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editor's lntroductlon 

_ This vol u me is lhe Engli sh cd ition of" La Gi>othermie.'' 
which wou <>ri¡¡:inally ¡mbtishetl in l'nris by Doin Ed'otcuu. 

· Must of the OO..k jg dl!votcd lo a discuniori, beginning wilh 
fiirat principies, of tbe thermal r.-gime n .. ar the· &urfaee 
1>f the <'arth, w-.th part><ular ref•·ren.-e lo the intemction be· 
tw..en the to·m.,...rahue lield ar11l .-irculating gr<>undwnh•r. 
Th" results are app\i.,d 1<> the problel'l of e:drac-tin~r u1able 
twat ;>.nd po>Wn from geothamal :wurci:~. The operation ol 
~~:erwralin~ plan lB u~ in¡¡ both wct and dry ·Hteam are e~!.<>n
a.ivcly de••:rih<>d, :..rul nwthotls t!Cvelopcd lo y ti"' autbor lo., .. 
tinlale lhe power out¡>ut and u~WfullifPtime lo be e>!peded 
from a given geothcrmal ar,.a are alo.o di-.:u•&ed. One 
chapter ¡,. tleYo\ed lo lhe ecomomir and JH>lilkal .-onatraínb 
that m.u~t be SO>lisficd if geolhermalene-rK)' U kr beci.ine a 
reality. 

The final tw& ehapter:S: ar" de'OI>CI'd ID topks> o( lnler~ 
h>atu.denb &f eartb ode~e. 0..-e ""'•·la wi~h eW.rehrliflfl he 
tween geoth.e nnlo:!s. :.~·~ u~~ai'~' ~"'"""~""' ~e1>Jir>g~a.l pl>e!Wm<'!" 
na. Thcse ind~ 11'1.! ~h<!rma) -eff-eels &f i'g,..l>'!l-1> intrusltm:!! 
and -exhusioons, M 101 ,......tt.e~d by <fdorm•;oe;,.,. fllh<l ''""llltrr, 
u..,rmal ur~~ses ¡.., •o~ks, ,.,.,f tll.l! pf~~,. rrl tl'f~· sO'l'tt~e (![ 
lhe- ~e<>l pro<hodn.g m~~;•m<>r)lhi~m. TI·~· flt.~ti eh11pl~t ,,¡.. 
dr~f<.~es jts.,U to th .. thurnal statr of th., <"arth as a who)e, 
dis .. ussing the .. ooJing uf thc ~arlh, !he r;odi<>aclivily of 
<"at\h matni~ls (indud'•ng the importnnt lh<."rma! cffccts of 
rnd inucti ve d<•,ay), Uw thcrrn al ene r¡:y budKct of the carth, 
and the uuthor's YÍ<•Ws un convective circulatiori in the 
mnntle. 

The aulh<>r is prcseo\tly h•¡¡i•ni.,ur gi·ni•rnl des Miues 
and Yice·Presid•·nt, llun•n<> de• lh·cherches (:;,oln¡;i<¡<>0'3 ct 
MíniCre3 in I'atii>. Thnm¡~ho<>t hia ~areer he hna bccn at
tached to thc Service de la Carte ¡:Culugique, and ia a for.,cr 
dir.,ctor of the Scrvice. !le haa done research and consulta
tion on the e ploitatl o! ll thermal Jl 1952, 

\; 
1 
' 1 
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' 

tT< 'S tNTRODIJC'TION 

when he aerved aa a con~ultant to EleetricitC ct Gu 
d'Algérie on the pouibillty o! exp\oiting the hot Bprin~r• at 

Hamrnan Meakoutlne in Algerla. 

S'IDNEY 1'. CLARIC, JR. 
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GENERAL iNF'ORMATION 

tu re t~ vary, This energy can he in the form ofheat; the deg. 
nulatJon of all ~ther forms of ener¡,ry (mcchunical, e]cctrical, 
clectromagnctJc, chemical, etc,) nlsn produces heot.llowev
cr, t~l<! ~rst luw of thermodynamies, the equi\'a]ence prind
p!.e, JndJcates. that therc i~ a totnl conscrvation of energy 
WJth the equtv.alcnce relntion that 1 ca/ .. 4.18 J. Thua, it 
wou Id se e m lo¡; IC>tl to m lmsure he a t quanti ti ea in joules like 
al! other forma of energy. Nevertheless we wiH not do this 
due to con.venience and present usag« in the field. Reeal] 
that 1 cal '" the quantity of heat nccessary to raisc 1 g of 
watc.r l"C ot nround ló"C. The kiiocnlorie, kcal, is also used 
and 19 a thousand times larger thnn the ralorie. 

For a auhatance, thil opecific heat ia the quantity of 
heat neccssary to raise l g (or 1 kg) of the substnnce l"C in 
te:n~ernture. This spedflc hcat i~ easy to measure by first 
ra;srng a hody. lo a known t"mperature and then plucirig it in 
a wnter calonmeter. The &pedfic hcat depcnds on thc tem
p~rnture; in g.,nernl, for rocks, the specific hent inacnses 
wtth temperaturc and can double its room-temperature 
vnlue ~~ 500 or 70?"C. The values indicnted by tables' vnry 
only shghlly for dttferent rocks; grnnite it 0.155, Jimestone 
0.16 to 0.23, a11d snndatone 0.19 to 0.22. This number ntust be 
mul.tiplicd. by the denaity to obtnin the hent cnpacity pcr 
cuh1c ccnttmeter (CJ, whkh is thus of the order Of 0.4 to 0.6. 

llent tran~fo•r can t!llte place eaacnll;•lly throu¡:h thrce 
proec""""' nnul~>cliut~, in which tite trnn"f<"t oceur$ grud
ual.ly tltrough 11 booly thnt may be salid; C»>ll'~clion, in 
wh1ch n lluul movo·• in a clos<•ol cirruit aud carric• heat. This 
mo~erncnt m:.y be .caus¡•ol by difft•r.,nccs in !luid d~n•ity 
wh•ch ''"""lt frnm o/¡/feretl<'<'S in tem¡•erature, nnd thus con
vection transports hent upward nnd n<>t downward. The 
tinal type of hcat transfcr ia by elt<clroma¡¡nelic radiation. 

<;;WTJIEaWlCS 

1·3 Conductl\'e trnnsler 

In a standing body which mny be solid, if the tempera· 
tute is hot uniform thcrc will be a he1ü trar1sfcr which we 
can charactcrhe as a tluK. Flux, in thiscase, is the quantity, 
ofheat which passes through an imaginary surface per unit 
arca pcr unit time. Itcnn be shown that this flux is a vector, 
which mean• that our detinition corresporids to the flux of a 
vector, whatever the orientation of the surface element. 
The flux would he zer'o if the temperature wcre uniform. If 
tltc temperature i~ not, thcn thc Aux io /inearly relnted to 
the tcmpcrature grndient and we may write q = KRTSdo. 
where gradO is the vector with eomponenta d8/ik, d/JfiJ¡¡, 

ae1az. 
In a crystnl, anrl in general for all anisotropic Lodie•, 

the thcrmal conductivity K is a tensor. Thus, usuall)· ihe 
Qux and temperature ¡o;radient vedors do not ha ve the same 
direction (cxcept alon¡o;.the three principal axes, which are 
mutually orthogonnl). The anisotropy of this tensOr can be 
considerable: in mica, the conducti\'ity can he as much a• 
five times lar¡::er pnralld to thc cien vage pln nc than nt right 
anglcs to it, For schists, this diffcrence cun Le a fact<>r of 2. 

~:ven fnr an isotro¡ok rock for.which the conoluctivity K 
is n aralar, the measurcmcnt of the conductivit~· coefficient 
reQuires car~. and the result will only be precise wilhin a 
fcw pcrcent. The mo•t nrcuratc utdhod nJ•JH'nrs to be that 
ca!lcd the dh·idrd-bar method, thc npparntus for which i• 
mude up of two metullic supporh with thc sume cross-see· 
tiona! aren amia roe k <'lit in the form of 11 disk (s¡•., Fig. 1-1). 
The upper pnrt of this device is hcatcd while the b""e iR 
cooled, and thus a steady-atntc tcmpcrature distriLution is 
established, Then the temperaturc m•·asurcments a. re taken 
at sev.,ral points alon¡: the metaUic bars, thus giving the 
thcrmal profllc. The u¡>eriment io pcrformed a¡¡'nin with 
two dilfercnt thicknenes of the aame rock t.o eliminate the 
ell'cct ot the temperature discontinuity which could exiat at 
the cont..,t.. The re1ulta are compared with quarta di• U cut 
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I'K:UJU: 1-1 

(;EN!:IIAL INI'QJIM;.TION fj 

Prin<iplo of \~o di.vided·bor met~oO for tho mo .. u<emont of 
the~m•L <ondu<tlv"Y· The O>.mplt io out lh tho form of a dio k 
hov1n~ \he onme oro., oo<llon ao tho "'•tallio r<>Oo Th ·• " ' ' - ...... Uo <OO e at \ 1<1< ba""o ond heatod &\ their topo ond otndy-
o\oto l•mpcrotu~ arn rOloblio~od. 'tloe temrorotu~o 0,.. 
"'<OO<Jreol al throe poi oto hy thermioloro in <O<h of !he m-do. 
Th~ ~raph •nd~eut<• \he O<hemotio fo.m of Lho Lhormol proftlo 
wh><h oerveo lo c-omparo tho lhetmol gradient.o In tho umpl 
ond lho m•tollio ro<lo for lho oomo ftu•. 

0 

perpendiculady to the optic axi•, whose conduHivíty ¡8 
known and is conventional!y tnkcn n9 a reference. 

The following values are cited: Jl'ranite 5.7 x 10·• 
cal/cm · a · "C, dunite 12 X ¡o-o, limc•tone 5 to7 x ¡o-•, chalk 

\ • 

' • 

6 OEOT!lEHMICB 

2.2 x to·•, m"rlole 7.5 X lo->; do\nmitc 10 X Hl-¡uorUite 
13 x IW', sthist 2 to <1 X 10·•, and rock rmlt 27 X 10·•. These 
orden of magnitude ar(! nll quite similnr nnd m u eh smaller 
than the conduction for mctals (iron 0.15, brnos 0.93, silver 
1.001). Other leas precise mcthods use variable tempera
tures. One of these will be described \ater . 

The valuca for the heat capacity and thermal conduc
tivity for rocks varY ao little that, in the abscnce of more 
precise data, we can make calculations which will give an in
dication of the behavior of obscrvcd phenornena by taking 

· Bverag<o val u es. In the examples, unless otherwise in· 
dicated, C = 0.5, K= 0.005, and thua ..--K/C .. 0.01. 

1-4 The heat aquatiOn 

Iñ the abscnce of 11 heat aou,.,e, it is easy to establish 
the thermal balance of an elementary volume. This balnnce 
will consist of the heat absorbed by the warming of the body 
and the u ceBa of heat gained o ver the heat loat by conduc
tion, C i.IO/ilt --div · q; for an isotropic body, q- K grad IJ 
which yields the equation 

" -C-=Kdiv·grad6 • 
(

a•o a•e a•o) 
=K a,• + ay• + ilz' ""K_V'O (l-1) 

The rlltio a= K/C is often callcd the ditfusivity. If heat ls 
relea•ed in the roe k because of thc radioactivity of sorne of 
its cnnstituent clements, then we wou!d need to add this 
heat pcr unit vo\ume pcr unit time to the right-hand side of 
Eq. (l-1). 

Tn ao\.-c a condudion problem for a solid body, we need 
to find IJ aa a function of ::<, y, z. and t, knowing ita value at 
t ~O Bnd the boundary conditiona, wh!ch can be either a 
temperature oran impoaed flux. 
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GP.P<F.RAI.INFORMAT!OP< '/ 

5 An exampln or 8 soluHon or !he hea! Bquat;on. 

Thc pri nei PI<' nf mea•uring the thermal cund uctivit' b 
" nee_dle probe demonstrates an application oC th : ~ 
;~~~ttlo: In an indefinite, i~otropk, homogcnous m:sa ~~

y(~ O)ataconstanttempetature(thatwem , k 
~ero) a quant"t r h . ay •U e as 

1
,/ 1 Y 0 eat 1s producet.l at a conatant rate o! 

171 ca cm · s along a straight line. 

d" t The measured temperature dependa on!y on the radial 
'". anc_e ,., and the nux is r11dial because of 8 m 

cylmdncal coordinutes, the heat cquation bee:me;etry. In 

e iJO- K ( 1 ao + ¡¡.~) 
01 -;: ,;r ¡¡;:; (1-2) 

and 9 ~ tr''"'"/4al is a solution to F.q. (1. 2¡. 
The value of this solution for ¡ _ (1 is Z<:ro ev .¡ 

~xc~pt at tlw origiro where it becomcs infinite lluter!" ~~~e 
•ntegral extended over an infinite surface is ·J.~ 8 :~:;:."~: ~ 
,., a constnnt, we can consider that the aoluti 
sponds _to the appcnrance at 1 =o uf ,. <¡uantity 0 ¡'~ ~~rr~ 
per umt lt•n¡¡th of axis. Jf ther ; be ~·' ,. 

'
r d t" 

1 
e •as en a conhmmu~ 0 uc '""o heat hctween -1 and 1 _ 0 'h , 

d" t "b · • • e •Cmpcrature 
'" r1 utwn resultin¡: f~om the heat d"IT . . 

momcnts ia r;iven by ' uswn at succes••ve 

"' L' e_,.,.., IJ=-,. -di 
11 • o 4al (I.J) 

This formula 0 ·, .. n" 'h , . . ·~~ us • e .empcruturc evolution of 11 
pomt s<luatc<l. ata tliatance r from thc axis. lt we make" 
change of Yar<able such that 11 = r'/4.at we ob• . ( E 
0·3) • ••un rom q. 

U-4) 

Thi• i• " clu••icul tr'"'"reodt•ntal function called th 
pont'>!lia/ i11trura/ for whirh tablcs exist 1• ,,m ( e e:r. 
k th t · • u ces orual.o 

now a "" aoon ast ia autlicicntly large ita value b 
very close to In YlJ, whcrc y _ 1_781_ ' ecomea 

• 

8 (;E0THf.RWlCS 

lf the temperature has been measured at a distance r 
from the axis, a graph of 11 venus In t can be constructed. 
The curve rise~ progrcs•ively until it a pproarhes un nsymp
tote Wh?se slupe is givcn hY dO/d In t = m/4ttK. Or ifwe con· 

·vert to log (to the base lO) this is 0.188 rn/K. Thus we obtain 
the value of K by rnea~uring the slope of the asymptote. 

Conductinn rneasurements following this principie 
have been chiefly done in marine sedimenta. A hollow nee
dle, likc a hypodermk, is equippcd with an electric ·resi8-
lanee wirc pMsingthrough its axia givin¡.¡ o!f a known power 
dissipation of m cal/cm · s (see ~'i¡::. 1·2). The tem¡H•rature is 
mcasured with a thermistor placed in a small cavity on the 

-surface of the n~edle. The needlc probc is then pushed into 
the sedirnent, andan electric current flows which gives off a 
constant thermal powH; temperature is registercd by the 
thcrmistor. A few minutes suffice for the mcasurement. lf 
the dimensiona of the apparatns are increased, the mea
surement time grows as the square of thc diameter and the 
total power diuipation grows at least as the cube of the di· 
smeter, which in p!"actke excludes the use of drilled holes 
with diametcn of a few centimeters. 

1·6 Convect1ve tra~slor 

. Convection generally mcans the trnns¡•ort of heat by 
rnCan~of a free rnovemcnl of fluid betwt•t•n two surfaces al 
difTcrcnt tcmp.,mturu~. Convedive powcr is aupplied by 
der,.ity dilfercnct•s bctween wa~rn nnd cold Ouid, and since 
the furmer tcnds to rise, convcction only tran•ports hed 
from the bottom to.tlic top of the thermul systcm. In addi
tion. it is nut ~ufl\dent thnt thc tcmJ>Ctuturc be only slightly 
higher at the base of thc fluid than at the lop in ordn thul 
convection mny take pl11cc. "l'he fluid, esp~dally if it is 11 gas, 
couls by ex¡mnsion ns it nsc•, nnd thus it is ncccs•o~rythut 
the lherrnal grndient be at least equa! to tlw adiabatic 
¡¡:radien t. Thc adiabatic gradient c<>rrnponds to the temper
ature vsrilllion expericnced by u masa of fluid being ver
tie~~lly displaced witbout any heat exchan¡-e. In the etmo-
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f'I(:UIU: 1·~ Prindpl~ of the muou.omont <>f thumal <ondu<tion by radj. 
al h~ot diffuoi<>n from ono ax10. A ho!!ow needlo O'ko o 
hypodormid io uocd. An uio! .-.oiolOneo Qi,.i¡>utoo 0 known 
oon•tont tho.,no! powor_ Thc temperoture io me.,uro>l a\ \ho 
ourfoce of the needle probe, which io aun k in the udimenl to 
be otudi@(], by meo no of a thormiotor lodJ«d in o o mol! eovoty. 
The olope of tho plot of temperaturo vouuo In 1 pormito tho 
cokulntwn of a, whleh glvoo 1( if C lo known, 

•pherc, convcction i~ thc primar¡¡ heat·transport mecha· 
nism, nnd it tcnd• to produce a thermai adiabatic gradient 
~uch that the atmosphcre is said to be in odiabolic ~quilibri· 
ltm. Two case~ catl be distin¡:Uished accordinl': to whether or 
not thP ntmo"phere i" saturated with water. 

Convcction implics the individualiution of ncending 
currenta on onc 5ide and descendin¡¡ currcnts on the other, 
which can cnn"titute more or le•~ stablc eclls. 

Wc shall frcr¡uent!y be conccrned with a spednl form of 
convection in which water circulutes in 11 porous iock and ia 
ao intimatelyus"ociatcd with the rock thut we can ussume 
that thc water is at thc ~ame tempera tu re us the rock nt n!l 
poinh.llowever, ifthere is a tempernture gradient in the di
rection ofthe current linea, thera is a heat transfer by wnter 
in addition to the tranafer by conduction. 

¡ JQ llEOTl!ERWlCS 

This trlmsfer i" in the dire~tíon of displacement of the 
water, which, striclly ~pcakin¡:-, does not correspond to the 
direction of its velodty becuuse thc water molccules follow 
sinuous paths around the ¡¡rains of thc rock. Nonethcless, 
wc can 'characteri:te this flow by a ""ilar¡¡-flaw ~cctor, u, 
"·hich is auch that its flux throu¡:-h 11 surfacc elemcnt is 
equnl to thc mnss of water which croAses the aurfure ele· 
ment per unit time. This hcat transport b¡.· water is propor
tional to the temperature gnodient in the directlon of the 
wnter displaccment und the hcat cap•u·ity C~ of the wuter. 
Thus, the w11 ter movement ruults in a heat loss pcr unit 
volume of -C~(u · g,;d O), which is proportional to the 
scalar product of the unitary flow of the water times the 
thermal gradient. ln practice, C~ m ay be taken aB unity. The 
abo ve ter m fogurea i11 the left-hand side ofthe heat equatlon 
in the ~ame manner as radioactive heat production r, and 
so the complete he~t ~quatio11 beeome• 

- " K'i7'6 +r- C.(u · ¡¡rad 6)• C di" (1.5) 

Whate~cr the motive power !or water dreulalion ln a 
permeable region, this type of heat trnnsfer can play a role. 
Stríctly speakinl:', howcvcr, we can anly call a J¡cat transfer 
couvcdion if the motive power is furnished by den•ity vuria
tions in the w¡¡ter as a function oftemperature. Thesevaria· 
tiona vanish at 4'C, and then, of couree, convection is impoa

siblo. 

1-7 Radoat;va transfer 

The only method of heat tran•fcr in a vacuum ~~ 
throu¡:h radintlvc trnn•fcr. All bodic~ emit elcctroma¡¡netoc 
radinlion, which carrics cnergy, and abaorb all or part af the 
radiation received from othcr bodies. 

The blackbody (or the radiation which escnpes from the 
interior of a cavity) omit& radiation whkh dependa only on 
the body's temperature. The energy emitted per ll<jUate cen
timeter per 1econd il distributed in aU dire.:tione and i1 



givcn by Stephan'~ law: 

IY = uT' U-0) 

whcre "= 5.673 x 10"" W/cm' · •K• 11nd T 1~ m~otlurcd in 
d~~::reo•R Kelvin. 

To loe rn<>re precise, the distributlon nt cnergy in lho 
spectmm as n furwtion of thc wnvuJe,gth A, wiutrv A 1~ In mi· 
cromctcrs, i~ givcn by 

U-7) 

with K, = CJ(C~T)'(e'"'"'- I)J, whcre C, = 1.2184 :« 10' nnd 
e,~ 1·1,:11!5 wlwn thn tlux i~ t•x¡or-.. ~seol in er-¡:-R J'<'r B"''HJHIJ•~r 
s<¡uar-e ~enthnet~r. Obsnve tllal K, is a mnximum wllen 
i>.T= 2891 ,.·K. Tht• blackbt><IY which ra<liatu" acrotd!n¡:- t11 
tlüs law al»>orbs all iuciLl•·nt ra<liation. 

lf a bu<ly i.s 1\ol black, it possesses f<>r each wa•~len¡¡;th 
a «>1<>•- fact<n whi<"h is h·~ th:u> l. lis emisú"n for ""eh 
wavelt•n¡:th is multiplíed by this f"'ctor. The <:11<:r.o;y whi.-h i• 
• .,.,.._,¡_..,,¡al this s.ame wav .. lcn¡;"th is only par11y al,...,rbord. 
MIM> <le pen..lin¡: '"' this ~a m" factor, and tl•e re~l i~ rdl..n.,d. 
The color fa<"lor can vary ¡::r<'aiiJ with the wa•eRn.(th. 

~'ur tlw surfac~ tem~er.,lur<' of lh~ Bun (alx>ut &lii(II!)'JO 
the ma,.iw.um f<>r K, i.s in tlw •i.slbl._.. parl <>f the SP""In>f1l. 

F'or ;u.nbkn\ \eropo;>rah>re&h.~ 1 3.00' Ki, K, has a m:ni.,.um 
\1\ ü•~ fa< i><Í..a¡;e<.l ,.¡ ab.uu~ 1\1-'"'""'· Rao-lóo asho:m-n ha•• 
t•stahi'l•hed tlwt tlu•re ia nlso r:~tliation f~om dee¡o •¡m~e 
which has a maximu m at A "' 0.7 '"m, w hk h corr~' porio!S t'o- ri.' 
t~mp~rature <1f ·I'K. 

In " transparertl sul,~tan•·~. r::ullntion l'mitt~d by 11 

]"'int '""""" 1·an ~n>ss a n•rtain tlistance hc•forc bcin¡: ab· 
~ucbed, and if thue i ~ a templ'ratu re ¡;rml ient, the rml intion 
t•mitted in t>pposit~ dir.,ction• do"" not b;<i:>nce. Tllll", there 
¡~a nd tran~f...- of ¡,.,,.t by ra<li:~tion. lt is t!illieult \<> H· 
ti mate its im¡o<>rtann•, whkh U.,.pend~ <>n the pr-oportion of 
radiation absorbed per unit di,;tancc (which it•clf varíes 
with wnvelen¡.:th). lt appeara th11t for certain silicates 11t 

2000 to 3(}QO"K, radiative transf~r can be ns important "" 
conductinn. At ambient tompcraturea, however, radiative 
transport is completcli ncgligibh!. 

lt! thl' ~l!tts, wh<!re ·lempetllluh.'s t~n~h htt~ ut 
hulldt·eds uf tn!ll!tnt~ uf dc""h'CB, Un! tildhtH~e lHI't\ 11 
llrepondnnnlDtiÚ '1111! s!lf that lhl' st11111 11111)' hl! 11\ 11 n:tt!fñ• 
lit'~ rvu 1/ih!u lit. HllWI!VCt, ~!11\ Y~dlol\ 1111\V" )Jh1)11ll!ati 111 thl! 
sll'l!at hilHttw. 

1·11 tlll~la\\on 

fill~n!llhut ail l.>udl~~ ~•P:IIld "·hcn tke tempnntlltl! lt 
tal ~l'tl. tt ot 11 tttsllll ut an anlsnltu)llc tU~ k, l'll)lanslutt ~nn In! 

, di ttnl'lll t!~!H!I!d 1 n)t un lhe d 1 tl'tllu!l. ~'ut ralrlh•!'lt LB 111!\til• 
u~e 111 tlu! thtcdillll uf the optk u:ls. 

t.ft 911•1 "'"'"""""'" al1f>fl1~elttl>rf rt;lrne llttl~ld~ lftll ~~Hft't 
wrl~~te 

Uuts!il~ Ot~ fl!tilhSI•11~fr! 1 tltl! ~:Ytdl triÚN~ll j!~ill(tffl1 
' mlillll tadl:<ti~~eltet11Y ftlllil thiiWII. Jl..:tt 111 ifrl~ tiHH¡ij lit 

1ellede1l sffl/ p~rrt l! tt""'o-tbe"?/d diftH~>rlt i1~i;;1tl!i lH U1e· rl: 
mosp1,~ , ... O't 11! ti,·e ttb'o'Jtrd. U11 the M"ftc·t ll:tflli, tffl! ~·:ttlil tfi: 
dlities durltig U.e dttY ~tffll itlght t(dlifo.•fflt; li ¡~ ~Mc'lt 
llitJe:r .. f '"'"' ,,_, at rA "' t.J,..,~i .. Jdt. 
· Wr: wlll nTJ!f/11~ ti eakul,..tlrm \1'/Pildt shtitild 1:,.¡,-lfl:dfttf: 

Ove·, A tp1,erJtal blaekhody ;tl _a uniform temper-atun• T is 

¡;,d¡.;. (¡,., ii11" """'' of Mi<lr i-adi a tjon :>t Uw ""me ,¡ i"t ano e 
~s ¡¡;~ ~;;;.ti;. l. ~·lh ~bsO~L ;r~•¡j'ó <:,il¡s ;;, i,;S, ia ;:,l'•ii\·á J,.',ú 'rO 
~ 4 .J SPU )rrr' W, 'l'he ~ph<· re will ratll¡l lt• oVH !ts ~" llr~ "" rfnce 
(4m-'v1''), (t!1d owequ:tlmg these two e>:pres,ions w<: ol.otain 
the resull that T~ 280"K, which is 7"C.Su~h would he the. 
t<•rnpernt u re of u bine kbod y in e1 u ii"Lb ri u Hl with thc 5o lar ra· 
tliativn. Thi" examplt• cou!d he thnt of a sntcllite, thc cul<>r <>f 
whirh must be r'a.refully eh""''" to brin¡; the lclllper-ature lo 
thc d~sircd vahre. Tlw similurity bctween thi3 calculated 
tempcrature and the average surfa~c tcmperatur<• o! the, 
ellrth cannot be the cffect of chance. 

But thing• on the earth are much mor., comphcat<!d 
than the previou• example: the turface te ~ture at ll 

' 

\ 

! 
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point ia neither conStant nor uniform bccaUse diff < 
pnrts f th d' · eren 11 era mt10n and thc ab•orption take place t d'f-
f~rent l.'~vels in the atmosphcre (for ~xample, in the cl:ud:). 
In pnrbwlar, thn f nr u ltraviolct ¡8 strongly absorbed b tl 
uppcr ntmosphcrc, whlcñ is tho.>reb" raised < h · h < ' " t 1 . • ~ o o 1g emper
a ure. n add!tlon. th~ solar radiation varin at each point 
becaus~ of the ~Otatwn of the earth. Finally, the atmo
s~h~re '" not sta t1c bu t is in a constant a tate of mixing w hich 
dos~1pntes nn a¡•prcciable amuunt o! energy, Overall, thae 
mOV<'ments tend to reduce temperatu,.... variations. Thia 
means that the atmo~phere functions like 11 thermal engine 
and createa m"chamcal energy (wind, ·wavea, and w te • 
power), a r 

Aeview Of tha •coond law cl1hermcdynamica-Cam<JI'S 
principie 

;his _principie holds that perpetua] motioo is impossi
ble. Now, •fheat borrowed from a snurce ata con•tant tcm
p.,rn_ture coult! be tr~nsformcd into mechanical<mergy (in
verslon of Lh_e eq¡uvalencc principie), perpetua! motion 
could be achlevetl (that is, mcch:mical power could b 
produced from an enginc borrowing heat at the ambien; 
t~mpcraturc). Thc •ccond lnw forbids such 11 transfor . 
t 10 n. ~ ma 

. Thus, mechanical encr¡;::y can be produccd from h l 
w1th a therm~l en¡;::in<' only if source~ at diffcrcnt tempe::. 
tures are ava¡lable. The machine wil! take heat from th 
war':"er so urce anrl ¡::ive it up to thc cooler, but a rcrtain pro~ 
portiUn ofhcat willl"'"" bccn trnnsformed into mechaniclll 
encr~y. 1_"h_e upp~r limit of this proportion, or thernw<lv
""'"'" <j}icwncv, lS given by a formula which also con t"
t\ltc• thc de_finition of thermodynamic temperatures. 1~ ~ 
t~erm1tl engme takes the hent Q, ata tempernture T, and 
g¡vc• Up Q, at T, while transforming Q,- Q, into mechani
ca! energy, then we hnve 

Q,- Q, 
< Q, 

r,-r, 
T, "' !h,ib 

T, . T, (l-8) 

' .. (l¡;oTHERMI\:S 

The entropy is often deñncd by the reh1tinn S~ Q/T nnd we 
can aee that the entropy gained by the cnld source (Q,/T,) 
excceds th" entropy _lost by the wnrm aource. Thus, thll en· 
tropy of. the systcm can only incrcuse. The entropy would 
remain cnnstant for a systllm (cnlled reversible) which 
remained infinitdy duse lo its equilibrium point nnd cou!d 
thHcby fundion in either direction. Unfortunntely, thia is a 
p•adical impossibility. The inverse of a thermal engine 
would IH• a heat pump whirh absorbs hcnl nt a low lllmpera. 
tu re and supplies hent nt a highcr temperaturc by mcans of 
consumption of mechanical power. But thia time, if the ef
ficiency is \<'as than lhe th.,rrnodynnmic efliciency of a re
versible engine, this woold mean that Q,/T, < QJT, and lhe 
conaumcd mcchariicnl energy woutd" be Q,- Q,. which is" 
\arger thnn ita ideal vnlue. 

1-11 Period•c and secula• va•lalions <JI \he temperalu!e 

We will not de al with ntmosphcric nnd occanic ¡ohenom· 
ena in detuil but will simply recall that lhey inllucnce the 
temperature at the earth's surface ami give rise to periodic 
variationa nf which thc perioda of the da y nnd the year play 
an importnnt role. These variations are not sinusoidal, but 
we know thot n periodic funüion (which is not cxnctly the 
case herc) which is tlO!Ilsinusoidal cnn be rcpresent•·d by a 
Fourillr Berics, that is, a su m of sinuwidnl functiona with 
the fundamental period and the harmonics of that pcriod. 

Fluctuations with a period longcr than a Ycnr are ron· 
firmed by the Etudics of paleox:limatology as we!l118 the evi
dence nf ancicnt glaci,.tions. To <'xplnin these variationa, 
should we consider thc vnriations in the solar radiation 
which th•• earth recei~es1 From solar Bludics, we are well 
aware of the snlar cycle of ll yr. but it docs not Beem to 
appreciab!y alter the rndiation reaching the earth. 

As a consequence of planetary pcrturbation,., c"lcatia! 
mechanica allows calculation of sorne varÍB.tions in thc incli· 
nntion and other element• of the tcrrestrial orbit. Mihmko
vich studied the influcnce ofthese effectBon the solar radia-
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tion and dcmonst~ated that they would only lead to an 
a V<'ra~e te m p~ rn tu re change of ut mo9t 0.5 to ui'"C, depefid-
ÍnJ:" on thc latitudc. · 

... It ia nlso n"cesM~y to consider the possibilíty of insta
luiJtJe.• (•tocha" líe prm·e~scs) in the dilfcrences of climatc 
from yrar to yenr. The rlimate of one year car1 be influcnced 
b~ the precedin¡; ye::~r, which enn le11d to successive years 
Wlth a wurmcr or coldu climatc thun the average. · 

Considera mode! of a globe in equilibdum with the 
sun's radintion. We will give an exumple of a thermal insta
bility. Surface" covered with snow or ice refl<:>d a consider
able portion of the solar radintion ccntered in the vi 8 ible 
pnrtofthe sp<:>ctrum. On the othcr han<.!, in thc far infrared 
(IO¡Lm), ice and snovo are very absorbent and radiate like a 
blackbody. This is the waveh"'¡::lh of maximum tht•rmal 
emi5sion nt aboot OOC. ThHs, if thP MIJ<OW· nnd ice-cove!"ed 
r.,¡¡-ions it.lcreas.,d, the proporlions of Miar energy recch·ed 
would diminish but not the cnergy rndiat~d by the enrth. 
Thcreforr:, the iiV<!r<~g~ tempernture would d··~rcns~. !<·ud
in¡¡- to more surface aren bein¡;:: coveted with ice arul snow 
ctr. This dTcct, of coursc, i.~ mucb more cumplt•JI, ;wd ~¡u·h ~ 
rudimentar)· analysis ~'"""'• ¡•n·dkt lhc rate at which thc 
h•mperatur" woulol .,;,..y "nd Uoe ammml or &urfa~e whkh 
"W<H>Id he co.-er,.d with ><e "nd ,.,.. .... 1t iR a)u, ¡>l>SsibJ11 thn' 
<>pposing ¡•henonu•na o•x>5t, .,,.,,.,,¡, f!rr <,;<;rm¡•l<•, by atrruJ·· 

splw ric m"vemenb, whic h coul<l limit 8Udi in.~\,.¡,iJitln. Thor 
complcxity of ¡oll<"nom ... >a •uch ... thol!f! rr~te<l d~fleg, ... ~" 
l<otJ,y, a pr<•cise nruoly~is. 

