2 RELATIVE ECONOMICS OF SOLAR, SOLAR-FOSSIL, SOLAR-GEOTHERMAL-FOSSIL, 
AND GEOTHERMAL PLANTS 

Solar-geothermal-fossi l hybrid system concepts offer significantly lower energy costs 
compared to the solar-geothermal hybrid system for a wide range of fuel escalation 
rates^ but still do not^^hQw_an-ecoiioin4^-ardva^targ^e-^vej^re3s^^ffTCi"eTrt~pure geotherrn^ 
plants. 

"The economic viatbility of plants utilizing fossil fuel is strongly dependent upon the fuel costs 
and the fuel escalation r a t e s . Figure 13 presents relative costs of geothermal hybrid, s o l a r -
fossil hybrid and stand-alone systems as a function of fuel escalation ra tes utilizing sodium 
ACR technology. Each point on these curves represents a constant fuel escalation ra te , 
i . e . , fuel is assumed to escalate at a fixed percentage ra te each year beginning with reference 
year 1978. In all ca ses , energy costs have been normalized with respect to the cost of the 
ACR sodium stand-alone plant. Comparison of Figures a and b il lustrate the sensitivity of 
economics to heliostat unit cost varied from 100 $/M^ in Figure a to 70 $ / M 2 in Figure b . 

The results show that the solar-geothermal-fossi l hybrid system (Concept C, solid Curve B) 
offer significantly lower costs than the solar-fossi l hybrid system (Curve A), part icularly for 
the case where the heliostat costs a re high (compare Figures a and b). The use of geothermal 
feedwater heating results in a lower cost because of low capital costs of the geothermal 
equipment. 

The lowest cost hybrid systems (Configuration C) do not show economic advantage over the 
low performance pure geothermal plants unless the geothermal systems incur additional cos t s , 
as discussed in Section 4. 1. 
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5. 1 KEY RESULTS AND CONCLUSIONS 

Geo the rma l r e s o u r c e s in the United Sta tes a r e mos t ly hot b r i n e r e s e r v o i r s loca ted in the w e s t e r n 
s t a t e s . A l a r g e f rac t ion of the r e s o u r c e area3^^^e_c^mpatiMe_WAth_-gCM34--iiis^>l^rt^^ 

Jcnown^ies^u rc_e-S-a lon^^iarv e-b« en^es^tniMeH^ 
^jrlusing_geo-ther-nia-l-^ower-pia:nts^ CorTe¥pond ingcapac ity us ing so la r -geo the rn^a l hybr id p lants 
having twice the cyc le efficiency and us ing 207o of g e o t h e r m a l energy in the plant is a p p r o x i m a t e l y 
270,000 MWe. 

"The m i n e r a l laden hot b r i n e , as opposed to s t e a m supply at G e y s e r s , Cal i fornia , p r e s e n t s m a j o r 
technical p r o b l e m s for the so l a r r e c e i v e r , s t o r a g e , and EPGS equipment in t e r m s of s c a l i n g , 
c o r r o s i o n , and e ros ion which will r e s u l t in exces s ive down t i m e . Exper i ence at C e r r o P r i e t o , 
Mexico indicates that these p r o b l e m s can be s e r i o u s . Env i ronmen ta l p rob l ems including e m i s s i o n s 
of non-condensab le g a s e s , p a r t i c u l a r l y the toxic and offensive H2S, a r e a l so of s ignif icant c o n c e r n . 

Examinat ion of these p rob l ems and the o ther fac tors such as the low heat contents of the r e s o u r c e 
fluid sugges t that the bes t way to connbine s o l a r and geo the rma l energy is to u t i l i ze g e o t h e r m a l hea t 
into feedwater h e a t e r s (FWH) of the s o l a r EPGS cycle through a hea t exchanger (FWH-X) . In this 
way, FWH-X is the only equipment in the EPGS cycle exposed to b r i n e . In this s c h e m e the g e o t h e r m a l 
heat is conver t ed to e l ec t r i c i t y at h igher cyc le efficiency, i. e. , approx imate ly at s o l a r EPGS 
cycle efficiency or at roughly twice the efficiency of convent ional geo the rmal cyc le . This t echn ique , 
however , n e c e s s i t a t e s the u s e of s o l a r s t o r a g e o r a hybr id foss i l boi ler to provide capac i ty dur ing 
night and during cloud cove r . 