We can mention otlwr .,~arn¡ole~ qf instJri,JIIÍJes, Jlup• 
pow lhd the art:umuJ;¡ti .. n of ¡,.~ rais"8 the huul aurfnce, 
'""'' ci] i! >e:>ehe,. ,.,.. "llito"l" w ¡.,.,., the te lllp!!r"l u re ls 811 ¡,., 
~~~.~~ an. ice cap- it< P•~-'«'n<"<l. (Corrtp;rre t:r.·rnlund, .,.¡¡¡, Rll 
ma eap·of. about :t.,OO(hn ¡,. •·1~.-,lion, .,.;¡¡, n,m., lshu111 ,., 
ot"ll"" inlt.uul~-o~ t~e no~ti'o<"rl'> Cannúbt>ihd•l¡rda¡":,;.j ''ru
lht•nnoJ>J, .suol\. n• hu"l."' ;.,., e:>p· t;oonds t.& n~a<lle an~ic?elb\1\'S' 

which fu rthe~ lower tito ~emper;~.tu ~e. W e will """" .,.,.,~.,., inl<> 
lHniJ;on suoh.q¡H!stiona sincu ~hoy...-..- p<ooo<ly .. ~r .. lood. 
5imply remember, we shouli± oot tuat th., average annual 
.em¡ :ature as a con&tant sine., it ~an eaaily undergo llhort-

1 

1 

1 
or ]ong-term tluctuations. In addition, there are effecte of 
man-madc thcrmo.l pollution, which raise Winter tempcra
tures severa! degrees in citics, cause the heating of rivers, 
and Jead .t<J the forma tion of smog which perturbs "''] ar rndi· 

ation. 
In thP ¡;:eolo~kally n•ecnt past, such fluctuationa rc

sultml in ¡:lMial pcriods; for thc last ¡:lncinl pcriod, lhe 
Würm, (or in North America, Wiseonsin) cnormous glaciers 
covcred Scandinavia, parts of Northern Europe, the Alpa, 
thc ]nrgcr pnrt of Canadu, and the northern prtrt of the 
United S tates and did not disappenr for tcns ofthoosand• of 
ycan. Thc tcmpcrnture perturbations of thc ¡;::rou~d must · 
have been otron¡¡;H in the periglacial zone• thnn m those 
areas protected by glaciers. The Quaternary g]aciation& 

aecm to ha ve begun 1 nr 2 mi!Hon yr ago. 
Insofar us we know, thcre were no prior glaciationB of 

. major importance beíore the one ju•t listed. Howcver, th_ere 
ha ve been traces of sorne ¡::laciations for certain geologJcal 
perio<is: the uppcr Precambrian, the Ordovicin~ (Sahnra), 
and the l'ermo·Carbonifc~oul (South Amenca, South 

Afrin, Australia). 

Up ~o this point, """haVO< mentioono:od the r..m...,.-.awre 
dclcNnincl 1,~ atm""l'he~ ph.,no..,en.a "...di -br r.>d.i.ation 
11.\ the c<\ttlo.'~ surf~~- "Th""" in~tocn<'C~ ., ...... ~""" kmp<:ra
\u~ 1\uct.ust~s ,yf ..m.rt pcn..d~ "'"""nd .an .aw·r~ ..-a!u<" 
1>.-llldl <\IM '1'1\lM."I'llll'<'s. lf the lcm.¡w,.,.hrf'<l .,( tln., rr<>lln.J i.s 
1'!1{!-Ml'l~ ·A't '(ttl]y ll ll'cw ·ee'n'l!Í:mel<-rs <lcpili.,.....,.., &el.• tluot 
<e\'1!"1'1 ~'n 11 ~e~ !l"N>ll \'he t'l"mJ'C'"&t<lre i• ~}' d.epe:~
~'t "(]"ll 'loca~ '<'O'l'IIJ·,'t•i<ins: IJ"l ~'N' 'f:'l'l"'"~"'- ,,,..,..,..,...,. "'~' .,.,...,e ~n :tJhe 
'!fó.'n \}hll'n 4n...,a Wh'i<"'h .¡~ 'f'l"<A<·<:'ten .. ~"tih .., ... .,.,.. 11->L-ri>>~<'~""" "''ll':· 

. ~>lalhm. Blll·h \""éWlll\lion cnn """l'"r"lc water fnnn t-hc soil, 
\11\\\l·h has -a 'f."'<'>dll~g -Mf"""'-, -~'l'r<t. ~Ó"-:1\ <>n thc nalu..., of 
thc veg-elftli-, "lril~ • ...,. wi:n 'f>flt., ... 11'cctl tbe cc-..d. ""n>e 
ground tan be cithcr faWit"<llbl.e ...,. ;p(jl. l>o .ae.. -B<lpoa~:..O '?r 
l r frost accumulations. n,.,., JI • • .td)' ........,.i,y.sw, 
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and wc are obHged to ~onsider the temperature of the 
ground ata few eentimeter!l in depth a~ empiri(al data. 

1-13 Propaga !Ion o! periodic lemperalure varlalions in lo lile ground 

I.et us imngine a homogenous earth with an infinitc 
plane aurfaee. By reasun oí sy_mmetry, the temperature 
dependa only un the depth, and thus the heat Hux ia verti~al. 
It is su fficien t to write the hes t equation for the vertical co
ordinate only: • 

;,•o ¡¡o 
"--~ e)¡' clt 

(1·9) 

T"ne boundary condition will be the tcmperature at the 
~arth's aurfac~ fnr z ~O. lf this lmn!J~rnture is expressed by 
a su m nf pcriodi~ terma, we suppose that the e~ptession o! 
tempcrnture wiiJ be of the same form at sorne depth in the 
ground after a sufficient time. This condition replaees the 
specifL<~ation of an initinl temp~rnture. 

lt is imm.;,diatcly scen that all solutions oí the form 
6 =A e~p (-~Yw/2o) sin (w! -z~) satisfy Eq. (1·9). 

Th~rc would ol.•o he n Kolution with turns of thc form 
exp (+ zv;;;n;;J sin (w! +~y w/2a), but it would be absurd to 
find tcmperature variations inereasing in amplitude with 
dePth. lfthc surfnce tcmperoture is rcpre,cntco! by a sum of 
periodic terms, ea eh of thesc terma wHI eottcspond toa ter m 
in the solution. 

lt i• seen that tmnpcruturc vnriations of 11 sinusoidal 
n:•ture propu¡;ut" downward while decrea~ing in ampli· 
tu de. For a= 0.01. an av~ragc value for r<>Ch, the amplitude 
ifi rcduced in thc ratio by~··= h al 11 depth ,;;:;;r, T being 
the pcrind in """"mis. For T ~ 1 ti u y, a depth of 52 cm is 
fo"nd, and for 1 yr, the dcpth is \1365 times [argcr:··or 10m. 
At thc ~ornc dcpth. the wnve lags by,., i.c., is in opposition to 
thc surfn~e vnriation, •ince th•• propag11tion entaila a delny 
of a half period. At twiec the atated depth, the amplitude 
would be rcdueed in the ratio (h)' .. rly. This ia completely 
ncgligible (see Fig. 1-3). 

16 JB C[OTH<:RMICS 

--...... 
"""90 

F1GUIU: 1-8 Tomporatur• prnfile In a hamagonouo ooU for 0 oinu•aidol 
VariUion of tilo ourfare temp<ratur•. in<ludin¡: tho oubtor· 
ronean hoat ftux. noe 12 rur••• <an r~preoent tl>e monUoly 
profil•o for the •nnua) \"&l"ioti""· nr every 2 hour • for 1~ e dl"r
nal variAlion. The vortioal •oaleo are mat~od for 0 - 0.01 <m'lo. 

These eonclusionsnre arnply contlrmed by experiment. 
We may add that if the aur!ace variations are not sinusoi. 
dal, the higher harmonica decreue more rapidly and the 
tcrnpcrature variation underground tcnds to became sinu
soidal. 

1-14 S!ratllim:t grotmd 

Ir thc ¡:-round wcre composed o( hori~ont11l Jayt>rs with 
dilferent thermal ¡>ropertics, ther.;, would be no dimrulty in 
caleulating the propagation of periodi~ ternpcrnture varia. 
tions. For eaeh layer, solutions of the form indícated for 
Eq. U-9) would be valid, wíthout cxcluding the solutions 
e~p (+zv;;;j2;;) sin (wt + zYw/2a). These aolutions (Sil be 
considered as retleeted wa•·ca at the interfa~ca which propa
pte upward. For each interface, the te perature and llux 
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e<¡ualities cl!n be written for the two separate b>yers· each 
eq u ali ty í ncl u des the phasc and the amplitude for a si~usoi
dal t<'tm with a g:iven period. The phase anrl amplítude for · 
the two lypes of solutíon can be successively dctermined at 
cach intcrfn<'e. The result.~ of thuse calculations can be 
Cl<pre~scd_by "ayíng that at the interface crossing, waves 
t_"":'~lmrr m thc same dircction have their amplitude mul
tJpil~d m passing from !ayer 1 lo !ayer 2 by !O + 
VK,C,/f<,C,) Hnd that at the same time, a wave ¡5 rellected 

·m the oppositc directiun with an amplitudc multiplied b 
f(l- V K,C,/K,C,). Bcgin with an arbitrary pha~e an~ 
a~plitude from the d"cpest, indefimte !ayer in which there
ex•"t" only one type of sulution. AfterwHt<l. determine the 
sulution in each !ayer until the surface is reached, where 
the phnse and amplitude are adjl!sted to mcet the irnposed 
boundary conditiuns. Th~ general bchavior of the sulution 
stays the same as for a hnmog:<'nous rcg:ion. 

Secul;cr V ariations Í n tempera tute, thc details uf whieh 
",re poorly ~ndcrstood, eould in principie be describeol by a 
}nuner scr•es, each tenn of which w"uld ensily allow us to 
talcu~ate the unde•·gruund effect". The depth penct•·ation, 
that 1~. the dcpth ut whi.-h the amplitude is.redl!c<·d in. 
spcrilicd ratio, h pwpurtiOnal to \he •quare root of th: 
penod. Considering: \hc_~~~e 1 = Vi!u!w, which is uf the 
order_ of 3m X Vpcriod in Y<'llri and for_ which thc ampli
tude '" rPduccd Ly the ratio e= 2.7, it is intercsting to oh--. 
st:rv<• that the local ¡:ra<lio•ut, which oaturally dccrPascs. 
W!th dP¡oth as the tcm¡"'""lurc variation, has usa surface 
max¡mmn onc-half the amplitllde uf the total vnrhtion 
tlivid"d Ly 0.71. · · ' 

Asan cxamp),, fu¡· a pcriod of 100,000yr, ¡ ~ 1.000 m. If 
the amphtu<lc of t,n,¡oerature variation wns to"C, the "'"X· 
irnum Btufacc K!'>l<li<•nt wuuld be 0.007°C/m und at ¡ 000 
0.00-1"C/m. Thc total "ampl itude of lhc tempera tu re- v ,.;.,,_ti:~ 
al the lutl<•r oleptlo would still be 3.7"C.Ia a ¡¡-cotliermal nux 
mcusuremunt down lo 1,000 m, the error intruduced could Le 
of the ordcr of 111 pcrccnt. 

. The_ variations can be more rapid and irregular, thus 
mtroductr t rma with ahorter perioda. This etfcct will 

" 
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elirninated if the lower parh of a dril! hole are u sed, which 
is also recommended for other reasons. _ 

1-15 S!resses cause!! by temperatura varialions 

If a solid budy was free frorn rnechanical str<'sses, it 
would dilate as the tcmpcrature changed. When externa[ 
eonditions impose a certain tempcrature distribution on a 
body (we shall see how to calculate this), the ¡¡-eumctric and 
mechanical solidarity uf ditferent parts of thc body do not 
allow it to dilate frecly. A distribution oí mechanical 
stre•scs can rc•ult from thi•, which it is interesting lo 
calculnte. Of cour.c, these stresses will be added to the 
prec;xisting: stresses which we will not take into arcount 
he re. 

These interna] stresses ofthe body are SllCh asto Le in 
equilibrium with the ~ero externa! forces. They produce on 
cach volumc clerncnt an elastic deformatiun, ¡¡ivcn by thc 
classica) equations, which ;ulds to the thcrmal dilatntion. It 
is the su m ofthcse two dcformatimls which make up thc real 
deformation, subject to the g~mnetrie con<iilions, that thcy 
deriv(• from a dhplacem<·nt. lf we Jmow the temperature rlis
tribution , t he mathcmaticBl thcory of clasticity wi 11 ¡¡))ow us 
to ,., lculatc thc di st ri bution of the thcrmal strcssns and the 
deformation. 

Actually, this procedure is not ri!{orous. Eludic com
pres.ion rclc¡¡scs hcat, and if it takcs place q u¡,. kly, the tcm
peraturc will ri~e. 1t would be nccessary in the case of a 
t;<pid <icformation {in particular, m tloe study uf aound 

, WUVPS and ""l><>chlly sho<"k waves) to write the mechanical 
and hcut cquations to~cther. 

Nonethcless, we will be runtent tu takc the approxi
mation conespuudiu¡;- tu •low chan¡¡-cs, whcrr wc r!Jn by 
sorne means indepcndently determine first thc tcrn¡"'""ture 
distributwn and then the resulting mechunical stresscs. 

As a case in point, let us consider the following 
problem. A blaekbody (su eh as a aatellite) is in tbermal equi
librlum with tbe solar radiation. An edipae cutB off this ra-

-• 
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dia tion. How will the te m pera tu re ~hang~ near the sale !lite 
surfm•c which is turned toward lhe sun? (We SIJPros.i it ¡8 
not rotating.) What mechanical strcsscs will result? 

\\le wi!l tnkc C = 0.6, K= 0.005, ami thus a= 0.01, the 
avcrug~ vulue for rucks. Now, as a first upproximation, we 
will considcr that the raoliative flux loas is constant and 
equal to-lo rul/cm' · s. \\le willlct the tcmpcruture T ('K) be 
repre•ent~d by T0 -ll; thus. ~o¡at~a il'O/•lx', with llaO; at 
1 = ll nnd al :r =O nn imposcd flux K ¡¡(Jf~x =,' •. 

Cot\siolcrutions of hn rnngcnci ty lcarl u 8 to try a solution 
of thc typc O= rl 'v'a!<!>tz), with z = :r;¡v';;j. The equation 
then beco mes 2<fJ• + z<fJ" - <1> = O. Let <1> - fz and we 0 btain 
f"lf" -- (4 + 21)/2z und lhtl~ lnf'- -In z' - z'. Intcgrnting, 
we obtain f- e-•'¡: - v;¡ 1 -e tí(:)], where erí (:r;) = (2y;) 
f: e-•• dy.is u function which often appears rmd whkh is 
tabulatcd in lhc nppcndix. Thus, •t> = fz = e-•'- zv;[l -
erf(z)] unrl •1•' .. -v;[l - crt (z)]. ~·oro:., O, i}(J/a:r; =-A y; 
frono whkh we obtain A- 3.78. ' 

The surface temperoture is given by 8=3.78-.'a! 
which is 3.78'C nfter 100 "· 37.8'C nt 2 h 46 m in, etc. However: 
aftH severul hour• we must tuke the slowing down of the 
eooling ratc by tarliution into account. 

In thc cnkulation of mechani~al strcsses, thc pressure 
on thc free surfacc is, and remains, zero. l:lut a tension par· 
all<.>l lo !he surface nppears which rorresponds toan elastic 
elongation, equal and opposJte to the free thcrmal dilata· 
tion. 

We sh;tll take for th" cxpansion coeflici<'nt tlw mean 
valw~ for quMtz, that is, l'o = 0.1:1 x ¡o-•," anrl clastic coeffi
cients J.= ¡.z .. 25 X 10" dyn/~rn'. Now w<l need to writc an 
cquation containing the three elasticity eqtU>tions: .,.

11 
= 

A(<., + <n + <:») + 2¡.z<.,. Letting .,.,. =O, a, = a.,, and <n = 
,,. = -lle, wc sol ve the <'<]uations and obtain the rcsult 
u,=""= (4- il~M. which is a stress ~f 1\.H l111rs nt the 
e01d of lOO s, 114.4 bars al 2 h 46 min, etc.lt remains to be 
~een whdhcr thcsc tensions, whi~h cnn be repeuted a 
number of times, ~nn cause a surfaee fragmentation of the 

'""''· 
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CHAPTEA TWO 

heat flow 

All the considerntions of Chap. 1 could app!y to an 
en rth with a therm all ~· inert interior. Su eh i~ not t he case. al. 
thou¡:h the P"rturbnti<>n of su rf B<"C te m ¡wratur~ by su btt't· 
ronean heat is n<'gligible. This is easi!y demonstrat<·d by 
eonsidering the schcmatic model of a sphHicul blackhody 
which is in therm al cquilibriu m with thc suri's radia tion. W e 
íound, in Sec. 1·9, that su eh "body rea~hcs a tcmperature of 
280•K. lf we mndify this mooiel by suppo•ing an inlcrnul 
heut flux equal to the overa¡¡;e geothermal flux (l.e., 
1.2 ¡.<cal/cm'· s), Stephan's lnw immedintcly yiclds ~11'111' = 
4~T/T; the mean power disaipation for the whole surf11ce 
of the earth being t x focal/cm' · s, it is incrcosed by heat 
flow by 1.44 x to-•, which gives o temperature varintion 
AT = 280'K x (1.41 x I0-'/4) =O.Oi"K. 

Even though lhis blackbody model i~ crude in compori
son lo the complexily of thc externa! th••rmal systc<n, wc 
should remcmber that interna\ lhcrmal activity cannot 
raise the surfaec te m peratu re of the <'nrth more th an abo u t 
a hum! red th of a degree. This, of coursc, di srcgn rds u nusuul 
point.s such as next t.o volennoes or active thermul sources. 

This comparison emphasizcs the fact thnt surfnee 
energy exchunges, where mobile fluida interact, are inti
nite!y more intense than those in the earth'• interior. 

2·1 The maasuremont ol heat Uow 

lt has long been realiud that once a depth oí lO m i• cx
ceedcd (the effective limit of annual tempe'rnture perturba· 



tions), there is a stearly increase in temperature on the 
order of 1 'C for <•ach 30 or 40 m. Somctinoes, to dcsignatc this 
distancc, thc impropcr exprcssion "geothermal dcgrec". or 
"geothcrmal stcp" is used. This tcmpcrature incrcasc w1lh 
dcpth harl i><·en obscrved in m in es in thc seven tccnth ccntu
ry and wns ntt<·~ted to by Boyle in 1G71 and Ccn•anne in 
1740, although thc t<-mpernturc tncasurcn>cnts werc clif
ficult to ¡,crform then. Arago was intcrestcd in this phcnom· 
<'non in J8f>2, but it w!ls not untill8foB, under the influenrc of 
Lord Kclvin (l)wn William Thomson), th!lt a comm\ttce of 
thc flriti•h A~50cialion syst<•matir¡,lly collccted data on the. 
thHm<d gradiPnt ami thc thcrmal conduotivity vnluc$ for 
various t!Xks. Althoul':h thcsc two types of mca•uremcnts . 
wcrc not carricrl out inlhc •nme pinces, it '''"" deduccrl that 
th<' "vcrnl':e ¡,,.,;t flu~ trnnsmittctl hy conduction to the 
earth's surface was l.:li"'al/cm' · s, nn orcler oí magnitude 
which hns suh~t·qu<>ntly been c<>nflrmed. 

In 1935, a new commiltce undcr thc 5amc usociation 
hnd llenfldd and Hultard perform the measurements. Ther
mal p~ofllcs wcre mca"'!Ted in borcho\es, and samp\es _rr_om 
the holes werc used to rlcterminc the thermal conductlvlty. 
Frnm that time,,., it IU!S bcen usual to prcscnt agrnph with 
the measured tcmpcr:1ture as the abscissa and thethrnMI 
r~8 ; 8 ta><ce, f cfz/K. us thc ordinatc. Such a plot usually 
produce~ a str~i¡::ht linc. It thu• appears that th_e hcat !lo':" 
is approxirnately conr.tnnt in a mine rhaft or borm¡::, even IÍ 
th<· 8¡, aft , ro"S'"" qu i t~ di lfercnt ro<· k lnycr.<. Thc ¡;:cothunll<l 
dc¡::ree (or l':rndicnt) is much more \"ariablc. . 

Jt was ah" dcrnonstrntt•o\ that for the first 1,000 m (ln 
which moqt of tln• mensur<>nl<'nls wcrc pcrformed), a c<>l'rcc
tion factor to tnlc account of the earth's coolin¡:: during 
1':\;tt•in\ 1,.. 1·ioJs wc.uld he on ¡¡,.. <>rdcr of 10 Jl"tl'€llt. This 
numhcr ¡8 impossíhlt• tu caku\nte nccuratdy thou¡::h, 
beca use w e wuuld nccd ¡., krww lhc detaiicd thcl·mal hi•tory 
of thc c~J th's surf~cc. 'l"hi• <dTcct lcnds to make u• undcrcs

timate th~ he~t !low. 
Around IU1~!. Bullnrd n1nde the first ¡¡eothcrmal Aux 

mcasuremcnts in the <><:ean. lt waa expccted that lhe heat 
tlow therc would be much Lo.,.·er than that exi1ting on the 
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contincnts, but this was not thc case and a compl~te ncw 
view of models explnininl': the relationship bctween the 
oceans and the continents had to be takcn. Taklng sdvan· 
tal':e of tlw fact thBt the b••tlom of thc oce.~n is ¡:encrally at 
a eunstant tempcrature nenr O'C, probes werc dropped into 
the ocean bed. Th'""" pro bes wcre 2 or 3m in lenl':th nnd 
had electrical deviccs at thrce points to measure lhc tem· 
perature. In the hend of the probe was a recordcr, nnd the 
mcasur<•menh wcre delayc•l for the lorol':cst time posaiblc 
(ata noinimum, t hour). Durin¡:: the recordin¡:: of the temper· 
a tu re by the thrce thcrmometcrs, first thc temperaturc of 
the sen water wns scen (which nllowcd the therrnornclcrs' 
mutual calibration. tu be chceked). then a warming due to 
friction ''" thl' pro be penctmted th~ ""'' noor. nnd !inally a 
restoration period during which thcrmal equilibrium was 
apptoach"d at an exponential rnte. lt wa• nccessar}' to 
nllow for a long enoul':h time to elapsc to extrnpolalc the 
rateo! this curve and determine the equi!ibrlum tempera· 
tu re of thc occnnie •cdimcnt. lf a •nmplc of tlw occan bed 
wu obtained. then the thermal conductivity could be detcr
mined with 11 ncedle pro be or deduc•·d from the water con
tent of the sediment by an empírica! formula. 

Ewing improved llu!lard's appamtus by placing the 
tcmPernturc eensors on lotera] fins flxcd to thc probe, 
which greatly accelcrated tl_le rcturn to thertnal equilibri· 
,m. 

Admittedly, it ¡_~ diffiet!lt to know if lhe pro be is plnnted 
vertically in the sedimcnt if the probe is uot <'']Uippcd with 
un incliowmeter, and this <"an lcu•l toan undcn'.•timat" of 
the flux if thc probe is indincd. 

ThnusallO!s of m.,asur.'""ent3 havc becn tnhn in thc 
oc<"lln with a preci8illn which oloc~ not cxcct"d 10 P"J'cent. 
Thcse n\casurcrnenU ha ve provi<l<'"ol thc sano e a vo•ragc he a t• 
flow vnlue as for lh<• cuntin••nt• (l.2¡.teal/cm' ·o), but with 
ail':ni flcant rel':ional va riauons to which wt• will 1 a ter re tu rn. 

fu rther continental hent-tlow m ea•u rcrnents wcrc per
fonned latcr; u nder .thc a u 3pice• of thc ! ntcrna tional U a ion 
or Geodcay and Geophyskt in 1963, mcuurements were 
made in many countrica, induding France. DriU holu which 
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ori~innlly had sHved o~her purposes wcre u sed, Obtaining 
rock snmplcs of the rock strntn travers.•d was not too dif
ficult to uchicve, but drilling opcrntions dissipnted cncr¡;y 
and heated up the surrounding aren. In addition, the 
circulntion of mud complctely modified tt•mperaturc distri
bution•. This :LIIows use of thermal measurement to ah· 
~trnct aome information for various conditions. For in· 
alance, the dr-pth of pcrmrablc l ayer• from which w_ntcr can 
penctrntt• into ihc shnft will be clearly indicntr-d on a 
proflle mcasun•d sorne time aftcr the ternperoture has been 
equalizcd by eooling rnud in the dril! hole. Another applica
tion is tu determine the hei¡;ht of a cement collar which ÍB 
being pl:tcr-d !lTOund the casing by ubsPrving the hent 
released in the cement's solidification. 

To obtain the thermnl profile of the surrounding 
ground, it is n<"OPS"ary to ]eave the hole td<>nc for 11 suf
ficient nmount of time. The ideal situ:ltion would be lo wait 
for a time cqual to the actual drilling opcration. Otherwise, 
mea"m-t•m•·nts of thc th.,rmnl profile can be laken nt int.,r· 
vals uf u few days, and from this the tcmpcroture evolution 
can be extro.polatcd. 

Thc ftrst "''"'~urements were rn11de b}•lowering n mnx
imum th.,rmon~t•ln or, cvcn hctter, n mmgr11duated ther
momcter whosc shaft w11s cut obliqucly. The rn"rcury 
flowed nut. and hy heating the thermometer in the labora· 
tory agnin, lhc maximum tempcrnture cuuld be cakulated, 
Thesc tlt<>>m(J]ott•tcrs were placed in containcrs to prntcct 
thcrn from the pressure. 

Toolny, voe prefcr tu do electri,•nl rncnsnrt•rncnts with 11 
thermistorthc rc"istancc uf whkh vari<•s greatly with the 
temperntun., hut which must be spedally calibrnted. An 
elegant t""hnique consista of regulating the frequency of · 
an oscillating drcuit by mcans of n thcrmistor, where the 
cntirc drcuit is nt the hottorn of the dril! hole, protected 
from the pressure. lt is this oscilhotor which is standard-

. ized and the connccting cable hao no inHuence on the 
measur~d frequcncy. With auch n system, n precision of 
O.Ol"C can be realizcd. However, thia preciaion is perhapa ¡¡. 
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lusory becausc it reprcsents the temperatun. of the cooling 
rnud, nnt thc surrounding rock. 

In New Zealand, for drilling operations whicll were at 
too high a ternpcrature to allow rt•liablc electrical measure· 
ment, nn instrument was u sed which was inspircd by the 
bnthythermogrnph of ocennographcrs. Tllis is a thin birne· 
tallic strip whicll bends with ternpernturc and which moves 
a n,•cdlc whirh ]caves a trace on a srnokcd-glass plate. The 
plate is conncoteol to a rutchct device whicll ndvnncN< thc 
pinte with each shock given to the cable which lowercol the 
apparntu s. The bimetallic strip 11nol assodnted elemcnt.s are 
standardized in the laboratory nt the same pressure as in 
the tlrill hole, 

The most notable cause of error is certainly due lo 
aq uif crs that the d rill hule penetrates. Thc5C layers nre gen
crally not in co¡uilibrium with onc anothcr nnd give rise 
toa circulation along the hole. lf there is a casing, such 
1\ows cnn circulale around it. To detect sucherrors, it is in· 
dispen~able lo mensure n continuous prolile or at lcnst to 
take a large nurnber of mcasurcments. !lowever, if such 
circulations are present, it is douhtful th11~ their cffect can 
be eliminated solcly by cn!culntion. Thc ideal situntion 
would be to takc the mct\suremeHts in an impcrtn<·nble ho· 
mogcnous layer. Too oftcn though, wc only ha ve borings in 
sedimentary arcas or near mincrnl depo•its wh<'re there 
are frcquently complex structut't'S. Fcw nuthors hnve thc 
coun•ge to rf'ject, as doubtful, mcasurement8 which 
required rnuch time, rnoney, nnd effort to obtain. Published 
hcat-flow valucs undoubtedly include many doubtful mea· 
suremcnts which are difl\cult to recognizc.' 

Nevcrthcless, large nreas atilllack any measurements 
and i~ would be complctely illusory lo seek overall pattcrnB 
of hent-flow distribution on a worldwide scale, We will sim
ply note that the heat 1\ow nppenn low on ancient shields 
(approxirnately 1 ¡LCal/cm' · s] and 11 litlle higher in recent 
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tcctouic ~O!WB. In thc o~cnn, there are r,oml indientions o! 
hi~:her v~luc• nlon¡¡ nnd rw~,. rifts on thc midocc~nie rid~:c 8 
(up lo 1! or 10 fU"III/cm' · s). On thc volcnnic i~lnnd ares ofthe 
l'adnc, low vnlLI<·~ (nhuut l) nre-found 111 !he outsidc of tho 
urc" :rnd hi~:h vnlu~a (nbout 2)on thc insidc. Any stl"llctural 
mod~l of i"lnnd nrr~ will hu veto take thcse vnrintiuml Jn 
hent flow into ncconnt. 

Of COL! r~<·, in !he reg-ion s ncar active volcanoe", amJ to 11 
IPSB<·r <lcgr<•e rl<'!lr thcrmal HPUr<'<""• nll ld•ul~ uf vuliwR for 
lhr• hcnlllow <"1111 ¡,., found, I'Vl\n V<•ry hi¡;}l one•.lloW<'Vl'f, lt 
is dPar tl"'t ti"""" active vulennlc regiun• contri bu te only 11 
n<•gli¡¡ihlc nmuunt lo J,.·nt flow on a <:<lob;<l scnlc. The h~ot 
rndi,.tcrl nnrl trnnsferr<'ll by ronvection ovcr thc lava luke 
whirh occupit•s tJ,.. rrut<•r nf Nyirar:on¡::o is ustimutt•U nt 
n[¡nnt l mili ion kW. lt ;,. ''""Y¡., codculatc thnt Uds powcr ;~ 
t•r¡ u¡<i to the lll"t' ru¡;<" lr<wt tlow ( !.2 ,uenl/crn' · H) ;,ver thc ""'· 
fac<• uf n cirde ~>ith a di<Hrl<'lt•rof 160 km, whlch is noh-o the 
~urfnce of thc carth. 1t is !ikcly thcrc ur¡, no more thnn unu 
or two volcu!lu"" havin¡:: sud1 J><"tmnncHt urth·ity of thi• 
type at thi" tiu1<>; outof ubollt ~00 known volcnnoes, thc IIIP· 
jority Ir ave only lnt<·rmittcm '"'tivity ano! u re much lcH8 In· 
ll·n~e !han th~ luv,1 lake at Nrir«¡::ongo. l•'ur Ja¡mn, the 
~11er¡¡y dissiput"d nnnually for all volcunoes has becn cs
timntcd "" 1111 average of ?.a x lO" er¡¡sfyr which 1s 
2.:1 X IO'kW, lwi<-c tlw vahr<• for Nyira¡~on¡:u. That i~ 0110• 
t"nth t!Je norrnalla•nt Oow fCJr ull,lapnn, nlld lwt ground und 
thnmnl so u nt•s brin¡:: a surfun• flux of nbuu t th~ samc mn¡::. 
nilude.' But, b)· nll m·idcn~c. J,.pan i~ not 11 repre"~ntative 
f'll8<'. 'l"hus, it i• dcal" that !he mujor P"rtinn of the h<>at 
W h ic•h ""'~"1'''" fr., m th e earth 'R in t~rior i• <]u~ to thc ncru 111 ] 
huat nnw. Thc ~rlditiomal hcnt im¡rplied by vulrunic zon"" ia 
mnrh smnll<>r, on the ordcr ofr.l., or m ... A preci~e figuru 
is v~ry diffrcult to gh·c. Whot wns thc /lux likc during the 
time of formntion of lnr¡:;o bas:;¡Jtic plntcuua (Oeccan, SI· 
bcri u, South Amo rico, Ethlopiu, etc.), whero the surf11 ce cov-

·~ ... hhor .. ¡¡,,. l"r.oofor ldoa•• ... mooto[o. O.Otborao~ ....... r ............. ~ 
••1. lil, fl' ll-®. IJ')g. 

e red with lnvns muy ha ve II)Jpl"oach<·ol milliunsufs'!Uarc kil· 
umetcrs? W e rlo nut knuw tho ti u rutions of su1·h 011 t¡rou rin¡;s 
ond thus un estima!" uf thc heat lu•a is ditlirult. Observe 
that t]r<, <"<"'] i ng of l mi Ilion km' of bnsalt from tllOII" e n•p re. 
scnts ~ he al luss o u t)l" on].,,. of 1!.5 )( lO" ral. This corre· 
sponds to the normal hent flow for the whole world for a 
periool of2,I.)OO yr. lf th~ rdc~se of the basalt h~d bstt•r! fol" 11 
nruch lonj;'er time, ¡¡.., hcat loss woulo! still be 801 n1J in com· 
]lllrisou with the total rwrnwl h.,at ll<>W. 

1 t is <•ny to cuku.llllr th at tlH, tn Ld power d"~esi ¡m tcd by 
thc normal h~ul now i~ equivalen! to 2.55 x JO" kW, Qf 
course this is riruch l~n than th~ '"""~Y hrour:ht to the 
carth by solarradi"ti"n (1.7 X 10" kWJ, but m"st ofthc ~olar 
cncrr:Y is <!itlwr reOed<'d <>r imn><•dial<·ly reemittcd. 

We wlll s"" in Ctwp. R"lhnt thu ¡,~,lt llow n•¡u·,·.«·nh 
much more power thun i• di.•"ipalcd by othcr manifc8tu: 
tions uf interna! nctivity uuch a.• tcctonle dcformatiun~ or 
carthquokcs. Alsu, note thnt the euerj;'y dissipatcd by tidol 
uctions, which is tak~n frnm thc kin~tic en~rgy o( rotution 0( 
tire curth !<lld moon, ls rou¡::hly es~irnntcd at 3 x lO' kW, 
whlch ia II]J]JT<lXimlltely onc-tenth of the gcothcrmrtl flux, 

We huvc implkilly nssumed that th<> ;urronndinr:s are 
homug~nous in uul" rlescriptions of ;,.,nS~•r<"m"nt nwtlrod•, 
nn<l th"t hcat con be ~on•idcred to l],w vcrtically. Thi.< is not 
necessarily ~<>. nnd lh<! j;u·k of knowledg~ nbout loe:¡] condi· 
tioll~ <·an l<•ad lo error~. lf •litf.,rcnt thennally <"»rlllul"ling 
!ayer• nr" jnin~d vcrt\rnlly, it i~ tlw thcrm¡d ¡:;mdicnts 
which nre er¡ual whilc thc local nux<•s are diffo•rt•nt. The 
rci::ionol nux, significan! in subterr;uwan rc¡¡ions, i• 11 
wCi¡:;htcd nvcra~:e of th<! loen] nu xes. O 11 thc othcr hnnd, for 
horizont"lluycrs with dilf<>rcnt thermnl conductiviti 1••, the 
t1 "" is tlH> sume ond th~ Lhcrm al ¡::raJ ien t• u re dilf"J'"nt. For 
oLher more complicatcd nl"fnngcments, ncither tho nux nor 
the gr11diont l•.uniform, or even vcrticul. H ls pcrhop$ 
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thc m<·thool uf the <·lo•t•tric:l] nn11logs which wou Id mosl casi
Jy pcrmit us lo d~!ermine !he temp~rattne dislribution 
(analng of tlw ¡oolential) of n ~nmplcx strudure. 

A s"umin~or a hom"~-t'-'nous, horizontal, lr;UI~grcssive ter
rain covcring a complex struclure with different rock units 
joi n Pd nlon¡: vertical su rfaces, the vnl u e uf thc ¡:radien! and 
thc llux in thc ""vcring material furni~hes an indicati<~n of 
thc u nJ edy ing roe k distribution, sine e both therm al <¡uanti· 
tics are ¡.;rcater above highly conducting roe h. Tho•oreti
cally. 1 h is "''"'Id prov id" " pro~pPt·ting m Pthod "ere ¡ t "''t so 
difficult to make precise mcaaurcments of the thcrmal 
graclicnt. 

~'<Jr a vertical flux, it is nl"o neeessary that lhe surfnce 
lcmp.,r,¡turc loe unifonn, A Loreho]e that wa• sunk at Reso
lute l!ay, in the northern Canadian Archipelago, wa5 
mensu red for i ls thermnl pwftl ~ (in thi~ e~'"''• the fre¡,zi ng of 
water aroun<l thc mensurcrnent caLle avoiclcd the ri~k of 
perturbations causecl by water circulation), and it appcntcd 
that thcrc wns an almnrma\ly high fl11x. Bllt in fact thc site 
was rwxt to u.., occan. and if the average land·surfa«.' tem
perature was of !he order of -20"C, and the tcmpcrature nt 
thc b~ttom uf the uccnn staycd const~tnt at aLout O"C, then 
in Ulis case, thc flux wns certainly not v~rlicul. 

To study this cuse"s behavior, we will •chcmntizc the 
aituntion hy supposillg that nt thc s11 rface thne wcrc two 
tempnratures diiTcring Ly .'1.0 on either side of a linear 
bounclnry. Assuming that nt ¡:rcat depths the flux has a 
¡:iven const;mt Va\uc, determine the tempera tu re dislribu· 
tion. 

We will take advantnge ofthe fnct that, since th<! heat 
<"qu ntion is 1i n ear, n su m of individua\ sol u tions tu the equ a· 
tion wiiJ also sol ve the equation. We will ftrst consi<l<>r the 
situation wherc the tempcrature at the surfaee (z- O) is 
/J.B/2 fnr x > O ancl -/J.0/2 !or :r <O, thc thermal flux can
celing nt grent distnnc•<•s. lt is imm,.dintely seen that the 
solulion forwhich the isotherma are planes pa .. íng through 
the axio ::r ~O, making an anglc A with the vertical such 
that 0,/t:.O"' A/rr, satisties the given condítions. The unit 
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flux, perpendicular to the ísothcrmal planes, has a value 
K t:.8/11r, where r is the distance from th~ axis x-O. 

We Willalso take into nccount anolhu partofthe solu· 
tion eorresponding to auniform flux whoac value f' is dcter
mined with the condítion that !he surfnce ternpcn1ture 
cquals ZPr<l (&,"'O); isothcrms are theu given by z ~ KO,/f'. 

In ad•ling these two solutions, we will find foro= e, + 11, 
ll distribution which satisfles the equation e= .'J.OA/rr + f'z/K 
(s.,e Fig. 2-1 indicating the shape of lhe isothcnns). lt is sccn 
that up tn a distance 1 =K .'1.6fFrr, the ocean gives up heat to 
lhe bottom, the flux being Jocally inverted. It is only fur
lhcr frorn the Bhoreline that thc llux h;;s its normal dircc· 
tion, the value being F(l-1/x). On land, the flux F(l +1/:.<) 
lo~ally <ror small values of x) takes values which can be 
quite hi!-(h. 

From the precedirtg solntion, we can immediatcly draw 
the solulion for alarge limitcd area such as a lake. where 
there is a ternperature diiTcrcnce t:.e bctween the area in 
question and lhe rest of the surfncc (in }'rance, the bottom 
ofalake can be at4"C while thc sur!ace isnt ll"C), It is suf· 
flcient to add the so\utions abovc for the two lirnils; in the 
absence of a subterrnnean flux, the isothcrms would be 
cirdes; in its presenee, the isotherms have'shapes auch aa 
those indicated in Fig. 2-2,. 

2·3 Tempecature •n a lunnel 

A problem frcquently studied Lccause ofthe int!\rcst in 
estimating the initial temperatu res of roe k strata which n re 
out by a tunnel,•on~erns n mountain witli avera~-t" grouHol 
temperatures deereasing ata rate in the ncighborhood of 
l"CflOOm. As usual the flux has its normal valuc at largc 
riistances; the tentperature distrihution i• wunted. Only op· 
¡>roxima\e solution~ can Le founcl, tnkíng the shape of the 
mount~in more or less exactly into nccount ancl pain!ully cs
timatin¡: the roe k distributions, with different conductivi
ties, often nnisotropic. (The high tempera tu rea encou n ten·d 
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.,GU~E2·1 T<m¡K·tul<m· di•tribLotion "'"''"' • h."<lilim·•r bonk •Ion~ 
wli,do tlu• '"""~" ourf"« t<m~•·••ture •uffero" oliooontuou· 
ity. Tlot• ~"'l'h i> hjo¡•lk,.hlc by a._.,.¡,. '""""tu all >alueo uf 
tloe d"<ohtitl<LLIY and tlw g<•.,thormalllu<. (The ocaiÓ con bo 
b•O by <num of \l<e poinl wh•r.· \he Ro• io .. ...., <orr<
oponJin~ toan iout!..rm. ,¡,.. ab><I .. A ~r,.h;.b lo Kiv•n in tho 
\u>l, whirh ''""' h<o \),.. o u rfa•• l><fl'<nolkul•rly.) 

in tlw Simplon tunnel wHe imeqm•ted in tdt<>SJ"'ct u• 
bcing tllH• tu thc fa<'l that th<1 schiotosity of th" l:lh"iss wns 
hnriwnl;tl whiiP thc Gothard lunnPI's "ehistnsi\y was ver. 
tiral.l [t <"an be uKdul to ~unsidcr tlot• d~sircd 5olution us 
~om¡m•••tl of tl11: Kn¡•crpositiun of thc normal thcrmal gra· 
dient, •urh as wonld h<· thc e U S<' if thc Nll'lh w~rc horizontal, 
with indefinitc u¡nvurd extcnsion und u corrcction term 
which must satisfy the hcut equation and the imposed sur· 
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F"IG<III& 2-2 Tempora\un> di>tributoon under alak• <Qmpo.....t 1<1 a p~rallel 
band who"' the a•<ra~u lem,..ralo re i> lo .. thon lhat of \ho 
ourroundinK •urfo<<. To the l•fl: •u• wh•·,.., th< •••••~• ou· 
pctrl<i"l (o•mpurnlutc ohffen'n<e e<orre•pundo to ti•• v•lue of 
the lhormol ~'""'""' fur n d<~lh of 0.2 ti m•• <ho htendth nf 
the l&ko. To \he d~hl: for a <aoo wh~te \he deplh lo "'!U al lo G 8 
to>neo lho breadth of tholake. 

fnce t••mpcratures, corresponding toa >.ero nux at infinity. 
Also, the solution must be zuro on a ¡>l;mc surfure nutshle 
the m<HIIOtain and'o•quallo the dilfermorc l>etwccn lhe im· 
poscd •urfacc tcm~eruture uo1d t),.. tcmpemturo resulting 
f ro m the cxtrupolatiun uf tloc thcrrnal grudient to the mou n

tain'a surface . 
Among the method• wlo"ooh we e un consiclor, lct us poy 

purticulnr nttentiun to elP<"lrical nnulogs. lf wc huve " 
rnold in the fonn of a mou.ntain ~lled with a conducting fluid 
tnul if we cstabll~h voltage potentiab a long curves of equal 
leve], we ~"" d~termine the fonn of the volume cqui¡>oten
tiuls (ur alo11g thc projccted tunncl rontc) und thercby 
deduce the corrcdiun for surrounding topography. 

2-4 Effocts or emsion or sed,nonla!ion 

A nother pcrtnrbation can result i f thc surfacc te m p~r· 
aturc rumains constan! but therc is crosion or dcpo~ition of 
scdin1cnt, whkh wc will snppusc to Lu of thc samc matcri"l 
M the aubstr,.turn. To study this typeof problem,a rnoving 
coordinllte systcm is sornet!mes used whose origln rernaina 



nt thc ~urface while the surfacc moves With a velodty u. 
Th is re~ u i res th a t wc repl ace M/ O! by ( 00/ iJ( - u iiO/ iJJ ), u ~0/ ax 
bcing lhc apparcnt lcmpHaturc inercMe at n <lcpth x, 
cuused by the movemcnt of the origin, and not corre· 
sponding to any actual hcating. The heút equation then 
bccomes 

(2·1) 

whcre" is positive in the .,,.se of nosion and n<!gativo for 
scdim.,ntatiun, tl•c axis bCing direct<•d downward, 

This <'quatiun allows us lo sol ve the fo!lowing problem: 
;r crosion continues nt a constanl spe<·d in a steady·alute 
~ystem, what would Uoe tempcralure, which is assumed uni· 
form. be al grcat dcpths underground in order that we ob· 
"'""" thc gi~cn surfaec grndient? The desired fiolution, 
which ia n•sumed conatanl in u moving caordinate frame, ia 
immediately found: .. 

8 ~ A(l-~-·"") (~) =Au/R ,, . 
Irwc imo¡:ine an crosion of 1 mm/yr wilh a"' 0.01, lhe super· 
fidalgrn<lienl is 1 "C/~0 m which would corre"pond to u te m· 
¡1cra tu r<' at ¡;rcnt depths of (150'C. llnwever, the <'q u iva lent 
case for a uroiform S<·di!n<'nl:otion cannot he vi~ualized. The 
prt•ced i 11¡¡ probl<•m is not real istic bec· a use we know thnt the 
temp<'raturc is not uniform undcrground and thc Hosion 
could nol hav<' follow••d its course indefinitcly in the past 
(the solutinn of thi_, probl cm wou ld be ol rasticnlly chun!'C<I i f 
thc ero•ion h"rl not loeen uniform at lcasl for 50 or 100 

111 itl ion yr). Al k;ost, it gi ves u" a n id<!;l nf th" <h•¡:-n•H t<J w hi<·h 
erusion of long duration can disturh the thcrmal syst~m. 
This reasoning cnnnot be applied if we look for a steady. 
sta t" •nlution (in n mov i<og cuordinutc sy st<• m) l{iVcn n cu"'l i· 
tion satisf:cd at "grc~t dístnnce such ns a nonzero flux or 
gradient, becau5C thc tempcrúture vnriation of the entire 
half spoce wuuiJ absorl> an unlimitcd amount ofheat flux, 

A realistic way of trcating the problem would be, given ' 
tht• ~teady.statc so!ution corrcsponding toa given Hux ata 
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great depth, t() CGnsidcr crosim1 or scdimentation proceed· 
ingntn giv"n rate duritol:"ll limitcd time span and tolook for 
the rcsulting perturbation of the thermal protile. 

There are no analytkally simple solutioM in general, 
but ifwe considcr erosion which goes as the se¡ u are root of 
the time, r 0 = pVI (p would be negntive in the case of 
sedimcntation), thc solution 

(2·2) 

with <!>(~) = .,-•' - ¡y;. erfc (~). aatisties the hea.t eQuation for 
tlxed uxes und sutistlea thc condition 8-0 for x=pv'l if 
A= mp/<túJ with %0 ~p¡'l,/4;;, 

From these conditioru, we get the value for the gra· 
dient; 

(2·3) 

Observe that at the aurface, the gwdient ia a conatunt. Jf 
%o= p¡..,¡;¡¡; is amall, which will gcnerally be the case (for an 
eroaion of 1,000 m in l million yr, which is 1m in the first 
ycur, lo= 0.089), we can use the npproximation (00/0:r)z, = 
,.(1 + v;,,- z.'). 

From th<"Se re•ults, we immediut<'ly deduce that in the 
case where crosion progrcs~es uuiformly, the ¡:radicnt will 
constantly increase. Al so, this grudient will be greuter than 
the gradient for thc sume "'""ion in the Ratnc time following 
a law going :u the Vt and l<'ss thun one for the same erosion 
jn half lhe time follo"·ing o luw going as the Vt (which wil! 
tlnully l~ad to the s"me instant~n<•ous velocity). This ~uf. 
tices to furnish an arder of magnitude. 

We cou ld al so do an npproxim a te cnku l~tion h y "' ppus. 
i ng tha t lhe CI'Osion occu rs instantnneously. It ¡8 cnsy to ace 
that the temperatu re profi!c correspondinJ( to a progrcui ve 
erosion falls betwccn the resulta of an in•lantnncous 
erosion nt the beginning nnd nt the end. 

Ifthe initial g-radlcnt is given by O- mx nnd if at t"' O a 
thicknen l of ground ia removed nnd the new aurfacc ia 

" 
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bwuf':ht to lhc initial tcmperature, takcn as o-c. the temper
ature is then "iven by 

O=m.t:+mlcrf(~) (2-4) 

Thc surfaoe grarlient is ,.(! +1/v;;;¡). This formula shows 
that 1 yr after the removal of 1 ffim of ¡::round the ¡::radient is 
only raised by 1 p<>rt in \0,000. But 1 million yr after the 
ero~ion of 1 km, the gradient is inacns"d by lO pcrcent 
(thes~ va)uPs are h>W(f but in approximately the samc ratio 
"" would be produce<! by continuou• cro•ion in the same 
time span). 

SomPtit""~ in pince of the"c e!Usi"n or se<lime,tntion 
prohlt•ms, a rnoru eomplic~teJ ptt,O)t•m io considered, in 
which we ar~ giv•m tlu: \emper;t\urc distriOution ;¡s a fune
tion of tl~jJth (for exnmpl<>, O ~ax + T, (1- ,-o.¡. and the 
jl"rounds' contento of rndioactive elemcnt~ d~creasing ex· 
pon•·nti~lly as a fuuction of depth. and we must fond a 
•tently-st"te so]utiun us a function of the rate of erosion.' 
But it ht•enrncs vuy o!ifficu]t to o.listin¡;¡uish betwcen the 
de si red physieul plt<1nonwnn and the conscq ucncus of partic
lllur choic<'" uf th" ¡¡ur¡¡meters T .. a, ant! b, which character
ize the given tmnperuturc profile. 

2-5 Etrect o\zadioacrovi1Y 

Untíl now, we lu>V<' ignorcd \he intluenoc uf thc radio
activity of rocks, which rcsults in a ht•ut production which 
can rcach 20 x IO"'cul/g · )l!" for cCI"tain grnnitca (see Chap. 
8). Generally it i" mut•h smnller for sedimentary roe k•, uf the 
order of 2 x 10-• cal/g · yr. 

Cunsidcring the complete heat equation, 

(2-5) 

'11 s. c .. al.,. '"d J.C. Jouor, "Co"du<<l•• of llu< 1• So\IJ~" •· Uf, Od"d V•l•• .. 
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we can loo k for aolutions of thc form O"' O, + tl,, where O, is 
the solution to Eq. (2·5) without th., tcrm r. andO, is a so)u
tion to thc cquntion O= KV'O+ r with thc boundnry condi
tions O, =O and ¡;¡rud 01 =O, at thc surfFlcc. If 01 is Qn)y a func
tion of z and r is constan!, thcn wc ha ve O= K(i!'tl,/Jz') + r, 
which leads to O,=-r.1/2K. If r-1.6Xl0"" or 
1.6 x 10-"cal/cm' · s and i! z is exprcssed in kilometel"l!, we 
determine for the coellicient r/2K the valucs of 1.7 and 
0.17'C/km'. 

lt would be cnsy, if this were titl' """"· lo apply this eor
rection to the subterrnnean tempHuturc• ca\cul;,tcd !wm 
surfnee uh"''tvations and, in !Hltliclllnr, from thc mCMured 
values uf thc p;rudier>t al thc surfacc. !t is cl<:ar that for scdi
meutary roeks, os well "" for thc mc\amorphíc rocks which 
are dcrivcd frum thcm, we can nc¡;lcct thc eiTcct of radiunc
tivity ovcr th<! •nvcral kilomcters whcr" wc wlll study thc 
be ha vior of su bt<'rr:mea n wa ters. Thc anrnc is true for inter
mediate or hasie ••ruptive rock~. whi~h hav" radioactivitics 
uf thc same ordcr us abuvc ur lcss. 

1t is ouly for gr"nites which ntc r>articnlarly radio:•c
tive t!Htt thc con~cti<>t\ term bcconH"s """" important an<l 
canltot Le ignor·cd in thc tcmperatut·e stuoly of a dccp tun
nel. Thcre ur<' rcnsons, however, to Oclicvc that only the 
most externa! parts of ccrtnin intru•ive Omlic• ha ve signifi· 
cant radio;•ctivity. Wc ha ve shown that the correction f<zctor 
is negatÍYe when the surfacc grndicnt is known, since thc 
temperaturc ia no longer simply proportional lo the depth. 
But this do es not alter the fact that if tho average he a t flux 
nt various dcpth• ia ¡::ivcn, a m~saive, very radioactivc 
granitic ruck will be warmer th;m ita surroundings and will 
produce a larger superficial gradient. 



CHAPTER THREE 

influences of groundwater 

As Ion~ ns the water which Bonks nll rocks remain• im· 
mobil~. the wnter's only ciTect is modifying the values of the 
heat cap"city nnd thcrmnl conductivity. lt can only be 
hopcd thnt thc mensure mento of the•e val u es ha5 be en done 
with samplcs BMuratcd with water in thc samc conditions 
as Wollld occllr in naturc. For the tlwrmal conductivity, this 
is ru•t alwny• thc case. 

lfwatcr moves in the grounol, we can characterize its 
displacemcnt by the rwila'1¡.¡torv vector. This '"ector is 
repruscnted !Jy u, the flux of whkh across any surfae<' ule
munt is equal to the mass ofwnter that ero"""" thc surfaee 
pcr unit time. We assume that this water immediately 
rcaches thermal equilibrium with the rock that it pene
trate•. The roe k givcs up to the water a quantity of heot 
which is equnl to the product of u times the specific hent of 
wnter C~ times thc cumponent of the therma! gradient in 
the dircctinn of u. In practice, C~ can often be set equn! to 
unity. The hcat equalion thus bccomes 

C: =Kt>.'O-C,(u·g;:;d O) (3·1) 

lt is Riso known that thc unitary.now vector of the fluid is 
conncctcd with ita prcssllre by Darcy's equntion; 

·-· u =- gr:1<i (/' + id.JZ) 

" 
(3·2) 

whcrc 1' is the nuid prc~sure and Wy its speciOe gravity nt 
thc point u nder considc ra tion, u is normal!¡:, i.e .. in nn n niio· 
tropic body, n tensor bu t can degcncrnte into a se alar coeffi-

¡ 
1 
' 

1 
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cient of pcrmeabilily if the rock is isotropic. '1 ia the coeffi. 
cient of thc viscosity of water; it ,·aries drastically with the 
temperature. · 

lt is Mmetimes nt-cessary to take into nccount thc vnri· 
ntions of lhc specWc gravity of water with tempera tu re; 
these variations are essential factors in water displace· 
ments by convectivc currenl.!r. We could try to write a s}·s
tcm of unitary equntions to describe what hnve bccn cnlled 
hydrothcrmal phenomcna. The difliculty stems from the 
fnct thnt there is no simple !aw to describe the variations of 
the Yiscosity of water with tcmpcrnture. 

The hcnt cquation writtcn in Eq. (.1·1) con be applied 
without nny great modifll·,tions to thu case of water 
drculating in a permeable !ayer ofnegligiblc width (su eh as 
a fbsure) orín nlinearchannel. The circulotion monifests it
self by thc Bppearancc of hcat aource5, Sll!>f'rficial or linear, 
whose value is given by the scalar product of thc thermal" 
gradient times the flow (but this will not be the unitnry 1\ow, 
but rather the 1\ow per unit width in a linear surface circuln
tion). 

As a case in point, ond to fix thc orders of m"gnitude, 
we sha!l examine the infiuen~e on the thcrmal gradient 
which would be produced by the nb•orption of rainwater by 
the ground. Wc suppose that rninwater filtcrs in frccly from 
thc surfacc toa phreutic leve! situutcd ~·t n dcpth h b~neath 
which the ground is satur!'ted with water. lf we nllow a 
rainwater co!lection of 31 cm/yr, which is not at n!l exces
Bive, we find th"t u,. to-•gfs. Supposing n uniform gradient 
of 3'C/IOO m, it is found that dOjoJ¡ = -6 x 10-"'C/s, which is 
ahout 0.02'Cjyr. 

Under thc same conditions, lct us suppose the phreati~ 
~ur!ace ia at a dcpth h =lOO m, nnd sup¡>ose that st this 
depth the tcmperaturc is constant (this could be becauoc the 
sheet ofwater cireulates horizontn!ly and the rcgion where 
rain water ia nbsorbcd is of n limit.ed aren). h is easy to find 
the st.endy·atat.e profilc for thia mode!, which will be of the 
form 

o-AC#" .. -t¡ (3-3) 
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which in this case gíves O= 1.75(~••-••- 1). The ehange from 
the inltial linear ternpcn•ttne profile is 0 .. 17"C at middepth, 
and the grndit•nts are I"C/57 m nt the surf;tce ;md l"C/21 m. 
at thc llasc of t111: pe rtt~"rio<:d !ayer. Comparison with the pre
ceding result suggests that a steady Slate wou!d essentia!ly 
be attained in severa! tcns of years. 

The im¡><Jrtnnce of this rainwuter pcrturbation would 
complctely invalidatc a!l flux measurements conducted ata 
depth susc<>ptihle to thc water's infiltration. Thcre would 
also b" othcr rcasons for liVoidin¡.: this particular range of 
depths. whid1 could he the site 1>f nir cirrulation and of the 
condcnsation or evaporntion of vnpor. Subterranean seep
age from lakes or riven could have an even more pl"Q
nounc"d thcrmal elfcct. MP;tsureuwnt.• of thermal ¡;¡rndient 
could be designcd to show the"e elfccts. 

In arca• 11f karst topogmphy, where underground 
caves can hav" substantial heights, it is impossiblc to 
mea"" re the thc rma! grud icnt. Thc tempera tllre thcrc is es· 
""ntiully uniform, and this can be intcrprcted ;u the effect 
of wcak a ir currcnts which guarant"e an effident transport 
of hcat by convcction. 

A number of hcat·flnw measur.,rnents ha ve becn per
formed in mincfi. These mines a],.,'ays conslitute water 
drains and strongly perturb subterranean water systems. 
We can only ho¡>c tlwt gradients rneasured.in mines ha ve 
not bccn too strongly perturbed by suCh infiuenccs. 

3-1 Conveclive movemenls 

In a purely conductive systetn, the st<•arly-statr tem
pcratllrc distrihution i" atahle. 'l"his "''""'~ that 1f •uch a 
systcrn is local!y pt•rturhed, th1• perturbation will dilfuse, 
spr.,ad, ~ucnu:~te, ami tlnu\ly dis~ppear on a time sculc 
which is "irnplo to calcula te. The •tc:~dy-stutc dbtribution 
satisties the he~t equation, and the samc equation must b.., 
satisfi"d by the perturbation. 1t is easily vcrified tht~t the 

.., 
'; 

' 

1 

e><pres~ion 

(3·4) 

is a solution to tlte hcat e<¡uation and that its integral ex
tended o ver allapace is equal to unit)·. For t -O, the expres
sion is zcro!'verrwhere exc~pt at the origín. Thus, this r~p
rcserüs the manner in which a heat contribution rt•I<'IU~d 
instantaneously at the origin dilfus.,s. Equation (3-4) can 
siso be used to estímate "thc rat.• at whieh the maximum 
tempcrature of nn ~xtcnah" perturbation de"reascs. This 
process can be characterized by thc radius at which the 
maximum tempcruture is one-half ita initial value, and 
leads us to reprcsent this muximum temperature in Eq. (3-4) 
by taking 10 such that p'/4nl0 = ln (2.0) "'O.G7, which ¡;¡Íves 
t, ~ p'/2.G8a. Thus, the relative rate of d~crense of tempera. 
ture at the ccnter of the systern by conduction is 

Ofl/CI 3 -4a 
-,---21, --¡;z- (3·5) 

On the other hand, if we takc into account th<• prescnce of 
water in u porous soil, thin¡.:s can evolvc in a dilf••rent way. 
We shnll study tlw t•muliticms undcr wltich ,·onvt•ction cur
rcnts can de,•dop; they can callsc irrcgularitics in the tcm
perature distribution to illCT('asc. 

Ll't u~ first n•nsider thc •·ITect uf ¡::roun.!wuter mov••
mcnt on thc tran~pnrt of heul. 'fhe pcrm~;dJility of soil ,.,., 
be exprcu•·•l eithcr in pmcticul units, grams ¡•cr sr¡uare .,.,,. 
timetcrs for 11 gradicnt of 1 cm of water pcr cm. or in darcya 
u, the pructical Htlit hcing 1 0/>¡ darcy~, w !1 "'" ,1 ;~ t]1 u viM·osi-

''· A tempera tu re perturbntion O of the syst"m with rc-
~pcct to the unpcrturh••d systeln havin¡: n thcrmnl gr~rlirmt 
m prodtJr·•·~ u vnl"iati<Jn oftlu- •¡a•ciflr·¡¡ravity "f watPr ¡.:iVNl 
by AW¡¡O, w!•ere ~ is the coclncient of cxpansion nnd Wu the 
spccifie ¡¡r~vity. This results in an .,,1.,,;¡ vnri,tion of the 
pressurc gradient with respcct to thc unperturhed systt•m. 
As a n·sult, s certnin amount ofwuter is raiscd und light· 
cned beeauae of its heating (or the inverse), with u tlow 
q - 10a~W¡¡C1/'J. The upward motion ot the water produces 



a hcating of thc surrounding rock ut u rute givcn by C iJO/<lt 
= mq - 10nu.rA.<=>1 e¡1l· wh ich leuds to a rclati>·e rate of change 

of 

~ ~ = IOmultW¡¡/C>¡ 

lt •uffic<>; to eomparc this mtc ofchange caused by the dis· 
plnPcmcnt of wnter by convedion with the rn\.e af change 
calculuted enrlicr {El). (3.5l] for the attenuation by conduc. 
ti ve diiTusiun nnd to """ if thc pcrturbutions ntt..-nuate and 
di"appcnr. indicatit;g "tahility "f thc thcnnal gyotem,"or. in 
contrnst, grow (and if the¡: ¡;:row at w\-wt ratc). The latter 
case would suggcst the possibi litY of esta blishingnmvection 
currcnls. We willlouk foran oroi<'r ofntJt¡:nitude nnly, and it 
woul<l be u~cl<>ss to nttcmpt to describe the conv....,th·e c<•ll• 
completely. \Ve suppose that othcr opposing pcr1.urbation• 
exi•t next to the phcnomena which we are studying~o that 
the drcuh•Lion can occur in clo•"d loops. 

The •·aluc which we found for the rclalivc rate of 
chnn¡;:e of thc perturb:ltion by convedion can be applied to 
thc maximu m te m pera tu re. To ta ke accnu nt of thc fact that 
within the rudius p the tempernture diiTcrencccan vary be
twcen the maximum vnlue and one·hnlf that rnuimum, wc· 
wil! reduce thc rnte ofchnnge found for F.q. (3-G)by a factor 
of j. We can thus estímate thc rclativc rate ofchange: 

This expression must be positive if convection i• to be po•si

ble. 
lt is imm<•diate])' gecn that convection will O<'cur much 

more readily "" the thco·mal perturbation is etdarg<'<L ll will 
be found for ca eh dimension that there is o limitin¡: value of 
thc permeability "· Con,·cction is aidcd by a hi.:h ¡:r:ulicnt 
m. Co" vedion ¡] cpcnd" cspcc iaiiY on the co~flicient of exp"n
sion ~ o.nd the kincmatic viscoaity r¡/W. both of which vary 
strungly with tcmperature. A., which io O at 4"C, increase• 
conti nuously with thc tempernture un til the critica! point is 
rcached and h<1S littlc varia ti.on with prcssu re. The viscosity 
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decrea5es ¡:reatly as the tempera tu re incr~ases, varying in 
the ratio of 10:1 be~ween O and IOO"C, and ~ontinues to 
decrease up to thc critica! point. The conju¡¡ate variation of 
these two fnctors mukes convcction m u eh stronyer whcn the 
tcrnperaturc incrcascs. 

Table 3-1 indicatcs the lirnitin¡: vnlues of the permcabil
ity u (for a gradicnt m= l'C/30m), in darrys, above which 
convcction is possiblc according to Eq. (3·7). For a stceper 
¡:radient, thesc values would be reduced in th<> ratio rl .. m. 

To provide an idea ofthe sizcs of the nh<>V<• permll!thil
ity ''alucs, for sand of uniform grain size ofO.l mm, which 
would ~onstitute an exceptionally permeable rock, we ha ve 
u= 1.3 x ¡o-•. Hcwever, it is rare that su eh a pcrmeability is 
found over a substuntial thickness, nnd we are oftcn con
cerned with much $maller values. On the other hand, the 
aforemcntioned criterion corresponda toa limit for which 
the ratc of development of convcction cdls would he infi
nitely smnll. 

Even if in Eq. (3·7), which gives the ratc of incrcase of 
the thermal perturbation, the first term grcatly cxeccded 
the second and, for instance, had twice its value, the tcmpcr
ature perturbation will only double in 53 yr far p = 100m, -

'210 yr for p ~200m, 1,320 yr for p- 500 m, and 5,300 yr for 
p- l,OOOm. Un les• the pcrmeability i8 much gt<•atcr than 
the limita pre;·iously indicated, this in crease in thermnl per
turbation is extremely slow. 

The conclusion which wc can draw seems to be that nt 
the temperaturcs which occur at modernte depths there is 
prsctically no chnnce for con.-eüion to play n role in n 

Toble 3·1 
Um"•"'l va'- ol1he l"'""""bilrly In dafC)'S (!O< m • l'CIJ(J m¡ 

• W'C lOU"C JWC 200"C 

·- ••• 1.2 ~ JO·· 3.75. 10'' 1.6<1 ~ ¡o-• '·" • ¡o-• 
' ·- ~·- " ~ ¡o-• •• " JO .. u& • ¡o-• 2.~2 • JO·· ·- ••• '.8 ~ ¡o-• u • 10"' 6.G5 >< lo-' "' " lO'. 

p •1,000"' 1.2" JO"' 3.76 >< JO"' 1.66 >< JO .. '·" " JO''" 
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homogmwus pcrmc:<ble region. On the co,trary, !ll thc 
high tcmpcralun•s oft"n rt•ached in rq:ions with a high 
thcrmn! gro.dicnt, it bc~omes m u eh more likely that the per
mt•¡lhility m ay [¡¡• h i¡¡h cniJup:h in " su fficien ti)' t•xtended vo\
ume to pllnnit t•onvectinn lo l"•comc cst;d>li"l"·'l. lu tht• im
medi,.te vicinity of th<~ aitical point, convcction beeomes 
much N1sier, ,•nd we can consider thlll it hu a good ehance 
of ¡,.,¡,!.:' establishc<l whcn the surrounding rock is perme

able O\'er a ccrtnin aren, 
We will sce in thc following chnpter th11t as •oon u the 

Vllpor phase intcrvenes, convection is practically _certain. 

3-2 A case o! lmens\Ve circulalion 

Numcrous therm"l souTCl'" (i,c" soUI'PCS ata signifi
cantly higher tempcrature than the !o~al avera~c) are 
lmown. They may rise with con•itlcrable f!ows lhrough con
duit", nnd it is onl)' in. supHflcia\ loose snil that tht•y dis
pers<• in mu\tiph· water lilaments. This is provcn wlocn one 
attempts to collcct thc water. Th.,rc llrc many reasons to 
belicH that th.,se are waters wbich rose from undcrground 
as a <·uncentr;<ltotl currcnt by" di•·••<·t route or by nwnns or 
a fissurc, rault, karstic duct, cte. \Ve wi!l show, with sorne 
schematic motlc!s, that in such cases the interna\ walls 
warm up quid;ly, ovn a c<-rtain distance, and lhat af
te.-,•ar<l the hcat !os8 cxpcrienced by the water in its 
upw~>rd motion beeamcs negligib\e. _ 

Dcscending circulations of co!dcr watcra oc~ur under 

2><1'0:: 300'C 3C.O"C 

u • ¡o-- 1.86• 10' .. x ,o-• 
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cxactly the ""me contlitions,lHJt tlwy are far ¡,~'" \ikely tn be 
nh."<!rvcd. CertMn obscn·ntions ma1\C in tlllmc\s can be 
m>tt·d. howc,·er, For example, llt ~lont Rbnc (\t3lian side), 
the rock l<·mp<•rntuN', initiallr '"'"r .10"C, progre~~ivtoly 
dccrcaHt•d ns tlic tunnel udvanced, r,,. somc l<'IIK of ml't¡•rH 
until a fissure in "-·hich co\d water was rin·ulatin¡: wa~ 
reachcd. The water IHltUrally fiuwcd into th~ r;allcry, but • 
there i~ ~bviouslr no rl'!ationship lJ<•twe~n tlu• umount ot 
water wl u eh ernpth·d in to the gallt•ry nnd the llow w h ich ¡ni
tiall}' circulat<·d in the flssure and whose amount remalnB 
unkrwwn. 

W e cnn i nwrri rw tht• ,.,,,pone u t• of a """ vedi ve d rnlit 
as beinl{ nn inLt•nsi\'c dnc•·nding drcu\ation, a certain 
ntnount uf horizontnl di!Tu.ion (in a rescrvoir wht're the 
water C:lll assu me the normal te m pcmture of th~ su rrou nd
ings at th"t dtoplh) ;md tlwn an inlt'llsiv., upw:ml drnlla
tion. The di!Tercn<'e in densíty L<>twt•t•n the w:~tn in thc aa
centling and deset!nding r•aths ¡¡rovides an ntlequate th.,r
"'"J engiru·. 1\'e euuld thus ha\'e, {or cxam 11¡,., ·,, th" Lauks 
<>fa lllk<•," th.,rmal so urce h.,ing f•·d Ly the Jaks•'• water. We 
could nlso imagine a árcuit comf>G"''d o{ a diffuse divi•l"d 
dc,..,.,_JH!ing water pal.h, "'Íth only th<o up .. ·ard eircul;~tion 
being Ílli<'IISÍVe. 

In s<!lne cases "'" can consider that the tRmperal.l.lre 
distributi0<1. :o.nd as a conse.quenc-e the dHferenc._.s in pres
surc which mal<e Ufl the dr-<u!ation, is pr;;actieally iwJt'Pt!ll· 
dent of the ~w. The amoo.mt CJf ,...,...,, d1<.1w will he dtoter
mined b}' thc hea.d ICJsses <>Í the wat-er, "'hldl.d..pend in W.rn 
on the sha~ of the wr><!uit. 

In croan)' -=-a. u"'-ess a PJ,~r-e da5.ed .,.,_11e.:ti~·e eíreuit 

'1'-.11.,2 

• o • .. "~ "' "'-~ ··= •. ? XJD"' D.~G x,\0~ •O.M3 •~0" 
o.f·BJ~ ¡.s,¡..,.., ·- ~.i<• '~-
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exists, the differcnce• in pressure grndient cause!! b;' the 
ternperaturc intcrfere with" normnl hydrogeological cycle 
(i.c., precipitation in goin¡.¡ from upper regions tosprings at 
lower clevntions) in such " wny as to modify the cycle's 
circulation, and in particular to intensify the thumal cur

rcnts in cunduits. 
To rnakc the nbove st;ltements more precise. we shnll 

ealculate, knowing the thermnl properties of thc nppropri· 
ate rocks, the "'"Y in which conduit wnlls warm up when in 
contact with w¡¡ter and thercby diminish the llwrmnl ll.ux 
tha t they will n bsorb. For p u rposea of cale u la tion, we will as. 
sume that thc water circulation is estaNishcd abruptly at 
an initial time, the rock being at the normal temperature for 
its depth. This initial phase is not too realistk, but it will 
¡;iv" us atl id"" of the rate at which the eonduit walls heat 

"'· When a large ll.ow drcu\ates in a compact ~hannel, it 
can be askcd if the walla are efTedively at the average tem
pera tu re of the water. Wc will see thnt \he tempen•tured",f. 
ft•rence would nnt be nppreciable except for a very short 
pcriod of time. Thus, it willnot be necnsary to tnke account 
of this difference between the tempcrature of the wall• nnd 
of the water. 

We shnll tuk•• as a mude] of int<·nsive circulation a 
pl:me f1ssure <'Xtcnding for a considerable vertical distancc 
from the surface tlt vohich the hcating is produccd. We can 
then consider the tempernture as solely a function of the 
distance x from the wall.lf the tempcrnturc ofthc wall, ini· 
tially equal to thc roe k temperature and taken to be o•c, is 
brought toa value 11, at t • O, the temperature in the roe k is 

lOO yr 

O.bOJ >< 10"' 

7~.~ m 

[,000 yr 

o.ts~ x ¡o·• 
240m 
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given by 

'~'•[• -e••(-'--)] 2v;;¡ 
(3-8) 

nnd the flux at the surface is KO,/v;;;;. The factor K/.,¡;;;¡ 
aTHI the distance x at which e= 0,/2 are given as a function 
of time (foro .. 0.01 and K~ 0.005) in Table 3·2. 

Consid<'r a fossure rising 100m to thc5urfaecwith a te m· 
puature diiTuence of 3'C anda llow of '2q g/cm of conduit 
width. Thc wakr will reur.h the surfnee nftcr a t<•m per;¡\ure 
drop of only 1 pcrcent nt thc end of (3.7/q') <l~y•. lf q = 1, 
which is a ll.ow of 1liter/a for 5 m of width, this delay would 
be 3.7 days. For a ~eepal("c of 2r:l• ·m, whieh would be dif
lkult to notke, thi• delay would be 100yr, whieh is still 
inapprecialole on a grologic time sc,llf'. A j(p·rino·i. for a flow 
of aevHallitcrs pcr met<•r. the delay would be on the orJ~r 
of 1 hour anJ the heat loss would continue to dccrease as the 
square.root of the time. Thi• mcans thc heat loss would be 
reduced to 1 part in 10,000 al the end of a ye¡¡r. 

We coulJ do the annlogous <"alculutimts for a rylindrical 
conduit. The wall h<·ating and the rcduction of the heat 
loases at first would be the same as for a fissure with the 
same surface atea and aft<:rwards a little slower. ll is not 
ncccssary to make thc~c rttlcLl)ntionB, which are a bit more 
difficult lhan for a plano fossure. 

lt should be remembered that whatever the form of the 
conduit in whkh an intensive circulation takcs place, sever
a! hours or severa! days are suJlicicnt for the wnll• to come 
into thermal <'quiiibrium with the wuter so tltat conductJOn 
losses become neg]igible. 

Conver~ely, if we knew the shape of the tlssure and the 
law "ith which the roe k tempera tu re varied with distance, 
we could try to calcu]ate the time wlwn the rirrulation 
bccamc established (like the case enrlier cited for the :.Oiont 
Blanc tunnel). 

When the searrh for hot watetis m a de by driving adits, 
as has been done msny times in thc l'yrences, the appsrent 
rock tempcrature is often a guide. But we can.not excludc, a 
priori, the pouibility that the tempera tu re distribution m ay 
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correspond lo a steady-state S}'Btem betwcen the thermal 
water fi!aments and the aurface (or possibly cold-watcr 

circulations). 

3·3 ltluslralion ol Hammam Mesl<o~una 

This Algcrian locality, wcll known for its thermal 
eources and thu concrdiun• whieh these aource• have 
prooluced, will furnish us with n remarkablc illustration of 
the stabilhation of a conduit by convectian. 

A small plain is foum! thcrc (scc Fig. 3-tl having 
hundreds of limc•lonc furmation>s of nbout the same heir:ht 
(around 3m). Ench of thcsc formations eorrcsponds to a 
thermal conduit from whieh water once emerged ata lem
pernture ncar IOO"C and haa produced nbundnnt concrc
tion s, r¡¡ ising thc conduit u p lo n hcight of 3 m above grou nd 
leve!. When lh<' nmduit rcnd1cs this height. it ceases lo 
funetion and nnother condlÜt c).,vo•]opo ncxt to it. Whcn thc 
conduit is functiuning, its walls nre heated aml the en tire 
wawr column is nt !OO<C for which the spccifie vo!ume of 
water is l.04:J~. 

On the other han<!, in" lissurc without w"ter circul~
tion th" t<•mp.,r;tlure "hould v:u·y prul{l!'""i"<'iY b~lWH<'Il 
JOO"C nt the l~v"\ nf the subkrranenn ;u¡uifer ami an 
ave ruge 20T founo! al lhe surfacc. The avrrage specifie vol· 
u me in this tcmpcrature ran¡:c is 1.0193, anolthus thc pres
sure olifference al the base of the source is 0.02~1, (in meten 
of W(l t<H"). 1 f t hi~ di lf u rence i s cap" b]e of OlVon·co:ni 1>1\ tlu~ ;HI
dition:al hci¡;h t of:! m olue to thc con e rdions, t he n 0,0~~¡, 0: 3 
which menns ¡, :::: 1~5 m. 

\Ve cnn thus estímate lhe dcpth of thc aquifcr wherc 
wnt<>r at !OO"C i~ founol and estímate thc local¡:radienl al 
l'C/I.IJ m. Jt wmllol takc us too far nticld to oli~cuss thc un· 
dcr¡;round thcrnwl systcm al lcngth, and he•i<le$ it is still 

poorly unolcr~tood. 
For a numbcr of hot sprin¡:s, there is the same effect of 

atobilizñtinn of lhe ucting sprin¡:, a• comp11red with incipi· 
ent oncB, with no dischar¡¡-c, which remain cold. This pre-

ncull>: 8-1 Poa¡::r•"' o! the rom·~«ion •t fhm mam M oo~outone (A Tgoriaf. 
The hoo~ht uf the <On<••!luno on •u«•S>ive '"nduil• roooh•·• 8 
DI anO tho hei~ht h for "hkh <hore ;, "" ,.,,.,,l,doum bohvo•on 
llw <nndult <•ntlrely a\ o toonper•tu ce of 1001,; •nd a pol•ntlal 
ronduit -..·here lhe \emporoture of \he immobile wate< varl .. 
,...grouivol~ from IOO"C to 20"C oon ¡,., oaloulu<d. 

vents lossnf th~rmal water toward other apring9 and fadli
tatcs their-e>:ploitation. 

3·4 Thormal elfcc1s in a drill holo 

A drill ho!e consists of a eyJin¿ricaJ space filled with 
water (or mud) whose boring has given rise lo strong thcr· 
mal perturbations. lt is necessnry to undentand these 
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effects if wc wish to u~c drill ho!es for undcrground temper
ature men,urcments. 

In this St•ction, we can distinguish betwePn threc phe
nornena: the perturb:ltion~ ccsulting frorn drilling opera· 
tions, thc rnnnipulations which can be pcrformed to nwdify 
thc dril! holc'• thcnnal rc¡::ime, arul thc regí me attained at 
the ene! of a wnitin¡; period. 

In thc C<!Ursc uf drilling, the dril! bit absorba a sig
nific;wt nmount of mcchanical cn.,rg¡: whkh is mainly 
transformcd into hpat. Water (or mud) is pumped into the 
dril! stcm which cools the bit and then riscs betwcen the 
stcm and thc surrounding rock. lt is storcd in mud tanks, 
where it gencra!ly does not hnve time to cool completely 
bcforc bein¡;: rcused. lt is norrnally coolcr thnn the roe k in 
thc deeper p:~rts of thc driil hole, which it CO(o]s. Onc could 
propose to _1ncasure the tcrnpernturc at the fnrthc•t point 
rc~clwd by thc dnll ~fter letting ~ w:~itinr: p~riod u¡>ire, 
such "" rest un !'lunolay. 'fhis ternpcratucc would be repre
se" (;t(i ve nf the !cm pcru tu re of the su rrou noli ng roe k if the 
thcrm:d pcrturbati"n at the bottom of the hole. durinr: the 
brief nnd llnitc drilling time, had time to dissipate during 
thc w:~iting pcriod. Unfortun:~te]y, it is not gcnerally possi
b!e lo lowcr a thcrmomcter suspended on a e:~blc to the bot. 
tom of the holc, which is blocked by cnved·in debris or 
sedimented mud. To reach the bottom of the holc, it would 
be nccessary to reestablish circulation in thc stem, and that 
would perturb the tcmperaturc distribution. 

In thc cour~e of the boring, the surrourodin¡r r""k will 
be cool<'<l in UH! lnwer rcgions nnd hcuted in thc upper 
r<•gion". A r:ivcn part (of thc dril! holc will thu• bu sllcccs
sivcly coolcJ '"Id thcn hc~ted "'hile thc olrillinr: progrcsses. 

Wht•n "¡,¡cotll<•rmnl bed is drillcd, it is cu•tomary pr~c
ticc to cool tho• muJ at the surface by m"nn. of an aerated 
tower. F. ven if this conling is small, ¡o•c for ex:>mple, it 
prevents n progrcssive hcating of thc muJ which .,.·ould be 
bothcrsomc if its tcmpernturc approached IOO'C. In ~uch a 
case, the walls are only heated by the drilling operation very 
nenr the aurfocc, and over rnost of the height the wal!s are 
cooled, aornctirne~ very strongly. 

1 

'·; 1 

; 1 
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Thc rhythrn of work in a drilling opcr;¡ tion is too irre¡::u. 
lar to practical!y pcrmit the calculation of thc pcnctTation 
of the therrn?lperturbation into the w:~lls :~nd thc evo]ution 
of thc thnmal Jlux ata particular tlcpth, as would be theo· 
retically possible. We e:"' only mnke a rou¡:-h cstimatc of the 
ordeT of magnitudc of this penutration as a funttion of thc 
drilling pcriod. 

Once the drilling is frnish<>d, it is possible to obtain e,.;;. 
tain hydrogeological data from the thermal protile mensure· 
rnent. For exarnple, if an nquifcr is cut by a dril! hole, wc can 
produce a uniform tcmpuature along the hole by circulat.
ing thc mud through pipes lowercd to the bottom ofthe hole. 
After a waiting pcriod. n thermnl profile will indica te the 
entry leve! of the w:~ter at thc ternperature ofthe surround
ing roe k. It will appear warmcr in the lower part of the hale 
and cooler in the upp<'r p:~rt. 

Ifthere are indic:~tions of gas, they can be ]ocatcd (they 
givc risc to cndothcrmic cxpanoions) by lowcring the water 
leve! by purnping antl ddermininr: the deptll of the rharuc
tcristic temperaturc drop on n thermnl profolc duc to ¡:as. 

Finallr, if wc are tryinr: to ccmcnt a collar in a dril! 
hole, the best woy to determine the height rcachcd by the 
cernent is to observe on a thurnnl pwfile the heat produccd 
by the setting of thc Ct'ment. 

In thcse operations. the thermal measurerncnts ha ve 
well-deterrnined objectivcs and r:ive us poor inforrn:~tion ot 
bcst about the tempcTature of tloe surrounding rock. Given 
the a hove objectivcs, thcrrnometcrs are somctimes not stan. 
dardized precisf'ly. In general, these measurerncnts nre of 
vcry short duration, and the supplo·mcntal puturhation 
which they bring to thc wall t•·mpcr:~lurc is small cornparcd 
to the perturbation c:~u"cd by the drilling. 

Once the dril! holc is l<>ft unrlisturbed, it frequcntly 
happcns .. especially when sedimentary formations are tra· 
verscd by the drill, that permeable layers are encountercd 
which "'"" not in pressure equilibriurn with one another. In 
the5e cir~umstancca 11 mixingdrculation can be establiahed 
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in the dril! hole and cventllall t . 
ccmcntcd runnin'" f . Y ou Slde the tubing, ifít is not 

L ' '" OL cxample, from the de~ es 
a le luyer to""'rd ,L 1 ll - P -t perme-

• "'" s la owcr "Gn , Ll 1 l foun<l ¡ IL _ . ~ neau e cve s. It waa 
ll "" ]lLCVIOUS C'!Se. 'j d 

the dril] hole wherc the' . c~nsu_ere that, in the Seetion of 
of the hole ·¡re rehcal dm",,rng crrculation occut·s, the walls-

' e a era sufficient t' • 
p~rature of the de!'ne•} .

1 
T'- tme •0 the tem-

.,. o aqur cr ue 0 , 't 
also occur: in the sot"L · ,.posr e process e1m 

'"'ern part of F1·a ti -11 h . 
tcreU a tcmpcnture e. .- ll nce a n ole rc¡:ts-
. ' -~sen,ra ythesan tll 
m pcndr.,tinK a sedimentar !· '"as 11 

'" surface 
discontilourt" atJcl., "" , /" ayer. It tht•n encountercd a 

" • .. ""rma, t,crm·d r,¡ · 
basement. From su~'- IL ' Pro 1 e m the crystalline 

dL n ocnn<ll profJ] 't - . 
recognizc thc sections of the dril] ho!L ~' '·"_qurte ensy to 
cireu]atr•s. H can nlso ha 

1 
e lll Whtch the water 

ofthe thermnl nro~l~. l P
1
"" that !he undrsturbcd Portions 

- • ~ ~ ,¡r~ a •Kned and ,- th · 
furn"hin¡o:atructher;n l fil f gtve Gllllpressronof 
must alwayg he, c-on•'d" ',ru :he" thc ltrOU!Ld; however, it 

· ... <'re • "t small .- , · 
water could .,till <·xi.!;t. er nreu,at•ons of 

lnllliidtlv '' '·"• L 
"' " 1 "'~ <'en 'lSSUmed t] \ j at·e mea"ur,, 1 ' la t wrmn] profdes 

· '" ong etwugh nftcr the ,. 1 .. 
tiuns so th, t sponta th'ou' erre u la ti on f '" of d ,., lltng oper¡¡. 
d'"'ei"P<'d \t th . . 0 watcrhasbecnfully . . · ' e s.mw tnnc, the th , , 1 • 
nrrsmg from the dril] in, . crmu perturbatwns 
d' . . f ¡, 0 ]><'ratJon~ mL,st ha ve hnd tr 1 '""'P·ltc mmthel-\--!l]~oftl 1 "'" o 
dr'lll 1 · ' · '" wle.WiwntiH·purposeofth 1 '"e IS to m~asure a con ¡ t 1 . . e 
proflle it ¡, ft '1' e e Y •~JJresuntatrvc th.,rmal 

' ·" <'n ncce~~nry to makc at 1 .. , . 
calculution of \he lit e,¡st "" •1PProxm,nte 
ha ve disap¡J<•"' ,.,¡_ n e 11 ec.-ssar-y for SU eh pcrturl>n tions \o 

In Ch;¡p, 1 it wao secn thnt in e Ji . . 
the solution 0 = 111,,,, .-•• ,,., • l-' ndnc:~l coonhnates 

" repres¡•nts tl J'Jf · 
thcrmal¡LertL!rbation pro 1 d 

1 
'" . 1 usron of 11 

1 =O. Su eh ¡5 nnt the e as: u ce " "."K the z axts at \he time 
rest. The thern¡:¡] ncr•·,'-L ;_or "dhnll helewltcn it is luft at 

,. "" <><ron w ~teve t · h 
trnted into thc walls of th 1 1

· r' s Sl){rt, ''" P<>rte-
. e w e toa de,,,,. ·h· h h 
mercase as ti • ' ' " 1c oug t to 1 ~ squnrc or cu~c root of th J . 
drillin¡; "'"'''' F e urat<on uf the .on. or example we m' ht k 
indicated carlier for the d th• f ¡g ta e the va]ucs 

ep 0 penetration ot half the 
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maximum tempcrature drop as a function of tirne. Tnking 
the radius ofthe hole into account as w<·ll, we c,•n estitnnte 
the radius ;tt which thc thermal pcrturb:~tion ceming from 
an axial so urce would renrh thc same distance. For c~atnple, 
at thc end of a drilling peried of severa! wcekB, say, w~ es
timn te tha t the h ;¡]f way point of th<:- pertu rbation shou ld be 
found at a ntrlius of 2 m, from whkh we gct In 2 = 
x'{4<>t = 200'/0.041, and thus t =lA x JO' s = 16 days. We 
d<:-duee that 16 dnys later thc ¡wrturbation will be rcdu,·ed 
by half, 32 dnys la ter it will be a fourth nnd that it would be 
n..ressary towait 144 days in ordcr th»t the perturbation be 
reduccd to l~ss than 10 ¡1errent of its initial vnhw. 

Of course, it is di file u lt to e"timate 'the th<•rmal pcrtur
b>ltion distan¡·e in the wnlls "fa drill hole. Wc !'>lll hope that 
diiTt•r<•nt pcrturbations will p"rtly cumpensatc for one 
another, but thut is not :1 rcas"n to undcrcstim:~Le tht• wnit
ing time ner<·ssary so thnt t.h e measur~d !he rnt al prefiJe will 
be pcrfectly rc¡¡rc><•utativc. 

For thc ¡;~othcrnw! drill helcs in. N<"v Zt•aland, whcrc 
thc s ¡,n walls a re "tron¡:;ly rcfri¡;<' rat t•d durinK t h ,. ,¡ ri llin1¡, 
i t is e u rr.,nt practicr• to wn i t .1 months lw fot·e mr•a;u rinK thc 
thennal prof1le. What has juot lH'<'ll d<•scrih<•rl 8hows th:.t 
this dclay is not at all <'XCessivc. UnforllllJately, it is to be 
feared thnt a numlwr of thc puhlis),..,¡ valucs of lrcut tlow 
ore lms<·d "" thermnl pnofilcs m'easured witlrout u suiTLcient 
w;dtin¡: period. ~ 

'J'h,.•·c is onc ln st ""''""lcru lion that w~ sh o u Id me n tion, 
nltiL<oll,;h_it is rarcl)' tal<en irtto nt't'<ntnt. In tlt<• water col
umn insidc \he dril] holc th<'rt! o•>:i't" a cert:1in thcrl<rul 
grndi<•nt. Docs tltis produce C<Onv<•diun currcnt~ which 
would a¡::itat~ the w;lter nnd l<•nd to rP¡:UI<ll'izc its tempera. 
turc? Thi" is a problern in hydrodynnrni"" whidr is out•idc 
the scope oftltis Look, but it has Let'tl indi<·aL<•d that for the 
thernr~l ¡_:ru<lients nonnnlly cncountcrc<l, convection will 
only occurfor l<irge J¡aml'tura (50 cm and more). This is one 
reason (others are chicfly ccotJomic) to makc e~ploratory 
gcothermal drill holcs of small diameters, cven ií com
mercial holes must be of a larger diameter, 
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3-5 Examplo ola sheel circulalion 

Wc have succPs"ivcly s~cn thc convcdion which ran 
result from a movcm~nt of water in a permeable vol u me ami 
the ~ITcct of nn intcnsive circulation in u limitt•d dl!wnel. 
The fotlowing problem, which is cncountercd in thc study 
of certain geothermal regions, will furnish un cxample of 
the elfect of wnter circulation along a ¡¡;iven !ayer. Wc sup
pose that ata certain rlcpth there i"" •hePt circulation of 
water in a !ayer whose thickness wc willm·glt•rt, The given 
f!ow is r¡ per unit width. Xow, suppose that there i• a 
Jocalizcd undcrground thcrmul anl))naly such as would be 
produced by a heat source. Thc water fluw" will t•ool the 
ground and heat it downstrcnm. Thu8, the th..rrnal nnom
aly will appcar displaced with respect to wherc it would 
be in the nbsence of circulation. Wc wish tu calcula te the 
distribt:t;on of thc surfacc gntdicnt or any othcr aspcct of 
thc tem¡,erature distribution once the steady stnte is 
renched. 

lfthe surfnce of the ground is horizontal, wc can satis
fy thc condition ~=O (takcn for a constant va.lue) by adding 
fictitious hcat sources, symrnetricnl nnd with opposite sign, 
to thosc sour~es which exist undcrground. In the absence of 
a circulation of water, the cornbination of thcae heat sources 
(induding n sourcc at infinity to take the gradient into nc
caunt) determines a temperature distribul.ion 9', 

In the presence of the water drtulation, the tempera· 
tu re distribution beco mes 9. A long the wat.er's path, there is 
a new sourcc of heat q d~td• at each point which detenninea 
a temperature distribution 

" " .!18 =--"--- In (r) d• 
2"K da 

and the temperature change is due ta the aum o!thne per· 
turbations, 

6- 6' -.....!J_J dO ]n (r) dB 
2,.K ds 

' ' 

' 
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nGIJRE 3·2 Prin<ipl~ of th~ c~lculation of the el!""'\ of a <i«ulatinr oh .. t 

of "•ter followin~ the poth P. F', + ,, ... on the \emperatme 
d,..,;bution d~fined by a lr'"Odien\, ]ocalited hut a<>ur<eo A, 
and the rondition of • «>notant t<mperature on a horitontal 
ourfooe. 

whcre r ia the distan~e from the point where we are 
calculating the temperature to thc point along the water's 
trajecton· wherc we perform the integration (do not forgct 
to a lso carn· ihe integration o ver the lietitiou s syrnrnetrical 
path). To lcad to a solution by a nurncrical method of ap
pro~imation, wc will take the final temperature ata lirnited 
nurnber of poinl.!l P, along the water's path as unknowns. 
In addition, we wi!l assume that from one point to another 
the ternpenture variation is linear (see Fig. 3-2). This 

' 



" • 
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allows us to writc, between two of these points, dO/ds ""' 
(0,, 1 - 0,)/s and t.o •nitc this constant outside of the inte
gral sign. As for f,\••• In (r) ds, this is a 8Ímple calculation. 
Ifx, and .r, are tho· projections uf [',M and !'1.,M on the line 
P,P,.,, und y is th~ distance from M to this line, A the an¡¡le 
P~lfl',.,, ond r, and r, the distnnce.s Pell and p,.,,l/ respec
tively, then 

J In (r)ds =,.,Jn (r,) -x, ¡, (r 1)-(x, -x,)+yA 

It can be vcrified that this expression remnins finite nt 1'1 
and /'1, 1 nnd that, if ¡¡=O, this reduces to :r In (x) -:r. Of 
eouue only a computPr nllows us to salve this syst<·m of 
li ncar eq u otion s by cqua tinf{ .,,,.,¡, of the un known te m p~ rn· 
tu res to the su m of the initi;d temperature valucs at the 
considere<! point and the perturbations brought in at that 
point by the succesaivc segmenta along the wat.er's path. 

Thc calculation is possible for any form of the water 
path re5.,mbling a polygon, The formulas are aimplified if 
the water poth is horizontal. 

" 
CHAPTEA FOUA 

changes of state 
of groundwater 

Water is transfurmed into ice uta tcrnperuture ofO"C; 
this tr(l.nsformation temperature changes vcry littlc with 
pressure. The frceún¡,: of 1 g o! water libera tes a lotent hcat 
of about SOca!. The tcmpcrature at which a saline solution 
deposita nystals-in ¡::~nural, pur" ice-----eHn he apprfdnlJiy 
Jowered de pendin!:" on the sol u ti un'" coneentru tion. Tlui •PC· 
dfic heat of ice is about halfthat of water, und the ther1nal 
conductivity of a loase aoil saturated with water th;>t has 
frozcn is rnllltiplied by 11 factor of 2 or 3. In uddition rc
meuil"·r that the density of ice is 0.0, and lO<• neo) fre~ún~ is 
accorn p'uúed by an in e re ase in volumc. A e tu:dly, we will 5Ce 

· that this ¡ohcnornenon pla;·s only a minor role. 
To" forst approximation. whid1 would be valid if the 

¡¡;roundwntHr content wns infinitcly small, what we huve 
seen in Chnps. 1 ano!~ shows how aoul whcrc a tcmpemtu're 
of ooc can be tt•achcd: on the one hnnd, in thc winter in 11 
surf:10e t<>ne wherc thc annual ternperat.,rc variations 
penetra te,..,,.¡ on the other hanol, if the memo annual tem· 
perat""'' is less tlwn O''C. In the lntter case tlwr<t m ay be nn 
undcr¡::round frozen re¡¡;ion, with an overlyinl( l><yer th;>t 
rnay thaw during the summcr. This is what is callcd per-
1,.afms!, and it covero vast arena in the north of SiLería and 
Canada. !'ennafrost can be fouml to dcpths of severa! 
hundrcd metcrs, which irnplíes tl1at its origini are very ol<l 
(beginnin¡¡; of the Quaternary). . 

Observation contirms the•c general indicalions, which 
can be completed by aayíng that In consequencc of c!irnatlc 
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lludualions fi"Dm "'"' ycar to \he next, it can hnppen thnt 
tlm surfnce which thnws abovc the pennu!rost durin¡.: the 
sumnwr rnny not romf>lclcly refret•ze the followiu¡: winter, 
or lhat tlw fruwn wintcr surf""" olocs 11ot t•omplctcly thaw 
tlw followiu~ summcr. 'fhus, altcrt1"\c frozen nnd thawed 
laycrs can cxist "bo•·e the p<>rmafrost. Naturnlly, these 
)llycrs are not continuous. 

To ~o :• hit fartho•r, wc should rcnH•mlO<•r th"t thc water 
con tent of tlw surf a ce "re as alfcctcd by tht•sc phe nomena is 
in general cousidernblc. Their frcezinl:" thcreforc nL~orbs 
opprecj¡I\olt·lw:H. From this, what h~s bct•n c:dkd n rvlld .. r
¡¡,,. ~an·irr rcsult~. All inci<ltnot hcat flux, wh;ltcver ita 
direction, is absorbed by fusion o• frc,.~ing across thc zero 
isotherm nnd is not propn~ato:d f urther dow n. 1 ts only elfect 
is to di"p);occ the frc..zin,; boundnrr, and while.thi~ surface 
is bo:in¡:: shifl<'ol, thc flux nnd l(rno.licnt valucs un cithcr síde 
of the barrin are vcry difTerent. lf ¡¡¡ is thc porosity, u the 
displacement velodty of thc frecting boundary, L the latcnt 
hcat (80 en)), nnd /(" nnd 1{1 thc condudion coelllclcnts for 
thnwed and ftozcn ~rmlnd, rcspcctively, the diífcrcncc be· 
twccn the thcrmnl gradients is givcn by 

K,('") -K,(-"') -¡,o, 
,l(: •· olr 1 

( 4-1) 

lt immcdiately Lccotnt>s apparcnt thnt the calcu!ations 
of Chnp. 1 conn·rnin,; the pra¡o.~¡;"ntion of pcriodic t<•mpera
turc variations into thc ""rth's Rnrfacc are no lun¡;t•r val id. 
Nonethekss, \he ~cnernl behavlor of the l'hcnomenon stny• 
thc Ramc with nt most n decrcnscd dcpth tn which thc tcm
pcrnture variations propa¡;ate. 

A mut"t> importan\ p<'rt"rbntion results from \he fud 
thut water inside fone oupillarics does not freczc until te m. 
perntures '"" wel! be)ow O"C. ThiR fact is <•asily oLscrva!J!e 
in thc frePzing of a surface lny<•r ofmuol. Thc mud dncs not 
froocze alto¡;.,tlwr in:¡ body, but thin "hcctR nf pure ice ap. 
pear between whioh the mud dcoiccates and becomcs pow· 
dcry. Ata f<'w dc~rees below O'C, there is a thermodynamic 
diacquilibrium between the water which is still in !iquid 
form in the capilluries and the thin lenset oficc which have 
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formed near by. The water tcnds lo move from the pores 
toward the ice cry•tnls, which enlar~c and are rapablc of 
compn·.<siir¡¡ the snn·aundín~ groomol. 

This p hcnomenon has U e en e"peci:•lly ~ti,d icol for ronda 
which can swel! if ice crystals formin~ in inevitable cracks 
ar~ fcd by capillarity from hclow; thc.v may gruw to )¡<r¡\~ 

sizes, n·s~tltin~ iu u sw~llin~-t which can bccomc quite lnr¡:c 
(sever~l ccntimeters or tens of centimeters). At the begin. 
nin,; of the thaw, ice melts on the spot, nnd th" pavenocnt 
bccomes 1\ooded with an exccss of wnter. A stnall loud rnn 

scverdy 1kgr~de roads <ltld frnm thi~ C<>rnc• thc institutian 
of the "thaw barrier"-tempora rily forbidding e<· rt,dn roads 
to heovr trucks. l!owevcr, the real solution Hes in pr.,vcnt· 
in¡¡ thc aS<'Cnsion of wat"r by r¡¡pillarity to rondways which 
are likelr to frecr.e. This cnn he achi<'Vc<l \Jy into•rposing a 
barri.,r ]ayer uadcr the rond consisting of cobblcs without 
any fme lillcr. 

AnMhcrconsequ"noe of the way in whil'l¡ kc ,.,.n forrn 
in the gro u nd is "cr¡:utu rba ti o n." This in volves spPcial types 
of ~rou nd deforma tions cause<! by re pe ti ti ve al te rnations of 
freczin¡: and thawin~. Ice ll'nses cnn form under ston"s 
(which comluct hcat bftlcr \han thc surruundin,; soil), and 
this can lift the stones u p. Doubtless this is thc woy that the 
ooi/ po/yqo"s in arctic zones nre produced. Thesc polygons 
are ,.)so smnctimcs ohsen·.,,l in mountoi11~ such ns \he Alps, 
whenuv .. r loese soil forms o horizontal surfaec above 

2,700 "'· 
For permafrost, this u nu su al ty pe of ice form ation cnn 

alsu piar '"' importllnt role. lt explnins thu u¡¡oJtor¡:rouud 
furmation of lenS<•s of pure ke eitlwr hori~.ont,.lly, forming 
hrdrolnccoliths, pin~os, etc., or vertically, formin~ wed¡:es 
in crac ko nnd crevices whosc traces (nftc r th,.win¡:, thc¡: are 
fill~d by thc fnll of "urfnce ,;l·av<•IJ ~re frco¡nently ,·isible in 
ancient alluvial dcposi¡s. Thcse cracks !<ppear to form largc 
poly¡;-ons with dimensions of lOto 20m. 

Lct us add tha t the ciocu )¡¡ tion of su btcrrancan wa ters, 
cith"r in the unfrozcu surface la¡:cr (ncrmafroat io totally 
Impermeable) or through gaps in the pcrmafrost, plays an 
euential role. Lakes and watcrcourscs also introduce per-

' 
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turbations which can break up the continuity of the pcr· 
mafrost. 

The exiatence of permafrost presents particular engi
neering problems for hig-hways, hornea, and pipelines which 
will not be discussed here.' 

4·2 Vaporlzatlon 

Thc transition of water to a gaseous f<>rm (steam) 
oxcurs at n tem¡¡ernture whlch is a function of pressure (Fig. 
4-l). This trnnsition absorba a considerable latent heat, 
which npprcciably diminishcs when the temperature in
creases. The deruity of stcam, like all gases, diminishes 
slightly when thc temperature incre;•aea nn<l increases 
gr<!atly with pr~ssure. At the critica! point (T- 375"<:, pres
sure = 221.06 bara), thc apcdfic volume of steam becornes 
cqual tothat of liquid wMer(3.l!l75), thc Jatent heat falls to 
zen>, and thcre are no lon¡::er sny differences between the 
two phases. For temperatures und pressurcs with higher 
vulues than the critica] point (supracritical domain), thcre 
exists only u single tluid phase whosc density varíes in a con
tinuous manner, There are tabl<·~ which furnish for water 
as well as for stcam all the p<•rtincnt charactcristics as 
functions of tempcn>turc and prcssure, in particular the 
specitic he a t. Thc viscosity valuc.~ appcar to be th e least well 
known in the supracritical domain (sce Fig. 4-l) 

lf thc wntu rontuins dissolvcd gas, it will accumulate 
in the vapor phMe, wlwrc thc l<>talpn·~•olfc will he the sum 
of the paCtial pressur<'S of thc gasps and thc water vapor, 
The vapor witl.exchangc matter with the liquid until the 
pres.ure nf thc lnttcr i~ in equilibrium with the total pres· 
su re nf the ¡::as~ou& phase. 

On the other hund, di•solved snlts are distributed very 
11nequally belwccn thc two phases, nearly all being found in 

•.o._ comouo ••• G- 'hyl,., c..,.oO«<olor••· """' ••• .. ,, •'"" no. 1203. "'"·S<. ond 
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y,.,., G....,,.¡ o.O RoloLod En,flnoorinr Ptoblom,_" z:n • ...,,,_ Edwo.-d .. Ann 
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the liquid. The presem·c of salt can hnvc thc ~ffect uf in
cr~MÍnl': the critica! point. This mcans that above thc criti
ca! tempcraturc ofpure water there can l.>e two phases, one 
with a hil':h .alt contcnt and thus more dcn5e, and thc other 
phasc low in salt contcnt (the water conlent in relatlon to 
the volumc lwin¡: about thc M me). Dcp~nding on th<> s:Lit• 
and pruvidc<l tlmt both ""lution~ i•rc snturatud (prese1wc of 
an e:>:cess of solid salt), thc distinction bctwccn the two 
phases can contmue whatever the tempcrature and pres
sure (such as with 1\aCl), or it can cnd al a critica] point 
bcyond which there is only one uniqne phase (such u the 
case of SiO,). For lcss concc" trate<! sol u tion$, thcre i• un [y a 
•light risc in thc critieal puint. 

Havin¡:: recnllcd thcse ]lropcrties, under what ~ondi· 
tions can wc fmd water in thc ¡:round in the form of stcarn? 

First, of course. it is ncressary to consider the nci¡::h
borhood of the earth's 5Urfuce. In thc atrnosphcrc. the ¡•ar
tial prcssurc ofwntcr vade" frorn plae<• to plaee.lt ¡oartieu
]arly v 11rics wi th the tempera tu re, the atmos¡,heric prcssu re 
chan]';ing very littlc. ln ¡:cncral. there exists, above thc 