Combining a high p e r f o r m a n c e so la r s y s t e m l ike sodium (or sal t ) ACR or A C R - f o s s i l - h y b r i d with 
geo the rma l FWH heating r e s u l t s in s ignif icant reduct ions in the energy cos t s of s o l a r - g e o t h e r m a l 
hybrid sy6tems~(Concepts B and C) c o m p a r e d to those of a s o l a r s t and-a lone . 
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mm 14 

© SUBSTANTIAL GEOTHERMAL RESOURCES ARE AVAILABLE AT GOOD INSOLATION SITES 
©-l4^T-&R4N&-R-ES0URCEr-WES^iWN-U-S-S-IT-ES-
® POTENTIAL FOR > 27,000 MWg CAPACITY USING GEOTHERMAL PUNTS 
o POTENTIAL FOR MUCH LARGER CAPACITY USING HYBRID PLANTS 

© MAJOR CONCERNS OF GEOTHERMAL POWER TECHNOLOGY INCLUDE 
® SCALING, EROSION, AND CORROSION OF MACHINERY PLANT, DOWNTIME 
o BRINE REINJECTION 
0 ENVIRONMENTAL EMISSIONS 
o PREMATURE DEPLETION OF SITE RESOURCE 

© GEOTHERMAL FEEDWATER HEATING IN ACR SOLAR EPGS CYCLE IS THE BEST 
HYBRID OPTION 

o BRINE EXPOSURE LIMITED TO FWH EXCHANGER 
o INCREASED CONVERSION EFFICIENCY FOR GEOTHERMAL RESOURCE ENERGY 
© CLOSED GEOFLUID LOOP MINIMIZES EMISSIONS 
© STORAGE OR FOSSIL BOILER IS REQUIRED TO PROVIDE RELIABLE POWER 

o HYBRID PLANT OFFERS ECONOMIC ADVANTAGE OVER OTHER SOLAR PLANTS 
© ENERGY COSTS 10 - 13% LOWER THAN SOLAR STAND-ALONE 
0 SOLAR-FOSSIL-GEOTHERMAL ACR HYBRID OFFERS LOWEST COST OF ENERGY 

FOR FUEL ESCALATION RATES < 7% 
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5. 1 KEY RESULTS AND CONCLUSIONS (continued) 

S o l a r - g e o t h e r m a l s y s t e m (Concept B) and o the r hybr id confi ^ r a t i o n s J_CQjLae:pts-ii:-and^)4-do^iet 
-a^pp earr^Q-of fer-^c onom rg~ard van t"a'g e^ove^^^the^stand - a Io ne geo th e r m al-plants-Ainle S3-geetfeermal-c^ 
4-nerea-S€-due-to~teditnotoeArunc Rrfa iTTFr^ T-V, « ^^i - -i- , , —i-i^erea-s«-due-iro~-te"chTiOl^gjrunc^Ttarinties. The s o l a r - g e o t h e r m a l plants can become c o s t compe t i t i ve 
with geo the rma l s t and -a lone plants if the g e o t h e r m a l plant equipment cos t s i n c r e a s e by f ac to r s > 1.5 
ove r the c u r r e n t des ign e s t i m a t e s or the leas ing of o ther s i t e r e l a t ed cos t s r e s u l t in_g.e,o.th.er.mal—•—-

__enar.g-y_costs-:i-0—7-5-$-/-M-B-5'UT 

Hybrid p lan t s , however , offer o ther advantages over the geo the rma l p lan t s . Hybrid plants 
provide the m o s t efficient u t i l iza t ion of nat ional r e s o u r c e s . The e l ec t r i c energy produced f rom 
s o l a r and geo the rma l r e s o u r c e is approx ima te ly ten t i m e s that produced by pure g e o t h e r m a l p lants 
us ing the s a m e amount of g e o t h e r m a l r e s o u r c e energy and s i t e insolat ion. Other m a j o r advan tages a r e noted in F i g u r e 14. 

- 3 8 -



m 
ie^Iisul 

-©-HY-B^D-Rl^TS-D^NQl^-SJ40W-4CmOMiC-AD-VANT-AGE--a/£^ 
ALONE PLANTS 

o ENERGY COSTS ARE HIGHER THAN THOSE FOR TWO STAGE FLASH AND BINARY 
GEOTHERMAL PLANTS 

© HYBRID PLANT MAY BECOME COMPETITIVE WITH GEOTHERMAL PLANTS IF COSTS 
INCREASE DUE TO UNCERTAINTIES 

o GEOTHERMAL PLANT EQUIPMENT COSTS INCREASE BY FACTORS > 1.5 OVER 
CURRENT ESTIMATES 

o LEASING COSTS OF SITE AND/OR GEOFLUID BECOME > 0.75 $/MBtu 

© HYBRID PLANTS OFFER OTHER ADVANTAGES OVER GEOTHERMAL PLANTS 

o MORE EFFICIENT USE OF GEOTHERMAL RESOURCE AND INSOLATION SITES 

o LESS SENSITIVE TO UNCERTAINTIES IN GEOTHERMAL EQUIPMENT COSTS 
AND RESOURCE LIFE 

o REDUCED ENVIRONMENTAL EFFECTS 

o MAY BE ABLE TO UTILIZE LOWER TEMPERATURE RESOURCES WHICH ARE 
SUBMARGINAL FOR GEOTHERMAL PLANTS 
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Houstbfi^Chrpnicle Wednesday,'November 19, W ^ i ^ v r ^ 