phreatic lcvcl. a C<'rtain fringe region in ""hose por es a ir can 
circula te. Dependinl': on thc ternpcrature changcs, the water 
vnporcan condense or, on the contrary, the rel':ion can deS· 
iccatc. Th.,sc transfcrs. and thc heat exchnnges which thcy 
imply, mnst be con;;idcrcd as part of the complcx snrface 
phenomena which contribute to the detcrmination of the 
avera¡:e gronnd temperature. We shall not study these sur
face phcnomena further. 

4-3 Geyse<• 

A givcn h~·drogeologic situation can involve thc asccnd. 
ing of watcrs from thc dcpths through faults or karstic con. 
duih. Wc ha ve alrcady sct•n that su eh spring• can rcach the 
surfacc with hardly any hcnt lo•s if their flows are Jarge 
enough. 

A priori, nothing prevcnt& aubterrancan waten having 
temperaturea exceeding lOil'C from reoching the surface. 
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The adinlmtic transport (i.e., a transport without hcat 
exchan]';cs, which will be thc case once a ~tcady-statc sys
tem is achieved) of snch wnters up to ntmosphcric pressure 
necessarily cntails a partía! vaporization in a proportion z, 
which is easy to c"knlnte. lf O> !OO"C was thc water 
source's initinl temperatnre, then x ={O- 100)1540, 510 cal 
bcin~ thc hcat of vaporization at IOO'C. But, although this 
can hnppcn. we will not nccessittily hnvc two regular f\ow•, 
one of water at lOO"C nnd the other of steam at the same 
tempera tu re. E~pecially if the flow is lar¡¡;e nncl the conduit 
by which thc water reaches the snrface ha• a Suitable form, 
boiling can ha ve a discon ti n nous naturc 1\ ud prod u e<' period· 
ic expulsiona of water and ateam. which ore charactcristica 
of geyscn. 

Whcn a g.,:yser i• inactive, the conduit is fillcd with 
water which. at cach de]Jth, is at less than thc hoiling puint 
for the l"cnl prcssure (lOO"(; nt the snrfacc, 1200(; at 10m, 
135°C at ~O m, etc.). But with thc arrivnl of wnrmcr un· 
cl crground watcrs, this water column will pro!';rcssi vely hcn t 
np. Finally, a mornent will arrive whcn boiling will start 
aomcwhcre and that willli¡¡;hten the column thns diminish· 
ing the pressurc sufficiently so that boiling will beco me ¡¡;cn
cralizcd :md lcad toan cx¡ml~iun of sonw water to thc nut· 
side. Thc stcam will escape, nnd, to fiuish the account, the 
water_which hns not been expcllcd ond which has been 
cooled by 11 partía! vaporization will constitute a new water 
colnmn in thcrmal equilibrium in thc conduit. Nnmerous 
compllcations can be imar:inecl, for e:>:ample, lntenl pockets 
in which ••ithcr h?t wat<'r or pressuriz~d steam can nc
cumulat~. The heat capacity of the walls can plny a role in 
the regulariz:.tion. However, we are still a long way from 
explaining all the singnlnriticsof geyseu. For e:>:ample, why 
does a geyser's nuption come a few minutes after sonp ia 

· th rown in th e "cond uit? N <Jvcrthcless, it can be cOnsidcrcd as 
nn cstabli•hcd fnct that" ¡::cyser is n m"nifeslation ofthe 
cmcrgence of subterrancan waters which are in o liquid 
atate above IOO'C undergronnd nnd which circulate in con
centrMed enou¡;h conduits to have heated the wall~ in auch 
a way that the water's hcat losses are rcduced, 
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~-4 Vapcoization al depth 

Leaving aside thP case of intensive cir~ulation, we ~ow 
ima¡~inc thc situation re~ulting from a uniform geothermal 
gradient in 11 somewhnt permenl>le rcgion. Below the phre
ntic leve!, th" ¡•rcssurt: duc to tlw hydrost:ttic hcad ofwnler 
rupidly incrt•use~. There can exist complex hydrogeoloJl,'ical 
situations in whkh the head, relntive te the different water 
laycrs separatcd by impermeable layers of rock, incrcnscs 
as w~ g:o lo decpcr and deeper pools of water. Sumctinl<'s the 
sul>tcrranean nuid pro.ssure bnds lo approach whnt is 
called thc lillwslnlic prcu.,re. This is the pressu re causcd by 
the wcight of ovcrburd'"'• and this limit cartnot be exc~eded 
by the fluid ¡m:ssure, si.,<•e'the g"rnund would then l~nd to 
rísc and produce fissurc", which would allow the water te es
cape. The critica! pressurc of wat~r is reached, that is, is 
equal te thc lithoslntic prcssurc, ata depth of 800 or 900 m. 
Howcver, at these depths, the temperaturc will almo<t ni· 
wuys be less than the critica! tcmpcratur" (375"C, thnt is, a 
gradicnt lcss than l"C/2.5 m], and so the water remains Jiq
uid. In a region wherc the fluid prcssure tends to equal the 
Jithnstatic pr.,ssun·, howtlver, unusual local fissuring can 
allow 11 tran"Jl<!rt of w"lt!r lo the "" rfaee and cause a d rop in 
flui<l pressure which, if the t~m¡¡erature is sufficicnt, ~an 
lead lo ~aporiz:<tion. Such is the sitnation at the Geyscrs 
(Cl>l ifornia), w hich is a g••uthHmal fl •·Id, ~ituatt•d in t he m id
dlt• "f thc Franci'<·all form,.tion in which th~ lluid pressure 
ncarly equuls the lithust,.tic pn·ssure.' On the nther hand, 
the G~yscrs cnrrcs¡¡on<l to " zonc with a hi¡.¡h thcnnal 
gra<licnt whido ttJuld \,..in contad with a hy¡"'thdical un
dcr¡.:ruund l>ath.,lith; it ia ulso a zone with u luw fluid ¡orH
sur~. \Ve cannot tell if this vapor occurrence is a con
se<lucnce of local hcatin)!" or of fls~uring which wnuld hnve 
rcduccd th., pr<'~sure, ur l>oth. 

Ln~viu¡.: thne COl~plicatíons asitlc, let us t·oncentr;•te 
fur \he moment on the siulp]e case where, the grnund bcing 
...,mewhat permeable, the irnpregnating water ia ata hydr<>-

'K. A.¡·,.~·"' ond F. U'"'· )];•h !"O"'d Pol<nl;oh ;n Coli(omlo e,.,, Ro""" ond 
lh<it T.-.lon;, S'""'"""'"· AAi'(; """· vol. 01. no. l, >P- 1~00·12<0, hly 1011. 
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static pressure in cquilibrium with th'-' water- nt the sur-face 
or at the phreatic leve], which is cqual to the hydraulic pres
surc prod uced by a continuous column of water, the surnmit 
of which coincides with the phreatic leve!. 

Assuming that the thermal gradient, whlch we will 
take as a constan! te simplifY matters, is known, it is easy lo 
calculate, as a function of depth, the hydraulic pr.,ssure and 
tcmperature st the same time. We can c"lculate the hydrau
lic prcasure by taking for each depth the actu¡¡l density as a 
fundinn of the temperature and the pressure (scc Fig. 4-ll. 
For usual values of the gradient, the values obtained excced 
thc critica! pressurc for water at a m u eh lower tmnperature 
than the critica! tcmperature (Le., there cannot be ~ny va
porizution). 

In order for this not to be the case, the gradient. sup· 
poscd uniform, rnu•t reach l"C/7.5m, The critica! ¡¡oint is 
thcll rcached nt n dcpth of 2,700rn (suppooing the phreatic 
leve! hos a ternpcrature of ll"C). For 11 higher gradient, we 
would expcct to find a !ayer of liquid water on top of \"a por. 
1t is cl••nr that this i• un unst;¡b\e situntion. Even ifthe rock 
is only slig:htly pumc~ ble, it i s inevitable that w.~ ter wi\1 de
scend in som~ places and stenm will ris¡. in others. Where 
thc water descends, it encounters hotter rocks nnd eools 
them whilc being partially vaporized, Where thc stenm as
cends, tt meels cooler ro,·h and ¡¡artially con<lPnsos whilc 
hcatin)!" tl!t" roch, ;on<! the pressure tlrop brin¡;s forth more 
stea m from 'und<>rground, On r imp!icit :oa~umption of a r.,g. 
ubr thennal str:otif<cation fnils. In fact, thcrc ~will be 
wnrmeo· ~<>nes in which st.,;un ri,cs, and eoo!Qr zun"s wltcro 
water <!<>S<'<'IHIS, 

Su eh a cnn,·ective syst•'"' can be cstablishcd for a mean 
grat!ieut such that the criti<·:~l point aml the vaporization 
leve! are not renchQd. In thc ~upracriti<:n\ do!llllill, lu¡t near 
the critica! point, the density varíes g"rc:~tly witli the tem
perature ami the onsct of convection, "ven if thc rock has 
low permcability, ia very likely. Such a cnnvcctive actinn 
must progrcssively increase. The couler desccndin¡; brand• 
will remain in the supracdtical domllin, but the ascending 
branch can reach and excecd the critica! point. Conve<:tion 
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wi\1 thcn be cornposcd of a vapor phasc, with a finite dcnsity 
ditfercnce with respcct to watf.'r anda rert:dn latent hcat. 
Thi~ vapor phase rÍSf.'$ easily, and on condensing heats the 
rock which ¡wrmits th., continuatiun nf th~ cyclc.' 

Wc can thus cxpect that the conv<•ction currents, the 
onset of which are inevitable if thc gradient is su eh that thc 
critica! conditions are fulfilled, will tal<e two forms, ene coo]. 
er dcscending water currents which remain supracrilical 
(i.e., in a dense form), and the other of asecnding stcam cur. 
rents which pro¡;reuivcly attain B highur and highcr elc
vation. The low d<•n•ity of the vapor with r<>spect to wnter 
d<tlermines thc pr<'""''re differenccg which consbtute the 
driving force for •udo a circulation. 

lt i• hardly po$sihle to tcll what thc tran$versc dimcn. 
sions of the convection cells wcre inithdly. but, if they werc 
small and num<>rou•, it is te be cxpccted that certain oncs 
among thcm would deve]op more rapidly than others, and 
for these the convective action ri~ks bcing inturrupted by a 
pressure drop under¡;-round caused by lar¡;-er cclls, We can 
prcdict an evoluti<m toward a small number of important 
uscending cells, end1 nf which must produce a substantial 
~ow of vapor. 

The possibility thnt a supracritical domain still rei¡¡ns 
f¡¡r underground is not excluded. This means Í:hat the rela
tivcly cold descending water, which comes into contact "·ith 
rocks progrcssively hcated by the high local geothcrmal 
flux, pnsses in a continuous ma;,ner, without changc of 
statc, into asc<·nd in¡;¡ e u rrents which are brough t u bout by a 
pn·esur~ drop, and whioh are individu.11i,,cd as vapor cur
rents making thcir way above the leve! whcre the critica! 
pressure is found. 

ln the region whcrc the watcrdescends, there can casi
ly be temperature lluctuutions, depcnding_on whether the 
circulation is more or lcss rapid, but thc density variations 
rcsulting from su eh lluctuations are small. Thus it is ~nlike
ly that thcse ~uctuations in thc rate of circulation tcnd to be 
amplified. Ruther, wc must expect un almoat uniform de
sccnt over a ccrtnin area. 

These considerations lead us to predict that if locally 
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the geothenn1•l flux exceeds 4 or 5 ~al/cm'· s (wc consider 
only the s,;rfac<!S of the c~ntincnts, bcenus~ .in the ocean 
deptha thc prc~surc alrcady CX<'cc<ls thc cnlJcal ¡m·~surc 
and the conduetive flux can rcach greater valucs) and 1f the 
rocks ha ve a certain permeability, even though it may be 
small aod irregular, hcat tranMcr by conduction, which 
imp!ies a rcgulnrization of the thermal grndient. will not act 
alone. Eventually a relativcly restricted numbcr of zon_es o( 

rising steam must appe:n in which thc pressure gradwnts 
correspono!inll' to the density are low cnoug~ so thnt the 
flows rc,.ch hill'h valucs, possihly with """""lcrable lwrul 
lo""""· As the rising stcam reachcs coolcr lnycrs, it con
denses while heating these laycrs, and thc hcnted zonc thus 
tends to rise higher and hlgher. The comlcnscd water n_nd 
the cooler groundwatcr tend to desccnd along the mnrgms 
of the steam coarents because it is thcrc that the ro:<>ssure 
grao!icnt is smallcHt. Thcsc cooler watcrs t~od to g1ve th_e 
sides of the stcam plume an abrupt naturc w1th strong hon· 
zon tal tempera tu re gr<ldicnts. Thc cntin' water balance can 
be put in cquilil>rium by a steady desccn~·of gro.undwatcr 
outside thc nscending steam plumcs, but d1rcd ev1dence for 
such a desccnt is lacking. 

Jn the process whiCh has just been dcscribed, an e~~en
tial part-thc ateady passage of dcscending supracr>tJCal 
water to aseen.! i ng currents w hich in di vid ua:ize the".'sel v~s 
highcr in thc steum Plumc-has <'scaped obsPrvat10n t1ll 
now becnuse boreholcs hnve ncver bctln drilled to such n 

eat dcnth (it would be ncccooary to go to 3,000 m) in ,lonor· gr ,. 'b 1 
>nally warm rc¡;¡ions. Hcnce, tlw ori¡{in of th~s " norm:1 
hcating remains largely hypothctical. We can 1magme .the 
injection of cru ptive rocks, for example, a granitic bathohth, 
the cooling of which could supply u !ar¡:-c heat flux for n con
siderable time. 

But under these circumstanet,s, pctrology leaús us to 
s,;ppose that crystallization of thc granite v.:ould liberate a 
ce!"tain quantity of volatile' substanccs wh1ch _could ha ve 
bcen dissolvcd in the moltcn magma. Water >S thc most 
abundant ofthese aubstances, but thcre can be many others 
(CO,, Cl, sulfur in different Íorms, B, etc.). A portian of thcse 
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volatile subslanl'es cou!d be found in the ua¡•ending vapor 
phase. llut, on thc other hand, the vapor. cspccia!ly in the 
supn<critical domain, can, whilc cireulatin¡: in contact with 
rocks, produce di,·erse alterations in th e m and leach certai n 
ciernen ts (in particular, steam will dissolve •ilica, which is al. 
ways present). 

Thc "ju vcnile" or ¡JhJ"NJI k ori¡:ins of the stea m f o u nd in 
gcothcrmal ¡>ools has bcocn thc subject of much di•cussion. 
There is nothin¡; to exclud., the possibility that part of the 
steam. and espccially the volatile impurities. are of a juve. 
ni le orígin (i.e., they originat<'d directly from a magma in the 
eaurse of its consolidation and eooling). But that can only 
rcprcsent a sma]l amount of !he S!<'nm. The cooling of each 
¡:ram ofg:ranite wi!l supply 25 ¡,, 40 c<il from th• laten! heat 
of crystalli~ntion nnd, for a coo!in¡: of 200'C, about another 

40cal; but the "'"~''"" could scarcely contain a• muchas 10 
percent in volntile substan~ea e•cn if the ma,;ma had bcen 
entirel}· molten; i f the fusion was only ¡>artial, w h ich wou id 
be very likely, the total content of volatile substances wou!d 
be m u eh le~s. l•'rom these numl,.rs, which are on!y <>rders of 
mn¡::nitt~Je. thc f"ct emer¡::"" that the volatilt• products 
gívcn off by "¡.¡ranitc would llOl be able by thcm•elves to 
!Nnsport the nmount of hent liberated by th~ grnnit.,'s 
coolin¡::. This makes it \"ery probable :hnt the granite wiJI 
produce a his::h thcrmal gradient leadinf! to, besides an 
cnhanc<ed hcat transport by conduction, the establishment 
1>f a substantinl convcctive movmncnt of phrca!ic waters. 

The behavior of the asccn<lin¡:- '""J>Or plum,•s .. ·bich 
trans)l<lrt hen t in exce~s of th at '""rricd by <"<JI<du ct ion (aLout 
four times tlw "'"""'"] OOl>:) •·an t"k" •¡uite dilrcr<'nt forms 
d~pending: on tlH• structures cnc<>unkred. 

Even if the paths alang which the stcam rcachcs the · 
surfaec are <'"anvoluted. ít is to be cxpected that ic.s ;oscent U . 
Yery rapid, si_nec its low density cntails a near])· ne¡¡ligible 
pr .. ssure gradient near the a u rfaoe. Thus th e rernoval af t.he 
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ill be ra id Qn thc othcr hand, 

excess su btc rrn ncan he: 
1 
t w i >"ade ~he. gcothcrmal si te, e!l

neighborin¡: waters ten " n d . cks which are 
. "t b and stcam con enses m ro 

pec•t~ll)l t~l' s ase, . . that a tina! sítuation is 
coaled in this way. We can ¡ma¡:¡ne . . · . ded b 

bl' h d. which thc terrain 1s ent¡rcly 1m a Y 
thus esta '" e m h 1 . t the bo"•lin¡: tempera tu re 

b twhichateac ]evc '"" 
water, u When that happens, pressuru 

Ulld~~b t~c nloi~;¡~~~:;~~~;i:~j)l realized and thc water. can 
equ1 1 nu1 . . b"Je llowe,·cr as long as a vapor 
rcmain pract•cnlly •mmo 

1 
,· to . be~ause of íts \ow d"ll· 

"bubble" cxists, it must ten nse .. 
. •h h rc¡:ions of low permc;>b11lty. 

s1tY evcn ' roug h that in 
' h d ne in l'<cw Zealand has ~ own 
R~acarc 0 

. ' n crature tliotril>ution is essen· 
gcothcrmal sites, th~ te~ p ith thc rocks <"olltaining watttr 
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The result of su eh n covering is thnt stcam n~cumu
lates in the re•nvoir. Whcn there i• a loc,ll eoolinK nnd 
condensation, water llows to thc bottom of the systQm and is 
replaced by steam of aubterrancan origina. This stcam 
rcmains in a saturatcd condition (at Larderello, 2~0"(; nt 35 
bars), and its densit~· is much Jower than that of water. The 
pressure and tempemture vary only slowly with the depth. 
The walls of fissures or stcam-filled spnces are at thc same 
tempernture as tht• steam. but this tcmperature is quite dif
ferent from the tcmpcrature of the rocks indudcd between 
thc fissurcs. A aoundin" at Lnrdcrello has shown an approx
im ately r<'gU l:<r thcrmal profilc with a gradicn t of thc ordcr 
of l°C/ll m, disturhQ<! only by a few tempera tu re anomalies 
in the Trias, probnhly cnuscd by neighboring stcnm-filled 
fissurcs with whi"h communication has not bcen es
tablished. We ~hould kccp this cvidence in mind when we ex
amine the age of a gcotl,.,rmal site. 

4-7 The aga and the origin of geothermal bed5 

The inkrprctntlon which "'" have given to the gcne5is 
of thcrmal lay,•ra imp!ics that thesc generating processes 
may no ]onger be active tod¡¡,y. This is cvidcnt for those 
processes wlwre n roe k saturatcd with water is found nt the 
boiling point a• clntermincd by thc local pressurc. Th~ ac
cumulatinn of slc11m under "" impermeable cuvcr, which 
providcs a propcr closurc, should persist for a ccrtain time 
aft~r the end nf tht• ar•ival of thc subterranenn stcam 
whicb ga\'e rise lo the accumulation. 

Certain ¡.rospectors, in New Zealand for example, 
hopcd to sink holcs thnt would rcnch the ~ubterrancan 

50urce that wns supposed to supply heat to the geothermal 
si tes. Unfortun:~tely, this hope was not realized. How $hOuld 
we react to this! 

What is thc cause o! the subterrnn-ean hcat which 
produces cxploitnblc geothcrmal si tes as a superficial maní· 
festntion? Wc couhl inuncdiately think of volcanie phcnome
na, but how would they nct? We could invoke the formation 

• 
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of a larcolith or 11 batholith which cnuld have """lually 
cooled cve,.a very long time. But wc should al so con~idcr the 
possibility of a network of dikes which are indiviclually very 
th\n nnd thus susceptible to rapid eaolin~. or cven to the 
releasc of sleam. [n any case, we know by numcrous obser
va tinns of volcanic eru ptions that eruptions are cssentially 
irregular in time. Active periods can last for severnl days or 
weeks and be separatcd by years of apparent cal m, It is for 
this rcason, rather than bec:~use of technologicol difficul
ties, that the direet utilization of volcanic encrgy hM not 
been envisioned, Volcanic activity could perfectly well be 
the primal C!tUse of exploitnble geothermal sitcs. The ht•at 
flow is regn lari zcol hy thc enormous the rm al e apnci ty of the 

-underground r"ck mass, Howevcr, we cnnnut determine 
whether this rcgularization occurred as dtt~p ns the high
temperature rocks. Such would be the ~:<se if the dccp 
source Wt"rC a batholith ora Iarge l:~ccolith.If the hcat flux 
at high temperatures, which is expresscd by the formation 
of subtcrrnnean vapor plumcs, particip<Lted in the ir
regularity of volcanic phenomcna, the regularization re
sulting from accumulation of heat by the rock mass may 
occur only at thc leve! of the geothermal sitcs thcmselves. 

In any case, we can "a•ily determinP. thc n¡¡"e of a 
geothermul site. In e!fect, if a g"othcrmal site is not 
supplicd with hcnt, simple conduction must lc<Ld to a 
progrcssive t"mpH~ture decline and thus to thc s'1tu's •lcg
radation. This i• truc even without taking accocmt of possi
ble conv.,ction or losses through surface manifcstations 
such "" ge~·scn, steam dischar¡o;es, mud pots, cte. lt is easy 
to calculat~ thc eondueti•·e cooling for a realistic model. and 
the study of this cooling will allow us to estímate an orrler of 
magnitude for the maximum age (i.e., since the period in 
the cnuNie or which the geothermal site must, however 
formed, at lean ha Ve experienced a rejuvcnation by n nc"'· 
supply of heat). 

To start the calculation, we will conside• a ¡:cothermal 
si te indef1 ni te in the horizontal plane and characterizcd by a 
thcrmal profi!e as u function uf depth, In this profilc, we 
must rlistinguish between the normal permnnent gcother-

--
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F1GllRE4-2 Cakulat\on of tho t·volullon of tl,o thermal profile of o 

K•othmnal silo with h<•ot oli!Tuo1on. Tho thO<mal profllo• ex. 
ampk ia loke" fmm wdl 4B at Wairakoi; aooount ;, tnkrn of 
!he no•mnl ~""'"''"n.LI ~rotilcnt and tho >urfa«• 1o·mporo· 
tu re. Tho p¡-ofole wao """''le«•d O)'mmetricolly 1'o oulwl~<o 
the temporoturo at the •n•l nf o given time, the "''OfBKe of 10 
volueo ;, tal<en on both oide• M the pooition otudiod, u dio
umceo which 1n<reaoo 01 tho oquaro t<H>t of the time. Repr<· 
•ent.ation of two O! lhe rul•• for thio eaknlation. ObO•"• 
that at the etod of 10,000 yr the uoeful hea\ whieh could be 
U\rac...,d, (i.e., bclow 200 m~ "'ill t., practi<ally utochan~Pd. 

mnl¡:r:"_]l¡,nt maint,.ined hy emuludion ""a consequ<>ne<' uf 
tlw RU~terranean geotiO<'Til>ILI llux, und we tnust suiJt¡-ad it 
from th<' adual lhurmal prufile "' "" to d.,ftnc th" llwmull 
nnomaly assnciut<>d with th., ~;cnthcrmal sil<', whidt will 
gradunlly disapJlCar thn.u¡.:h , 011 dnction. 

w., must imposc the cundition that th<> tempera tu re nt 
the ¡.:round surfuce remains constant and "qua! tu our con
vcntion"l n•. To mect Úlis condition, it suffices to <lxt.,nd the 
thcrmal proíile symmetrically, but with opposite sign, 
abov" the carth's surfacc, thu• assuring thc constancy of 
the tcmpcrature at the surfacc. 

Now, W<l apply the formula which describes heat dif· 
fusion in a region, initially ata temperature T(~), and which 
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gives the temperature afte~ a time t as a function of :,: 

e= 1 r·· T(z)e-<•-··~1""dz 
V4""! L. (4-1) 

From this fonnulu wc can calculate .the value of the 
gradient at any pcint or al the surface: 

(:J. e,!'"" ¡·- T(z)e-<•-•,1''"'' ,-_,.. 2(z-zJd~ 
v4cmt -- 4nl 

(4-2) 

The calculation of an actual thermal proíi!e, 8 .. T(z), 

must be done numerically, whieh meana that we must 
replace the integral by a aum over a limited number of 
terms. Let us therefore take (z- z,)¡.,¡¡;;¡ • e; 1 ,(8)-

1/--.,¡-; f.!~ e·•• ds; /,(11)- J_!~ e·•' s ,¡, where /,("') •1 and 
1,(~) ~o. Then, formulas (4-1) and (4-2) can be writteu 

8= J T(z) di, ""' " ' f az = v4(,,.¡ T(z)dl, 

We will rcplace di by a finite segmcnt equnl to 0.1 and 
will take lO values of 1 at thc interior of the correspouding 
intenals,S,, S,, ... , S.,.lt will suffice totuke the average of 
the 10 values of T, for the values of Z corresponding toS ,,S,, 
. .. , S,., z 0 and 1 being chosen. For the gradient, the ~ame 
aver:q::e w¡ll be divi<h·d by V1.,1t!. 

For ,v ~ 10, "'" will t"h S,=± o.o~s. 0.273, OA7G, 0.732, 
und 1.163. For thc ~;rndiomt, S,= ±0.324, O.W7, 0.1:1:1~, l.OU7, 
nnd 1.52. 

In practÍ<"tl, wc would graphically trace the tlH•rmnl 
profil~ at thc imtial ti m" (subtracting the t<omperature cor
responding to thc norm:d grndient) and cumplde thi~ proflle 
by its symmetry bcyond thc carth's surfacc. To determine 
what the profile would be at thc time 1, wc would carry on 11 
rule the ,-alues of • - :, co~n·sponding to the S •• ami by cen
tering the rule on a value of :0 , we would read the 10 values 
of T, whose average would give thc tempcrature of z, at 1. 

If it is c•pecially sought to calculate the evolution of 
the temperature ata point and the gradicnt at thc aurf,.ce, 
we can trace the thurmal pro file as a function of In (z), and in 





the same manner the rule with the values of In (z) ~orre
spondin)! toS., su~h that it woul<.l suffice to move the rule 
alonl! a acalc of! ln !. 

Fi)!u re 4-2 indica tes the re•u lts of a temperature evolu
tion ~alculation for thc Nofll~ of sh~ft 48 at Wairakei, New 
Zc:tland. The evolution of the gradicnt at the surface has 
becn directly cakulatcd with the resulta in Table 4·1. 

Tabl~ t-1 
E•oluhon o! 1emper•luro g<adoenl a11ha •••lace 

p, ... ,.. 200 &00 \,000 .. ~ ..~ \0,000 Y< 

• '·' 1.09 0.721 0.5• U.37~ 0.:!28 O.H8"Cim 

From these results, we can infcr that part of th" rising 
steam has hcatcd the surface until a vcry recent date-in 
fact, this heating is still g-uinll' on-but part of the cncrf.Y of 
thc geothermal bed will hardly decreasc from the value that 
cxi"ta today in 10,000 or 50,000 yr. The heated rock can con. 
serve its temperature for a .-cry long time at a ce;tain 
dcpth, cvcn whcn the surface gra<.licnt has decreased to a 
point whcre al\ surlace manifestations have seemingly 
disappcared. 

For a geothermal steam bcd, like at Larderello, things 
are a bit more complicated. \Ve can nssumc thnt under the 
impermeable cover thc stcam is M nn npparently uniform 
t~mpuature and pressure (for Larderello, 250"C at 40.5 
bars). The surcoundíng groundwat•·r can thus be in pressure 
equilibrium with the stcam ata ccrtain dcpth. For example, 
if the ¡:;cothermal bed caol~ by l"C, the saturated vapor pres
surc dccrcaocs by 0.6R5 bar, thcn thc cquilibrium leve! be
twccn thc water and thc vapor will risc about 6.85 m. The 
man of vapor which is present diminishcd p:~rtly bccausc of 
thc rcduction of occupicd volumc and pnrtly beca use of the 
prcssurc drop. The latent heat corrcspondíng to th~ conden. 
sation of the difference will thus be liberated. However, a 
more complete cakulation shows that this effect is very 
small in eomparison to the cooling oí the rocky mass in 
which thcgeothermal si te is induded. Becnuse of vaPor ~on. 
vection, all the geothermal site which is occupied by steam 
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wi\1 cool in a nearly uniform mnnncr. The temperature of 
thc en tire gcothermal si te will follow the cooling of its roof, 
and that can lead toan appreciably more <a¡>i<l cooling that 
in thc prcccding case. 1 

This rcasoning would apply toa geothermal stcam site 
embcdoicol in permeable rock which hao a sensibly uniform 
tcmpcrature. The case of Lardcrello is different, since the 

steam therc occupies fissures and karatic spaces and only 
heats the walls to a limited distance whlch is still not well 
known. The results indkated in Chap. 3lead us to deduce a 
reccnt age for the geothermal atcam site. Otherwise all thc 
roe k between the fissures would be at 1m approximately u ni· 
form temperature. : 

4·6 Rock a!le<alions and water geochemiSIIy 

lt is wcll known that hot water rcncts with the rocks it 
travcrses and acquires by this mcans chcmical compositions 
that are difTc;ent f>·om cooler watcrs of the same region (to 
which is attributed the thcrapcutic propcrtiea of thermal 
mineral waters). 

A [orliori, very hot water rcacts nrong\y with rOcks 
that it lraverses.lt is striking tose e ouU:rops ofrock in New 
Zcalnnd whkh havc been lea~hed by thermal water and 
have becomc porous and profoundly altered to n silica
aluminous nnd fcnic skeleton whilc b~in¡¡- lcached of al\ sol· 
ublc ckments such as the alkalis. Such ~\tcred rocks should 
draw utlcntion, and it is surprising that thcy ha ve not Leen 
poinkd out more oftcn. 

On thc other hand, at thc time of the extrndion of min
eralizc<l hot waters, espccially if this opcration invol.-es va
pori~ation, it is bothcrsome thnt dtill holes somctimes 
beco me rapidly obstructed by deposit•. lt has bcen supposcd 
that analogous depositscould ha ve bccn formed in the natu
ral terrain and could ha,·e obstructcd !l.sures by wbich 
steam escapes to the sur!ace. This would create an imper
meable cover which wou\d assure the conservation of the 
geothermal site. This process, called lt/f-ualing, ought to 

' 



occur at the time of vaporiMtion of mineralized water to 
make thc roof waterti¡:ht; its rcality has novn boen clearly 
cSt<~hlishP<J. 

Thc chcmical composition of water can furnish valu. 
abiC indications of its origin, ami rompositional ~tLldics are 
indisp«nsable in prospectin¡: for a I:<'Othcrmal field. The 
handicst indication of the maximum l«mpcrat.ure reached 
by wnt«r is furnishcd by its silica contcnt, since silica does 
not immediately prccípitate 011 cooling.' Thc solubi!ity of 
qunrtz and arnorphous silica inucMC rnpidty with tcmpcra
tur« up to around 300'C ifthe pressurc is thnt of the vapor 
phase (much more rapidly at highcr lt•mperntun•• under 
highcr prcssures)_ \\'e suppose that at grcnt <kpths and at 
•uch tempu<~tures, c¡uartz is prest"'t <'Vcrywhnrc and that 
tllc w¡¡tcr is in "'lllilibrium with <¡uartz ns ;¡sol id phasc. At 
thc timt• of its asccnt to thc surfare, tlt'<'tmt¡ll·c•sion of thc 
w" t ~r n·~uJ t s in its ¡oarti al v apori '·" lion wh ich i ncreascs the 
silicB conc~ntration by"'' casi] y o:llculalt•d anuJunt (it mat. 
tcrs Vt•ry littl~ whcther the stcam produc·«d r~mains con
st¡¡ntly in ec¡uilibrium with the water, whioh t•orresponds to 
nn cxpansion at const¡¡nt entropy, or is involved in a 
throttling ¡rro~css, which is a cooliug at con~t:uot cnthalpy), 
Nenr thc surfncc, the water will be in Contact with amor
phous silirn, but pr.,dpitntion is suflidently dt•by~d so that 
the total ~ilkn in t.he water furnishcs a prc'd"e indication of 
tite iniUal ternpernture. lf the initial tcmpcrature was less 
thun 21 o•·c, howevt>r, thc sil ic" conteu t iu U re water aft er ex
¡onn~i<on r<"mnins less thnu thc ~nturation limit fur umor
phous silioa, nnd ~o the water can tlissulvc tite silica in the 
cond uit, 1<-ad in¡; to a n overestirnalc uf thc te m peratu re. Fig
ure 4-3 shows the re"ult of su eh a e:. )(o¡¡];¡ tion. 

Othcr propos«d mdicutors whioh are somctimes u sed 
h<!vtt 11 much less general appliontiun. 'I'hc mtio K/Na has 
b"cn pro¡¡os~d; it inercaoes with the final tcmpcrature 
reachcd by the water, but it dependa ti\ron¡::ly on the local 

'R. 0. f'ourn,., •oul J. J. 1\owo, EoHm•tion of Uo.!.,,..und To'" .. '''""' f,..m tho Sil. 
ka C.n«nt of "''"' ''"'" T<ot Spm;¡;o ,,.¡ St••'" Wolh." ..... 1. So;. •ol ...... pp, 
10---CI'I, Nooombo• 1~66. 
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F'IGURE 4.3 Hol•toon•hip l>elween the ma•inouno '''"''"''"'"'• uchi.ved 
nn•l \he •ilooa <On<ont. (ot) Snlubol ity ,.¡ •1 iCf••• ''"' •il ioa •nrio· 
tic•s "' a l01notoc.n o! tho tom¡>onttu"•: (i•) to·mp<mluro of 
Wnl<O' ,H ¡he tome ol "'OS in cq,iJ,hoh"n Wi\lo '1'"'' U u;" fu .. <· 
tion of tloo measured "'"~ t"'""""''"llun (11, Uoliabati< cooionK, 
i.e .. u >tea.ly-•tato •ystern: A, "'"lin¡¡ with irce; er.iblo •t<um 
o•punSLon). (/"•<>m F"""'"' anJ /:•><<"<, f,'ori .. wli"" of U o· 
Ju.,, "'"jd T '"'~'"'''"' ¡;,,., lh• Silicu e,~¡.,¡¡ uf Wa<a ¡,.,,, 
r .. , s~á "Y' "nd sr .... w.u •. ''"'· 1. S<i. ,..,r. 2a~. ~p. 68S-<W7, 
Su.-tml><o 1~06.) 

pctro¡;raphy. It is an indcx thc signifieancc of whi~h must be 
estnl.olishcd in t>ach region. 

Wlten there is vaporiz:ttit>tt of woter contttinin~: both 
dis~oii'Pd Mil> and ~as, thP-y nrc uucc¡ually di~tribut~d bc
twt:cn thc two phaO>". 'I'fms it ou¡;hl \o he joos"ihle to r"cc¡:-
1\ÍW water comin¡; from cnndcnsation of "ten m, an'l nl~o. 

J"I"''Hlin¡.: 011 thc gaoc~ ¡¡res~nt, it should he pos"ihle '" tell 
if n v111,.,,. is of a vcry deep origin or rt•sults frotn evapora
tion rclativttly near the surfacc. 

Thc ~:cochemic<ll indicators requirc very carcful in
l..rprcl:ttion which cannot be put into general rulc.s. Only 
carcful comparison of the chemical composition of dllfcrcnt 
wntcn in 11 reg-ion, takin¡; into account the pctrographic na
ture of the rotks present, can lead to valid conclusions. 



CHAPTEA FJVE 

utilization of geothermal energy 

The Romans used hot springs to hcat their bnths. and 
such use• are found <>verywhere (asidc from possible thern• 
peutic "PJllications which havo ronsidcmble economic im· 
portancc). Certain P¡¡risian swimming JH>Ols ¡¡re hcatcd di· 
rectly by well~ drivcn into aqllifers of Albinn greenSand• 
with a tern pe ratu re of 35°C. Si nce the M i<!dle Ages. localities 
like Chaudes Ay¡::ues, Dax. and Ax·lea-Thermes in France 
have distributml w¡¡ter at 80"C for domestic ¡¡nd heating 
purposcs. 

"lany such direct applications ha ve developed. The en
tire domestic h":~ting in Rcykjavik (which is likely to be u sed 
a lorge pnrt of thu Y<""r) and the henti n¡¡ of gree nhousca uso 
gcothertnal watcrs. !n New Zeah1nd, a ~:>pcr fnctory as well 
as many damcstic 11pplicotions (hotcls, brueding farms, etc.) 
can also be citud. 

All the~e appli~ations depend on local needs. The 
problcm of the utillzation of gcothermal energy does not 
take on all itssi¡::nif\cance u mil it is placcd in the fr¡¡mcwork 
of nn energy marht made possihle by means of electrical 
enugy tran"port. Thus, we will e" a mine thc use of gcothcr· 
m:>l encr¡::y primarily to produce elcctrical power. We must 
also mcntion thnt when there e"i"t needs for heat al a low 
temperaturc, it is more cconomicnl to omit the electdcal in· 
tcrmediary. 

All elcetrkal or mechanical encrgy production from 
heat resta on thc first two laws of thermodynamics. On the 
one hand. thcl"c is an equivalente bctween the total heat ab
sorbed nnd thc cncrgy according to the relationship 
4.18 J = 1 cal. On the othcr hand, it is not possiblc to produce 
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ene'l.'Y by thc consumption of heat ata uniform tempera· 
tu re (this hcat could be ohtaincd in practically unlimited 
amounts from a sourcc such as a rivc!", thc occan, lhc ntmo· 
sphcn.•, cte.). The engi nc which produces mechJm ir,,¡ cne¡-gy 
muStlnkc heat from n wann source and givc Luck 11 lcsser 
quantity of heat toa cohl source in order to transform lhe 
difTcrcnce between thesc two quantities of heat into cncrgy. 
Thc ab~olute temperatures T, and T, of these sourccs (in 
pradice 273 + U'C) are dcfmed in such a way that 
Q,/T, := Q,/T,. Q, being thc quantity of heat takcn from the 
hot source T,. In othcr worda, the entropy, dS- Q/T. can 
only incrcasc. The energy produccd is cquivalcnt lo thc dif
fcrcncc Q,- Q,: In gerwral. il is the hot sourc" which limita 
thc produrtion of encr¡.;y ""d ¡~·taken as a rcfcn,nce for the 
overall elncicncy. However, the cold source doca not plaY 
any less important role in the economics of encr¡.::y extrae· 
tíon, and it ia useful to hnve next to the power plant, as at 
Wairakei, ~ew Zea!and, a large rh·er (Waikato) with permo· 
nently cold water. Otherwise one may have to use the at
mosphere to cool water at the base of towers whcre upward 
movemcnt of heated a ir assures a natural draft. Apart from 
thc cost of such an instuJl¡¡lion, in ~ome climatcs it docs not 
produce " very low temperature. 

l~elated to the hcnt takcn from the hot sourcc, the ef
ticiency is 

q,- Q, < 
Q, 

The ratio on thc •ight-hand si de ofthe inequality is the ther· 
modynumic efficiency, which con~titutes an upper limit. In 
fact, the practica! efficiency is much lowcr than thut theo· 
rctic11llimit, Lut thc discrepancy depends on tcchnological 
considcrations, and we can always try to reduce thc dif· 
ference. 

What are the thuoretical possibilities for geothermal 
energy production? Let us ~onsid<;r a surface of 1 km' whcre 
the regional geothermal Hu" is ¡:::reater than the average 
world ll.u" in a ratio m. This flux, m X 1.2 ¡.ccal/cm' • 11, Í$ 

equivalent to 1.2 m x 10' X 4."18 W, which is 50 m kW/km0. 



VTILI7.A TJOS O!' CWTJI ERloiA L ~s~RGY 8:J 

But in order that this flu~ be partly transformcd into 
energy, we must tap the heat in subt<'rranean rcgions which 
is at hi¡;hcr temperatures thun al the surfacc, the heat of 
w hich represen ts the cold aou re". lf the !herma] gradient is 
m"C/.10 m, the tempera tu re dilf~r~nce at the surface will be 
(m x IJ)/30 uml th~ resuiting thermod:;namic efficicncy is 

(mh/30)/(283 + mh/30). 
A hot sprin¡::: representa a natural deviee which brinr:s 

to the surfacl', with little l<'mperature lo5s, part of th<' suh
tnranean flu~. Thcrc )laVP. bcen severa! dcvdopm<"nts 
base<! on t h 1' ene r¡:Y u tili >ll tin" of he a t tra nsportcd by a hot 
sprin¡:::. At Kiahukwa in Kata1111:11, thurc is a spl"illl! of 40 
litersfsat 9l'C which has hccn eq11ippcd to produce 1-\0 k\V.' 
Bu t su eh an <'X traction, ,.·hich coulcl continu e i"dcfinitcly, is 
highly un usual. As a gerwrnl rulc.a d<>sc inspection of clif
f e runt de •·dopmcnts shows that the heat con tainetl in a cer
tain volumc of roek is uscd u p. This h<'at is transportcd to 
thc surfacc by water circulatioll in either the liquill or the 
vapor state. Such u l!eothcrmnl si te is tlnJs likcly lo dcplete 
itself, thc ""'re quickly tlle lar¡:::<•r the flow, unless tl1~ sub· 
tcrrs1wan phenomcna whkh gi\V<' risc to the gevthermal 
sitc renew th<'lllselves. But thc way in which thcse original 
phenomena are distributed in tim<' remains obscure. 

Jt is easy to calculatc thnl a cubic kilometcr of rock 
coolint:: from ~1i0 to :!OO'C,Iiberates ~5 x IO"ral, which is 
cquivul<-nt to 10" ,J. By t"kin1: an 11vera¡;c cflicicncy of 
(~:!5"C- 3WC)/(~73'C T ~25°C)- :m pcn·cnt, we coult! th,,o. 
retically prudll<"" \~,000 kW for ](JIJ )""1". 

Alllll>lll':h this is very lhcor<"tical, we can undcrtakc u 
more prcd~c calctdation. Let us t"kc '~7'C, which is 300'K, 
for thc surfacc tcmp<'rollure :Hid supposc a l!radient of 
30m"C/km, which t::i•·es T = 300'C +30 mh'C. lf we rcmovc 
so me of thc hc:~t containcd in 1 km' thu• <l<>creasinl! th<> t<'m
p.,rature from T to 1'-clT, it will prov1de 0.5 X IO"dTcul, 
with a thcorctical cfficicncy (T- T,)fT, which can produc~ 11 

total CII<"¡;Y <1f 2.1 X 10" fl:,[("l"- T,)/T] <IT ~ 2.1 X 10" 

'A. Roll•t. ""Lo C•Mtolo G•ot> . .,rnoq•• do ¡(<obuk .. o."" R•pon ollho Con.,;, Stion· 

toOquo. fi!Li.th """'"'""o/ tf.e S-Ial Cotnmitt<O /0< K.otan•o. <""''""""'""" 
~ EHo•both .. no, lor.o. 
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[T- T,- T, In (T/T .J]. o~ approximately 2.1 x 10" (T- T,)'J 
2To = 1.05 X 10" (30mll)'f300"" 10' 111'h' kW ·yr. 

Jfwc extracted aU the ground hcat toa dcpth of 1f km, 
we could theotl\tically pro<! u ce ( 1 ()' ¡.í),'ll' kW . yr/km'. l'rcs. 
ently only thcrma] sites with hi¡::h lhurmal ¡¡;rudicnts are 
used; m c:tn nttain s value of 10, but only over small ar<'as 
and to a shallow dcpth H. Howcvcr, if this formula ;se~
tended to all thc" land area above sea leve!, which is 142 
mi!lion km', wcwould tlnd a total of·l.S x 10" /J'kW. yr. AJ. 
though in <'Xtracting this heat onc would cncount~r consid. 
ersble tcchnological problerns, we should re me m be r thi• fl¡:::
u re beca use it sets practical!y no t h eoreti callim it to th p ¡108• 

sibilities of gl'othermal energy pruduction. 1\'ow it remains 
to discover how to pro<luce thi• <~ncrgy and at what cost. 

Practically. we "re ahle to distinguish thre<' cases in 
the operations technology: tirst, tlw" g<'otherrr.~l site whkh 
only furnishes steam; second, th<' site which supplics very 
hot water which can be partially vuporized by a pressure 
drop, nnd this subsidiary steam uscd for energy production; 
snd flnally, the site in wh1ch the h"nt directly contninecl in 
the water i., u~cd without vapodzation. We will examine 
thesc cases in suceession. 

5-1 Operallng ICCMi<¡ue• for a steam si1e 

Thc clas~ic cxamplc of this ca~" is the stcam sit~ at 
La rclerello' in T11 "en 11y, w he re th a fi ""t "n<'rt::Y w "" J•rothlc<·d 
nt lh•~ start of thc c<•ntiJry and w)H,I"<' the productiun of 
encrg:y has now reached 200,000 kW. Thc gcothcrmal sitc nt 
the Geyscrs, in C1difornia, also uses a steam field which u
tends over 25 km'. This site reachccl 39G,OOO kW (Octobcr 
1973) and has continucd to increasc.lt fs expected to reach 

'A Mnoon;. "] S.ftlonl boto<Of<ri ToO<oc.i • •H lmp,.nll ~oll• L .. d.,•ilo."" ''''"""'· 
li~l. .'ll•o "' t>.o ,.,,.,, ~'"" ot lho Un•JOd NoHono on "'"' """- ""' ••• 1911d o. .. ...... . 
. • •• otlho •Y"'J"'"""' of lh• U noto• l<•toon• on lhollo>olopment •nd Utlllz•· 

toon ot Geotho•mal 1\ooounu. PI,.. 1070. 
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GOO,OOO k \V. There is also a steam finld which is utilized at 
Matsuk:•wa. Jnpan. 

The sinking of commcrcial wells involves precautions 
whi~ we will find in o.ll thc cases. Befare reaehing the roof 
ofthe bed, it is nccess~•ry to ha,·e cemcnted in a casing that 
can withstand the pressure exerted when the main vnlve is 

closed wi thout thc risk of vapor in llltrat ing into the g round. 
After the hole has been drilled using refrigerated mwl, with 
norm¡¡J precautions to control possible P.ruptions (fnst-act
ing ,-a!ves ca!le<l biuwoo<l ¡>reve,ler•), ;l protective column' 
cnn be installed with a cnsing or the productive zonc can be 
left opcn. At Lanlcrello, ,, rlrill hOie wns gcnerally •toppcd 
us soon usa ste<lm-producing fis.ure wns reached. In prin
cipie though. with u sufficiently cold mud, dcilling could 
continue to obtain higher production capacity. 

Once the )1ole is opcned nnd emptied, the stcam escap<:>s 
into the atmosplwre. Th~n. once th~ walls ofthe shaft nre at 
tempcratun• cqunibrium, the ~tcam expansion becomes 
ad iabat1c. 1 t is known thu t a sntu ratcd v¡¡por in an ,;d iabatie 
expansion to atmospheric pressurc becomes humid. That is. 
the steam contains about 25 pcrcent (by muss) of water in 
suspension. The steam wi!l appear usa white plume; ut the 
cnd of scv1\rul v~ry spectuelllar d"Y" of this free reh'IUil into 
the air, thc plume bccomcs trQnSparent and only condenses 
higher up by mixin¡: with the colder a ir. Under atmosph-eric 
pressure, thc steum drys u p. Wc can interpret this change 
by supposin¡.: that thc cxpansion from thc geothcrmal pool 
no longer takcs pbce in tlw dri!l hol~a but a little bit up
stream. ¡¡nd t11e steam coolcd by expansion is rcheatcd on 
~ontact with hot roe k r"m;dning at 250'C (in the caS<' of I.ar
dcrello). Of course the propa¡:ation of the pressure drop due 
to the rcleasc of steam in a fissure network whose form we 
do not know cannot be describcd accumtcly. Wc only ·know 
th:>t the stenm with n lowet·cd pressurc tahs hcat from the 
su rrounding tcrruin. A t th a t time, the o.lrill hole is con nected 
to the central power station by insulated piping of a large 
diameter (massive flows can be hundreds of tons an hour, 

' 
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nnd a ton of steam occupics 279m' at n pressure of 7 h ) 
Th · ars. 

e p1pcs ar" arrsn~cd so that thcy can free!) di '• b < 
h . '""· ll ~ ere 1s no worry about w;otercondensution since thc •team 

,. ~uperheated. 

Former!y, to svoid corrosion of the turbine, an ex
chan~er wns used to vaporize pure water whilc thc natural 
steam condeu~ed. ;.,•aturally. there wnR n loss of tempcrs
turc and prcssurc in tllis o¡oerution. There was then no 
problem in using a condenser whcre the fmsl condcnsation 
of the stca':" oceurred at n low temperature and pre~sure. 

Then, lt was dccided to construct turbine va~-, < ( 
1 . ""'" ou o 

stec reso~tant to the corrosion ofthe natural steam. But the 
~as corota! ned ir1 na tur;d "t<:am (5 percc n t at Larderello, 1 lo 
~ perccnt at the Geysers, where this proportion ;8 dropping 
~n the couue of the opcratinn to 0.5 pcreent) accumulntes 
m the condenser increusing the pressurc, which has to be 
lowered_by purr:ps. In spitc of that, the pressure in thc con
denser IS nevcr as low "" with " Loiler using ,.., 0ydeo.! 
water. 

A third s~lution, more primitive und permitting only s 
margma_l effictency (tho.t comes from taking JOO'C as the 
t~mperature of the cold source), consista in lctting the tur
blne e~haust go dircctly into the atmoaphcrc. This method is 
somet1mcs us~d for a short while by a lleld unit to utili~e 
the prcduction of a drill boJe unti! it is connected with the 
power station. 

5-2 Oorectivos ror geol~ermar op&ralions 

A number of drill holes are conned<!d by pipeline~ to 
the entrance of the turhine. There can be two or more s<>¡m
rate networks connected to differcnt turbines which 

k d" can 
wor at ~ ffHcnt )lressu r~s or a jo in t collcction ullowin¡.r sev
ernl turbmes to Lo fcd. llut in nny case, the turbines are 
calibrated for a certain entrance oressure wh,··h m . _ , • eansa 
ahg-htly higher pressure at the wellhends. Reg-ulation of 
tlow, as a function of the electrical power to be provided, ia 



cot~tr<>lled by re).fulators nt the turbinc entrance which 
maintain thc ~team flow ata certain pressure. Sometimes 
in the course of the operation, that etlto·ance prcssur~: ¡~ 
apprcdably ditTuent from the dcsign presSure. In the 
power station's operatiuns, it is neccssary to choosc be
twccn maximum '"'ergy production, which corresponds toa 
stron¡r llow with a relati•·cl¡r !ow upstream presso.:re, ora 
h1gh cffidcncy in kilowatts pcr kilo¡¡ram of steam pet hour 
which requires a high upstream pressure with a lesse: 
tlow. 

E ven if it w¡¡s demonstr<lted that the tot¡¡l qu¡¡ntity of 
heat which cun be extrncted from the ground, and thus the 
total 'tcam tom¡¡¡g<> which thc sitc would b" able to produce, 
is limitcd, producen wil! rarely s:~criTlce tbt• pos si bilities of a 
high production cn¡>acity in the immediatc future foo· the 
benefrts of ]J rolo ngi ng th e site's re•erves, since it~ 1 imitntion 
will not <lppen~ un ti! aftcr n vcrylong waiting period, Jn the 
esta hl i" limen t of thc powc~·St<lti<>n pian, tbe u pstrea m pres-
sure ¡¡t thc turbincs should be fixcd (cr pu~sibly the pres
sure~ if thel"c are two ¡!rctups of well•, st,·onger and weaker 
produeers. f""ding diTft!rcnt turbincs). This is n rleli<·¡¡te 
choice whi<"h requin·s" thorough kucrwledge of the produe
tion cap<leitics of thc wells, at a time when devclopment 
wclls llre hardly tompl"t~r! or '"" still to be o!rill~rL In pmc
tict~ tll<Htgh. it is <Jftcll found tbat thc pawer pl<lnt is working 
<Lt a pres"""' lower than <lcsigned. Shoult! we thus con
elude that tiH!. production pressuno was dltlsen too high or 
thc plant ovcrequippt•d? Thc constaut conc.,rn of the pro
dueer is to ion· re ase thc produrti<>n eap<lcity hy sinking new 
wclls cxtcnding thc •urfaee "rea of thc ""Pioitcd ficld. 

These ncw wclls are <'<J><•cially nt•c.,ssary as cxpericnce 
has shown tlwt wt!ll product1on t!ccrenscs with timu (for .,,.. 
nmplc, to onc-h<llf in 2 or 3 yr in Larcl crcllo, ni thou¡:h ·cxnct 
informntion h¡¡s not becn publishcd). Onc of the cxpbna. 
tiono of thia decline holds that the ¡::round beat used to 
auperhc;•t thc stc;¡m is dupleted further and further up
stre<lm from the fioaures by which thc stcam reaches the 
drill hales. 
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5-3 Geot~ermal exploitation involving waTer vaporizalicn 

An cxample of this typc of cxploitation is thnt at 
W;ürakci, New 7.c¡¡lo.nd. 1 This sit" is cquipp<>d to produce 
175,000 kW. Thc proxímity of the Waikato River, whlch ori¡:-l
n¡¡tes from La k e Taupo with a lnr¡::c tlnw, was u sed to ndvan. 
tagc b¡r inst<llling the powcr plant on its h<lnks, permitting 

""ry cfficicnt operation of th e condensers. Howcver, th is cx
tcnds the píping a bit and inhibits the development of the 
extension ofthe gcothermal fi"ld that was discovered On the 
oppositc si<lc of the sit<'. 

A well pet~ctrating into a bcd where thc water tempera
tu re is at thc boiling point undcr thc ¡¡ppropriate pr<!ssure 
docs not risk eruption whencv~r thc mud is coolcd. Yct, it 
muy be ncccssary to maintain thc coolin¡:: mud circulalion 
whil" thc drilling opcrat.ions ¡¡re hnltcd. In :-<cw Zca.land, 
they d id not limlt themsc!ves to <:cmentin¡: only t he fint eas. 
ing in thc ¡:round, but immcdiatcly st!t a truly massivc mo<H·
ing, which is perhap5 disp.,nsnl>le. A casin¡:: is 5d slott"d ata 
suituble leve! cvcn for explor:otory dril! hnlcs. 

After 3 months of waiting, dllrin¡:: whieh the m a in val ve 
is closed. the well comes into <'quilihrium with the surround
ing ¡::round. Thc w:Itcr ;o.t th" buttom of tire wcll is in "'l~lilil.o
rimn with !he ground, hut gas c¡¡n accumulatc u m! mix with 
thc st.,am; this gas occupics" ccrt;o.in ln·ight in thc culumn 
so that the V1\lve pres~ure has no pnrticul:or siguilicancc. 

After thc temperature profole i5 me;o.surcd, produ~tion 
tests cun ¡¡rocecd. lf stcum ¡¡coumulntes, it suflices to opcn 
thc main valve; thcpressurc falls in the wdl, ami the cntir" 

\. col u m n of w¡¡ter l.ocgins boiling, th e stcam jet dri v ing out thc 
water (and posúbly all the rocky dcbris whici1 has ¡¡c. 
cumulated in the wcll). lfthc eruptiun docH not hegin spun
taneously, it is necessnry lo ruise part of the wcll's water 

·~- W. """"'"'· "l"h< G•oloJY. """"""· ond Eoplollo\lon oftho w,;,,,,; "'"'"""'"' 
r"" w. T •• po. >1 ow Z.olo od .. v. z. o:;..,¡ .s • ... llull. :; o. 70. p. !11 ¡., .. ¡ .. ,. ol m •• ud •-• • 
.. <tlono) ...... s .. ,, .. tho nom'""' publl<oLiono ortO,o "'"'""''"' of """""~' ond 
lnduot•l•l H"'""" of N•w z.,:,nd ;o tho foom of ;ol<tnal """'"''-.,.. lho s,,. 
;¡,.¡.,..¡ ; ... ,.,..¡ of G<ol•v• o..! C:••P••""· 
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~olun>n te initiat~ thc eruption. This rrm be done by a pro
~css callcd ,;,. !ijt. EsMmlially, this in vol ves injecting com
presscd air ata ccrtain dcpth in lhe we!!. 

In thc coursu of the eruption, watur llows from the 
ground toward thc wcll, and eithcr in thc fissurcs or l.Úer 
whcn passing thn slottnd ca~ing, part of this water is 
vaporized bccause of tlw pressurc drop; the tempcrature 
thcn dec,.cases. We can casily calculate the proportion, by 
wcight, of water transformed imo stcam. Lct 01 be the ini
tial tempera tu re, 11, the boiling point of water at thc pres
surc in the well. and L thc latcnt heat of vaporization at 
that tempcrnture. The vapor proportion x is such that 
x · L- ~. -IJ,. Although x is much les• than unit~· (25 per
cent at most), thc vapor volume is large with respect to the 
water volum~. and the water is r<~duced toa suspPnsinn in 
the st.,am jet which can rcach a high vclocity. This su~pen
sion could be formed in a well open to the atmosphere as well 
as in a holc with a bnck JH"GSbUrc maintained at the well's 
m:un vnh·e. 

When a wcll furnishcs sup<!rheated stenm, as at Lar
der<'llo. the fluw can be m"asure"<.! by one of the methods 
applicable to gases, such as thc prcssure difference on the 
two sides of a calibratcd Hrifice, or thc pres""'" mens<ued 
u pstrcum from a con ical fo tting which lellds into free ai r ond 
which functions like a \"Cnturi.llowcver, thcSe method~ are 
not appl ica hl" to a hu m id va por. 1 n N ew Zmdand the produc. 
tion is mc~sureJ while a back pressure is maintaincd by a 
calibr01.ted orífice, or duse. The pressurc is mcasurcd up
strcam from this oriflce. Thc steam content and the tlow of 
the mixt11re !\te mcasured downstrcam after a new expan
sion which increns"s the amount of stenm. To determine 
this amount (see Fig. 5·1), part of the steam jet ii collected 
and is condensed in n reccpt01.de co:mtnining cold water. The 
incrcnse of rnass ami of te m pera tu'" g-ive thc proportions of 
wnt~r nnd stc~m. The total11ow is cstimated by the ratio of 
the tot~l cross section of thejet to the sampled cross section. 
Ca re must be t;¡ken to m ove the sampling device o ver the en. 
tire arca of the jet during testin¡;-. With different orífices, 

9Q ~I:OTIII;RIIICB 

( 

'· 

'. 
ncuRES.l Principl~ of tho pl"<l<loc\ion rnuau<ernont of a ~·othumol 

well. ViiTerenl outpuCI. oham<teri1ed by th•ir P""""'"" at 
\he wellheacl. oro obtainocl with different du" (caHhcot«l ori. 
fi<e.). Mt.er np•noion. a fraction of th@ fiow ;, <emo•ed I"T<Im 
the otoam jet (o <alibroted ero .. l«tion b<ing dioplo<ed for a 
aystemntic '"mpling). ancl the produo\ io lhon <on<len•<d tn a 
<alorimO!u and tho heoting and m .. s inoroaoe ore meuuTO<I. 

one c:m determine the wcll's production as a function of 
thc pr.-ssure at thc main vnlvc, and thus is able to clH.>o"c 
the range of turbine operation. lt ís necenary to rcpent 
these rneasurements periodica!ly. 

To utilizo the W<·ll, we rnust fir"t separo.te the w~tcr 
and the stcam. This is done in a largo vertical tan k (Fig. S·2) 
which the stearn jet enters tan~entially. The steam is ex· 
tracted from thc Upper part of the tank and the water ac· 
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n<.URE 52 D1a~rom or lhe wollhon<! •qu¡pmont •••d at Woornket. A oopa
rat<>r and a mul!lu '"" {ound in whi<h water ;, ou«oooive!y 
aeparated undor prc .. ure ond <'>pand•d with partial •opor

l•otion up to otmn•phedo '"""'"'"· 

cumulatcs at thc base. The tcmpernture of tbe stcam is a 
function uf tht• ¡>ressure at whieh the vapor is us<'d, but in 
any case it is m u eh hi¡;her than lOO"C. On further expansion, 
thc water that has be<!n collectetl partial!y \"aporizes antl 
t lw ~t<•am th us prod m•,.d coul<l be us<>tl Ly n Ht•cond t•<>Hecliun 
network at a lowcr prcssure, As th.,rc are two collectiu¡¡: 
networks, ane nt hi¡¡:h ¡>ressurt• antl onc "t low, this sccms 
"""Y· !f Uds isnot do'ut•, it is simply ~eeau«' it "1'1'''""" more 
eeonomicnl to in e re ase prod nction by sin king new wells. 1 t is 
cvi<l<·nt thnt in thh """'!".,.¡""" no r•nnsido•ration h"" "''"" 
givcn to the tot,,¡ ener¡¡:y which will b" p~oduc~d tluring the 
lifc of thc gcothcnnnl field. The heo.t containcd in the 
geollwrmnl sil<' will dis~ipal<' at n hi~hcr n1te in thc cour•e 
of tbe opcration tbn n if thc rmal recovcry 1\;ld be en a llowcd. 

It i• cvcn tbeordically posaiLle lo """ the steam 
pro<luccd Ly thc cxpnnsion ofwater ta atrnospberic pressure 
(antl oven use thc heat of water below !OO"C), if tho condens. 
er. can be arran¡:cd downstrcam from tho turbincs. This 
will be secn latcr. 

····-
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But this rccovcry is not done nt Wairakei, wherc the 
water is flashcd ata tcmpcruturc g-reater lhan lOO"C (up to 
i60"C, at which tcmpcrature steam production by expan~ian 
reachcs 15 perccnt). lt is thc noisc produccd hy this cxp:m· 
•ion which i• the most irritating nspcd of a geothcrmal 
cner¡:y opcration, and to redu~e it water is expanded in 8 ;. 

lencera formctl hy two vcrtionl cylindcrs couplet! nt thc" bsse 
where water enter.. The escapin¡: steam ~ondcnses in the 
cold air producing white stcam plumcs (actually, mist). 

5·4 The evo!ution of ~ g-eotnermn! sita 

We hrwe a•sumetl that at the beginning of thc cxploita
tion, thc gcothcrm al water is vapori ~ctl on rcachi ng thc well 
or whilc lravcrsing thc ~lots in thc casin¡.:. An cvolution of 
producin¡¡: conditions i~ obs01rvcd al Wairnkei Utat sugg•••ts 
that this is not always the """"· 1t sccms that, in the long 
run, a ¡>r.,ssure drop ¡Jropagate" up~trcam and lcads to a 
p:>rtial vn¡,orizntion of the ¡;rount!water. lt is dt•ar tlu1t rü 
each point thc ,·a por will tcntl to occupy thc uppcr r~gions of 
thn pernwablc rcservoir, tl<'nr u,.. impulncablc covcr. But 
this covcr cannot be totally impumcaLic, allt! the slcam 
rnust infiltrate it. As a rcsult the supcrfici:d m~nif~·st.ttions 
(i.c., gcySI:rs, mLtd pot", etc.), which matlc Wnirakt•i a touri~t 
arca long- befure l:"<'<>lhermnl OJH:rntiona bcgan, tcnd to 
increase instc"d nf hcin¡; rcduccd ns was nnticipntetl, 'l'he 
stPI!m proportion in the wt•ll ¡ttoduetion has iJ"''""scd, 
which irnpli~s a vaporiaution not only by ••xpansion but by 
contact with roe k h¡¡ viug s"flldent lh<·rm"l i ucrti u to su J>ply 
thc nccessary lt"at for vaporization, dueto 11 prcuurc drop 
in the bcd.lt i• "vidcnl that this íorms a vcry favorable op
pnrtunity for t•xplait:•ti<>n. . 

But it is not ensy tole lito whnt tlist;lncc from thc wclls
this vaporizntion could propagatc in th" surrounding 
grouud. lf wc imagine thc cnse of a permeable matrix in 
which vapnriaation takes place, we realize that (takin¡:- ac
count ofthe volumc flows ofthc water and &team, for simi-
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lar mass ftows and a e tu nl viscosities) the pres5U re gradicnts 
must be much strongcr in th" rt•gion of the st<'am thun in 
thc rcgion oecupicd by the water. Henee we might expect 
thc noutrix (at Wairak<>i, it is tu!Ts and volcanic cindcrs that 
are rather friable) to burst in thc arca ofvaporization. lt is 
likely ~hnt this occurs in uncased wclls, where the jet of 
steam nnd water is often loaded with roüy dcbris. 

! t is thus likcly, especially taking into accou nt the !arge 
production diffcrences bctwccn ncighboring dril! holea, that 
fissurc pcrmenhility plays n larger part than matrix purme
a bi lit y. W e can canee ive th at, in n fi s>U re with ensy nccess to 
a wcll. water is ej.,clcd by vaporization antl this proccss 
rcsults in the creation of a system of communicating fi 3. 
sures in !he well wa!ls fillcd by steam until ultimately water 
is rcplaced by stenm in thc matr-ix itsclf. 

Ideal opcrating co¡nditior.B w,¡u]d be realizcd if, in the 
la¡:er which consti tutes the ¡:eothermal rescrvoir nnd whose 
upper regions are perhaps fillc<l with steam, =>t lcost near 
the w<lll, only the ur,per regían of the !ayer intcractcd with 
thc drill hole. Then vapnrization wot!ld be produccd in thc 
Jayt• r it.•cl f. a nd a t thc lim it, wc cou Id extract only thc stcam 
with all thc ndvantngcs which have been previously in· 
dicatcd. Thi~ could resolvc the problem of what todo with 
the rc•idual hot water. Also, this would limita great deal 
the prublem of re~upplying wate~ to the geothermal sitc. 
The vapori~ation of the water contained in a rock having a 
porosity of 10 pcrccnt e1Tcctivcly lowers its temperature SO 
or OO"C, which closely corrcsponds to n!l the heat which can 
be uscflllly extracted. 

lf w" r<•call the technnlo¡¡ical ptogrcss which has bcen 
¡¡chitlV<"l in the devclopment of oil wells, we can hopc that 
the same will dcvclop in thc future exploitation of ¡:rcother
mal site• and that we will thu• succecd in extracting only 
thc st•·nm contained in ;> bcd initially occupied by water. 
This is dcfinitcly in the future, however.and it will bcindia
pensnble to undcrstand, m u eh bctter than toda y, how vapor
ization propaga tes in the matrix as well as in thc tlssure 
network. 

.·. 

'4 CEOTHERlolJCS 

5·5 The utohzation or steam 

The strMn ¡:-ather~d in separators Ís ~¡,nt to turbines by 
a system of ¡n¡o~s. But, as this is a s~>turnh•d va¡>Or, it con
stantly condenses nnd the wat~r flows to thc bottom of the 
pip~line, which must be automatically p1.1rged at aH low 
points. Thc simultaneou• ftow of both water and stcam in the 
same pipe can be unstable arid should be nvoided. The use of 
stcam at the power station equipped with turbines and con
densers prcscnts no ncw insights, 

Obscn·e th:~t in b<>th the modes of operntion which 
ha ve be en descrihcd, a certain numb~r of wells an• linkcd in 
pnrallel to the snme collector nctwork. 1t should be under
stood that there can he severa) different "upply networks 
u tilize d a t di iTeren t pressures, pressuru• w hic h are de fined 
downstream by the functioning of the turbincs. Thus, we do 
not know which wclls suppl}" thc stcam utili~ed, '''hich in the 
long run could be ver y inconvenicnt (a well could effectivcly 
stop producing, without notice). This makcH it nccessary to 
takc periodic measu remcnh, in practice m onthly, of the con-
ditions undcr which rach well is r•rodudn¡.:.stcam. · 

In the do•si¡.:n of a commcrcial eru,;¡:-y project, wc ha ve 
point<'d o"t th¡¡t the fir•t prohlcm is thc choire ofthe opera t. 
ing pressure. Another problcm eoneerns the numher and 
position of thc pow~r stations. On the one hand, it would be 
useful to reduce the length of thc steam pipeline, which is 
costly and the si te of heat losses. But al so, it i$ desirablc not 
to disperse thc power installations too much in arder to use 
lar¡::e steam cngincs, which are more cconomical than small 
oncs. These conditions lend toa compromiso, with somc dis
persa! of the power stutions. At the {Opys~rs (CaUfornia), 
whcre the first powcr station reached 14 und thcn 28 MW 
they planto rcach 000 ~nV at the end of Hl75 (without thi~ 
being an uppcr limit), with powcr stations induding two 
groups of 55 MW each. Howevcr. local condilions, particu
lady the ""ailability of cooling Water for the condenser• 
make a detailcd study necessary" for each cnac, sin ce generai 
rules cnnnot be formulated. 
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portional to its exclumgc capacity, arul it hcomes much 

5-6 Encrgy utchzation without steam production more co~lly "" w~ try lo reduce thc Uiffcrence behn'<'n th<' 

Then, is no lhed lin\Lt hctw~en the applic,.tion of this 

muthod un<! the prcceding mdhod. ThcoretiNtlly, we """Ya
porize water al less th"n lOOoC in 11 partial Yacuum crcatcd 
l!y un ell\cicntly cooled condcnscr downstn·am from thc tur
bü;e. This is how the small installation at Kia!ml<wa worlced. 
As is don<.• in l!cykja~ik, w"tcr can also b" u"-"d at 141)"C f<>r 
ur han hcatin¡:: without allowing it lo v aporiz<'. by maint:tin
ing lhc wat<>r in a pipeline $ystcm whioh ia under prc•sure. 
llowcvH, for this, putnps must b" intmHscd Uecp!y in the 
Urill hole so that the pr~ssure of thc cxtraoted water ¡1 al
ways at len.st of thc urder of 3 bars or> the surfacc. In 
Rcykjavik, this prc~surizcU h"t water is ua~<l in ex
changers for domeslic water he:>tin¡¡: and for h~ating 
grccn hot>~~•. 

lf it is nec.,ssary tu proc!uce cner¡:y, stearn turt.incs 
opcratin¡:: nt ,·cry low prcssurcs shn.:ld L., avoid"d bccause 
dissolvccl ¡.:aseo accumulal<' in the conJenscr, incrcasin¡.: the 
prcssurc, which then rnust be lowcr~d with pumps. lnM~ad, 
closed-eirc·uit thcrmal cngin<·s operatin¡.: lwtwccn two ex
chnn¡.:ers which respcdivcly con~titutc the boilcr anJ the 
condenscr could be use.!, with a turt.ine in thc stcarn path 
an<l an injcction pump to Stlpply thc con<l,nscd lh¡uid to the 
boiler. 

This <"ircuit can justas wt•ll be used with a liquid mure 
v"latilt• th:m water, und thus thc vapor prcssure will he 
hi¡::hcr ;ti opcrating tcmperatnres, :md turbincs and pipes 
can be smallcr. In China (near J'.,kin¡~). <:thyl chloridt• is 
usccl. Ilut•me, propane, or cvcn Frcon or ammonia could 
abo be used. lt c:m b" obscnt•d that thc technolo¡.:y n .. c~s
sary tn make ""eh circllits pr·~·~llre·tight, while cxtracting 
thc mech:mical or ekctri~al energ;· produced, is the sam~ 
as for rcfrigcr"tots, an<l everyone knows thD.t \caks are no 
longcr a probl•·m there. 

Howcvcr, the theoreticnl efficiency remains !imited t.y 
th~ second law of thcrmodynumics, whntever the l\uid 
cmployed. The co~t of an exchanger, over:rll, should be pro-

sccondary fluicl cxit l<'mperatun, nnd thc prirn,.ry fluid <·n
tr:mcc tt•mpcraturc. Thc estn blish mcnt of o projc·ct ncccssi
tates :m optirnum choin· h<·tw•·cn thc installation cost and 

th<· cflicicncy. Therc do not yct "'''""' to t.« any rules whieh 
:rllow a c:.lculation of thc ~o~t of nn in~tall:otion as a func
tion "f its output power, bu t undou btedly su eh in•t:rlla tions 
ltre ]ms3ihl~ (witncss thc Chinesc cx¡>crwrrce). 

Anytime there •·xists a nccd for heat ;,.t a luw tempera
tu re, wlwther for dom<·~tic lwatinr: ur f or c<•rtain inJ u ól ri<"s 
~nch as thc dcs:dination of watc1· or hinc (whctlwr or not 
this is tire water in the geoth<'r>nal bcd), thuc is ¡.:reat-intcr
cst in utilizitl¡; the ht•at of thc wuta nxtractc•l frorn the 
grnund directly wilhout tite inlermc<liary of clcctrica] 
ener¡;y, For hcntinr:-, .,¡ ectrlrn 1 etl crh'"Y is r:cnerally ¡• m ploycd 
th rough tite joule clT<·ct, wh ic h mc•ans thc transform ntion of 
el<•ctrical <"ner¡;y to hcat through a resi5l:rucc. Thus, we do 
not n•tric•V<" all lhc cncrgy ")Jent to prndut•e tia, elcrtrir•al 
cncr¡:y. which lowers thc c!Tcctive <"illciency tu lcss than the 
thcoreticallimit of the thermodynamic ell\ciency, which ís 
vcry mar¡:inal for W;tt<"rs at rnlativc•ly low t<"JTI]H>r:lturc~. 

lt would not makc any diiTer<·ncc if we uscd a hcat 
pump for the electrical hc,;>.tÍng, wlürh is ec¡uivaknt toa re
f¡·i¡;crating cngine and which utilrzcs thc heat which a re
frigerator dissipatcs in the amblc11t air. lt would be forccd 
to c·uol sorne externa] sourn• (thc atmosphHe, f.,r examph•). 
\\'~¡>ay littlc attcntion to tltt• cost of cooling by our· rcfri¡.:•·r· 
ator sincc it is the only wny this coolin::- can l>c douc. But for 
tlw calorics produc"d by a hcat ¡nunp, thc cotnparison of 
cost with the cost for produclng hcat by thc joule elfect is · 
striking. }~quipment fur henting by the jou]., ciTcet, lnr¡:.,ly 
cum f\Osc<l of resistanccs, is re markably simple ano! econunli
cal. Thc cquipmcnt cost for a heD.t pump is m u eh highcr and 
~ven though thc practica! df<cic·ncy is hi¡¡her tl"'" for thc 
rcsistance heater, the savings in runoing costs (consump
tion of elcctricit:,·) are insufficicnt to justify thc initial cost 
of thc ec¡uipmcnt. In fD.ct, no heat-pump design has cver 
gained undisputed advantage in this econom\c comparison. 
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Thus. the pn>h!em of the use of a heat purnp has no rela
tionship to the utilization of geotheraial encrgy, espccially 
nt low lernpcratures. It only concerns the best way to utllize 
elect<ic<d cnn~'Y· 

\Ve will not enter into the dctails of the utilizntion of 
' geothermal watcrs for hcating at low t"mperatur~s exe<•pt 

to point out that thc deg!"cc of water mineralization often 
requircs the use of a hent cxchanger, and thnt disposal of 
the pollution by mineralized water can be di!Ticult, 

Thc utilization of water f,-om natural-thcrmal aources 
or from artificial d<ill h<>les poses no particular problcms. It 
is applicable on n lar¡;-e scnle in a country like Hungary, 
whc re therc is no hesita tion in exploiting deep nq t.>ifers with 
wells 1,500 or 2,000 m in depth. 

5-7 Water 1n¡ect•on 

In many oth<!r cn•es thnn those ju~t mentiom"l, the 
supply conditions for subterranenn water lnycrs, which nre 
often c;~pti>·e, are not such that wc can cxpcct stendy lar~e 
f\ows for pro~t:>blc gcotherm:>l cnergy extraction. This 
stimulates thc idea of a.rtificin\ly aupplying subterranean 

. w"tcr layt•rs by injectin¡;, in suitably ¡>laccd wells, cog]cd 
mineral water. which we ha ve alrcady seen is a nuisance 
after thc hcat ha.< heen f'Xtracted. 

This artificial su pply can take very differcnt forms. The 
project undo,;lakt•n in the lmpHial Vallcy, in thc snuthcrn 
part of California (which is partially associated with the· 
hypermineralized sitc of thc Salton Sen). will utilizc an ap
parcntly massivcly permeable basin,lt has bccn proposed to 
inject water in thc coolcr marginal aren~ of the bnsin. This 
injectinn would •imply add to thc actual water supply out· 
~ide thc convection cclls. 

llut if we considcr an aqllifer ata relatively uniform 
temperature, it could he advantap;eous to inject cooler 
wntero directly into thc hot aquifer. The model ofsuch an in
jection was done at /IIelun (near París) and assures a supply 
of hot water and he,.ting to nearly a\J of a large set of 
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Bpnrtmcn t bu ih!ings (a supplemcntary use of h<'a ting fue] is 
fleccssary a few wecks each year). Frmn pctroleum pro~
p~~ting, it is known that in the Bajocian, at 11 depth of 
1,800 m, there is a vHy purm~able a<¡uifer ata tcmperatnre 
of 70'C. Thia bed has bcen f<':!chcd by two scparate wells 
drillcd in approximately the snme spot with deviation~ in op
posite directions. One of thcsc serves to extraot hot wat<'r 
and the other wc!l injetts this same water after caolín~ 
through heat exchangcrs. Th10 thcrm:~l-siphon dfcd, which 
may be expeded, is insuflident dnring- the vointer to a asure 
the ncccssary tlows, and pumps are u sed to injcct the cold 
water. 

5--a TM 1uture o1 an operation wi!M reinjec1ion o1 water 

If we imagine the long-range futu<e of such an op<'ra
tiun-and all operutions which could be achieved undcr thc 
same conditions, since the gcothcrmal site at )I.Jelun is 
known to extend over thnusands of •qua•·e kilumctcrs-wc 
must be concerned ahout the ri~k of the injccted co\d wnter 
cooling a progressively incrca•ing- "'"" of the genthermal 
bcol until tlnally thc tempernture of tho extracted water is 
lowered. The calculation of thc predirted tcmperalu!"e 
evoloüion of such wateu can be accomplished in the follow
mg rnnnner. 

We willneglcct the dcpcndunce of the viscosity on t<'m
perature and thus will considcr itas a constant. This will 
lcnd us to ovnrcstimatc thc cooling of thc extr:~ctcd water 
since the viscosity varintions tcnd to slow clown the mo,·e
mcnt of coolcr waters and thu~ inn'"'se the pr<Jpo<tion of 
warmcr waters in the supply networks of the wells. The 
h~·draulicsystcm will thus be stcady. nnd it is ea•y to deter
mine thc systcm (see Fig. 5-3) in thc case of nny numbcr of 
extraetion we\ls f', and injection wells Q, t•nch cmploycd at 
a <"nnstnnt flow.(the sum of the tlows not neces•nrily being 
cquall. We can take into account a stcady citculation in the 
aqu ifer, which is eq ui val en t to placing two well5, 1' and Q, a t 
plus and minu• infinity. Ob•erve that for a single we\1, the 
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noa:RC .>-~ Pnn<o¡ole el t~e ,akut"tion of <<>rT•t>t fil>m~,-.t• <Jr<ulatlr.¡¡; ;., 

~ poron<ablo l•yoc b.two~n inj.-<tion ano.l<x"O<I'->~ ><•lis: ~
m~tri<al dof.nition (i,.. """"""""""'• ol tl>o ,.oi,:ht.-.1 '""' of tM 
aúm~t~s h<>m1< a <onllant~ ar.•l <~],.,]>tio" ~r 11..- m•l~nta

~"""' \low. 

unitary·llcw '"ctor \s radial and \nverscl5 pro>¡>orti<m:.tl'to 
tb<l distance tu th~ other wclts. In adol¡tion. th<' llow pas~ing. 
bctween two poinl!; ís proportional eo th., an~!;leof l!w raolius 
n•ctors. F"or anr nu m !J,. r o f w" 1\s, w" obta in the u niltny llo>w 
at a point by adding the unitar~·-f!<>w V('clors for all the 
W<·ll•. For a flow linl', a wd¡;;hted sum proportional to thc 
lluws uf the w<•lls, the azimuth> of thc r.,dius Yl'Ctors are 
ccnstant. In the case cf two wells P nnd Q, with cqual 
fl<>ws. this last rule shows that the flow lincs are circles 
pauing" through wells P and Q, But wc could abo consider 
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two wcl!s with uncqual flows and ¡m af)uifcr with a stcady 
inflow. 

\Ve will suppose lhat we hnve effcctively traced the 
f!nw lines bnrdcring nn a well P an<l detcrmined thc width 
<>( n Curn·nt folamcnt of ktwwn tlow al<>n¡; this linc. The 
width will b,; inversely proportional to the unitary-tlow vec
tor. 

w,. will study' ~CJHlratcly thc thcrm:d cvolution IÜ0!1f:" 
cach currcnt filament ns thcy nre defincd at thc end nf the 
c:~lculation by the priuciple jnst indioat<>d. Tlw currellt foln
ment indndes, upon lt'avin¡:" thc wdl Q. bdween thc direc
tions 4> nnd <t• + .l.ot>, u flow .l.Q = Q tl•!f::!,., AL n distancc 1 
frutn the \lri¡;iiL, its width is ,. A•!•, !l!ld wc will lutvt' lo con
sider its surfacc s .J.•J•, • bcing detlncd by • = J ~ di. When 
nnchin¡¡ thc extractinn well/',, has the Vl<luc S. 

Hefure injecbon, n ccrtnin tcmper"turc <!istribution 
holds, constant :md in cquiliL rium w \th th e geotlw rmal flux 
and the surface conditionS. l.ct 0•1"' this st•·mly-stnt" t<•m. 
pcntun· <>f the nquifcr. which we will c<>nsider 113 uniform, 
ncglcctinl:" thc varialion o•·cr the thicknt•ss <>f thc !ayer. 
Whcn the systí'm is perturbcd hy tloe injediun of~old wutt>r, 
the pert!-' rba tion to thc tempera!""' will s:>tisfy, outside the 
ll<jllifcr, tht' hí'ot equations without takin¡;; into "''''ount thc 
gt•othcrm:.l flux. ~~ orcover, th" perturba tion must b<, zcro :>t 
thc surf"""· n eondition whi~h ean be s:>tisfi~d by the 
mt•thod of ima¡;;••s, but that wc will n••glect hctc b<!causc the 
aquifer is ata rcl:ltiHly grcal'depth. 

1 fe. is the initial u nifonn tcmp<•raturc in the !ayer and 
11, the tcmperotur<" of the inj<"ctl'd water, we will. lct 
11 "" e. + ,.¡o, - 11.1. Outsidc of the aquifer, T(ll, - IIJ will be the 
thcnna! pcrturhalion c:>kulatcd with rcs¡ll'ct tu the initial 
loen! temperature. 

In thc flrst phase of thc calculntion, lct us trco.t thc 
wall• surrounding thc aquifcr as insulating. Lct h be the 
thickneso .,r the aquifcr and C its hcatcapacity pcr unit vol
ume. Thc unitary flow is thcn,givcn by '1 = t:.Q/A4>eh ,_ 

"l'hio <ol<utotoon ;,. duo tol<. Alain ~n .. artoo '""' <OO>,.unl<otóonL ,......, ] wloh to 
U.onO for '""";"~ "'',.. pro .. nl ot horo. 
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.iQ/~"eh. We will asaume that thc temperature st,.ys uni· 
forro in n crus•-sectiunal "rca of the filument considered, 
und wc will ne¡¡l<'ct the heut transfer by conduction in com
purison w'1th thc transfer r~sulting from water circuJation. 
Then the heat er¡uation reduces to 

;¡o ao c---q-ot _ iJI. (5-I) 

On introducing T an<.l r.,placing iJOfiJ/ .. • iJ/Jfa~. Eq. (5-ll 
becomes 

All solutions of t)Jc fo!'m r~ P(t- s · 2rrhC/Q) satisfy Eq. 
(5-2). fn other words, the profile of thc thP.rmal "arintion 
causNI by thc injcction p!'opn¡¡ntes in the lnrer, with rcspect 
to the variables, without change. !f the injection of cold 
water begins ata time/ .. Owith a uniform Aow, thc thermal 
wavc will initially ha vean nbrupt front, ancl theoretically it 
would continue to propagate with this abrupt wnve front 
and n velocity <1.;/.l/ = Q/2-,hC. or a tru•. vclocity ,l/l<ll = 
Q/2rrh(,'e. 

lt is vcry evidcnt thnt with aconstantwidth ,., the ther
mal wav., cnnnot prog:rcss without its pro~le being at
tenua ted, espccially if it was abru pt nt th e origin. A prima ry 
e~ use is th<> horiz<>ntal thermnl conductivity of the ln~·er, 
which, if thc initial w"ve front ís abrupt, will gh•e a 
smoothing ta the protile with time that could be calculated 
by mean$ of the dilfus¡on e qu at ion. B ut th is diff usion occu rs 
with rcspect to the lcn¡,-th 1 of thc m"m••nt, whatever its 
width, and it would not be convenicntto introduce it intothe 
equations. PHhaps a more important factor that smooths 
lhe thnrmal protlle is thc fnct that' the p~rmeable watn 
!ayer is actually composed ofbeds having vcry different per
menbilitics, where the water, and in consequence thc ther
m al pcrtu rhation, progresses at very di fferent velocities .. W e 
cnn infer that a certnin amount of diffusion reestab!ishcs 
the uniformity of tcmperature betwcen diffcrent layers by 
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wntt·r HChan¡:-es bctwecn fast- and slow-movin¡¡; filaments, 
hut this proccss only occurs ovur a distance which is not 
negligib]e. These two proe<.'sscs havc thc charncter of a dif
fusio;>n. Thcy will smooth thc thermal profole while r~tuiníng 
ita median position, and their effcct will be grcatly lcssened 

· asthe profiie b<-'comcssmoothcr, Wc can cxpcct that the dif
fusion prngrcssc• as thc squarc root of thc time, But 
perhaps we shollld analyze thc diffusinn with thc true 
length of thc filament 1 nnd not s. 

1 n a pite oí' these restrictions, when we caleulatc the 
thcrm al¡ocrturb.uion • a t the cxtraction W<d ls !' ,, th e ap prox
imnti<>n of an abrupt !herma] wavc frontis usefuL \\'e will 
consider for ea eh instant the proportion of supply filam~nta 
whosa tc,.,pcruture has becn perturbed, which will ,..,rmit 
us to cale u late thc rcsultin¡¡; te m pcrature <>f thc nssetn hlage 
of filaments. The modification which nceds to be addcd to 
this pcrturbation curve to take account of thc fact that 
alon~ each tllament the thcrmal wave has a smoothed 
profil ", and is not aLrupt, will only si i¡¡htly changc the initial 
parto! thc curve. 

As a case in point (a<·e Fig. 5-4), we will perform thia 
calculation for two wells, cxtraction and injcction, with 
equal flows. Then the !in es of tlow are circlcs, and if 2E is the 
dist 1mce betwcen the shafts, a simple gcomctric cnlculation 
gives S= 2E'(sin <to- <to cos <f>)/sin' <to (this trignometric 
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(.l rr¡.,''Ch/Q) (sin <f>- <!> cos <1>) (5-3) 
¡- sin'•P 

The trignomt•tric nxpression t~kcs, as~ function <!>, thc 
following values, Thc corrcsponding values of r haYe alsD 
bnen indicuted in Tablc 5-l. . . . 
L t <.!S perform again the prnvious calculatwn, but thls time 
taeking int<> c<>nsitlcration the c<>nduction <>f the layers su:
r~unding the aquifa, Hcreafter, z will be thn distunce \~ t e 
ndge of the aquifer on either side. ln the wal!s, we Wl ne-
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glect the horizontal conduction in order to only considcr thc 
vertical heat flux. Thus we will only ha veto considcr the 
cquation 

which leada t<> 

(5-4) 

In the aquifnr, it is n""essary to takn int<> a thennal 
balance the losa of heat towurd the wal!s, 2/í i!O/dz per unit 
•urfuce, which gives the equ:>.tion 

¡¡., Q ih" i'J-r 
hc-+---2K-~o 

iJt 2lr ~. <3% 

Letting 1' = t- (2,./,C/Q) · '· this equati<>n bec<>mes 

__Q_ a,, 
2
/í ~, 

2" as d;; (5-5) 

Eq. (5-4) not changing f,rm, Equation (5~5) is satidied by a 
function <>f ~ +(4,./í/Q) · s, and 7 • erfc([z + (4rrlí/Q) · s)f 
V4Q"i'J follows, Rcturnin¡r t<> real timn t, we find 

T•erfc • ¡ ·[z + {4lr/í/Q- •J } 
[•lal (/hlth/Q) · s] 11' [5-6) 

We obtain the tempera tu re valun of thn current fila
rnent upon Íh arrival at thn wcJI /' hy letting ~""'/J and 
rcpladng s b¡: its corresj)<lnding \'alue S. 

A statistical c"lculation for al! the currnnt lilaments 
f,•C<Jing the "'ell P, which arri\'ed from diverse injecti-<m 
wells, po~sibly at ditfeNnt U.mp~ratur<!s or fil"<>'<l i~¡fjnity 
,,,¡,.,..., the ternpera't-U"<l alway• -cqu¡¡;Js ótll :init.i:.J value, 
WO\Üd fu rnish, as a functl<>n <:>f 1.ime, 1.he lt-empcra~Uil"c,c,f .the 
"'~tr~ctN! wat.,r. 

Ellt the integration f<>r the·difforcnt filament$ of,thnt 
'eX'pt'esSÍD'n, whe-rn-S ;s .givon by 'thc geometcy -as'a •f uncti<>n 
'(){ ·/zo, 'is 'nlit vm-y ·convenient. ~he •caloulation •is simplified• ft 

1 

i 
1 
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b.on indirated for a poir of well•-

the ar¡uifer is thin (in the limit, it could reduce toa simple 
fissure) and if wc can nc¡:-leet h. By attributin¡: nll the h~at 
capadty to thc wall roe ks rathcr than thc aquí fer • """" m• n~ 

. • ~ "form we will not comm1t thc cross-secuonal area •O uc um · 
f m E (56) we have 

11 vcry grcnt error. Then ro q. - ' 
r~crfc (2,-1\.'>/Qy;;¡). . 

T do th" numerical intcgration in .l.<l>, it woll be con· 
•·enien: to Jet r ~ erfc (x) and In x-In (2,-K/QVa)-:- lnl 

. ¡ 'h cdino- hypothet¡ca 
S(•!•) _ ¡ In ! (sce Fog. 5-5). n • e prcc " , Va + ln 
case of two wclls with equal flows, In x •In (2·0'1\/ ~) 
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C,.,n·~ rivmg lhe , .. Hr.~ b-.huior for a p•l• ofwello with the 
hypothooi> of a thm aquifor ""~ <onduotin~ "'"'''· f:,. in 
mH•"· Q in htcto por •«•nd. ond 1"" In yo oro. 

struct thc curve givinp; T ~~~a function of In :r (•ce Fi¡;. 5-Gl, 
und on " rule wc will havc the val<.~es ln X for regularly 
spaced values of <f>. By moving the rule aecording to thc 
values /, we read di verse values of r. from whioh itwill suf
fice to tnkc thc avé'ragc. 

Figure 5-5 shows the rule for the case of two wclls of · 
equal flow just studied. Thc flux of one of th<: well• hu be en 
divided into 20 cqual filaments, each charactcrized by thc 
median beha•·ior of thc current !in e. For <1'- 9, 27, 45, G3, 81, 
99,117, 135, 153, and l11", the result of the calculation ís 
given in Fig, 5-6 lis a function of time in ycars for 
1-:'JQ = 10,000, or dircctly as u function of E'!QVT.lt would 
not be too much more difficult to cnlculate the tcrnperature 
distribution for any ar-ran¡;-cmcnt of wells. Observe thnt the 
thennal"evolution is much slower tlwn for thc first hypo
thetical model (nonconducting wallsl. Tbis corresponds to 
the fact that in the long run, taking account of the conduc
tivity of thc rock, wc can utilize the heat in an incrensing 
height of the ground. However, a precise study for a particu
lar case •hould take the thiokness of the squifer int.o ac
count.. 
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Thus, in a relatively fa ir manner, we ean prediet the 
long·term evolution of n well's temperature and thus the 
commercial conditions for opcration. lf a uniform move· 
ment, '"'''en if it is very slow, cxists in the subterranean 
water, it can serve to aRsure thc permanence of thc heat 
supply. lt is consequcntly vcry importaut to document such 
movcmcnt by carcful mcasurcments of thc static pressure, 
so asto best choosc the locations of injcction and e~traction 
wells. lt h~s carlier bccn 5ccn that vi•eos1ty variations, 
which were ncglected, t<md to benefit the circulation o! 
warmer watcrs, which will be fnvorablc for extrnction of 
he a t. 

B1.1t thc pcrmeabillty of thc grourl<l is not ncccssarily 
unifnrm; far frum it. This nonuniformity ~an lead toa defor· 
mation "fthe currcnt fll:11nent~, but tnorc importm1t, a large 
pro portian l!f th<: extrnoto:d rlow will originate from a small 
numbcr of filaments. The ~ooling in thosc plaees will be 
rapid and will hllve a J';t~.~t in!lu~nce nn th~ tcmpcrature nf 
thc ~xtraetcd wat~r. IVIH:n it i" a qucstion, as wu supposed 

previously, of a sedim<'ntary layt•r, wc can expect that the 
fluctuations in pcrmeability will be srnall. llut if "-'e imagine 
a fossurc, esscnti1tlly plan•• ami cxt.,ndcd, to which we try to 
apply thc prcvi<>ll• rcas<>nin,;, it must be remcmbcred that 
thc lissurc's width is not uniform but leads to the establish· 
m~n-t of prcfcrcntial circulation routes. Tbese roules cool 
much more quickly than the rest ofthc f!s~ure and have an 
importunt cfTect nn the temperature of thc extraeted 
water. 

5-9 Gcothermal onergy prospecls al low lemparalures 

The utiliz,.tion oftlwrma! enHh'Y "t lo1v t(""P"raturcs 
(i.c., outsidc thc lionitcd ~<mes of nLnonn"l hcatin..:l opens 
up lnr~:e JJ05sibillti~s. AlthouJ>;h this is" fn,·orablc ciremn
stanee, hi..:h valucs of thc hcat llow or thc gr11dienL are not 
a neccs"ity. But it appe:ll"~ thnt dcep aquifcr" which are 
sufficicntly permeable are nbsolutcly neccssnry. Ccrtain of 
these nquifers (for example, in the llun~arian basin or the 
nrtesinn basin of Austrlllia), are aupplied with a sufficicnt 
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amount of water to allow a simple exploitation. In other 
cases, injcctions of wat<'r will be ncccssary <'ithcr to main· 
tnin the pressure orto avoid pollution. But the existcnce of 
a sufficiently permeable !ayer secms to be the essential con
dition of such an opcralion. 

lt has been propost•d by NASA (N"ation¡¡l A<'ronautics 
and Space Adrninistration) to nttcmpt hcat cxtraction from 
a massivc impermeable rock, such as a g-r;mitc, found ata 
sufficicnt depth by produdng fissur<'s in this ,-0 ck by the 
teehnique nf hydruulic frac/urú>g, cxtcnsi>'cly praetieed in 
thc petrolcum industry. A fracture produeed in a f!rst well 
would be interet•ptcd by" sccond wcll, an<l "fo~ccd circula
tion would be cstabfíshcd with the hope thn.t the thermal 
shock would lead to secondary fissurinr;, which would cnable 
the rock to liberate an appreciabl<• amount of heat to the 
water circuluting bctween the two shafts. Su eh a project in
volves a number of unrcsolved problcms. Will the fiuuring 
really rcach an nppreeiable prnpnrtion of the rock? Will it 
11ot cstabl ish a group of prderc ntial ro u tes wher.- th e rnaj or 
portion of thc flow will P""" and whoBc walls will con
sequently cool rapidly? lt would be prumsturc to think that 
these difficnltics c:m be resolved. 

lt has al so be en propo~ed tha t su bterru ncan fossurcs be 
creatcd by mcans of nuclear explosions. In !act, even now 
little is known about how fissurcs could Le crcat•~,¡ by su eh a 
rnethod, and it is almos! ccrtain that they would be vcry ir
regular with major portions of the circulating water pass
ing :ilong prcfcr~ntial routH whieh would be rapidly coo!ed. 

&-10 Prospe<:ling 

Befo re bcing "ble to cxploi t n ~··olo..:ical aite, whc ther it 
is gcothcrmal or mineral, it is nceessary to establish its exis· 
t"nce. First, a f~vorable zone is identified nnd places are 
sp<'eificd wherc thc ex1stenee of an cconomiea!ly fcasible 
gcologi~alsite seems probnble. Then, its existcncc is proved 
by ~inking dri!l holcs, and the size o! the si te i5 establiohcd. 

This prospecting is act1.1ally the most dclkatc phase of 
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developmcnt. Therc are too few known examples to allow 
rules to be formulated, and it would undoubtedly be an error 
to define a wutine procedure to direct such prospecting, In 
addition, wc have sccn that geothermal siteS a<e of rela
tively re<·ent gcncsis. This means that we cannot count on 
crosion having exponed pa<ts of thc si te or its characteristic 
alterations. 

The use of gct!thermal ene;gy began with ~drca<ly 

known gúothcrmal si tes. At Larderello. wclls were sunk to 
obtain steam in ordcr to incrúase the natural steam supply 
ofthe ñeld and consequcntly its supply of borax. In lceland, 
g<>yscr activity was wcll known and this knowledge w:u 
aufficwut to tap th<:sc oour~cs ut dnpth. 

The case of «ew Zealand is pa;ticularly interesting. 
Certain thcrmal zonc~ displaye<l very spectncular acth·ity, 
and the ~laoris wcrc already utilizing this activity at cer· 
tain vcnts to cook thcir food. Dnm~stic """" wcre dcvcloped 
in the nei)\"hborhood of thesc zoncs. When the governnu:nt 
of Ncw ze,lland attemptcd an industrial production o! 
geotherm:tl energ)·, extremcly extensive studies wcre car· 
ricd out anrl the results of the~c uu<lies wcrc published, At 
first, int"r"st was in surfacc ~ones of acti,·ity, und mcasure
ments of thc super~cial thermal t1.ux that thcy represented 
wcre performed_ But in retrospect. it is apparent that the 
h"at flow which could be obtnincd underground had no cor
rclation with surf:,ce manifcstntions. Thn fact that at 
Wairakci thc wcotcrn extcnsion of the sitc, which "~"ms 
the most producti•·c. gavc rise tono surface indications and 
that, of al! the fields which were prospected with wells, 
Broadland•, which acems thc mnst promisin¡: field. gave 
surface indientions which werc much less Sp<~ctacular than 
othc< ~el<ls having less promise, led toa grcat reduction in 
the importance attached to surfacc manifestations. At the 
same time. in Italy thc site of Mount Ami ata was discov
crcd, which showed surf~ce thcrmal sources at very low 
temperaturcs only. The California sites (the Geysers, whcre 
there wcre no geysers but only a few f<.~maroles, and the S:.l· 
ton Sea. where there were almost no indications) confirmed 
the conclusion that there ia no strict correlation between 
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the value of thc gcothe;malsite aud thc super~cial índices. 
Should we, inspired by the ideas of petrolcum geologists, go 
so fnr ns to say that superficial indiccs show only that the 
gcothcrmal sitc is Leing dcgraded hy losocs? This wuuld un
doubtedly be going too far, but it is certain that theac in