AF recommends 2 sites for missile 

T:-

SALT LAKE •.CITY, primary support base for , formulating its,policy con-; Cedar City and Beayer 
(U0i — The Air Force' ;the mammoth$33 billionx''<;erning basing;modes for,"" allowing all three'toml-;';! 
confirmed that it' prefers";\:'missile'rsystfeni/VhililM^^^ 
to locate the primary'suihj.t abpuV.6,500j hundred :Mi.jfff.,p ;̂̂ A„-'̂ ^^ 
port base for the proposed-^ Forci :wprkei^ar idUhfei^^^^^^ of the seltl^inenl 
MX missile system^,;ih/< fainiiies. 

';:;>t';«^ g«,«v,rAA »;imCls^:l mendations; p^ 

^upjjlort base$ 
ka-xfl 

Ken Olson,, Utah" 
natqrforJhe^W[Xjproi.,̂  ... 
said Ire'was'infoMM'/bjr, „.„ 
Air 'JForceofficialslKafaf'^ would be' rdeased 

eriviro'nmental 
S;f J rbCatedlmbh0he tilinicl^. 

drairt eiiyironrnentai-iifff ?th^eccSd wSk^f Demn 
pact statement pn^he 
nuclear, weapons'Isystei 
would list the two'lcpSP' 

•ber. Utah and Nevada 
huclear/weaixjns ':^ysPeiff^^^ | | t ) iMn ; M p r e f i m i a ^ ^ ^ M 
u;nnW lie* fho »ii7A'ir.nTttr-=gQ-̂ ŷg ^knalyse liid re-,- studies b;̂  the U^hMJf^pfiJ^^ [securitir.;-

miles northeast of Las\, the hew Reagan Ad'mihisr>;lMilf6rd site is .that.%~ îl;'/''16^^ off-tJase if coni?/! 
Coyote Springs, about 6tf"Tduring.that J9(pay^^ 

'riMdRE4(UiPlF;£ Dpcl6r^ wiU tatie'at'least three years,toiell if | 
"^ins Hospital are ba t ing 6m ., the men can father childreri;fypp^£% • '' 

''Ccauses''bf male sterilitylti' About half the men in the United Stated 

^̂ '̂ iSssibl;"'-' 

tolbgistf said f r narrow. tufej^-S'tiiro 
T̂is in bloPd' ^ until if "readhS Wdestinatipn| therî ^^ '' 
^"ose' veins '; 'a' hafrowerlube" with a balloon "attachecf 

• ^ % C B | § ^ " d f ^ " g l ? t h e c a t h f e M | ^ = ^ 
A special X-ray dye is mjectea mto tl^ 
lloon to .•nfl#^"im|[Jt^fits,snup 

Sgainst**' 
vt-aih 

; " / • ( • • m 
• " , ' • 

available h6usihg.i;; - ;M vi 
};. "Unfortunately," wfi'at" 
that does is to rely exces-i 
sively on the free market' 

,.;.;„„-i ,|when the housinglniaustfy'; 
militaryf#is''in'really'lfead,'slia^ 
r.»*af^-4.a'^i^Jf|aid;^''If J e y ^^Ter f 

*tp2lia ye-utheir-„e"mplpyees~ I 
•live^pff:bas(^e thUik,the^] 
;shl)uid,jlb6ij'*at', piwidiiig.J 
YeWral fun^'to hel^^i*^ 
Siunlf ies,'prp vlde^^wat er J| 
[sewer;ancl sfreets services 11 
' associated with housmg-sj^ 
^ He'said'such federal iri-| 

fve s tnie rt^' iriS localities^ 
woiild'fijlglcmitfactore ^̂  
t)uild!additioriil?-housing? 
units^more- quickly and, 
che^teM-Al^iHi 
j„ Eventuallyiijrleast 16,-,: 
000. people, mig^ move Jo, 
the; Milfdra'area'' to ̂ workl I 
on 'the"; MX% thiat^sii^isl 
approved for'a secpgda^l 

y|tbase, the,Utah cboiximtdr': 
j;^i]saia.-t^: 