dices (i.e., mud pots, fuma roles, cte.) must be studied in a 
regional and not strictly loen! pcrspective. 

Of eourse, nl! the mdhods ofg .. <>logy will be npplicd to 
try lo opecify thc local structurc. But thcse m!'thods are 
oftcn foilcd if it is necessary, for cxamplc, to determine the 
struüure at dcpth of a reeent sedimentnry Lasin and the 
positíons of pHtn<•able levels and impermeable laycrs capa
ble of forming c<>Vcrs. G~ophysics can ÍLlrni•h somc eomple
mcntary inform,.tion_ Without furnishin¡: a foundation for 
direct prosp<'cting. it should Le obscrv¡•<J that the elcetrica] 
resistivity of a soil which is saturated with water diminishes 
as thc temper¡¡ture increnscs. But al! th"'" methods only 
prnvide an outline. Hydrogcologic knowlcdge of thc orea is 
essential, as much to predict if there exist isolntcd :~quifcrs 
which could be locally heated a$ to analyze surfac.., pertu;
bations. particu 1 arl}" thc in ~ltration of eold water whi' h can 
lcnd to disturbane~s of tla•rmal-grudi<mt measurcments. 
Thc study o f. this system impli~s the listing of all pcrtincnt 
sourees and the examination of water tlowa (which can inlil
tratc into the ground or be reinforced b~· o u bfl u ,-ia! aourccs). 
The flnws will Lcdctcrmined as pr~ds,]y na possible nnd ob. 
viously al! thc tcmper:>turcs will be mcusured. Ofcoursc a 
systemntic geochcmicnl study is requircd. As we ha ve seen 
the silica content directly indica tes the maximum tempera: 
tu re reach~d by thc water, and variations of other constitu. 
ents can draw uttcntion to the relationshi¡¡s bctwccn 
watcrs of different origins and give sorne information 
about these waters. 

lf a geothcrmal si te exists, it neceasarily gives risc toa 
thermalllux by conduction which should be rcvc¡¡]~d asan 
elevatcd therm¡¡) gradient. An essential part of proapccting 
is trylng to determine the gradient. 

Un!ortunately, when permeable soils which can be in
liltrated by water exist at the surface, the aforcmentioned 
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thermal gradicnts can be totally perturbcd.and their mea
suremont will only be valid ata sufficieut dcpth. The pros
pector should plac~ a high value on the study of the near
surfaee materials f<om whieh one attempts to determine 
where, and nt whnt depths, it will be pos~ible to mensure a 
representative thormal ¡::rndient in a dril! hole. In uniform 

• soil, impermeable nnd saturated with water, wells shollld 
be sunk for thermnl-gradicnt measurcments toa depth of 
30 to 50 m in a gdd pattern, establiahcd a priori, which will 
nllow thc place• with the hi¡:;hcst val u es of thc gradient to 
be found. However, with permeable, acrated, upper lay<:'rs, 
and where eohl surface water seeps in, the resulh are not 
necess,.rily si¡;nificllnt; and it is nccCS$ary that dccper bor. 
ings be tmdertnkcn to mensure the gradi~nt below the per· 
turbed zone. 

In such a campaign to measure the tcmperatures, 
should w" •in k severa! ten• of costly dril! hules to d~pths of 
nround 50 m, or should wc plan tempera tu re measurcments 
in holes of about:! m, which can be dug by a laborer in soft 
sol! in less than an hour amllined with plnstic tubing? Jt ¡5 
ccrtain th"t for mnnr fields thc gr:ulient is such that" sig
nific,.nt vndation cnn be~""" at the $hallower depth, But 
we should only compare mea•urernents cor-rcspondinl:" to the 
"""'" sll!-face Co nd itions and observe th e In n g· t<•rrn (a n n u al) 
tcrnper,.ture variations in severa! test hole,. Obviot~sly 
thcse measnremcnts must not be done until a cert:1.in w~it
ing pe rio<l h;~s cbpscd. As n prec~utio n and ¡ 11 thc abs~ nce of 
unduly nutrkc•d SUJH•rlicial purtllrLati"ns, sudt a campni¡.::n, 
""lled a pndimin,.ry recanuaissanc~. can be justilied. This 

<loes not "'""" lhat wc can <lispensc with the proopc<·ting: 
phasc wh<=rc temp<•rnturc ¡:"radicnts ,.,_., measllr~d at a 
dcpth nf nround 51l m. 

Whc n these ,::rad ient tncasurcrncnts indicutc a hol sllb· 
t<,-r:mcan rc¡.::ion, it is still nc•ccssary to considcr if thc ¡:eo. 
lof:ic form:tttons alluw llS to hop" to tinJ a permeable l:~.yer, 
suit,.bly st~pplied with water and posoibly prctected by a 
rclati;·ely imperme~ble cover. But these d"tu nnd what 
tlwr imply ubout thc existene<> of a gcotherrnnl si te can be 
further specified only after one or severa) wclls have been 
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aun k with the same precautions as fo• comme<dal wclls 
(possibly with smaller diametcrs) nnd !ined with a casing 
befare muking any measuretncnts, A rcliablc thcrmal pro

file ca':' only be obtained after a sufficient w"iting time, but 
moré husty rncnsurernents can be useful to di<ect the 
eot~rsc of the prelitninary reconn,.issancc. 

To what depth ohould we sin k thc wclls? F'icld produc· 
tion expericnce shows that "depth of 500 mis considere<! 
normal. At lesser depths, wc ha ve only wcnk gcoth~rmal 
si tes. Thcrc shonld be no h~sitalion to sin k dccper drill holes 
ifth<>tc is sorne indication thllt thc temperature is continu· 
ing to increasc. At the Geysers, deeper wells discovcrcd a 
more ext~nsh•e sitc than onc that was exploited carlier at 
300 to 400 m. Thus, it seems rcasonablc to considcr the possi· 
bility of sinking reconnaiss:mce wclls to 1,000 or even 
1,500 m. Obviously, therc is no set rule. 

Once the thcrmal profllc is nlt'asurcd and aftcr a suf
ficient waiting period, if high ternperatures havc been 
found, it is necessary to try to make the wcll erupt. Jf this 
docs not occur spontaneously, thcn it is ncn•ssury to ~ause 
nn eruptiott by reducing thc'head of water in the wcll with 
a purnp, or, evcn better, with an air lift. As it is not ,·ery 
wel! known to whnt extenl the cold mud u sed for drilling 
h"s pcndruted into thc g:rounrl, wc should wait llntil the 
cruption has rcnchcd a stcndy flow befare tnking produc
tion measurements (their purpose wns indicatcd earliu). Jt 
would be imprucicnt to undcrtakc a comm<"rcial projcct 
beforc lutving the t<~Rlllts from severa! wells, of which sorne 
will be of thc samc diamcter as the. cornmcrcial oncs, and 
having lct these dril! holes flow for a long cmmgh time to 
n•sure th~ pcrm,.,wnce of thc flow, 

F'inally, the dccision to exploit a geothcrmal site is not 
only a teohnical problem. lt also involves e<:onomic aspects 
whioh we wiH bricfly examine in thc ncxt chapter. 
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CHAPTER SIX 

general remarks on the 
economic management of 

geothermal energy 

If, in comp:lCÍSOll with the opcration of a eonventional 
thermal powcr stntion, the snvings realized by not buying 
fu~! nrc considered nnd ifwc add thc savinp;s resulting from 
ll"' aLsen<'<' nf a boil"r against thc drilling costs and <•quip
ping of wells for steo.m extraction, it uppears that geother
mal powu ~hould be more economic.•l. 

But on the other haml, it is nec<:ssary to considH the 
fuct th¡¡t geothermal generator groups ;>re small units with 
turbines opcrating at low prcssurca often dispersed ovu a 
ru¡.¡ged terruin, u,,.s•• ¡';rour'" are oftcn dista m from rivcrs 
which would permit ~fficient coolmg of the condensers, and 
thc construction of cooling towers may be rcquired. Also, 
pro"pectinp; is not p;tl arantced lo succ.,ed, a nd i f an exploita
blc si te is not dbc<¡yr•rr•d, the m<lney •¡wnt will he lo~t. Thcoe 
are thc unfavorable circumstnnces which interfere with 
pro ti tn bilit¡:. 

A re tu m pricc per kLlow,,tt-hnur could be oulculatcd' 
for a geothermal plant and for convcntionalplunts taking 
accou nt of cnpital invcst ments, amortization at a ratc which 
mu"t he ""tablishcd, nnd opcmtin!': co~ts. But if these items 
'"" examine•! a littlc doscr, it is rcnlized that se: eh a culcula
tion does not hnH a great de al of significancc beca use of the 
uncatmnty uf the various factOrs and also because thc cir
cumstanccs dcpcnd on thc economic situation in which the 
ncw pow"r stntion is placcd. 

•f·.,, '"mpk "" G. 1-'"'" '"'' ~- T•n P.m. "Coo,h•rmol row•• E•onoml<>." 
C'"'""''""' l:•ploro<ion Compony, Loo An•d.,, ""· 
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The ideal case would be wh~rc thc power plant only hns 
to supply a limited number of consumers, such ns was the 
case at Kiabukwa. In such a monopoly siluation, it suffices 
lo fix the sales price for the ener¡¡y in arder to amortize the 
expenditures, cover thc opcratin!': costs, and realize a ccr
tain profit. 

6--2 The marginar economic sit¿ation 

llowevcr, the situation i~ rar~ly so simple, Wh~n a 11 .,,.,. 
produc~r of cncq;y appears, in p;eneral there aln·~<ly exists 
a distribution network which satisfies the requiremcnts of 
the consumers and it is throu¡:-h this network that the 
cneri-:'Y supply muot pan from thc new powcr station, What 
should be the price of the encr¡,.-y sold to this distribution 
network! 

In the ""~'' of a clnssicalliberal cconnmy whieh consi<l. 
ers scparatcly the costs affeded by the dccision to buy this 
new cnergy, <'n,·isaged ns mar!';Ínal, thc answcr m ay wcll 
not be al all thc samc as ifthe proLiem of "''"rgy prnductinn 
in thc long run is considcred. The distributor will lb: thc 
buying price for the {:'<'Othermal energy which is oiTered to 
him by calcula ti np; it not with respect to th" total cost of th e 
energy produce<! by tlw existing power stations, hut with 
reference to the marginal cost (i.e., the snvings r"alized by 
not producing that power). In thc cost of a produced 
kilowatt-hour, "xpenditurcs of diffcrent na tu res oc•cur; ccr
tain are proportional to the enerJO' produccd (fu el costs) and 
others are constant in time {sccurity, maintcnanee). Finally, 
on thc one hand thc capital inv,•sted in the construction of 
thc power plant lnust he paid bao k, while, conver~cly, capital 
must be put aside fot thc day whcn thc power station, 
b~coming antiquated, can no lonp;cr operatc, But th;"s am<>r
tization docs IH!l occur only for thc powcr station• which 
produce the encrgy for which we seck the price. The 
dcmand--<laily, weekly, annually-varies stron!';ly from thc 
P'-'ak hours when demand is mnximmn and to base hours 
when conaumption is much lower (the base hours refer to 
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the power which is constantly uti!ized). Dueto existcncc of 
peak hours of consurnption additionnl plants rnust exist tO 
supplcmcnt. if <mly for a fcw hours per day, the normal 
cnergy production. Nonc\hci<'M thc8c extra pl:mts rnust be 
arnortizcd. Finally, the distributor ¡:uarnntees the power 
su¡,ply requircd in spite of possib!c problerns which rnight 
occu r t•ith cr d u<: to the e o ns11 rners or tu prod uction problcrns 
(brcukdowns, rPpnirs); this obliges the distributor to ha ve a 
certain production capucity in reserve, whieb is ne.-cr used 
exccpt in crncrgency (or which is opcrated in rotation) and 
whos" nmortization and fox~deosts rnu•t nlso be chargcd to 
the cost of the enerbry sold. 

For the producer, thc differenee in value of the energy 
at peak or base hours may be iargc enough to justify the 
eon,truction uf re¡¡;ulatin¡¡; works whi.-!1 store cncrgy during 
ba3c hours (by ¡¡umpmg "'"ter into un ele,·atcd basin) for 
use later during peak hours, in spit<"l of the cost of such in
stallatiuns and the inevitable enerlf)-' losses. 

Whcn a g<•othermal power station offcrs its produccd 
encr¡¡;y, it appcars obvioiJS that no snvings nrc rnnde by not 
produdng energy during base houn. Or more cxactly, the 
saving renlized in lcaving the n.,n,•xtracted heat in thc 
ground will only matcrinlize at tlw . .,,r) of thc operating 
period by prolunging its durntiOn. This is a ncbulou• tcrm 
whieh is too uncertnin for ecunomist~ to be di•puscd to takc 
it into uccount. Thus, the production of th~ ¡:eothürmal 
pawcr,tation will he utiliz,·<llu assu¡·,. the hase ciWrgy sUp· 
ply, cncrgy to which the proo!ncer giws the lowest possiblu 
valuc (the sarne prnb!em oCCilrs for nuclear powcr plants). 

Thc distrJ!Jutor will pcrh"Jl" try to offer only the 
mnr,innl C<J"t of tlw bnse etl<'rbry on thc prett·•t that his 
er¡ui;mcnt allows h irn to ¡:un rn ntee t he power rer¡uired. But 
the ¡:cothcrrnal stntion sho¡J)d figure in the power reserve 
which iA necc 33nry if the ¡Jistributor is to guarnntee ser
vice, and thc price nfthc encrgy which the station produces 
shou!d rctlcct thi~. A large network, facing n eonstantly in
neasin~ d"mand, rnust alwaya ha ve aupplernentary power 
in reserve ~o that it has thü rnnrgin whieh will pcrmit it to 
give its g¡.wrantce. Thus the existcnoe of n gcothermal 

powerstñtion perrnits the distributor to dispense with the 
construction of an <'quivalent power station, nnd the buying 
pricc of the cnergy should r~tlecl thi.~ situation ~md cov~r 
the eorresponding nrnortization ovcr and above the 
rnarginnl eost savings. But this is less evidcnt for a smal! 
network which c~m t•stimntc that it olrcndy has the powür 
neccssary to guarante<> its su¡,plies. The distributor may 
not be di•poscd to eonsider the time whcn it will be neecs· 
sary to add to iu present equiprnent; such a project is 
d~lnycd. nn<l 1-he diotributor rnn thus nvoid, for a time, 
gatht>ring the financiul reserves whioh will be neccssary 
for these additions. · 

Wc are oftcn plnrcd in the situation-very fn•quent in 
!H"tunl prnctirc-wherc the ¡orodurer of geothcrmnl cncrgy 
i• <listinct from th~ distributor thrau¡;h whom thc cnergy 
must pass. The lattcr has a q1lnsimonopoly which he m ay be 
tcmpted to abuse. Thi• situation would not be ch'"'R~d if, in-
8\Pad of "" ll inR the el ectric al cnergy pro<l u red by th e plant, 
the geothPrmalplant uperator sold lhc ~tt·nm instmHL Thi• 
wns the case at the inception of the Gcysus' foelds. llowev. 
er, sinec the steam flow is difficult to m"a~ure. it wus flnally 
n¡¡reed \o ealculatc the pricc !l("('<Jrding to \he uit-<·tricnl 
encrgy '""'~umed. 

1t can alsn happen that the distrihutor, un~ious to 
div~r5ify his rroduction sourccs, will undt•rt«kc a g<·othcr
mal t•ncr).ry opnal ion of his own, w h ich wou Id pennit a more 
t•quitnble vnluation of the distribution of thc rdurn prieu. 

lmplicitly, wc have n>sumcd a situntlon such as in 
\\',•stern Europe or the United Sta tes, wlwrc al! the lnr¡¡c 
itulustri;<) states have nn <•xten•ivc inl<••·comH•t·tion and 
wherc the ener¡¡;y cons1Jmcd is vcry largü with respect to the 
increase of energy made possiblü by the use of ¡:-cothermal 
power. Beca use oftl•i• fact, there is no net•d to consider the 
cJfcct of gt•othcrmal encrgy pr01luction on the amount of 
cnerr:y consmned. 

ltis not the sarne situation in an isolated region, and it 
is in such conditions thnt we mny hope the praduetion of 
¡;-cothcrmal c1wrgy will havü" marke<l intluencc on lhe dc
voloprnent of" country. The volume of cnergy consurnption 
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will th~n "tron¡.:l~· dcpcnd on the pdcc nt which the cncrgy is 
•old. Th~rc are certain nccds (d<>rnc•tic lighting, air·C<>ndi· 
tionin¡.:, r~fri¡¡crators) for which con~umers wil! ac~ept any 
¡¡rice that is tlemnnded of them, A s<•cond c<ltc¡::ory of 
""""umcrs wJII compare tllis price to the cost of nnother 
solution such as producing their own energy with a diese!. 
A¡.::~ in, it would be necessnry to calculate the value of the 
gunrnntce rcsultin¡.: fr~m t·onnection to the network, oven 
witlH>Ut a no1·mal t•all for enu¡¡y. 

Schemnticnlly, a th'<rd consumer categ<>ry can be 
imn¡.:ined-those industries which have in>talled their 
plnnts to tnke advnntn¡.:e of the price at which cnergy is of
ferc•d to thcm, This only npplieg to industrieg whieh are 
largc ennsumcrH of <"lectricity, such as those that prepare 
alt~minum from the eleotrolysis of aluminn. The localilies 
of certai n plnnts-in :O:orwny or Rritish Columbia-mrc only 
justiflcd by thc avnilabiliu· uf hydroelectric ener¡.:y nt •·ery 
low priceg and ir> !ar¡;-e qunntitics. lt cnn be said that the 
long.distance tran,port of nh>mina ami aluminum is the 
most economic:Ll method of trnnsporling electrical energy 
beyond the rcl;~ti.ely limited distances permitted by ínter. 
connecting puwcr networks. 

Whcn conaidcring: the d<"·elopment of gcothermal en
ergy networka '¡n underdevclop~d re¡(<ons w'1th a low con
sumptiun rate, it is ""tu rally thought th:'lt the prescncc of 
the power will attract new industries. Ilut there can be a 
consi<i<>rable difT,,.·cnce betwccn the power which rnn be 
produc~d on thc ~pot and thc cnergy whichmust notonl)' be 
produccd but must also be guarnnteed for a sufficicnt time 
to attract new industries, which require, besidu low-cost 
ener¡:y, other resourccs such as water, a qualified labor 
force, transportation facilities, etc. 

6-3 General r€marks 

Can the atti tu de of a trad itional 1 i be rnl eco no m y which 
considera a dccision such as thc construction of a geothcr· 
mal power plant in terms ofimmcdiate 1\nancial <>bjcctives 
be justificd whcn formulntin~ longcr range goah? 
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The economic basis of our civilizntion is supplied by na· 
tu re in thc form of encr¡::y resourccs which hove been de\·cl
oped by us and distrihuted in the form of fue] for mohile 
engines or electrical energy. lt is scarccly necessar)' to 
recail the succcssi>·e stages in thia energy evolution: do· 
mcsticntion of animula; de,,e]opm~nt of windmills, sailing: 
vesscls, and water wheels; dcvelopment of stcarn cn¡¡ines 
fueled with coa! first for ]oc;d power productiou and la ter 
integrated into electricnl power ·~·stcms; transformation of 
wnter wheels into hydroclectdc plnnts and, at thc aame 
time, rcg:ulation of cnergy production for J>Pak-energy de
mands through the usü of dam rcscrvoirs; putial substib>
tion of hydrocarbuns for coal first in mobile v~hiclcs (whcre 
they have gained a monopoly) and then in fh:ed powcr· 
phmt locntions; and use of easily distributed natural gas. 
M.ost reccntly, nuclear ener¡¡y has "flpcarcd, which "t 
present-nnd perhaps for a long time in thc futurc-is con
fined tu lnrge fixed instnllations which, for tcchnical rca
sons, have to be usml for _assu~ing base·power require
ments. E;·cn in the renlm of nuclear energy it is necessarY 
to distin¡:ui~h hetw~<·n "dn""icnl" fisswn-powu stat10~1s, 

which hnv~ bccn tpchnologically developed to thc po<nl 
where almost.identicnl instnllations can be constructed, 
and the experimental prototypes, such as the brccdcr reac
tors, which will use the nntural t~sources of utanium more 
economicnlly in the long run (Ulis docs not mean to saY 
financially more cconomical in the short ron). This saya 
nothin¡: of the hope, perhaps distnnt and illusory, of a 
domestic<Ltion of fusion energy. 

Evcn such a bricf survey mai<cs itclenr that there is a 
constant increase in ¡:lob:¡] encrgy consumption and that 
the means of producinr: it mus! nl~o be in constant evolu
tion. This cvolution would be e ven more stril<ing if we werc 
to enter into the dctails of pro<luction tcchniques and 
nnalyze, for exampk, thc evolution of stcam cngines from 
the fiut pistun engincs up to hi¡;'h·pressurc turbines, con· 
•titutin¡: more and more powerful units, or thosc cvolU· 
tions which led f¡-om the interna] combustion cngine lo the 
jet enginc and thc gas turbine. 
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!f one of the factor~ in this tcehr"Jienl cvolution is thc 
constant nroblcm of incrmtsing the cffocicncy of production, 
anothcr fnctor resulta from thc avuilability of natural 
resourecs to explnit. Coul mines fcd the esscnti.:lls of the in
dustrilll revolution nf thc ninetccnth centul')', but in a 

country like Frunce, their futurc seems ver.,- limited for two 
reasons which perhaps hav.;, not be~n sufficicntly diotin
guished: thcir pricc is hi¡;¡hcr th:m that of imported hydro
carbons und the reserves are deplcted. The t .... fnctors are 
interdependcn t because the reserves can only be estimated 
if thc m:n<imum nricc that onc is p!'epured to P"Y for their 
cxtradion is lixe•L 

The problcm of reaCr\'CS and the dcpl~tion of resources 
is particularly acutc for hydrocarbons bi!eause of the eaae 
o.nd thus rapidity of exploitntion once th<•y are discov~r<"•L 
With u doublin¡¡ cve1·y 20 yr in co!!SUmpüon nnd W!\h 

reserves which scarcely can last more than 20 yr, prospect· 
ing ought to be constantly incrc:>.sin~;". althougl> the viq;in 
regions where cxploration can be curried out are mpidl¡: 
decrca"ing. Pro~pecting has occurrcd recenUy in shallow 
marine waters. Undoubt<'•ily this explora:ion wi\! be eX· 
r.endcd to dceper water, but the time when all these possibil· 
ities of cxtcnding the an•ns of exploration are uscd up is. 
inexorably appronching. 

h can be added thut oscilbtiOn betwecn two extreme 
p<~litical positions can he seen, One of these positions consid· 
ers that a marht ~conomy for a worldwide production of 
~nergy will furnish the most cconomi<·:~l solution, and thc 
other vicwpoint atrcsscs the advanta¡;-e of dcp<!ndcnce on 
national re>ourrcs whose a vo.i!ability is not subjc<:t to in ter· 
national tcnsi<>ns. 

Finnlly, ano\ ht•r consid<• , . ., tion u ppr:~ rs. the im portnncc 
nf which sorne peoplc hnve tended tn e:mg¡;-c111tc. Certain 
mineral upecatiuns <1<>¡;-ra<le th<> countcyside in which they 
ace canied out. An cxample ¡g strip minillg. In aJ<Iition, the 
u liliea \ion of sulfur-bcarillg f uels i nt roJuces a ¡;as in lo the · 
atmosphcre whi~h normal r~spiration can tolcrate only in 
infinitesimal doscs, nnd which now ri•h ceachin¡; excessivo 
concentratior.s uround sorne induhtrial ccntern. Nuclear re· 
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nctors !cave waste products con~isting of highly radioncth·c 
fission pro<l uris thc cxi~tente of w h ich ronstitu tes a pcrma
nent menac<l. It a¡¡¡¡cars ncccssary to takc these pollution 
factors into ucccunt, and thnt could seriously limit the de
velopmcnt of certain cncrgy sou~es. 

In this pktun· of const3nt cvolution and som<:times 
somber perspectives, what place c~n be envisagcd for 
¡;eothermal energy? lt• pre•cnt influence is cxtreme!y 
smnll, practically limited to a fcw particular cases. The 
"peration ut Larclcrcllo (ltaly) happencd to fadlitntc the 
cl~ctrification of th~ r:dlroads, but the pe re~ ntage of cnergy 
which it gives to the !tullan energ~· pool is only 3 or 4 per
cent. 1t is the same situution toa much ¡:-reater degree for 
thc production ofthc Gcysers, which is fed into the W<:stern 
Uuited Statn encrgy ¡.-riel. In :-;.,w Z<•alniHI, the <lcv<•lop
ment of ¡;eothermal unc~gy eould technioully go much fa~
ther, but the increase in consumption is not large enough to 
justify it. Nc•" Zcalnnd has nbundant h~droel"'·tric re
sollrces, chidly on th~ South ls],.nd. Thc laying of '"' un
dcrwater'cllble (600,000· V direct e u rrent) in Cook Strait has 
rctnr<lcd the developmcnt of the next ¡:<•othermul flcld 
(llroudlamls) for oevcral years. l!Owever, 1 bcli<"V" it i• nec
~s~al·y to cmphns1zc that thia rl<•lay has'"' l'<J!atioll to lhc 
"'"onom ic su~cess of the opera tions a t W aira k<>i but ar<>sc cs
scntiully from the structure of thc ener¡:y markcl in an 
isolat~d r.•¡:ion. 

Oubide of the case of N <'W Z<mland, w la• re thc g.,othcr
m~LI pot<"ntial is a pnrt of thc cncr¡:y rcs<>rvcs which will Le 
dcvdoped as the need nrises and will guarnntcc consumer 
sntisfaction in thc futurc, and ¡wrhaps Jcdand, whcrc the 

11 v u j],hility uf h<'a t a t l<>w te m p~mtu res a t u ch<·~•P pl"ic•c for 
domestic heating 1.nd r::reenhouses has a si¡:niflcant impar
tunee far thc country'a developmt•nt, what is the future of 

¡;¡~othermal encrgy? 
Jt ;, ncccssary tu <'lnphasi7.(' onc ofthe nmson3 why it is 

ditlicult to answcr this qucstion; we are only al the be¡:in
ning of ¡;eothcrma! cner¡_-y production. A t tirst. t his dev~ !op
mcnt occurrcd ata fcw cxceptional sitcs which we arL! surc 
exlst only in a very few countries, and it is only more 

-
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rec<.'tlt!y that gcothcrma! ficld~ having re~! e<:onomic value 
an<l w hich displnyed fcw su pcrticial indic;• tions were di~cov. 
ere d. 1 t is thcse la tter discovcdes {w hich now excecd 1 O, a!
though most of tht•rn are not yet in fu U cornmerdnl opera· 
tion) Umt we should considcr as a basis for estimating the 
fu tu re of geothermal cncrgy, and not the fi rst generation of 
planta constructed on exccptional sites which wcrc evidcnt, 
such as l."rdere!lo and Wairakei, 

In nddition, thc und~rstnnding of the phc,;omena 
which nct iu gcothcrmal bcds, lo which wc have dcvotcd 

-Chaps.4 and 5, is still ver y impcrfect. Therc rcmains m u eh to 
be learncd nbout thc way in which a ::orcssure drop can cause 
vapnri;.ation undcr¡;round nml in the wny in which the 
steam can escape, cither by meuns of thc pcrmeability of the 
roek or through a network of fissure•. Also the tcchnology 
utilizcd for geotherrn"! exploitntion seerns extremely rudi· 
mentar~·; numer .. us improvcmcnts could be considercd, 
from thc enlargemunt or evcn the crcation, of fi"sures 
through which the ground can be draincd to the sclcctive 
exploitntion of steam by dril! holes. Considcration of thc 
cvolution of oil·f•eld technology in onc century lcads us to 
imagine what a comparable deYelopment collld bring lo 
geothermal operntions. 

lf this technological progress is achieved, if an in•·en
tory of geothermal resources is aeti>·ely cncouragcd nnd 
methods of prospc•cting are dev<•loped and perfected, 1 think 
that a p nHlc n t appra i~al of the fu tu re o f ¡_(eothermnl ener¡;y 
would pe rmit us to sa¡· th at "t lenst in ccrtain countrics (the 
imprecision of this phrase renects the prudcncc which must 
be imposcd) th(' utilization of geothermal energy wi\1 be able 
to attenuate the enurgy cri~is thnt thc t!cp!etion of hydro
carbon reserves coul<l make acule in 20 or 31) yr. 

Attcnunte, but not mitignte, because ditTerent forms of 
energy cannot he casual]y substituted for one another. 
G~othcrm¡¡) cnergy will be exploited by fixed stationa. nt 
sitcs detcrmined by the nvui!ability of hot water or stenm 
íor the basic purposc of nssuring base·powcr consumption 
{nlthou¡:h a daily re¡:ularb;ation by accumulation of ateam 
in su btcrranea n reservoi rS is not inconcei va ble). The role of 
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thesc power stations wiU thus be analogous to atomic power 
stations, which appear to represen\ the ultimate response to 
theencr'-'J' crisis in tlw long run. But, it is stillprobable that 
the crisis will be cspccially intense for mobile vehides, 
which are a!most exdusively depcndent on hydroearbons. 

Yet, it seems tome that it would be imprudent to count 

on nudcar power stations entircly nnd to rcnounce the pos
sihilitic• that geotlwrmal cncrgy otfers in rertain regions 
nnd in particular for isolnted rc¡:ions which cnnnot claim a 
priority for the construction of nuclear power plnnts. But in 
order to obtain thc gcothermal cnergy which ought to be ex
p~cte<l, at the moment of nccd and in economic conditions 
which could Le quite di!Tcrent from thosr of today, it is nec
essary betwt•en now nnd then that rcsearch be continued, 
tending on onc h"nd to identify gcothermal site3 {cvcn if 
thcir exploitntion rnust be postponcd) and on the other hand 
to impro>'" the opcrationnl tcchnology which will be 
required. 

lt is nccessary, it scems to me, to spccify the aim in 
this development of tcchnology with care. \\'e can decide to 
undertakc un experimental operntion to test the capadt¡: of 
a ¡¡-eotlwrmul si te, aml thc permaneney of its production und 
to try to bring tcchnological im]Jtovements to thc methoda 
of exploitation. Enc¡-gy production in what cou!d be callcd a 
pilot plant will result from these e ITorts. Of cou rse, attem pts 
will b~ ma<l" to sell thi" t•nerg:y uuder the lwst possible con
ditions, o.nd thnt will hclp defr;ty the total costs of the 
operation of thc pilot p!ant. Indecd it may cntirelr support 
these expenses, ev,·n if the amorti~"tion of instnllations 
ano! exploration cannot he assurcd. 

lf we !cave a"idc the fu~ure of the power stations of 
New Zcaland and thc Geysers, for which the profitabi!ity 
under present conditions seems already usured, it would 
scem tome that this pcrspective of thc dcveloprncnt of pilot 
pla nts, wh ich are te eh nically indispensable if thc long-term 
a bility to constru ct economically profi table powcr stations is 
desired, must be kcp! in mind whilc making al! decisions to 
undertake the exploitation of a geothermal ficld. 



The flr~~ powH l!tation at the sitc of thc Geysers, with 
1-1,000 and thcn 27,000 kW, was in fntt nothing more than a 
pilot p!aut llnd would unduubtedly ncvcr ha ve allowet! the 

nmortization of <>perations p~rfonned prior to its instnlla
tion. Ilut thie represente•! n nccessnry experimentation 
stuge bcforc 11 largcr prot!uction capacity could be consid. 
e red. 

By de fin ition, the J•rofltabi] ity of a pilot plant is not liS· 

Gured in itsdf. To cstimatc thc cconomic villhility of future 
d<:~dopments which 1t makcs possiblc, <:ven in thc Ion¡:: run, 
>t woulJ be ncccssnry to tnkc intu "':count the evolution of 
the sitc on whkh thc plant is inst:lllcd, as wcH as the value 
of tcchnological improvemcnts that can be haped for and 
that ~nuy fmd appliclltions clscwhere. lt is with this per
SpCdlve, :lnd not that of mar¡;inal profitnhility on t)w actu
al encrgy •~n:ket, such as was :¡nalyzcd in this ehapter, 
that al! <h.·cl510ns ~oncernin¡:- the <k•·c]opmcnt of geother
ma! cnergy shou!d he made. 

6·4 The legal rc~ulation o! go<:>thermal energy 

Perhaps '''" shou!d mentían her~ a neccssary condition 
for the de,·elo¡nnent of gcothcrmal encr¡:y, nlthough it ¡5 
certain ly not e no" r:h in itsclf. A convcn ic nt lfg-al ~)-'otcm, in
spired by mining law, mu.•t ~e est:lbli~hcd to !lssure tlw cx
plorer the ~""''lit~ n f h is d i~coveries. w itho>u t m:1kmr: h ¡ 111 1 ¡. 
nLie to unrcn~onable dcmands from thc In no! owncr, """ to 
protect him fro1n competition from othcr groups who would 
like to t:¡kc advan~nge of his Jiscoveries to opera te On the 
samc sitc. A sim¡>le ••xten~ion of thc mining law, diiTning 
from one country to anotl"''"· could in ¡;c!l<•ral protcct pro~
l•cdor~ in thc•c situatiuns. In Fr.~ncc, thi~ cxtcn"\011 was 
m:ldc for thc Antillcs and the Frcnch territory ofthe Afnr~ 
and the lssas, prcccdcnts on which an cxtcnslon of the 
same concept to the metropolitan territory shall rely-an 
extension which must occur in the very nt•ar futurc. In f!lct, 
such an extcnsion will simplify the legal s~stcm while anur-
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ing the protection of minl'rs' explomtion ri~hts in low-tem
perature fle]ds (lo .... ··lmnpcratUTC fleld~ m<•anS IC5S titan 
100°C). Thc Ncw Zcalnncl systcm could provide n mndcl for 
Anl-.'h•·Snxon mining law. In thc Unil<·d >Hale~. a ]aw wcnt 
into eiTcct on Decembcr 29, 1970, which dcfin~d thc condi

tions unJcr which explo"ration ""d exploitntion ri¡;hts could 
be ~iven for public Jands (i.e., thc <¡uasi l!>tality uf thc lnnd 
~urfacc in the West••rn Unitcd Stntcs, whcrc thn f•·•lcrnl 
¡:ovcnun<:nt rcscrvt•d th~ mininr: ri¡;ht~ for its,•]f wlwn 
othcr lmul rir:hts w"rc (if thcy wcrc) givcn to otlwrs), Al
thou¡:h thc interest in ¡::cothermal cner¡zy opcratiun8 thnt 
aro se following the success of the Geyscn foe!ds cou!d not be 
rnanifcsted until this lnw, geothcnnal ener¡:y cnterprises, 
sorne wilh shaky foundutions, uro•e and suddenly 
~ourishcd nnd mueh intcrc•l was mo1oifc"l<'d un thc ¡HJrt of 
prívate industry and hy diverso public organizationB in 
geothermal cnergy operntions. 

The legal systcm instituted for thc Westcrn United 
Sta tes h :1s th re e varia tions, su bj cct to more and m<Jr" rig<>r· 
ous comlitions of rompctition, dcpt•nding on wl1ether the 
re¡;ion$ cnnsidcred corrcspoud lo Z<>nc$ whcrc Uu' pro·~ence 
of geothcrm;¡\ sit<>s is considcret! as "possiblc" or "proba. 
ble." llowe•·er, thc U.S. Gcolog-ical Surwy had to mah this 
classification in a very brief time for a considerable arca of 
land, ovcr 2 million km'. No prospectin~ was possiLlc in thc 
limiteJ time av:lilable, nnd thc dassiflcations whid1 wcre 
givcn rest on sorne vcry tcnuous presun,ptions. l'o~siblc 
scrious misunderstandings can occur if the word "proba.. 
ble," which on!y designa tes a cerhin proccdurc of distrib
uting liccnses, is confused with the senae of that word when 
refcrring to mineral reserves. 

6·5 l"he role o! !he publlc sector 

The c~se of a ncw •ourcc of cnHgy, whi~h appcars 
lihly to bcc!lffi<' economi<'ally com¡o<•titivc .,_t tbe cnt! of a 
more or less prolon¡¡ed period of devc!opment, is not new, 
and i~ is lnteresting to analyze sorne cxamples of how such 
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dcvclopmcnts werc financed. Frum Oenis Papin to Fulton, 
thc dcvclopment of the steam cnginc and it5 applications 
was in'thc main left to isolated inventors who tried to con· 
vinco capitali2ts with n sense of thc future to hclp them. 
Witb multiplc cpisodcs. Rmnctime• with hcnrtbreakin¡¡; 
checks nnd dclays, this system functioned better thnn 
worsc, although it is .,,·ident toda.y tho.t it i• outmoded. Wc 
could also point out thc birth of the interna! combustion 
cnginc, whosc inventor was not finandnlly rewurdcd, as his 
actusl succcss wou!d llave justificd. (In fact. he was not 
rcwnrded at all.l A mlljority of othcr de,·elopmcnts, for ex
amp!e. thc stenm e"ginc n nd the nppcnrnnce of the tu rbine, 
wcrc done prngrc"i'•cly nnd wcru flno.ncPd a• work con• 
Ünued by constt·uctors, thnnks to immcdiatcly realizable 
increases in c!Ttoicncy. 

The jet cngine of nvintion rcquired enurmous expendi· 
tures on rcacnrch, expcrimentation, nnd dcvelopment; it 
W¡tS cntirt•ly supportcd hy the military, i.c., by the public 
sector. and it mattcrs little to us whether the j'!atifications 
for these expenses werc economic or strate¡;ic. 

Sin ce its bcginning, nuclenr encrgy also bcnefited from 
military-oricntetl fmuncin¡.¡. lt was dcar in ¡¡¡.¡r, Loth that 
thcre was a posstbility of nuclear energy production nnd 
that it would only become economically competitive nt the 
cnd of a Ion¡; devclopmcnt proccs~. This developmcnt wns 
supported by th" nublic sector. but not without the interven. 
tion of strictl¡: milttary considcrations at diiTertmt stagcs. 
Recall the progrcss of this development from low.power 
pilot p!ants to powerful rcactors which were not cconomi· 
cally competiti•·e until the present time. Todoy the ex· 
trapolation of cconomk cnn<litions o,.,,. a period of 20 yr for 
diffcrent possiblc encr¡:y sourccs nmply justifies the con· 
struction of m:dear power p!nnts. 

One also knows ofthe cfforts devotcd to thc brecder re· 
nctor. which no mihtary considcrations now justify. lt is not 
e ven ccrtain in the i mmc<l iate fu tu ru tha t thesc' <1 cv ices will 
be coonomicully compctitive with the slow neutron reactors 
al rcady in u"". llut ih ben iustificntion i• in the tong-ran¡:e 
anvings of uranium, thc known supplies of which todny are 

• 

minimal with rcspcct to future nceds. Thc interest in the 
brcedcr reactor in one of tlH' rarc cx:unpl<>s of n cnsc in 
w h ich u 11 actual deci >ion is a ffNtcd by cnnsi<k rations of f ore. 
seeable condilions 30 to 50 yr in the futurc. 

This brief rcview wns design<>d to show thnt the actual 
de,·clopment of a new source of cnergy cannot be Ioft to 
priva te fmancin¡: alone. Funda to develop !WW ideas, or for 
improving installations which are ¡¡]rt•udy economi<·ully 
justif\cd, are. unlikely to be adcquate. lt is apparent that 
such developmcnt is a politicnl problem. 

In what countries will this dc>"Clopment tnke pl:!ce! 
Should the progrcss alreudy renlized in more a<lvnnced 
countrics (which in our case includes New Zealand, ltaly, 
and thc U.S.A.) be utilized in other countries by acquiring 
liccn•c& or employing forcigners who are experi.,nced in 
geoth<•rmnl cner¡;y er¡uipmcnt nnd production? For cuun· 
tries of moderutc industrial importancc su eh as Frnnce, 
such solutions were not considcrcd fur thc jet engine or for 
nudear energy. Obviously, militucy considerations in· 
fluenccd these decisions, bu t in rctrospect it appcars thnt in
depcndent dcvelopment was 11 ncc<"ssary conditiun fur the 
ahihtr to participnte afterward in infunnntion exchanges 
and the intcrnationnl <oopcrntion which rcsults from auch 

cxchangcs. 
Ev .. n though nbsolutely no military consideratwns are 

relevm1t to the ~nsu of geothcrmal power, the inllucntial 
countries whose territocies offcr sorne possibilities in this 
Teahn are undoubtcdly interested in financially cncourag· 
ing its tcchno!ogical dev e\opmcnt, from adaptntions nnd im
prov .. mcnts renlizcd in other fields, to nssure thc bcst 
utili•ntion of their nntural resources. 

6·6 The immed1ata ol!oct• o! the inc<eased prica o! onorgy 

The large incrense in fucl costs, which must be in· 
terpoetcd as the end of a trnn•itory era of ohcap imported 
fue\ lcd toa reexnmination of the overall energy market. 
In \\'estcrn industrinlized nations this market is dividcd 
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il•to three aprroxirnatelY equa! di•·isioñs corresponding to 
tran~nortatinn, industry, nnd hefLtin¡: . .".. . 

F'or this las\ ítem, thc fue! (oil, gas, coa!, or c;·en electric 
hcating energy) produces calories that :ire utilizcd ata te m· 
perature only sllght!¡.· exceeding the ambient. lf geothermal 
heat were dircctly employed. it could casily substitute for 
thesc othcr rc~ources Nlorie for caloric. Thus, for geother
mal cnergy at low tcmpcratures (which m ay be much more 
available thnn is currently conternplated) therc is a very im· 
portan! future. 

Ilowevc r, thcrc still e X ists n te eh nological problcm: o u r 
habits in thc r1ll>tter of hcating rc5t on thc _case of heat 
\r(l.nsfer with \argc tcmpernture dilfercnces. Without con
sidering thc use of fircplaccs, central hcating consists of a 
boiler, the surf.1c·e arca of which can be quite smnll thanks 
tn thc high tcmpcwtur<' .,r a t\amc, nnd radbtors nt a tem
p~raturc of pc~rhaps nO'G to hc•nt a room to 22'C. 

The utili;.ntion of geothcrmal cnergy rcquircs more ef. 
focicnt hcal cxchnngers with only slight temper:iture dif
fcrcnccs. Thcrc jg first thc c~ehangc h••twccn th<• cxtrncted 
gruundwater (whieh must gene rally h~ reinjectcd, if not to 
rc.luc<' pollution, to maintnín prc"surc in the geothcrmal 
bcd) an<l th<' wat~r of the heating circuit, nnd aftcrward be· 
twccn thc heating circuit nnd the aren to be hcntcd. Hcating 
elcmcnts in thc ~oor, which can be uscd "t300C, are eme pos· 
siblc sol u tion, bu t thcrc a re ccrtai illy other wars to improve 
~he hcat <"xch1111K" between radiators aml \he surronnding 

Sir. 

From now nn, in arcas of knuwn Jeep snbterrnnean 
nq 11 ifcrs, ncw hnu~ing conld and shnuld be co11struclo!d \G 
utilizc gcothcrmal eneri':Y 11$ the heatin¡: sourc~. The reno· 
vntion ofoh.ler housing poses a mor<' dclicate problem. lt Í$ 

probable tlwt hoilers will be r~tnincd for cxceptionnlly cold 
pcrio.!<, Wc conld ,¡,., imagine n ~omhination of hcnt 
pt>rnps with ¡:o.'uthcrmal hc;~t which m ay L~ jtt>tilicd by the 
fnct that it is sotnetimes costly ;:""' ditllcult to fiml an nde· 
quate cold sourcc for conv<mtional hcat pumps. Subter
n1nc:m gcothcrmal water., even at only "sli¡¡htly e)e,·ated 
tcmpcraturc, constitute Sl>oh a cold so11rce ami allow heat 
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pumps to supply convcntion¡¡) radiators at the ncccssary 
tcmpcrature. 

Thus, thc problem is to rcconsider healíng install<1.tions 
and lo diucminntc new inno,•ntions. Aquifeu should also be 
sought, which menns recognizin¡¡ permeable arcas in sedi
mentar)' b:~sins. In F'rnnce, wc could cite tlw snnds of Lus
sagnet in the south of Aquítnine, lhe sandstonc of the Trias 
in the north of Rhine graben, and lhe base o( the Oligoccne 
st~ata in the north of thc arca around Limagne. Obviously, 
this list i" not comprchcnsiv.,, Undoubtcdly, other coun. 
tries offer similar opportunitics. 

By such efforts, even though we cannot solve th<' 
energy crisis, we can save severa! million tons of fue! pcr 
year in thc next fcw years. This proopect amply justifiea the 
necessary efforts. 



CHAPTER SEVEN 

thermal aspects of 
sorne geological phenomena 

lt will not be pu~sihlc hcrc, even !n a quick rcvicw, to 
expl a in vulenn ic acti vi ty, t~eton ic de form:lt ions, w hieh i m ply 
a dissipation of energy which is e3sentinlly tr:m~formcd into 
heat, or mct:nnorphism, thc fundamental c:mse ofwhich np
pears to he an e]e,·ation in tamperature. But in the study of 
such problcms, properly thermnl questions are incidentnlly 
encountcrcd, and it ~ccm! uscful to indicnte sorne solutions, 

7·1 Volcanic erupt•on m&<:nanisms 

VolcnniRm implies, in the first place, opcmngs in the 
rocks of thc crust through which products at high tempera
ture rise and llow out nt the surfnce or some:imes infiltrnte 
along fissures nnd joints in tb~ ground. Thcsc products are 
essentia!ly composcd of n molten silicnte mngma which, 
upon solidinc .. tion, yiclda n lava but cnn nlso contain an 
app<eciahle number of volntil~ subst:mccs in solution 
(wate<, CO,, SO, or ll,S, cte.). Thesc gases nre sorne times 
~ele:ued in ahundance, but we cnnnot say whcthe. they eK
isted in a free stnte or only dissol~cd in a ma¡:mn un. 
derground. On~ icaturc of volcnnism is ita extreme ir
regul:lrity ¡, time, whethcr on the scnlc of an hour, day, 
ycur, o!' ccntury. . 

The for~t question to ask concetning volcanism con
cern~ the piercing of the cru•t by mol ten !a\·a, generally 
'·cry viscous. which rises in a fissur~ or moves horizontally 
a long a bedding plnne to form a sil! or lnccolith. A hydro
stutic int<:rprdution, tnkin¡¡ into account the dirferenccs in 
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dcnsity betwecn mol ten luvn which is lightcr than the rockR 
of thc lowcr crust and this samc solid.lnvn ¡md the li¡::hter 
sedimcntarr rocl<s, often pcrmits us to clearl}' visunlize the 
distribution of such injections. But this does not indicate 
the piercin¡; mechanism, which requires a considerable 
excess of prcssurc lo break thc rocks in the vicinity ofthe in· 
jection. Now thcse molten lava~ are vcry viscous, which 
menns that whcn they ad,·nnce there is ~ substantial Prcs
sure difference bctween the lcading and re~r portions, and it 
is dUl'icult to understand how the incrcasc of pressure, 
which i< c~pahlc of breakin¡;: thc surrounding rocks, is 
produced. The wlution of this purndox is undouhtcdly ther
mal. Ata given stage of tho injection. hcatin¡;: of the sur
rounding rocks vaPodzes the w~ter which thcsc rocks con
tain. The steam reachcs a pressure in c¡¡cess ofthe pressure 
whi~h is actin¡:- on thc rocks and conscquently shnttcrs 
thcm. The steam then escapes through the fis•ures thus 
formcd and canden"~" on contact with cooler rocks thcrcby 
rcducing the preuure in the pocket which the steam has 
opened, and the viscous lavn can progressively ""cupy this 
spnce. Thc samc cyole then rcpeats itself. Whcn n high vapor 
pressurc persists at the lending cdge, the hwa cannot ad
vanco, but it is too Viscous to be pushcd back. 

7-'l Cooling o! a volcanic injeclion 

Gcolo¡::ists oftcn pose the questions of thc time nec,•s
snry for thc coolinrr of such an injcction (or flow) and the 
tcmperature attnined by the surround!ng rocks at sorne dio· 
tancc. These questions would be e as¡: to answer if the ther
mal characte<istics of thc lava and the surrounding r""k 
were exactly known. This is not thc case becnuse the thcr
m al conductivity can chnngc wi th !he tempera tu re, general
ly slightly dccrc:tsing while thc hcat capacity inncascs, 
often b¡; 50 pucent at 400"C. Sincc we do not know the de· 
tails of thesc vnriations, we must be contcnt to use "'·crage 
valueo which are more or less happily ~hosen. The results ot 
these ealcu lations, which wc will i ndicate, will only ha ve the 



prccisiQn of t).,, givcn vuluc~. Lut in any case we will obtain 
valid or.!crH of magrlitude und a description of the general 
hchavior of thc phcnomt•nn. 

Th" thcnn.~l p"rturbalions are imposed on a prior ther
mal syslc•m eompos.,d of a Sl<':Hly therm:d gradient in <•o¡ui
librium with tbc ¡;cothermul tlux. lt is this prior tempera
tu re distribution which must be taken as zero. Thus, the 
tempcrature of the injcctcd lava will be calculatcd asan ad· 
dition to the inilial tmnpernture of the rocks, and the 
calculation of the h~ating of sunoun<lin¡: rocb will :dso be 
taken from this tcmpcrnturc. Tt is clcar that the thnrmal 
pcrturbation must satisf¡: the heat <>r¡uution. 

The hcnt carried by 11 mallen lnvn, which will diffuae in 
the surrounding rocks ao thc coolinl': "ccur•, is partl~· heat 
correspond i ng to thc specific heat of thc 1 a va a m! pa rtly the 
lotent ht•at of cry•talliznti<>n which. fur u P'"" mat<•rinl. is 
releu,ed at a constant tcrnpcrature during soliJifiration. 
But we do not know if thc injected lava was alrcady cnrry
ing crys!al$, and we are also not su re that the last phase of 
cry sta 11 i7.ation occurs at a constan t temper:nu re. W e will in· 
diente the principie of the rigorous cale u 1 a tion in el ud ing the 
latent heat. llowcver, thi~ culculation somctimc• rai•c~ cer
bin diflicultics, and it is oftcn more convenient to ncglcct 
the Jatent heat. To compensnte we m:>y slightly increasc the 
temperatnre attributcd to the injcction, nnd consider its 
coolin¡: with a constant spccif>c hcat. 

lt rcmains to take account of thc wny in which thc íro· 
jcction occnrs. A <likc cnn be cmplaccd in $CVcral distinct 
way$. It can be made :dl at once by the injcction of ba•ult in 
a lissure which opcns rapidl~·- Or it cun be made progrcs
si,·ely, with new basalt being injected between two older 
luyers of h:1salt which a~c plustered again.st the fi•surc 
walls. Th~ ol<l ba,alt is eoolcd at its contacts with the 
eountry ruck, whilc it is hcated by thc ncw basalt toward 
the axis of the <iikc. But it is rare that an cxamination of a 
dike allows us to choose bctween these two intcrpretations. 
Even if we nccept the occond, the total injcction time 
remains unknown. lt may ha ve been brief with reapcct to 
the cooling pcriod. 

-32 GEOTU¡:HM!CS 

Ifwc wish to take latent heat into account, we will con
sider the wall of a dike brought, at thc momcnt 1 -o, from 
an initial temperatura 110 to the molten la'"" tcmpcrature o, 
and rcmaining at thi5 temperaturc until al] thc l'lt~nt heut 
is di ssipnted. l f thc thickne"s of thc la va di ke is ~" cm, the la
ten! heat Lcal/g, nnd .:1 the spcciflc gravity, the heat whi<h 
must be dissipated before the lava is entirely consolidated is 
eGL cal/cm'. We ha ve se en that the temperature al distance 
>: from the wall will be givcn by 

o .. o, +(11,- o.Jerfc (2~) 

The heat tlux at the wa~l is givcn by K(O, - 0,)/v;;;¡, and its 
value integrated in time from thc origin is 2K(II, - 0,)..,¡¡¡;;, 
Thcoe cquations lead to the total time for the solidification 
of 11 lnv:>. dike: 

Observe that this time is proportional to thc •quare of thc 
thickncss. 

Wc ha ve implidtly assum .. d Lhat tlw tempnature in 
the dikc was uniform ¡¡nd that thc heat ""chnnges took 
place c~sily enoub'h so tha t the la tent he a t was dissipa ted 
from the dike surfnce. This would be reusonable if thc lava 
remained liquid until solidification. llut it cannot be the 
same t•nse if the lava is al m oot sol i<i, nnd thu s tla•[¡¡ t<: n t heat 
must he dissipated l:oy conduction. In this case, ther~ would 
be a progrcsoivc solidifkution from the walls with a thin
ning ofthecentral fluid e ore, and the displacement of the so

lidification boundary "'" would be ticd to the gradient in its 
neighLoríng solidif:ed side by 

/iU. dr,_ ~K~ 
dt ax {7-2) 

Hence, it is evident that the progression of the solidifi
cation does not depend at all on thc thickncss of the di k e and 
the central portian lhht remains fluid but only on the dis
tancc from the wall whcre the cooling occurs. 

' 
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Wc can cu"ily fmd thc lcm¡wraturc lnw npplicnble to 
the ~urroundinJ;t" rock and the solidified part ofthe dike, the 
tempera tu re 01 rcmainin~ const:mt in th~ remainin¡:: liquid 
portion. 

This tem¡¡craturc law is id~ntital to the lnw which 
would rcsult from the cooling of a dike, supposed initia!ly nt 
a highcr fictivc tcmperntllre 8,, but wtthout taking the Ia
tent hcnt into account. ln fact, in thís_ case, the tempcrature 
on the ;: axis is given by 

o- o.,+ t (o,- o,) [ 1 + erf ( ~) J (7-3) 

Let ~be thc value of xJVi;i for which 8 = 8,. \\'e find 
for thc corrcspondin¡: valuc of x 1 : 

dJ:c .r-7: -=-J..vn/1 

" '"' 
~o (a,+o.¡e-" --;J.r \l4r.<tt 

In orclcr for thco" valucs to satisfy thc boundary conditions, 
it suflkcs thllt 

Wf, ~ (6, - O.,)e·•• 

e y;;¡.¡¡ +crf(h)] 
(7-4) 

From this equ:llion we cnn obtain the value of A, with the 
help of Fi¡:-. 7-1, nnd from that wo;:, obtain 

¡¡;{, • r- '[ o,-o.=----¡; v,-he-• 1 +crf(h)] (7.5) 

Thi• cxpression can be shown to alwnys be \ess than Wl./C. 
Thcsc fot·mulas dc•eriLe thc tcmperature evolutíon 

until the er:d of solidilkation of the fluid core. but not af. 
tcrv>ard since wc must then take account of the coolin¡; 
throu~h both faces of thc dikc. The conooliJation time of a 
lava dikc of thickness 2e cm is givcn in seconds by 

(7 -6) 

For exnmple. Fi¡:. 7-2, with rensonable valuu !. =75, 
M. = 201), C ~ IJ.5, O, - 0, - SIJIJ"C, we find that J.- 0.551, 
6,- O,- 10~7"C, and ! = 82.7e'. For Ze =2m, ! i• about 10 
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.,GUP.E 7-1 

days nnd until then. the temperature at thc boundary of th 
dike stays nt e,+ 5!3•c. e 

Lct us now ima;::ine the case of o. dike atan initial tem
perature O, withuut nny lntcnt hcnt to be dissipateJ nnd 
with a thickness 2o. We immedintely find, x bcing the ab-· 
odssa taken from the middle of the dike, that 

8- o.+ !(o, - a:)[ crf ( ~) - crf ( Viii) J (7-7) 

This formula is general if wc agree to the con\"ention that 
erf (-A)- -erf (~). 
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dlke, in<ludln~ the lotent hcot of '"'''~lliz~tion r •• _.- 0.~51 
(9,- ~ + soo•C, !, -7G rol/g, .,¡. • 200. C- 0.51 for t>me• pro
portionol to l. 2, 3, an<l 4. 

Wc can aloo ""k thc qucstion of when the maximum 
temperature is ,..,ached ata point on thc absdssa:r >e. We 
easily find that for this case it is necessary that 

(x + ••) 1 e-f•••'''""' = (x e)' e-<•-'"'.., 
4a¡ 4"1 

Letting m "'(x' ~ e')/4<>:1, fl • (x + e)f(x- e), this equation 
bccomes "' - 2Jl In {3/({3' -1) wh1ch then givcs t =ex/a In 

[(x +e)/(:r -e)] and 

( [ 
ln[(:de)/(:r •ll) 

e,.~ O,+ t(e,- O,J erf (x +e)' 2ex 

[ 
ln[(:de)/(z ell)) 

-erf (x -e)' 2""' {7-3) 

Gl:OTJif:RMICS 

O~sH''" thal for a givcn vnlue of A, this time inneases as 
th e square of thc thickness. Equ ation (7 -8) gives us thc max- . 
imum tempcrature attained as n function of dist¡mce. 

lfthc consoiidation of thc di k<' brin¡¡s the Jntent heat of 
crystullization irno etrect, as prcviously, we cnn try to take 
this into account by adding a fictive temperaturc to thc 
lava's initia] temperoture. Bct in the study ofthe tempero
ture h~hovior of the surroundi111; ro eh what is important is 
thc total libcrated heat, and that leads us to take nn addi
tionnl fictivc temper-ature such that (01 - O,)C = [.¡;;. This is 
11lwnys grenter than thc carlier tictive temper;¡ture which 
we found, but is ofan order of magnitude which is not too 
different. 

The ditfcrence between thc resulta whkh follow from 
the two typ~• of calculntions at the exterior ofthe dikt• is un
doubtedly less than the etfects of surfuce irregu);¡rities of 
the structure which wc did not eonsider. As;: case in point, 
for the previous example, (LW/C- 400, O,- 8, = 800'C), the 
te m pcratu re a t the end of conso)id a tion ¡:-ives a wall tem¡>cr
ll tu re of fi30"C instead of 513"C, and at th e center of the dike, 
a tempHaturc of665"C inst.ead of BOO"C. However, ít ia at the 
centcr of thc dike that the discrepancy bctwcen the two 
calculations is maximul. Thcse rcsu)ts are independent of 
the thickness. But at the center o!the dikc, we can actually 
C><pect that the molten mat ter rem<lins in irregular pockets, 
and not in a bnnd the thickness ofwhich rcmains constant. 

7-3 Cooting 01 a neck 

The conditions for the cooling of n neck, an intrusive 
cy!indrical formation, rcsults immediatcly from Eq. (1-2). 
The t~mper-aturc distribution q .. (l/4r.<>Oo·ir'+"'~"'' satis
tiea the hcat cquation in two dimensiona and reduce~. for 
1 =O, toa zero temperaturc everywhere except at the ori
gin with 

JJ edxdv-1 

Wc will take a neck temperature O, at the initial in-
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stunt, wh ich can po""ihly take thc la ten t heat of crystalliza
tion into account as prcviously. 

Ata point X. Y the temperature ata time t will be given 

o-(1/-!rrotJ(O, ~o.) JJ 
• 

-j[fC'é' ~-2•:21'~+!;-il Yt:_:CJ!)I'l'J cxp- 11 dx dy 

'"' (7-!l) 

Tbis int~gral is extended o ver the eros a section S ofthe neck 
in the pb:ne O.r¡¡. This formulu does not •uppos~ that the 
neck hn• the ahupc of a cylinder of revolution. Howe•·er, in 
this case the intcgnltion cnnnot be carried out in c!osed 
form and must be done numerically. It presents no particu
lar prol!lcms. 

7-4 Cool1ng ola rava llow 

Obsenation shows that the surface of a lava tlow sets 
very quickly, and since II>.Va is a poor thermal conductor, the 
surfuce is approximatcly ut arnbient temperature, whi~h we 
will hkc as OOC. 

As long as part of the ]a,·a rcmains fluid, with n latcnt 
hcat of solidificntion /,cal/g, thc cooling of the base con· 
tinucs as we ha ve calculakd for a dikc. For the surface, the 
formulas must be slightly modilicd to acrount for thc condi
tion O .. O for x -O. Thc cquation~ thcn bccome 

,,, 
O-ll,erf(~) 

_._,_. "-~''''c:··~·-
\r,¡¡_ crf (A) e 

01 = 8, crf (A) 

(7-10) 

(sce Fi¡::. 7-1). We will cale u late A by Eq. (7.!0). then forO as 
a function of x and !, 

(7-11) 

J38 CEOTJIERM!CS 

When the soli<liflcation from thc bn~c nnd thc top, 
which progrcsses at diffcrcnt speeds, meets ata point whose 
position as a function of 01 and L can be calculated, thesc 
formulas will no longer he applicable, and wc will consit!cr 
as prcviously for the dikc, :m initial fictivc temperaturc 
9, = 9, + WL/C. to study furthcr cooling. To satisfy thc condi
tion O_. O for x =O, wc will introduce an antisymmctri~ ini

tial fictive profllc with a iemperature -o, for -e < x <O. 
Then the temperaturc is givcn by 

(7-12) 

In thc immediatc vicinity of a lava llow, the tempera
tu res attained will be pradically the same as for a dikc. Hut 
uta dist,m<e grcatcr than its thickness, thc tcmperutures 
nrc much lower. The calcultltion for thc ma>:imum tempera
ture attained would be a !ittle more complicatcd, but could 
be done according to the samc principie. 

7-5 Mechanical stresse• o! t~ermal origin 

We have just sccn how it is possible to calculate thc 
tcmperaturc úolution at u point situated in the vicinity of a 
lava llow or dike. Thc uncqual distribution of tcmpcratures 
ata givcn moment Jeads to thennal dilatatious which are 
not compatible with thc precxisting mcchanical strcsscs 
and which will consist of an increuse in the pressurc para!lel 
toa dikc ora fiow or tungcntially around a n<·ek (but tlwn, 
thcrc would also be an incrense in thc radial prcssure). 

Durin¡:- a rclatively long heatin¡:- pcriod, it can hap¡¡en 
that therc is a certain cr,cp whieh reduces th~sc stresses 
and tends to establish a hyt!rostatic distrihution. During 
su loscq uent cooling. re la ti ve tensions will nppcar parallcl to 
the walls of a dikc or tangentially Hound a ncck. h would 
al so be ncoessnry to accoun t for stress"" o u tsid~ of thc d ikc. 

Thc rcsults depcnd too much on the assumcd hypothc· 
~es~as much on thc initial stresses ns on thcir relaxation 
during the heating phase. Thcse hypothcscs are nccessa<-
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il:r ¡;:ratuitous 50 that it does not seem uscful to present nn 
e~ample of such a calculation hHe. :\everthclcss, such 
&tres~es may play a part in the developmenl of column.ar 

jointin¡:-, 

-
Until now, we ha ve considered dike~ or injected b?t!ies, 

which are rclatÍ\'ely thin with respcct to their extens1on, a 
fact which allowcd us to m·¡.¡l<>ct thc influence ofthe e¡¡tth's 
surfacc. On tlw uther ll·.ltlcl, the rc•ultitq;; formulas sh<llv 
that thu coolin.e' time increascs as thc squar." of the 
thickness. This leads us to ~eek the coolin¡:: condltlons_ for _" 
graniti" hatholith, whirh cañ be very large, and wl11ch _'" 
emplaccd UIHler¡.:rouiHl undcr conditions which a~·e st•ll 
poorlY undcr~tnod. lt is interestin.:: to try to spcc1fy the 
order of ma(:nÍtudc of thc cooling tim•·. and, to that en d. ':'e 
will conRider a schematlc mndel with the top of t}le ba_thnlllh 
ata ,Jepth h with "" indcfinite thickness. This bathohth w111 
be quickly bTought up to a tcmpcraturc 11, grcatcr than the 
tcmperature which would normally occur_at the depth l•_· ~Ve 

-, not includ<'. nnY heat of cryot:dl12ntwn. Thc cond1t1on 
"'''' 'd . o= 0 at thc surfacc, fnr .r: -O. i• satisfied by cons• ermg a 
negativc temperature prolile, antisymmetric with respect to 
the surface. It is jmmediatt·ly found that 

ll.,!ll,[crf(~)-erf(~)] (7-13) 

The l':radient at thc surface is givcn by 

(
''") 2n -h' 
,).r; o= V1:raf exp v:¡;:;t 

It h casi! y verifH\d that th~ !!:rndicnt pa;ges through a max
imum for/ = h'/-1"- Thi~ maximum hns a v¡¡]ucOA8~ 0,/h. nnd 
if the time is exprcssed in year• and h in kilometers, t~en 
Er¡. (7-13} yields t, •• ,. =63,500h' km. Thus, ifthe depth h .. 5 

km /- l.G X lO' yr (see l'ig. 7-3). 
' Bcfore thc gradient reache• its maximum value at the 

[j, 
1,4Q CEOTII~~hllCS 

~urfDcc, it has higher values undcrground antl it can ha¡>pen 
that the tempcrature is high enough so that convcction 
comes into play with rising steam (analyzcd in Chap. 4). lt is 
cqually possihlc that water rel¡·a~cd by thc crystallization 
of granite (whkh was formcrly in solution in the silieate 
ma¡;ma) is addcd te> this steam. But the hcat transport by 
water which csc¡¡pes the ma!';ma is only a small portian of 
thc hcat whkh is liberatcd by the magm¡¡'s crystallization 
and cooling. Thc major portion must escape by conduction or 
secondary convcctie>n. 

The total hcat dissipated at the surfaco can be cnlcu
lated, per squnrc centimetcr, by integrating the flux Q = 

KJdO/O.r: dt, and it is found to be 

[ v:¡;;¡ ( ,, )] Q- Ch8, ---e·''''"'- erfc ~ 
h y; 'l.f4;¡-

-che, ~=> zv:;; (7-14) 

where z ~ h/-...!4ñi. At th" time t = h'f~" (maximum flux). the 
total heat relen~ed is 0.!65ChB,. This is the total hcat con
tained in a slab of granite with a thickncss one-sixth of itR 
dcpth. Of coursc, the cooling will continue aftcrward, but it 
wil! come from lower and lowcr Jcvels in the grnnite, nnd 
because of that will slow Jown. 

Fi¡:-ure 7-3 indica tes thc tempera tu re profilcs at variou9 
times and can be used for any values of h and o,. 

These results allow us to estímate under what condi
tions thc emplaccment of a granitic batholith (ata depth of 
severa] thousand meters) could pcrhaps give risc to a 
geothermal site, llCCording to the hypothesis proposed for 
Larderello. 

7-7 PMroalic explosions 

Somctimes volcanic eruptions are confuscd with explo
siona in which the ejected material• are cxclusively prcex-
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!:,''"' 11<1 
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"' ' .•.. 
, __ . .,.., ..... , 

nc~~¡; 7-3 Th<tm~l vrofil•• for tho <oolin~ of a ~TOniti< batholith of infi
nit<> ~-d~ht: o<eount 1• tokon of th~ prior normal ~ra¿i•n< and 
variatio'" .,f the >mfncc gradienl. 

istin¡; rocks, without any lavn,_rernnining at rel~tivclr low 
ternperntures and sometirnes dnrnp. Such explosions, called 
phreatic, rcoult ftorn vaporization of water which impre¡::
nates porous rocks and bceorncs he~kd to a tcmpcrnture 
greater than lOOoC undcrground. In thc cxpnnsion to atrno
sphuic pressure, the wnter partly Yaporizes while co-oling. 
but thc rocky rnntdx rehenu this water, and if the water, 
steam, and rock rernmn intim,tely a•sociatcd, which is 
plausible if it is a cn5e of a mnssiYe pulverization, the ul
tirnate rcsult :l\ ntrnospheric prcssurc can be either a sus
pcnsion ofrock in r!ry steam nt a ternper:tture greater thnn 
1 OO"C or n mixtu ru o f wnlcr n nd satura terl stcam in n propor
tion .:, with thc pulverized rock. :~t a tcrnpernturc of lOO"C. 
If ¡¡¡ is thc porosity (water mnu per unit volume), 2.7 thc 
spccific grnvit;- of the roe k, nnd C, the hcnt cnpacity, is 
0.5 c::Ll/'C ·cm-', then thc firml stnte after expansion and \he 
mechanical work ~vailnble in that c><p;:msion can be calcu
lated' n• a function of the initial tempernture 8 and the 
porosity, the deduction bcing made from thc amount of 
rnechanicul work which is ub~orbed by atmo•phcric pr.cs-

•J .. n G••••l, -~ • .-.,.~m• '~"'""'"'do 1"••• .. ""'"'"'·" A••- ;¡¡;,,._ r • .,._ X. p . •.. ..... 
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ncuRE 7--' Graphgi>in~the,.·orko•-•11 bl - ,. 
h "d ·¡ • ••n>no oub~t;cexponoionofa 

""''. <or up lo atmo•rlwrio "'"""'"' aa a fun<tir,¡, of the J>uro»>ly auclthe lempero«lro (in 0-0,¡ , •· 
" pe< cuuoc «ntlmeter). 

su re, Figure 7-4 indicntes the Ya)ue of th·o 0 . . 
1 , b. . ~ nergytnjoues 

p~rcu 'C.cenumeter, Jt ís ca•y to sce Ih-o Iho d ¡ h ~ ternper,ture 15 rl utwnR whose o1·i¡:;-ins wc nrnl"zcd ·,. CI. ¡ d 
t) • · tl ' ' , " 1·'P- ' un cr 
P~~.,~~ti~lencc of r.hrco.tic pressure represcnt a considerable 
b .. _ energy '" such an expansion. Thc cxplosion could 
h:l:~~~~;ed by the op~ning of n fissurc (possiLly hr a dril! 

eh would ac<·Jdcntally cause an ~rL>ption and thus 

;,:~% ~=~~a~~r column which rnnintaincd prcssure en the 
a. e sarne energy release can be produccd by a 
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dcpression of thc phrc,.tic ]ayer whieh allows water to de
sccnd to contact with hotter rocks or by a lowering of the 
water prcssure at constant tcmpcmture, which can also 
cau"c it~ vaporization. lt is hardly po•"ible tu predict how 
the conclusion of this explosion wil! oecur. sincc it must 
pro¡,agatc in the walls of a funnel·shaped rcgion whilc ma
terial i" buing rclcased by thc expan~ion.ln any cvent, this 
cxplosiou is not instantnncous sincc it implies thc transport 
of hent by conduction from thc ccntcrs of the roe k grains to 
thcir surftLCes. 

Sorne historie"! cx,mplcs of phreatic explosiona are 
known. such as the cxplosion at Bandai-San. Japan, on July 
15, 1888, or U su-San, on thc island of llokkaido, in July 19-J.I, 
nnd of Taal in thc l'hilip¡¡in cs. N umerous craters (sorne fi lled 
with lakes) are found in ::\cw Zcal:wd, which hu ve becn es
tablished to hnve re~ulted from phreatie explosions onlya 
few centuries ago. 

7·8 Heal produced by reciOnic delormalions 

Hcat is not tbc only form of interna! enerrry. Geology 
has cstablished that rocks ha ve sometí mes bcen profoundly 
deformcd and iohlcd by forces ori¡:-inating internally. Al
thou~h th<:S" ddormlltions nrc oftcn vcry I':"''Jual, earth
qunkes cnn be ima¡:ined as be in~ of un¡¡logous origin. Part of 
the earthquake encrgy propa¡:ates th,.ou¡:h the earth's 
crust in thc form of seismic wavcs. Interna! cncr¡:y also 
mnnifcst" itself in uphcaval" which crcatc rclicf, which 
erosion thcn modiflcs and flnally destroys. Thc•e upheavals 
sometimca appcnr ~o u~ as a simple rcestablishment of iso
static cquilibrium. llllt in order for this cquilibrium ~"ha ve 
becn dcatroycd, it would be neccssnry for subterrancan 
density \"ariations to be produ ccd which absorbed mechanieal 
work which w as ult\mately ex prcssed in thc surface u p he a v
al. We will examine in the no:tchapter thc manncrm which 
we can i ntcrpret thc mechanical ene r¡:y thus rclcnscd. He re, 
we wi!l limit oursch-es to evnluating thc heat production 
wh\ch can result from such mcch~nical phenomcna. 

J,\4 GF.OT!I~R.'•!!CS 

Wh~n a solid Lody such as a rock suiTers a permanent 
deformation under the action of n stress to which it is sub
jectcd, the mcchanical cncr¡::y e~ pended rcr unit volume is 
givcn by !rr"'"' wherc "" rcpr~sents a componcnt of thc 
stress tensor l>nd <u a componcnt of thc strain tensor. The 
best npproximntion thnt cnn be given for thc law through 
which the dcformation is product•d is to supposc that the de
fornl ntion occurs a t a constnnt vol u me (:':•" .. O) ami th at ¡ t is 
produced at the moment when the second invarinnt of the 
stress deviatorreaches a limit S (whkh can be a function of 
th~ average pressure il•.,. but which is often treated as a 
conshnt). Ld S ~ [) and 6D' = 2!""'- ~¡"""")' + ¡,..,•, 
and lH the componenla of the deformation be proportion
al to the componen u of the streu devintor. Then, it can 
be demonslr~ted that the work absorbed is ¡{ivcn by 
2SV~•~' ~'"'u· For the most pnrt. this work is trans
formed into heat. Only a small portion is found in the forms 
of dcfeets or crystal dislocations. 

Thc exprcsaion under the radical only ;lepends on the 
geometrical deformntion nnd in many cases its val u e can be 
estimated for n tlnitc deformntion, knowing the initial and 
final states nnd supposin¡t thnt the ¡mssage from one state 
to the other occurs in the simpl~st fashion. For example, for 
a homo¡:enous crushing which chanr:es the hei¡:ht from h, 
to ''•• thc energy absorbed per unit volumc at ronstant 
thickness is 2S In (hJh,), nnd Sv':l In (h,fh,) if the crushin¡:: 
obeys rotntional symmetry. 

Thc study of tectonic deformntions permits us to direct
ly estímate the nmplitude of the gcomctrir deformation, 
which in a foldcd mountnin rnnge, su eh as the Jura (France
Sw¡tzerland). is on the avernge m u eh less than one and gcn
erally only a few percent at m os t. lf we knew thc valucs for 
the thrcshold of plasticit~·. we oould thus calculutc the 
energy absorbed and almost complete]y transforme<! into 
heut. But it seems that there exist vcry slow dcformation 
processes, by dissolution and r~crystallization of mattcr, 
which play an cuential role in gcolorrical dcformations and 
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whkh cnnnot he rq>roduced in the lnborntnry where rapid 
dcformatio"" urc pruoluccd by totn\iy di!Tcrcnt proccssc~. lt 
is dear thut thc strengths mcasurcd in the lahoratory corre· 
spon<! to hi¡:hcr threshohl v~•lues S than occur with s]ow geu· 
lo¡::k.~! ddurm~•tions; wc do not know in whnt ratio. but we 
know that l~<horatory experimenta for threshold vnlucs fllr· 
nish an upper !imit for cncrgy dissipation. lf ,.. . ., assume 
that the compressive strcngth mcasured in the laborntory 
for tlw Jura monnt¡¡in~ ""'che• "v,duc of 1.000 baro (which 
is an ovcrcstimatc for muny of thcm), then C = 1/v:l X 1,000 
bars. Far a deformation of 1 pereent, the absorbed energr is 
er¡uivnlcnt to 0.225 cal/cm', which rsises the temperature 
o.4r,·c. 

Sometirnes it happens that certnin geologícnl b~d• are 
much more deformed thun atbcrs. for cxamplt>, cantncts 
slanP:"which thc com¡wtcnt strata slide in the coursc of the 
foltlinl-(. Hut if thc folds are !JraduceJ in this manner, it is 
becaus~ it wauld absorb les« erwrgy th;HI n homogenou$ 
crushing aff.,cting a!l the str·ata er¡ua!ly. The calculatian of 
absorbed encqo' takin¡: into account the entire deformntian 
will thus givc ''"a val u e thut'" toa high. A• foldm¡; is cer. 
tainly n slow ddormation. the heat relensed along certuin 
slrata can dHTuse, and we can conch;de :hat the :empera· 
tu re rise res u lti nrr from a f oldin!{ sud; as th a t of the J u rn or 
sub-Alpíne rang-cs is at most a fcw degrec• and probnbly 
much lcss. There can b" oones whcrc the &:ener¡¡] aver¡¡ge 
deformation is much higher, but the tempera tu re rise. e\·en 
ifit reaches onc ur 'everal tens af degrees in places. is cer· 
tainly rr.uch too low to be ablc to expbin thc metamorphism 
which ls often assoeiated with strongly defarmed zone•. The 
invcrse rclation can also be suggcsted, nnd it may be snid 
that whcn the tempera tu re is raise<l sufficiently so thnt """' 
mincrals ¡¡r~ farme<!, or olde~ mincrnls r~crystallilc, this 
rccrysta!lizatian al\ows a s law roe k de farma tio n, e,·cn u nder 
the action of r¡uitc wc"k differcntinl stresscs, which could 
nl\ow" !aq¡-c•nmplitude dcformution with anly a modcratc 
expen<!iture af energy. 

7·9 Heal Droduced by laulls 

This "ituation is dilfPrcnt only in the case of fau!ts 
whosc displa<·ement can ha ve n finite amp!itude in n vcry 
short time, particu!arly at thc time of earthquokes. The 
hc<1t dissi¡mted by friction alon¡: the surface only diiTuses 
avcr a small distnnce and thc tcmpcrnture can increase 
appredably. This phcnomenan is much mare important 
than in the prcceding $Cction. as this temperature rise can 
modify tbe frictional conditiun• ¡¡nd allow a murh easicr 
movement. Of cmirsc, it is on!y necessary to takc into ac
caunt the effective prt•ssure, which is transmitted by the 
salid <1nd which is less than the totn! pressure by tbe 
"mount of tbc pn·ssun• of thc fluid whi<·h snturatcs thc 
rock. In c~rtain cases. the fact that this fluid prcuure is 
high can reduce the frlction and facilítatc the mavement. 
Lt•t ¡¡be the normal componen! of tbe pressure,fthe cocffi
cicnt of fri<'tiun during the movement. which we wili CO!I· 

sider as constan!. nnd v thc specd of thc movement. The 
po\\·er dissipaterl by friction per unlt surfnoe ls ¡>Ji•. and its 
e~uivalent heat q is dissipated on the two sides ofthe fault. 
The tem¡wrature dist~·ibutian nt a time 1 nftcr the hc¡:in· 
ning of the moverncnt (., being thc distance ta the fault) is 
gi\"en by 

e= e-~'''""' a• ., ~· ---"-f.' 1 "' "' 
C o ~ 2,¡;;:crG' ~ (7-15) 

In thc plan e af the fault, this reduces to8- (q/C) vt¡;(;. Jt is 
ca~y to ~"" how quickly this tcmpcrature increase occurs. 
Suppose thnt )' = 100 bnrs (i.e., the hydrostatk prcs~urc nt 
400 m),!= l. :r.n<! the fault velocity is v cm/s. Then q - 0.8v 
cal/cm' · s, which gíves fJ ~ 9t·VT,. This temperature ~an nlsa 
be exprcsocd os a function of tbc disp]a,·cmcnth~- ,.¡ and 
tlw dnratian of the movcment V- ~h~!Yi. 

Whcn largc earthquakcs accu r, fault displace:ncnts are 
af the arder afane ta severa] meters nnd thc movcmcnt 
occurs in a fraction of a second, The formula a hove would ;11 . 
dicate a tempera tu re of severa! thousand dcgrees, but such 
n temperature would ab,•iously madify the frictianal candi-



tions. This must ha ve ~omcthing todo with the formation of 
~lickcn~ides, which are sometirnes obser\·ed in a displace· 
mc!ltofonly ~ few ccntimetcrs and which must lcad to ve.y 
l"w frictiorr. llut cspc·<·hlly, this h~atin¡: can incrcasc the 
lht id ¡¡rc~s" r·c and th is red u ces thc etrecti ve pressu re tra ns. 
mittcd by tlu' solid, which alone produces the friction. 

1t can h:>¡tpcn tltat hydratcd minerals, •u eh as gypsum, 
Scf]>entine, nnd pcrh:t¡>" ¡:oethitc (hydratcd iron oxide) may 
exrst along thc fault. Once the dissocration tem¡ocrature is 
renched 005"C for ¡;n·psum, 450 to SOO"C for serpentinc, :md 
150 to lOO'C for goethite), the mineral dccomposes and the 
''m ter libcratc•l contrilmtcs to tlw in crease in the local fluid 
pressure. This effect c:>n make that pres~ure equal to the 
total mechani~al pressure and suppress all fri<tion, allowing 
thc clispl:•~cmer.t to continuc without auy cesistanee. 

1 f thc tot~l pre""u r" is less t han the c1·it i<•ul prcssu re of 
wn ter, the h~a ti ng in t he p lane of the fa u lt m ay vaporizc the 
groum!water and thc pressure of the vapor may reach the 
vnluc of the totul mechnniealprc~sure, whieh will also lcad 
ton •upprc•sion of all fr·ictinnal r•••istanee. 

Dut if ~uch un .,,·cut occurred, he"t diffusion would [m. 
mcdi:>tely bcgin to lower tite temperature.lca•ling toa drop 
in fluir! prcssurc, and thus thc friction would reappenr. 
Disrego.rdingo the fact th;rt thc sy5tem can L., lttc<llly unsta
bli!, with nc•drlcntal prca~urc drnps succecdctl Ly pcriot!" of 
ncarly no frie! ion, nn idcnl statc can be concci,·ed whercby 
thcrc would cxist only cnough friction to maintain thc tem· 
¡wraturc in thc plane nf lhc fault nt a value for which the 
fluitl prcssurc cqualed the mechanical pressurc. lt docs not 
mattcr if this is continuous friction ora series of shoch 
whcre friction oceurs briclly betwcen opposing rough arcas 
in thc f nu 1 t su tf u ce. Thc h ea t flow in C<tlories pcr square e en· 
ti meter pcr scconJ nccessary for this case wil! vary as a 
function of time. [t ought to be such that 
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knowing that 

o ='h. f.''-~''= .-•''""'' dt . e • . ...---: v4'<'at 
(7·16) 

The approximations which were mndc do not justify thc ef. 
fort neeessary to sol ve this equstion, nnd wc can be sati~fied 
with a limiting solution q(t) = q• -./!;f("Vt + vt='i';). This 
expression shows that q(l) will finally dccrcaae as 1/2 Vt. 

Tablo 7-1 

1-l, •1.5 .. '"" 
q-q,,O.SOS O.t!< O.ltl 0.05 

Hut it can equally well hap¡wn that thc fluid rclcased, 
thc ¡oresenee ofv.·hich le .. ~ns the fdction, cun escape, und it 
would rcquirc a grcater release ofheat than c~n be providl'd 
by friction to compenhate for its Ion. In p~rticular, this situ
ation can ocour whcn frittion vaporizcs grounrlwatcr. The 
stc~m can es.cupe wh<·n the plan" of s!ippnge rc<Ichcs the 
surface, which is neecssurily thc case for n landslidc. and 
sc,·erul examp!es are known in which this proce"" has 
pl,.yer! a role.' Hut this l<·akagc which occurs al thc pcriph· 
cry of the fnult will play s relativcly lcss importnnt role 
wh~n the sliding surfacc is more extcnsive, nnd it appcars 
th:tt when this sliding surface excecds 1 km', thc steam lenk· 

"1:'" is unimportant. 
llut thc s~cam can also intiltrntc thc surroundinJ:S of 

the fnult plane, compressing water before it, if the roe k is 
sufftciently Jl"rmcable. 'ro analyzc thio phcnomcnon. it is 
nec·c~"ary to aceount for thc upp:orent c"inprcssibility of 
water (taking into consideration thc clasticity of thc pores 
in the roe k). !( the mass of water per unit volume is writtcn 

'J.(;"<"'' ood A. l'""""''· ••r;;"''""" dynnmlooo do '""'""h·m<o1 Ju ).lont 
C•aoi<r. dao• Le M"olf o, Ch.r1•ou,. e o ,;ovem~r< lt<i." /Jvfl. HRG.\1 L2d oOdo), 
..... 111, "'· l. .... :0·~ . .. ., •. 
J. Co.-••~ \l'h> A,. L.,., L .. d~O!oo Di"'',."'¡,.,. SmoU Oooo!. lo Borry \'oi<ht 
(od.~ "Goolo¡:y o..4 )i«haoko of Ro<Ulió<O aod ~voton<ho~- P<Moyl•onlo Sto,.. 
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u;;;(!+ Al'), Darcy's law allow~ one to write 
}50 CE01'HEJl)11C5 

(7-17) value of thc permeability should he reduccd in thc same 

ratio. 
where p. is the permeahility. l':quntion (7-17) is identical in 
form to thc heat equ~tion. TIH.' fluid pressure, which as
sume• lnr¡;c v;¡Juc• in the phme of tlw fault, is thus 
propagatcd in the ¡;round in thc same manncr as t:le tem
pcrature, 1 f the propa¡;ation \'eloci ty of thc fluid pressu re is 
more rapid thnn that of thc temperatun, in a permenhle 
rack, the stc¡¡m drivin¡;; thc water wou]d mukc contad with 
cooler rocks where it WOllld condense, and it would rcquire a 
lar¡:: e ir.crcasc in tcmperature alon~t the plan e ofthe falllt to 
(·ompcnsate for this condcnsatinn. Converscly, if the t•·m
perature diffuses more r"pidly than the fluid pressure, the 
v"porization wi 11 projl"reu evenly and the pre•sllre can eosi
ly be maint,.ined. 

For .an intcrmedi,.te ¿,,.,, a more detailed des~ription 
indwlin¡; thc heat of vaporiz¡¡(Í<Hl """ ¡,., undcrtakcn to 
cnlcul"te the temperature~grcntcr th"n that strictly nec
cssnry to guarantee vnparization under the existing pres
sure~which must be ntt,.ined in thc pi"''" of the fault in 
orde r that th c pressu re is mai n t"i 11 ed in "Pite o f steam pene
tration into thc fault sidcs.' However, it will sutlice to c"om
pare the equntinns for the propagation of the pressure and 
tcmperaturc in arder to aoccrt,.in that if(¡.o./WÁ] < a the pres
surc will be mllintained, lmt not if (¡.o./O.A) > "· 

Thc apparent comprcssibilJty of wuter Á is of the order 
o( Á = 4 to 7 X 10'' bars'' nnd ¡.o./W < 4 to 7 x 10'', nnd depcnd
ing on whcthcr W = 1 or 10 perccnt, this ¡:;iv~s 1' < 4 to 
7 X 10·> to ¡o-•. This permc,.hility should be cxprcsscd in 
darcys if the water vi•cosity wns 1 centipoisc. Al high tem
pcratures, the wntcr's viscosity dccreasen (it is four times 
le"" nt !OO"C and eight times less ll.t 200"C) and the limiting 

'Jun Co~u<(, Lo •Oto do ¡·,.. •1 ~. la <h•l••• dono!•• •hOnomOnoo t«ton!ouoo. ""· 
"'"•'· ~'>>•· """· l>ao, •ol XI, no. 2. pp. J>l·J .... Apr.l·May (g,IO. 

The limit which hu just bcen calculatl'd shou]<.J not be 
considered ns a fixed limit. Thc )ll'()ccsses d('Seribed would 
certainly be ah le to nct ifthe permPnLility wns of an ordcr of 
mn¡::nitude less than thc limitconsidcred nbo,·e.ln addition, 
it suffices th ~~ this ;-aluc of the pcrm e~bility he valid o ver a 

smnll thicknes", si n~c i f tlw movcm un t is rnpi<l, th e hen t nnd 
prcssure inrrense w11l only penetrnte ~ sm,o]l distante (sev
era! cer.timetcrs or scvcrnl decimeters). An impermeable 
stratum in a lithologic series composed mostly of permeable 
str,.ta can nllow •lippng:c ¡,crordin¡.¡ to the mechanism cn
v i•nr:cd, 1f the s lippage follows a strn tigraphic con tact. N cnr 
the limiting eonditwn, it should be expected that e ven if the 
vapor pressure incre,.ses, it will only P"rtially reduce the 
value of thc efTectivc pressure, 

Whcn the frid.ion is reduccd by ~u eh a pruccss of Yapor
ization, we ha,·e seen that, even thou¡::h the V<•locity of mo
tion is only severa! centimcters pcr second, the frictional 
rcsiotance fnlls rapidly after a very small displac.•mcnt, 
Thus, it ís pcrf<·dly pos•ihle that thc hcginning of m ove. 
mcnt is not si m u 1 tancous along the entire planc nf the fa u !t. 
At the momcnt of rupture, the loss of the shcar strc•s 
(whirh occurs hecnusc the mo>·ing fricti()JJ is lcss than the 
station,.ry fridion) lc,.ds to an <·l.~stic dcfurm,tion of thc 
two sides of th~ fm,]t with the rupture propn¡;;,.ting ata fi. 
nite speed (hut much grcater than thc rcbtive velocity of 
the two sides). Thc beginning of the \"nporization pra<ess 
can follow the propagati()n of thc rupture with u slight la¡:, 
and so for the total resistance to glidin¡:, which rcsults 
from an average t"ken ovcr the entire surfaee arca, we will 
not h"'"" to consider succcssive ph,.scs as for the displlJre
mcnt of a spcdfic sudaec clcmcnt. 

These ph~nomcna can play an importan! role by allow
ing displacemcnts of large dimensions and hy facilitating 
ovcrthrusting, which con stitutes one of thc structu ral chnr· 
"ct~ristics of certain mountnin rnn¡;;es such as the Alps or 
Cnnadian Rockies. But their thermal role rcmnins very lim
ited. The ease of ¡:liding greatly reduces the mechanical 
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ener~y absorbed anol thus th.; total heat produeed. The 
ternperaturc ri~u remnins conflned to the immediute ncir::h· 
borhnc¡d of the gli<lin~ surf¡¡ce, and as soon as thc move
rncnt is terrninntcd, this hcat dilfu~es away and the 
tcrnperature quickly returns to normal. The briefn 1•ss of 
heating (thc duration of which cnn be counted in minutes) 
explains why wc genci-ally do not observe metarnorphisrn, 
which would ullow us to estima te the maximum tempcra
ture attaine~ by the presencc of charactcristic minerals. 

7-10 Motomorphism 

Wc hav~ •een that the th.,rrnal equivalcnt of rncchnni
cal enoq::y tli"~ipatcd in tectonio deform.~tions remains, on 
the average, v"ry lirnited. Thc ternpcrnturc rise dernanded 
by md,ntorphism cannot_ be can sed by theoe procPsses. On 
th~ contmry, we will sce in thc next chuptcr that the 
mechanical energ¡: expended in thc;;e deforrnations rnust be 
considercd a~ dait•.-rl from tlle geothcrmnl flux, 

The """cntial cauou of lnc\amor¡Jhisln must be consid
ered to be clev ated ternpurature (withou t cxduding the pos
sibility that this high tempcrature occurs only in rocks 
carried to grcnt dupth" by tectnnic dcformationo) ata given 
pressllrc, and thc rock co,dd include a !luid pha<e ""·ho3 c 
role can be importan t. Under thcsc conditions, certain min
era!s aru no longer otablc nnd othm·, can replace thcm. 
There is cry~tallization of new rnincrals or recrystalliza
tion of olrl oncs. 

ThiR, recrystallization, occurring in a solid bndy, is 
strongly mflucnccd by the s}·stern of mechanic:~l strcsses 
which occur and which determine a prcfcrrcd orientation 
for the ~rystal•. 'Thh constitutt•a one of the nwst ~trikin¡¡
fcntun,~ of metamorphic rocks. At the same time, this 
recry~t:dlization permita a relntively slow and easy dcfor
m:>tion of thc roo k. 

From a thcrmal point o[ vicw, wc will not ha veto be 
concerned with the contlitions thnt produced the tempera
tu re risc which is the origin ofmctamorphism und with thc 
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physical state of thc tluids which can pkly a role in these 
processes. 

Thc schemutic modcl of n batholith studicd previou"IY 
and thc heatin¡:: which results in thc country rock Nln ¡::ive 
an idea of the necessory del:ly pcriod for an apprceiable 
ternperaturc rise in a largc volumc of rock. Even if such a 
rnodcl does not seem to satisfactorily explain the ternpcra
turc rise in mctamorphisrn, it is actually not dear!y undcr
stood how wc could rcprcscnt this temper-a tu re risc. 

Mineral transforrnations, characteristic of rnctarnor
phism, irnply a certain heat of reaction. As a gcner,-,1 rule, a 
tempcrnturc increasc must promot(' t•ndothnmk reactions 
and thc heats of reaction cnn be seV<!ral tens of c:dorics per 
gram ofnew mineral. This can appreci:~bly slow the hcating. 
Guitard and F'ontcillca rcmarkcd thnt whcn a "cdirncntary 
covcr lay on an oldcr hasemcnt which had <'Xpcrienecd a 
prior metarnorphism and whose constitucnt minela!S werc 
thu s in a high tempera tu re equ ilibriu m, the '!»:-"~il,(t of ihe 
basement would be much faster thnn the"henting•ÚJ'the 
cover where the forrnation of new rninerals aLsorbB heat. 
Thus, wc shou!d count on, if nota discontinuity in thc rnsx
irnurn tempcrnture nttained (attcste¡J to by the mctamor
phism), at lcast a discontinuity in thc g:radient at that tern
perature. This in whnt has been ca!led the basement ejJect. 

7-11 Possible fluid pha$oS 

Ccrtain scco"-dary nspccts of rnetitmorphisrn, and in 
particular vcin dcposits, are oftcn attrihutcd to f!uids 
drculatin¡; along fissures. To describe the~e fluid• thc 
words J.j,drothcrmo/ and pneumatolilic are oftcn u sed.' This 
last word implies the nttion of a ¡:as ora vapor. 1t is U"t•ful 
to try to spccify the diiTerent fluid ph"aes which m ay be in
volved. 

We havc previou-"lY dcscribed thc way in whkh two 
phases, water snd stcarn, are no longcr distinguishable for 
pure water be~·ond the critic~l point (221 bars, 374.ll"'C). Dut 
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the s:~me qucstion should aho be examine<.! for mixtures or 
•olution~. 

Carhon dioxide (for which we do not hnve to distinguish 
hetwec~ liquid ano! g~.~. the nitical point l>dn¡¡; very ]ow), aJ. 
though 1t has a mutual soll!biht¡: with liquid water. can con· 
stit11tc a distinct phase from water. while. like all gases, it is 
totally miscible with ste;!fn. The limit of e.~istcnce of thiisc 
t wo pha•c·s ex te nds beyon<l thc critic:d poi nt of purc "'"ter, 
~P toa tcmpero.ture whkh slowly decreascs as the pressure 
mercases (350'C at 3G5 bnrs, 300'C at 600 hars). llowevcr, it 
is doubtf<JI that thc "wct CO, phasc" plays an apprcciable 
geological role. 

In the presence of an excess ofsoluhle salt, thc salt con
tents of water :~nd vapor phascs in er¡uihbrium with ench 
oth~~ are !(ene rnlly ver y di lf~ rcnt. They are not cqual at the 
critica] point (as opposed to the properties of purc w:~ter), 
anda hove the critica] point of pure water therc can ,·oexist 
two di"tinct fluid plmses with vcry Uilferent sa!t contcnts. 
1-"or sodium chloridc, the coexistcnce domain between the 
two phases extends up lo the fu,ion point of nnhydrous sal t. 
The pre""ure at which the two pha~c~ are in <·quilibrium is 
l~ss than the vapor P res su re of 1'" re water, but the pressu re 
continues t.o rise be~·ond the critica! temperature of wnter 
until rca~hin¡:; 389 bars at 600'C. Then the pressure de
""''"""" nnd is equnl to atmospheric prcssure ut 804'C, thc 
fusion point of pure sal t. The dense phnse thcn consists of a 
mol ten salt who•c fusion point is lower~d by the prcsence of 
wntt>r in s"lution, nnd thc1·c is al•o a r:aseous phase, a mix. 
t1.1re of water vapor and sodium chloride vapor (who..e vapor 
pressure is small). At :1 sulllcicnt tcmpcrature, there is thus 
n eontinuo1.1s ¡mssal(c from the aqucous salt solulion to the 
molten sal t. 

For other lcss soluble substnnces-pnrticularly for 
silica-thcre cxists a cr;ticnt point for saturatcd w:~tcr in 
cquilihrium with thc solí<! ¡¡hase. This critica! point is 
slil(htly displaced with rcspcct to the eritica! point of pure 
water. ~·evcrthdc~s. the laws of gao mixtures (addition of 
partía! prcs•ures) a re totally inapplio ~ ble and t he sol u bi lit y 
of silica in ~upercritknl wat<>r is relatively high, 
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At the fusion tcmperaturc of oilientc solutions, water 
can be dissolvcd in thc mclt with a pcrrcmtaf':e (on a weig:ht 
basis) which increascs much l<·ss quickly than the vapor 
pressure of water, :md which can go to 3 pen:ent at 500 hnrs 
and !J pcrcent at 4,000 bars. Conformiul{ to the law of g¡¡~ sol· 
ubility, this JlCrcenta!IC decrcascs slightly whcn the tempcr· 
aturc increases. In addition, it is known that the presencc of 
this water ¡::reatly lowers the solidification tempcraturc of 
silicntcs (from 100 to 200"C). Bu t if the "il icates crystalli ze. i t 
is in an nnhytlrous form and water mus! be relcased. Thus, 
ng¡¡in we are conccrncd with two phnse•, one of which i• 
id en tif!cd wi th lhc mixture of mol ten sil ica tes ami the othcr 
with supercriticul water, saturuted with respect to the "ilica 
a.nd other oxides whieh nre prcsent. This a.queous phase is 
lihcrat~d at the time of 5ilicatQ solidifl<·ation, and if it ,: •. 
capes along a tlssure, its tcmpcr,ture nnd pressure w1!1 vary 
and thus it can release the oxides which it held in solution. 
Such is the origin ofhydrothermal veino. lt is only near the 
surfaee, de¡wnding on the temperatlln• distrihution, that 
supercl"itical water will reuch cithcr the liquid water do
ma.in, where th<J so!ubility is high for many substances and 
where mineralioation can occur to form an ore dcposit, or 
the steam doma in, in exoeptionally hot region, makin¡¡ a 
fuma role. Well befare rcachin¡¡; thc surface thia will have 
essentinlly no solids in sol1.1tion and will contain practically 
no imjlurities except othcr gases. 

Thus, it does not seem n~ccssary to dis~in¡:uish be
twecn ¡meumatolitic and hydrothcrmal deposits. Thcre can 
be a difference bctween the dt'JlO"Jts formed at the expetJsc 
of the volntile phn~e in the vicinity of a m:lgma in the course 
of crystallization (perhaps certain pe¡;matites) and tho;;e du
posits )_eft by thermal wnters nt modcralc J<•pth, perhnps 
with differences caused by the tcmpcrature and the pres
sure. But it does not seem that there cnn be a fixcd distinc
tion bctween the two discontinuous fluid phases. 

It would theoretically be dilfcrent in the case where the 
salid constituents wcre soluble enou¡:h to act likc sodium 
chloride; the water vapor phase would be able, in the path 
by which it esoaped to thc surface, to mcct the saturation 
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cune :mol pass frorn thc vapor statc, with a ,·ery !ow conccn
tration of Jissúlvt•cl sult, tú the liquid statc with a cap¡H;ity 
f<Jr con"iderul>lc clis•olved "alt. This passng-c is what has 
becn callecl l"egreHRÍ .-~ bo il i ug (i .e., in fact, a condensation). I t 
would he marked by a very strong dissolution of previousl¡: 
dqoositcd •al t<. appt•aring- as corrosion. n u t it do es not se e m 
lhat this phenomcnon, which has bcen theorizcd, plays a 
vcry important rol<.'. 

The detailcd study of thc solubility and stability of dif· 
f..rcnt mineral" and thc conditions in which thcy can be dc
po•ited goes beyond the scope of this book and will not be 
further discllssed. 

155 • CHAPTER EIGHT 

ge9thermics on a global scale 

As soon a.s the existcncc of a. gradient and thus a 
geothermal flllx wa.s discovcrcd, the qucstion wa• a•kcd 
abo u t the orig-i ns of the he a t so d ¡~,¡ patc<l. 1 n the eightccnth 
ccntllry, thc answcr sccmcd cvident t.o l:!utfon: tbc earth 
was cooling off, and he trie<! to estímate the earth's age ac
cording to thcse coolin.ll' conditions. :\ ot poasessing ~ny •·al id 
th~ory of hcat, he mcnsllrcd th" ,·ooling times for muskct 
balls and connonba!ls of various diamdurs (from l to 6 in.), 
heo.tcd in his kilns at ).!ontbard. 'I'hesc times being propor
tional to thc diametcrs, he llnhesitatingly ~xtr,.polated 

thcm to thc dimcnsions of the carth and .:ot an u¡,;<' of 63,000 
yr (according to bs manuscripts, Bulfon hcsitated betwecn 
this tlgure andan "ge ten times gre::.ter). One of his errors 
was to considcr a ba!l as cooled when it could be "hcld in the 
hand without thc hand being burnt." This obviously corre· 
sponds to a thermal gr3dient much highcr than that of the 

earth. 
Thc c:Llculation of Bulfon wns performcd ar;ain severa] 

times during- the ninetcenth century. lt inspircd ~·ourier to 
construct his theory of hcat and was ñnnlly brought '-'P to 

date by Lord Kch·in. 
In thc meantime, Helmhnlt~'s attcntion had been 

dr:~.wn to anothcr sollrcc of cncrgy, which is csscntinl for thc 
stars. particularly the sun but whlch is not neglig-lhle for the 
e"rth: in the contraction of a cclcstlal body under lts own 
gravitational attraction, from what may be taken to be a 
clolld of mntter initi:<lly dispersed ovcr large diotanecs, 
gr:~.vitation:~.l potcntial energy is dissipated nnd thc greater 
part of thnt cnergy ia transformed into hcat. This cncrg-y 
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sutl"oec~ to c~plain lww the stau were brou¡;ht to very hi¡;h 
te m p~ra lun• JI, :mJ i l w .. uld ha v<t ~" ppl ied omou¡>;h ~ol ar radi
ation for 10 mi Ilion yr, which leJ Lord Kclv!n to ¡¡ivc this as 
a limit t.o thc a¡:c of thc solar 5)'Stem, but not without incur· 
rin¡; somc ol.oj~clion~ from gcologists. 

lt ¡,, wcll known th¡tt the di,covery of radioartivity and 
thcn nuclear fusion complctely changed the perspcctÍ\'C of 
this problcm. F.vcn thou¡;h the c:nth's rocks ar<: low in ra
dioadive clcnHmts, th"ir radioacti•·ity is su eh that thc hcat 
produced is ofthe bntnc ordH of magnitwle a~ th" J:"other· 
mal flu~ and thus constitutes an cs>ential factor in the ther
mal hibtory of the earth. On the othcr hand, nuclear fusion 
rcactimos, ~urh as OC<"Llr in the tmnsform:~tion of hydrogen 
to h~lium, h"vc b<'cn_ uLle'to supply thc solar radiation for 
4.6 billion yr, whieh ;, thc n~:e attrihuted to the solar $)'Stem, 
and will o un ti n l!C to do so for n n e ven gre:l ter len¡::th of Lime. 

In a ¡::lob:d thermall.oalimce, it wn be g)\Own th:~t possi
ble chemical reactions do not play an appreciable role. On 
the contmry, teetonic ~•etivity, tJy w hich roe k5 are deformed. 
mountain ran¡;cs rais,,.[, :\rtd cncr¡::y disoip.~t~d in enrth
qu:tkcs imd puhaps in other formo in rclatíve platc dis· 
placemcnts, represen!~ a mech;~.nkal energy which must be 
accounted fur in a totnl C::t•'r¡¡y tJalanc<'. Again it ean be 
shown that this term i; vcry sm:tlleomparcd to thc gcothcr· 
mal Aux; it can thus l>~ ima¡;ined that thb mechanieal 
ener¡;)' can be deri,·ed, by a meehanism to be specified, by 
convcrsion from thermal energy hut not tlw in,·crs~. 

In the encrgy balnnce, !he magnctic fiel<!, or rnther the 
encq:y dissipated in the courlle of its modifkations, rcpre· 
scnts S m u eh ]Hs importan t term. Ilut i ts ¡;rc:<t sÍ¡>;nificancc 
is to ¡::ive us information ubout th~ re¡:ime e>:ioti11¡: in the 
earth's core, of which we possess little knowled¡::e. 

Thus, thc idens of the thermal history of the earth for 
two ccnturics ha ve C\'O)vcd in a <JUÍtc radical mann~r. Even 
now, th~ tempernture di•tribution in thc int.,rnal rc¡:ions of 
thc eurth is ccrtainly thc most poorly underotood phys;eal 
propcrty ofthe carth, particularly beoause the study of that 
distriLution i• inscpnruble from hypoth~sc< of thc carth's 
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ori¡;in. H is hardly nccessary to statc how unccrta ... thcsc 

hy¡¡otheses are. 
We are ¡:oing to undertake in more detail the ~tudy o{ 

the diffcrcnt terms in an ener¡::y balance ju5t skctched to 
show how their ordcrs of magnitude can be cstimated. Af
terward, entcring the domain of hypothcses, we will try to 
show how thc thermal sy5tem of thc carth as o whole can 
be imngincd und connccted to its ori¡;ins. 

8·1 Coo!ing o! a >olid sphere 

Obviously it is not very satisfactory to compare, as did 
Buffon, thc cooling of the earth to the cooling of a cannon. 
ball (Le., trcating the carth "" a homo¡:enous sphere in 
which thc thcrmal purametcrs auch as thc specifJc heat and 
therma! conductivit¡: are considered constant)_ :-; onctheless, 
it wH! be u~eful to rccall thc rcsult3 of this model. 

The hcat equation for a sphere, whcn the tcmper:tturc 
dist•ibution is u function of the radius only, reduces to 

This equation pcrmits solutions of thc form 

8 = A[sin ar/r ]~_.,.,, 
' 

(8-1) 

The tempcruture distribution of a ~phue with :lO ini
tial uniform tempcraturc 81 at t =O, and whose surfuce 
r .. R is afterv.-ard m~ir.tained at zero, is obtained by lct
tin¡: ~ = nrr/R and represcnting the initial temperature by o 

sum of the type 

-2RII1 "¡(-1)•] . ("'"r) -•'-'<,R' 8= ---sm--¡¡-e 
-:rr n 

(whkh is equal to 8, o.t t- 0). Thi• cquation gives a surfacc 

gradient of 

,w -21!," __ , ... ,.,. 
-~---· Or P. 
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An approximalion kl the ri¡;-ht-hand side of this equation 
can LP obtained by rcp]:JcÍnK th<.> sumrnation hy an integra
tion, and thus wc find that approxirnatel~-: 

This allows us to calcula te the \"al u e of the •urface gradient: 

ao e, o, -------ar -V,-at R 
(8-2) 

Thc tir.t term reprcsents the gradicnt for a cooling of a hnJf. 
a¡mcc (in!inite rndius), nnd thc sccond tnrn takes thc ~phcri
cal shapc into accotmt. 

On the whule, thc successiYc tcrrns in the series reprc
•cnti ng the te m pcrn tu re di" out more :md more r~pidly, and 
1>t the <>nd of cnough time, only thc flrst terrn rPmains 
apprednl>le. But for a spht>re havin¡:: tbe therrnnl properties 
of supcrfocinl r<>cks (a =0.01) and the enrth"s radius, this 
wou\d he so only aft.,r" lime on thc order of lwndrcds of 
billions of ycars. For the a~c of thc ""rth. 4.6 b1l1ion yea,-5, 
lhc initial temper:~ture would barely ha ve ohnngcd and the 
Burf~ce !"ooling wuuld only have p<"nc(r;tt~d to a depth 
"haliow compar"'! lo thc <•¡¡rth's mdius. A l:r:<dient of the 
orderof I'C/30 m wou!d require an initial uniform tempera
tu re on the order of 25,000"C. Obviously, it would be absurd 
to suppose th;tt al su eh tcmperatun'" a solid state Pxists 
with thermn! propertics ana!o¡;ous to those of superficial 
rocks. 

This w;ts ~""'"ntially thc model by which Bulfon {in an 
incorrect rnanncr bccausc he mi"understoo<l the signifi
cance of the go,.dient) nnd other physicists reasoned till 
Lord Kelvin. Lor1! Kelvin wo¡:Jd still ha ve found acecptnhle 
central t.,mpcr¡¡\Ll!"~S for 'lur¡¡tion" much ¡;-reater than 10 
million ~·r. whirh was the time to which he intended to limit 
thc a¡;-e of thc carth {and for which e,- IOOO"C) by his 
reasonin¡;- conccrning the ~olar radiation. 

For any othcr initial temper:~ture distribl'tions, an 
analogous conclusion would be rcached. Thc simplest way 

• 
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to show \bis is tu consi<lcr this tempera tu re :u the s¡:m of a 
uniform tempcrnlurc equol to the initial tem¡¡erature at the 
surface and an initial temperature distribution cance_ling 
at th~ surfnce. A calcul"tion similar to thc preceding one 
wou!d show that this second distribution gen~rally brings 
only n negligiblc contribution to thc grndicnt and wm.:ld 
only ha ve evo! ved slightly in a time cqual to thc agc of the 
earth. Tht~ initi al d i~triLu tion of te mpcralu res in the con tral 
regions of the earth has practically no influcnce on the sur· 
fnce !{ra<!ier.t, which depor.ds on the cooling conditions near 
the surfacc only, In the rnodel ofn soli<l.•phere, the earth is 
m u eh too young to allow thc initia! thermal conditions in the 
central regions to be manife~tcd in any way at the surface. 
Of course it is cxtremcly unlikely that this modül corre· 
sponds to reality; it only constitutes a refcrence whicb it 
was neccssary to recall. 

Sincc the discoYery of radioactivity in 1896, thc energy 
di~sipation by rndioactive ckrncnt~ has led to the rcexami
nation of the whole problem of thc therma! history of the 
c:<rth. This is beca use the radioactive substances existing in 
the interior of thc earth rclease hcat ata rate which could 
be comparable in order of magnitllde lo thu beat disaipated 
byconduction tothe surfnce, To be more precise. it would be 
necessary to be able to estimnte thc amount of radioactivity 
fnund ¡, the interior of the earth. First tiH,re is uranium 
and thorium. Xatural uranium is composed of two isotopes; 
<»U constitutes H¡ of the tot¡¡] uranium content. ""U is less 
nhundant but has a higher disintegration constan t. This 
constant .\. char~cterizcs the disintc¡::ration probability in 
unit time such that the amount of radioactivity present 
v:u·ies ns .-u and, in particular, is rcduced to one-half its ini· 
ti al va!ue in a time t = O.W32/A. oftcn ca!led the im/IIife. 

Table 8-1 indicates, bcside~ the values of l... thc heat 
relensc from 1 g of the substance supposed in equilibdum 
with atl the products resulting from its disintcgration. 

• 
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Outsidc of uranium and thorium, we could nlso tnke 
into ~ecount pul~•~iutn, whote isotopc "K is ncarce (0.01! 
¡wrcent) nnd which i~ radioactive throu¡:-h \.wo diiTerent 
proc<·s.~C->. producin~ ."\rgon ;:nd cnlcium. rcspectiV<.'Iy. We 
u~ed not di•tm¡:-uish betwecn these proccsscs in our study. 

The eiTect of Hb, whose isotope "Rb makes up 27.8 per
cent of the total Rb content and which has a disinte¡;ration 
c<!nstant of 1.47 X lO"'' yr, is oftcn ne¡;l<-~ted. Estimates of 

the nbundance of "ltb ¡;ive thu same approximatc r,g,ne as 
for the amount of .. K. The extreme slowness of disintc¡;ra
tion justifu·d negl"ct <>f its heat production. The dfcct of 
rhenium. wloich ic, VPr)l sc~r-cc, can ccrtuinly be i¡;nored. · 

Of coursc we do not ha veto include thc radioactivc ele
ment produccd in the upper al!nosphere by cosmic radintion 
("C, tritium. etc.). Th~ir disintcgrntion"nt the ourfacc sim
ply rcturns u portian <>f thc i11ci<i<ont radi:mt ener¡:-y. 

Howc>"cr, wc will r~ise a vcry "obscure point here: it ¡8 
known that the neutrino is n partic!e whosc existence has 
bPen estal.Hshed by theor-y ~~ unsure the principies of con
servatien of """" ami cnc!"¡:;y in ccrtai n renctions, bu t it h us 
practically no intcntction with mattcr and cannot be de
tccted_ 1t is sometimcs asked if thc neutrino flux rcecived 
frnm thc sun is such that thc fcchlc absorption whieh would 
O("Cllr when it pnsses th1·ough the earth wollld lcad toa heat 
release which should be t~ken !:>to consideration. This 
wollld mean. thaL we should admit the principie of energy 
conservati"n is faulty at a ct•rtain leve]. which is exactly 
thc lcvcl in which wc ar-e intercsted. Sorne theoretical dis
cuuion, into which wc wiU not cntcr-, secms to show that 
even on this scale the effect would be completely negligiblc. 

T•Olo 8-1 

J.,yr-• <•1/¡- .,. 
'"" 972xl0"" " •e IS<xlO"" o.¡ 1 
U (or<linary) 0.73 

'" 4.~ >< 1D"" 0_2{1 ., 
'' "¡o-~ 0.21 

K (or<linary) 27 ~ lO"' 
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Once in po5scssion of these facts. which can be consld
cred as well ~<tablished, it rcmains te colima te the ~unnti
ti"s uf ~adioac~ive clcments proscn~. ancl this is cxtremely 
difficu!t ami u nce;tai n. I t is ccrtain that the roch accessiblc 
at the surfuce are only representa ti''" ofa thin lnyer (a few 
tens of kilomctcrs) which makes up \he crust, and again, in 
propo;tions which ought to be wci¡;htcd. 

Samples of nx:ks which we can consid<!r to bclong in the 
mantle havo very wenk radionctivities (o.t the limit ofwhat 
i" mcaw ,:n ble), and e ven th<·n we mar wo nder if the s:un pies 
have not Leen contaminatcd during the processes which 
brou¡:-ht them to the surface. 

:\leteori tes. in particular eh o ndritc!, which a re ha bitu
ully <"onsider,,d as bcing- rept·cscntutiv~ of the intHrior of 
¡olnnets analogous to the earth. nlso ha ve very sma!l per
cenlages of U, Th, and pot~ssium. Clearly, the perccntages 
of radio"ctiv" elemcnts in thc crust are much hir:h•.r; but, 
cvcn the sm~l! pen:cnlagcs in the mantlo nnd enrc may 
produce an nmount of heat which may not be negli¡;ible. 

In the uust. thcre exist accumulalions of ccrtain ele
ments which constitute exploitnblc deposita. Clcarly, for the 
three elemcnts in which wc nrc intereotcd, they onty repre
sent nn infinitesimal proportion of thc total e~isting ton
nn¡::c and it can be shown that their thermal effect c;<n be 
ne¡;lected. An oceurrvnce of 100.000 tons of ur;.. .• !tun wollld 
be quite cxtrnordinary; ata content of 1 percent, that would 
occupy a sphere with a 100-m radius; the hc"t liber:ttion of 
2300 cal/s, supposed uniformly distributed in !he spherc, 
would Iead to a stead y-sta te thcrmal o y ¡;le m with a te m per-a
ture increase of 3.G'C at thc surface and f>,7'C nt thc center. 
Thus, this would onl): be a vcry loca! pertu~bation. 

For many rocks, a nice correlation is obserccd (which is 
poorly cxplained but is pcrhaps nota coincidence) h~twcen 
the perccntn~es of uranium, thorium, and potas¡;ium. For 
basic and intermedia te rocks, the perccnt:<gcs can varr bc
twecn 0.1 and 3ppm for umnium. with an average of 
O.~ ppm, and hetwe~n 0.3 ;>n<l 10 ppm for thorium, with an 
average of 2.7 ppm. On the other hand, for ¡:ranites (in thc 
broad sensc), U percentages are found from 1 ta 20 ppm and 
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more, with an a"era¡;e of 4.9 ppm, and for thorium, from 2 ta 
20 J•Pm, with an ;Wcra¡:c of 9.3 PJlm. For tl1c•e ro~ k•, thc 
pota~~iurn contcnts itTC from 3 to 4 pcrecnt. 

Thc mi•lcading si¡;nificancc of avera¡;cs should be 
pointcd out; they re¡nc•cnt a weighting: bclween sarnple~ 
and not Ldwccn thc tonnagcs thcy represen!. Sarnplt•" are 
more often colled<•d at the cd¡:es of mnssive gr:>nitic rocks 
!han in thc ccntcr~. Radioactin• elemento (othcr than potas
siurn) are, in ¡;ranitc, nlrnost exeluaivcly contnined in cer
tnin nn·ebsory mincrals such as zircon. 

lf certaiu sedimentary rocks, such as bio¡::enic lime· 
stones wherc the radionctive contents are ama!! or evap
on~es where thcy are prnct:cally nonexistcnt, ar-e set 
aside, thc p•opnrtion of U in sed1mmotary roe k• varíes with 
the proportion of clay, quartz, or h~;ovy mineral~. lt appcars 
to oscillate around an average of 2 to 3 ppm; the Th perccnt
ages ha ve" less ~trfot cormlatíon than for eruptivo rocks. 

Ccrtainly thc "granitic !ayer" of seismologists should 
not be idcntificd with the intrusive jl"ranites observed on thc 
sur-f~ce and which rcsult from refusion proccsscs proLably 
lcadJngto a <"Ono~ntration of Th nnd U. Gn,iss on thc oth<•r 
hnnd should retnin perccntnges of U ;md Th much the samc 
as thosc in the rock fronl which it ori¡:-inatcs . 

In snmm;¡ry, it is ~cry di1licult to givc nt•mbers which 
can be considere·<! as rcprcsentaLlv« valucs for the avcm¡::e 
radioactivity of the cru~t. The nct oftakin¡;- for the examples 
average concentrotiom of 2 PP"' for U, 8 ppm for Th, and 2 
percen t for K .•hould not makc us for¡:d thnt these nurnbcrs 
crrn be off by a factor <>f ~in eith~r direction. Th~se vulucs 
lead to a heat relcase of 3.6 x 10-•cal/g. yr, or 
9.6 X JO-• cal/cm•· yr; a thin ]ayer of 39 km could furnish 
thc average ¡::cothcrmal flux of 1.2 ).<calkm'. s. This 
thickn~ss would be n littlc greater than the dcpth whkh is 
normal]¡.· assig,.,,¡ to the conti~ental crust, but we should 
remembn tha¡, 1.he ordHs of magnitudc are similar. 

In uce"nic l"<'~ions, on the contrary, wh"t is known uf 
the erust's compositwn (thinn<>r and nongranitic) seem& to 
im!icate a heat production m u eh lowcr than thc geothermal 
flulí, thc average of which is the samc as for the contincnts. 

C.!:OTll r.RIIIo:S O~ A GLOUAL SCA l. E 

To estímate the siKnific;mcC of th"ac terms, wc can 
calc,!)ate th<: tempcruturc risc if the r;ulioactive rack was 
isolatcd. Jt is c:tsily found, takinl! into nccount th.., law of 
v:•riation ofthe qunntity pre•ent ""a funnion of time, that 
thc tcmpemture ofthis rock w<Hdil huv•• hc<·n rai:;cd 5770'C 
in the last 1 billion yr :>.nd 47,575'C during thc \¡¡st 4.5 billion 
yr. 1 t i;; quite evidcnt tha.t COtlducti\"e cool ing in thc crust is 
vcry import~nt on this time scalc. Bu t. if wc suppo•ed that 
in thc ccntr"l region~ of thc c:trth the ¡¡crccnb~<·s wcre a 
specifled fraction of those tnken for _the crust, wc wo11ld be 
ablo_: to deduce from these numbcrs thc temperaturc rise 
which, if only solid cond.,ctwn had occurr<•d, would onl¡.· 
ha ve been slightly modi~cd. 

It i;; indispensable when thc therm.•l evolution of lhe 
earth is considcred to account for thc dcerease in radioac
tivc <>lements with time, which re3ult,; in heat lihcration 
be in¡:: more Tllpid in the past. Fi¡:-ure ¡¡.¡ indic<J.tc• for P•••t 
agcs the heat releascd for a composition such as wc ha ve 
pn•viously ima¡;ined; it is seen that 3 billton yr ago the role 
of potassium in th<· hc"t releasc was prcpondernnt and LS 
billion yr ago it wa• thc heat release by '"U which was im· 
porlnnt (at that time. the perccnt;¡ge of "'U was 27 pcrcent 
of the total uranium content). 

Observe that if no othcr indications of the eMth's agc 
existed, thc extrapolation of thesc figures would lcad us to 
f¡;< an upper lirnit for this age. F~am Fig. 8-l, wc c:u1. also 
deduce the V:J.riations of the ¡:-eoth~rmal llux durin~ p¡¡ot 
¡:;cological tim~o ~aused by thc r;¡dioaetive elem~nt.'l then 
contained in the erust, But for the portio u which would arise 
from cooling from nn initial state ata hiKh ternperntur-e, it 
could we!lhe th;¡t this cooling- !'nte was hi¡.;her in thc furdis
tant pnst. 

The comparison of the flux value 4 billion ~·r ago (3.5 
times toduy's llux) with thc limit wh1ch we ha ve ahown in 
Cllap. 4 for"th,, hypotheois of u therrnal S~ratlficution as it 
re su lt~ from hcat lrnllsfcr by conduction would not be com
patible with the prcscncc of liquid water in a permu:~ble ter· 
rain. This lend• us lo think that thc formation of steam 
plumes and heat trnllsfcrs by convection must ha ve bcen 
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rnuch more frcquent than toda;r: gencr:ll!y, a!l thc hubter
rancan proccssco in thc crust rnust ha ve bccn m u eh more 
active. This is a fact which must be considHed in the study 

of the lower l'recambrinn. 

8-3 T~e cocling olthe urtll including radioactiva elfects 

lf we su¡1pose th:ll al! r<Hlionctivc substancc• nre con
tnined in the crust, one way of studring thcir innucnce an 
thc cooling of the carth is by considerin¡.: the tcmpcraturc as 
thc oum oftwo terms. Onc tHm (01) sati~fies thc lwnt cqun
tion without takin~ int<> considemtion the r.eat released by 
radioadh•e subst:Ince•, and the other (0,) is tnken to be zern 
bclow the base of the crust o.nd to.kcsin~o nccount the radio
active heat releasc, which is of the form ::::q(x)e-". For ~o.ch 
of the four tHms of this sum, let O, .. F'(x)e-", where f'(;t) 

satistles the cqt:ation 

<J' f' 
-C~f'<;t)""K a.r' +q(:r) 

(8-3) 

lf the Orst term 1s neglccted, we have F(x) .. 

(-1/1\) flq!y) (y -:r) d¡¡, nnd at the surfac~ P(O) .. 

(-1/K) J.'q(:r) :t dz. Supposing that the r:ulioactive e!ements 
are uniformly distributed ovcr a thickness of 30 km, it i• 

then found thnt ~F(O)- 2úO'C. 
lt \s eo.sy to see that thc !dt-hand si<le ofthe equation 

is of tr.e ordcr of a hundred times less than each of the two 
. terma of the right-hand side, which n\lows us to limit our-

.,GUU S-! Graph givim: tho heat .-olo~so '"" onbi< oontimotor in to·• 
<ol/yr, for a t)·pi<al ro<l< ol dcn•ity 2.~ ond oompo••~ of~ pprn 
of U, 8 ppm uf Th, and 2 pCr<<nt of K. The gruph ;, g<>'On "' • 
fu n<tion o~ ~··olo~i<al tim"' th< •mount o! he•t t<ouldn~ !ro m 
<a<h e!ement o• i.otop~ i• ohown. Th~ ·~~••""'i"l ~ctive t<m· 
pcr>tu« &, h01 al•o boon indicoted. ~nd •• it• offe<t oon .,. 
lndu.OeJ in th• .,ndy ol <leeo oubtormnean cooiLn~ with tho 
hypoth«i• ol • un<lorm dlotribution o! '"'h " rocl< ovor & 

311-km depth. 

• 
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sclvr•s to thc · 
0 

lo _, . a~pro~rmatimi furnishe<l by thc solution· 
,- •'" • wrth ::,.o, ~.:;~o··c. In Fr"."' 1 e • 

" ""' t K• olclrve temnera• tu re o, is iru!ic,.tcd. " 

. ForO., which satisfrcs the he~t cqu~tion not taki 
1 ~~<lwnttivity of the <"rU~t into nccount, thc ¡·ondition e':,:: O~~ 

"surf,cc must be r~plnced l.oy the condition 8 .. 8 Thus 
"""?" thir.g h.~Jlpens for li,' as i f. ins!ead of roolinl'!" th r~ugh 

11 
sur nce kcp_t nt" condnnt tcm¡>r•raturr Lh"t is tnHcn as O'C 
;~n·d dul~nnmcd by c<¡uilibrium with thc externa! rndin•ion 
• lS surf~cc hn• hccn kcpt ata 1\ctivc tenrpcraturc () w~id; 
progrcs."·(")y dccreasps frotn 1~00 to 290'C ' 

ti;¡ 1 ¡,:; :~~~ :,:~:r ,¡'¡~~:'¡',~:·~:~~'~:~ •;¡:~~~ {~ ::oJ~,¡~"i,~f ~~~~:~ 
~._""""1 .rr"' 10 thrcc part": first, a uniform distribution cqtral to 
"'"' 1 Crcncc hctWP<"n tl · · · 1 Bnn•C 1 1. . . "' ltntrn ""rfacc tump~nrture and 
· .. .''nc w lleh wrll "'"olvc a" we havu """" nlwvu· next 

an mrtltll tempernture 1iistríl.oution of Jaoo•c .111 ' ' 
da] fktin tempcratur• . wr "~ur>erfi-

" . • e progrcs~l\"cly decrccsin~ from 1300 
t.~ -1 OIO'C.acc~rdmg to thc lnw indic,tcd; nnd tin,¡j]y. nn ini
tl,¡ < rstrrbutrun ?.ero at the surfa~e and ¡ v 

1 1 f . •., or """'"' t '"sur· acetcmp~raturcwrl!rcmninO"C JtL 1 d • ¡, h. · u as n rcn y u<•cn stated 
t at t '" ln'>t porti~n would only bring a sm.~ll con tribu¡· 
to tlw "urfa<"<' grndJent. ron 

Essenti:d)y we ha'"." lo considcr the second distri Jmtion 
tosccwhqt¡:;radicntre ll f 

~ • ·~u s roma progrc•sivu lowerin f 
thc surfa<·e t"mperatur.•. Thc cnlculation c·m be d r' 0 

snh 'bl.ll ' Orwora " ere. u l <'ads to a .~lowl> con··n~··o · • 
1 '" ~., ng senes Wnose 

ermfi nrc exponentinls and it dotts not scnm us f 1 1 1 velopthis 1 1 · L "" O<e-ca ni ~:•on ucr~. We will :.tudy thc prob]cm in th 
piune UJ•proxur•at 1on. e 

lt has bccn ~cen thut if at thc instan! t thc tcmpcraturc 
at the surfarc Df a half-spacc is lowercd by .!. 
suhscr¡uent t<'mJ'erature will be given at time,. by O, the 

9-.iOcrfc( ' ) . . 
V -ln(T J) (8-4) 

'J. Goou<l. );o<, '"lo (o(;ood'"''"'"' du Gl 0. 
O&.l·>U. IO<i. At <t.o "'""• wo •••o<od oH ~.; • •. ,¡ A'"· G<oph_,, ool JV, M. :1, pp. • 
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If thc surfacc tempera tu re, initially O'C, is afterward 
given by 0,=/ltl. we will ha ve 

O(:r,T) = [ j'(l) erfc ( x 
· -- V.J.a(r <) )

di 

where for x _,O and ,. .. O, this cxprcssion beco mes 

-~- di '" r 2['(1) 
¡¡¡; -• V 4•ml 

(8-5) 

The integral ha~ becn numeri<"nlly calculated, •upposinr: 
conccntratlons of thc type indicatü<l c~rlicr distriLuted 
uniformly o•·er n 30-km thickncss. With JW = ~q~·", which 
givcs ['(1) =~~e·«, the I'!"TrU!ient is found to be C<Jual to 
l'C/480 m. 

This shows thut, becausc of the tempera tu re drop at 
the surfnce, a thcrmnl flux is~ues from the cnrth's interior 
with correspon<li n¡: CDoli nr: :m<l ÍM d issí pn tcd ~.t the "arth 's 
surface at tho rate of 0.1 11cnl/cm' · s, which is n¡,proxi
mately n tenth of the ¡:eothermnl flux. 

In fact, it is extrcmcly doubtful if the interior of the 
enrth """be a~signcd the thcrmal prop<•rtics of sup"rficial 
rocks, e>·en if only the thcrmnl propcrties of lhe upper part 
of the m"ntle wcre important, ns would be the case in thc 
schcmutic pwhlem which has just becn trcated. In particu
lar, it can hnppun that in the mantlc, bcat-trnnsfcr process
es tnkc pl!lce which are m<¡ch more ciTecti>·e than conduc
tion. We will sce la ter tbat is is undoubtedlr ncccssnry to 
cal! UpOn COnVcction. ~'or the mam·ent, Wü Will limÍt OUT· 
se!ves to rcpr~•enting these procc~ses by thc choice of o. 
highcr valuc fo; the coefficient K, and thu• al"o for D. 

ln the ~xprcssion for the flux, K occurs in thc numern
tDr nnd the squarc root of a in thc <l~numinator un<icr tho.: 
smnmation sir.:n. Thc eiTect M an increas" in K is nn increase 
in tba thcrmal tlux rc~tching tho surface (or the bn•e of the 
cru~t), as a cflnscqucnce of thc decline of thc fictivc tcmpcr-
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atur~ at the surfnce, whieh gocs as the squnrc root 0 { the 
enn<!uctivity. Whcnuvcr convc~tion plays an import;mt role 
in thcrmal cxch,m¡;c' <J.t thc leve] of the upper rnnntle, it 
hnppcns thnt in thc gcothermal flux, the portion rcsultin¡:: 
from thc cooling irnposed on the lowt1r leYels by thc therrnal 
cvolution nf thc crll~t. rcprcsents n suLstantinl proportion 
of the total therrnal flow. · 

lt is pcrhaps uscful to crnp!Jasize that this effect does 
not tlcp<·nd on thc total nmount of radioactivc suhstances 
present, Luton an intcr:ral in wh1ch their de¡oth occurs (as a 
rnornent or thc r:ulioactive suLstance's amount with re. 
s¡wct to thc surf~ce). lf it i$ supposed thnt in O~eanic rPgions 
th" proe.•sscs which led to the concentrntion of uranium nnd 
thorium in the gr~niU~ rocks ofthe crust did not act in the 
anme way ns for the contincnts, it oould be ima¡;-incd thnt 
evcn if t!u, total radiouctivc conccntrntion is low<•r than' 
for the continents. this lnOilH>nt cot1ld be hi¡::h<'l" and thus 
play an nppreoiablc role in the flux or:¡;-innting from un. 
dcrground rnu,ed by cooling-, whioh could explnin thc <'qunl
ity of thl' average oceanic an<l continental flllxcs. 

Certain of our hypothcscs are ver~· arbitrary, in purtic
ulnr tho'c which conccrn the a m o un ts of radionctivc materi
als and th~ir distriLution with dc~th in tht• crust. Bt~t we 
hn\"C the dcfinitc result that we do not ha ve the right to 
imagine an carth whosc gcotherm~l flux would exact!y be 
hnlnllc<'d by !he hc"t releas"d by ,.,H]ioacti•·ity in thc crllst· 
from !he so le fact of the decay o.' r.~dio,ctivc substances. 
thcre rc~ults n fictive temperaturc decline (and thus a ]so io; 
the tempPr,,ture ~~t the base of the crust), whieh lenda toa 
flux causcd by tooling, at ~~~st ofthc order of one-tenth the 
normn! hcat f\ow (~nd pcrhaps hi¡:her). 

In the ealcul"tion of the integral which vielded this 
result, uro<l in spit~ uf the fa<'tor 110. thc <"!trlicst ¡:eolor:i
cal periods )Jlay a preponderan! role. In fnct, this onl)· holds 
for <.>ne of the initial temperature distributions, that part 
whkh eorr~sponds toan illiti,.luOJiform tcmp..raturc e~unl 
to the fictive temperature dl!e to thc radioactivity o[ the 
crust, which therefore was not initiallr subjected to any 
tellder,cy to cool. lt would equally wcll be necessary to con· 
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sidcr the other parts of the initi;d distrihution, one nanuni
farm and the other presenting: ;>n initial di...:repnncy with 
the surf¡l<·e temperaturc. Thcse two :cnns could easily give 
contriLutians of the same rn,,g:nitcul" to thc actu"l surf.lce 
gradient. 

As a case in point. although it docs not secm "t all 
probable, Id us suppose an miti.¡] ternpcr!lturc of O"C ev
cry":'her~ and a radioactivity concentr,tc<l only in the 
cruot; we should add to the solution which has just been 
stu<lied, ~nd whkh cnrrcs¡oonJs toan inltLt\ tempcraturc of 
1300oC. a solt;tion corresponding toan initial unifoH·m tem
perature of -1300"C. Thc c~lculation in Eq. (8·'!) furnishes 
us with a valut• for the correspon<ling: gr;u\iont "f i"C/.~00 
m, nearly equal and oppo~ite to the gra<licnt rcsulting: from 
th~ dec~y of radionctive sub,tanees. This shows that. first, 
thc mdioncLivity of thc crnst hcats the nnderlyin~ rocks 
omd. thcn. thc cru>t ber:ins to t·mol anJ a ,m,dla"""mt of 
the hcat which wus accumulatcr! below rctun•s to the 
crust. There is no interHt in a d<>tailed in,•estigatian of n. 
modcl so far removed from reality, and wc oniy nwntion it 
asan <'xample of the way in which a tempcrnture distribu
tion can be obtained which i• appropriute lo any sort of 
hypothcsis relnting to thu initial •tate. 

l f we kn cw the d istribll tion of t he rad ioactivc ciernen ts, 
it would be casr to calculate-its conscqucnces for the tcm
perature distribution; unfortunate\y we lack pr.•cise infor· 
mation on the distribution of radioactive ¡naterial• in th,, 
rnantle and cspccially thc core. Com pari•on wi th mcteorites, 
p.~rticularly chondritcs, furniohes the only rnodel whkh we 
can appl¡·, but it i" not known to wh~t c>..tcnt it is vulid; it 
can only be l"ernnrked that it furnishc" us a strong ju:;tiftca
tlon for the notion of muntle concentr11 tion• much lower 
th an in the crust, but not 7.ero. Thi" con !ir m • the conclusions 
of a purely thcrmal nn~lysis which shows that the hellt 
flow wou!d he much hi¡:;loer for rna.rotle concentrations 
af the ordcr ofthose in the crust, whi~h can thus be formnlly 
exdudc<l. On thc ather hand. the necessity fur nn cn¡_;¡r.e for 
thc in\ernal rnechanic:t] ¡;c~ivity, the con;equcnccs of which 
are so visible on the surface, makes it likcly that there is a 
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nonzcro coneentration in the mnntle unrl in tho 00 0 t"· re.ur 
uneer umty 15 pcrhups ev<•n grcatcr for the distribut" · 
thl" occnnie r<·gions. 

1011 

m 

Tho dossipa!IQn of gravilallon~l enorgy in. condensatoon 

Hc!mholtz's ~ttention was drawn 1 <' . h. . . o ne encr¡::y source 
"': !Ch lS hberntcd when a mass, initinlly dispersed ata great 
<hstancc, conden~<'S unrh,r the ctfect of l'o 1 1 · . . " mu un ¡:rnv1tn· 
twnal uttrad10n of its pnrts ancl whenevcr l'""c ,~,,. 1 
d" t "b · " d " mass 

Js " ut10n is altcred (we will Msumo <'·> •'" '" · , . ''M •••espoocr1enl 
O} mn:ctr}' 15 prcsurv~d, an<l wc will neglcct the ei!"ccta dueto 
rotnt_wn). P<~rt.of th!B cnerg:y will Le foun<J in the form cf 
elas:!c _energy '" the ccmprcsoed matter, but the rcst must 
be d!ss1pnted in thc form of heat. 

To e alcu la te the cncr">' li ber~ t•••l O•>l . '· · • h • ~ "ccn lSpers!On nt 
11 grent dr~tnnce nnd a condcnscd state, wc can proeeed in 
the _followmg manner. Consider the mnss m(r) interior to the 
r~rl!Us r, such that "'= 4"fo'pr" dr. This mnss ""crts on a 
mass_dm, Lctween the rndii r and r +dr, a grnvitational at· 
trnc\Jon 'Y~f(m ·dm)l" d ·r ,. . . . • an ' tlll$ mass was d1spcrscd to 
mfimty, the work done would be 

(8-6) 

. _For thc cnt~re sphcrc, the wor); <Ion e loy dispersion to 
mfin:ty wo_uld Le c~unl to U o:¡ ¡,m(m . dm)/r, if we considcr r 
as a fu11ctlon of "'· or if we consider m as 11 fUnction of r 
then U-= f fl m d"'/dr (drjr). ' 

Fo h · r" "!> ere w1th unifornl dcnsity e<¡ual to 5 51 . 
ha ve m~¡,,-' Y 5.51 nnddm/dr= 4::r' x ¡; "1 •• ~ ,, ,.,· · ' "'" d" 

1 
.v , ""u • 1mme-

~ntc Y_ fOl,lll~. that U= f1G,' x (5.5!)' X N'/lS = O.G ,\lgP., 
v.\uch!sfX3.<!5XlO"•er¡;-s~2~4Xl0"" · ,., h ~· ergs. 

· ~r t e actuol c:.rth, using the density distribution of 
.Bu\len s modelA, 11 numerieal lntcgrntion glves the v.-.lue 

25.0 X 10'" erg". . 
h is ua_>Y to clllculatc thc clastic cnergy contnincd in 

the eatth smce we know u a function of the depth thc 
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pressure, thc dcnsity, nml thc speeds of scismic wnvcs, 
which are givcn by v'(A + 2p.)/p nnd ',/¡.o¡ p. Thcse yie!d thc 
vn\ucs of the e!astic cocffie;ents Aand p.. The elnstk energy 

per unit vo!umc is givcn by 

3P' (8-7) 
2(3~ + 2J.L) 

Thc numcrical integration (11aing the densitic.• of 
Bullcn's mo<.!cl A and th" scismic velocities of Gl,ltenberg 
and !l.ichter) gives 7.88 x 10" cr¡:a (4.-15 in the corc :md 3.·13 
in thc mantl~). which is :J.2 perccnt of thc potcntial encrgy 
dissip:<ted in the condensation of the earth and is thu• not 

nt :<11 neg!i¡;ible. 
To ¡:i,·e on jrlea of the signiflcancc of thesc ~uantitics, 

rcmcmber th:<t the mnu ofthc cnrth is 5.ll76 X lO" g. If th<l 
average speciflc hent was ofthe samc mngnitudc liS that of 
rocks, which is O. IS1i, thc ener)';Y diss\pnt~d in coming from 
inflnity less the ~lasti<: ~nergy, (~~- 0.7~) X 10'", would eor

respond too. t~mpernture risc of 54,000'C! 
lt is known that for a mass ofthe magnitude ofthe sun, 

condcn~ation c~n rc\casc sufficicnt encrgy to rnise the en· 
tire mass ton temperatura of severnl tcns of mill:ons of 
degrces. which al\ows the beginnings of the nuclear rene· 
tiolls which furnish thc e11ergy r:<di:<tcJ by the sun nncl thc 

othcr stnrs. 
To re~urn to the enrth, the transition from a sta1.c with 

o. uniform dcnsity to thc prescnt stnte, hnving n rlcnse corc, 
woulcl rcl~·ase 2.G X 10" cr¡::-s, which is 10·!0 cnl/g :wd which 
is enough encri:Y to rnise the entire m:<s• of thc eo.rth to 
500li'C ii the hc:lt cnp:<city was of the order ofthnt of super· 
tidal roeks (this is without taking into nccOUllt :< possib]c 
incrense of elastic energy maclc possib\c by thc incrcase in 
pressure which took pince ns more dense material sank 

towarol the ccntcr of thc enrth). 
The gcncais of the car~h is often imngincd ns thc con· 

densation of a cloud cf dispersed primith·c m:lttcr. But it is 
not ccrt:lin thnt this condensntion hnppcn~d nll at once, 
which would ha ve hented the en tire mnso ofthe cnrth as we 
hnve just seen. It is more plausible to imagine a auccessivc. 
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aeerction in lny.,r~. slnw enou¡::-h to dissipnte the kiuetic 
en er;:y of !"úta tion (by lmd il y tíd<"" ur the nction of n m n¡::-net. 
k lidd?). 'l"h~ heat <·auscd l>¡: comlens~tion woulU then loe 
relea;ed princi p;LIIy on thc surf nfC, .1nd i t cou Id b" i mngined 
t h" t it wol! Id s t lc:tst be ¡¡n rtl¡: dissi pn t¡•d by radiction as the 
proccHs <"ontinu<'<l. It is thus J¡ITLcult to cstimnte oxactly 
what wa• the hcnting of the tcrrestrial sphere as a result of 
initial condensation. But it secms ccrtain that thcrc wns an 
inilial lwating. 

ln :.tny case, thc transltion f•om n homo¡::enous density 
distribution to the prescnt stnte with a highl¡: diffcren
tiated core r~quin>d int~rnal displ:!r<"mcnts of mattcr. The 
ener¡,'Y so dissipatcd must have hcated the interior of the 
earth. 

lt is nnt at al! ccrtain that this p~tential cncr¡;y di"sipa· 
tion had to occur "t the time of thc canh"s ;::enesis. lt is per
fectly possib!e that 11 ccrtain differcntiation is still taking 
¡olace. A tenth of thc cncrgy dissipated in the transition 
from a sphere wJ~h a uniform dcn~ity to thc present gloLc 
with a difTercntiate<l coro would hav~ sutToccd to supply 
the present heat Jlow (U15 X JO'" cal6"r) fur 2.9 billion yr 
without taking radioactivc d<·<·ay in lo consi<leration. A for
tiuri, thc · cncr¡;y dissipatcd in mechanical forms {earth· 
quakes, Jllatc tectonics} on ]y represents a very small Jlropor· 
tion (on the ordcr of a fcw parts pcr thousand) of the 
mcchanical energy furni•hed by thc difTcr~ntiation of the 
core. 

8·5 What conctusions can be arawn from these data? 

We hll>"C t~icd to pre"cnt the facts rclativc to diffcrent 
times in a thermal balance of the cnrth. considered in its en· 
tiretr, independcntly of the ideas and hypothcses concern
inr.: its intcrmd co11stitution so"" tu specifr certa¡n orders of 
ma¡;nitudc nnd eliminate uncertaintics which pr<ovent :mr 
conclu;ion,, lt b dear that thc thcrmal bal:~nce and tbe 
tcmpcrature distril>ution thnt results from it. presently or 
in thc past, cun only be cstablished in the outlinc of a mode] 
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incorpornting informatwn furnished b~ other dbci¡:lines 

'h "' seismolo""" ,ravimetry, ma¡:-net:om, petrolog)'. and 
SU a • oJo • • h 
gcülo¡;y in general. ami coordinating this informatwn m t e 
framework of adeqnate hypotl!escs." 

A model could be conotructed to deocribc thc prcst~nt 
statc of the earth: wh:1t wc ha ve seen ofthc time "cal~ of nll 
thc pheno:ncna of conductioll on an cart~·sc::tc. baSls an_d 
the \"arintions ofthe heat rcleased by r;td!~actlvay makc >l 
app:!r~nt that such ;t model will only furm<h ,•ahd ~csults 
· 'he t~crmJ!l domnin whcn it is com¡>leted \o ole<cl"llw the m.· ,. 'h"h 
e>olution of thc earth in thc cau!"llc of 4.6 b!h10n yr ,w 1c 
we now know represents its age). 'fhc prescnt t~umal sr_s
tem is dirc<:tly dc¡wndcnt on this pl"ior evolut!O.n, and, m 
particular, it would not b~ ¡to~sible to analyze 1t ,wJthout 
making hypotheses about thc genesis of the earth .. 

Qbvionsly the senpe of this book d<JeS not perm1t "" to 
analyze the ¡;cophysic:~l data opon which the current hy
potheses on the interna! constitution of the eart~ rely.' 
Thus. we will supposc that they aro known and w11l on.l¡: 
call ün them occasionall¡:. to jllstify a choice bctween dlf

ferent hypothcscs. 

8·6 Outline o! an energy bal<'nce 

The heat flow is not the only form i>;- which e~ergy of 
interna! origin ¡5 manifeste<l. Without mentwmng vol· 
canoes which appear esocntially as thermal phenomcn~, 
thc m~et spectacul~r manifcstation of int~rnal enc_rll:Y '" 
fol~ing and, in a more g"ncral way, thc deform;tl!on of 
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• rocks und the u¡,he::.vals wln:h form mounlains. lt i• now 
knowu lhnt lhis is :-, manif<--;~tion >cstriclcd lo thc ~onti-
11Nlts; in gennlll H:e platcs ·-hich mak<· up the trUSl (or 
more <:'Xadly, the li:hosphercl glide w1th different spccds 
'Which an: <ox¡¡¡·eHRc<i by "l'''ci;',· structures nt the junctions 
Letween pbtcs. 

l.et us al leas! try to es:O:nate thc ordcr of rna¡:nitude 
f or \he ~nergy .Ji~sip a ted by ti:.· se di ff<:'n•n t plumornen u. On e 
of !he mnn i festulion s <Jf prcs••·:t tcdonic ndi vitr is tlHl exis
tcnee of carthqunl..,s. Than;..s to scismo¡:raphs we have 
today n com¡,Jctc H~:in;>; of nll e;uthquakes ubove n certain 
tna¡::nituolc. The estimation ofthe encrgy tlwy relensc i• dif
focu !t. 1 t rcquires as ~ n interm,><l iary an e m piricnl de finilion 
of magnitucl.,, ancl t::,en ~ner_~y cstimnt<"s for some chosen 
carthq\lalws, whkh ]caves '"om for considcr"ble nnrcr
t~inty. lt 1s gcncrnlly conced,·d that from one mag-nitudc to 
the ncxt, thc ener¡o- chan¡::cs in n ratio of about 63 and the 
frcqucn~)-' in a ratolo of 10. lt is dear that. the largcr 
cm-thquakcs rcpreste,-¡t thc nwst irnport;wt contribution to 
th" tot:1! energy r~!teascd. Tlw figure proposed, IO"'ergs/y:-, 
is equi,·:dent to .~ \" IO'kW. yr/yr, noting that thc major 
portien of this ener:--::~• ;5 di"sipnted in n few ""'·onds. 

Outside of MÍsq¡ic cncrgy, fur which we w1!l suppose 
that the prcsent rnte can be tnkcn ns rcpresentati>"e of past 
gco!ogicnl a¡;<>s, tcctonic Pncq::y is panially manifested in 
t~w crcation of n•lic::!" and pnrtly L¡: thc deformation, sorne . 
tlmes very stron¡;¡, o:· rocks thll< are mcch:mically rcsistnnt. 

lt is c:uy to cal<='l.llatc the potcnti:!l cncrgy of:he visible 
rclief u sin¡¡ thc stabotics of ""rf!lc<•s clnssifi<'<l by nltitudc, 
w hieh is ex pre""cd b"'' ~he hyp"o¡;-raphic cu n·c. Thc poten ttnl · 
energy of <'ontincn ta..l rclief is calculatcd separa te!y with re
spcn to sea leve! m~d givcs ~.7 x 10" kJ, and the poten tia! 
cner¡:;y of rclicf nt a const:mt oceanic depth is :.!~X lO" kJ. 
llut we mus\ takc i,.ostatic compcn~ation into account. To 
~ ll Visible rclief ther.,_. correspnr.d density cleficits si tu at<ld at 
a cerCain dcpth th:lt_ make "" unclercs¡b,atc thc prcvious 
fogures in the ratio ~.f the dcn~1ty of the crust to thc varia
tion of the clcnsity which ddermines the compcnsation, 
commonly taken as 0 .. 6 g/cm'. This ¡;i>·es 2.67/0.6 = 4.5 for the 

continents and 1.67/0.6 = ~.7 for thc oceans, to account for 
the Archimedcan prcosurc. In rcality, thcs~ factors are 
quite poorly <!etermined, the suhtcrran .. nn dcn"itics b"ÍI\¡; 

hypothetical, anrl could be in error by from 10 to 20 pcre<ln\. 
Geolog)-' shows us that ancient rclicf was destroycd by 

erosion and that al! thc relicfthat W<' flliW observe rcsult<·d 
from rclativclr rcccnt upheavals (i.e .. post-!'lliocenc), even 
when thc matc:-inl raised had b<len ddorrnecl at n much car
lier time. We will s11ppo~e th<>n that thc r;¡te of cnerf::Y dis
sipation in the forrnation of rclief corrcspond" to thc rre. 
ation in 10 mi!lion yr of the continental re!ief cqui•·:llent to 
thnt now "~isting. The oceanic rclief is in totality much 
ohlcr ami its crentÍOH should b<' gpread out OV<!r a duratiun 
of 20'0 mi\lion yr or perhaps mor~. For the continental 
rel\~f, 4.7 X ~.5 X 10" kJ/(10' X ::U5 "- 10') ~6.7 X 10' kW. 
The crcation o~occanic reHef iu 200 million yr would absorb 
(2~- 4.7) X 2.7 X 10"/(~ X 10' X :U.~ X ]Ü') = 1.07 X 10' kW, 

which is in toul about S x 10' kW . 
1t is v<lry difficl.llt to csümate the encr¡:-y absorbe<\ by 

roe k deformations beca use we onl)-' know that thc.•tres~es 
under which they werc pro<luced (for vcr'f slnw proccsscs 
which "sscn\i;¡\ly r~sult from rccrystn!lization) were cer
tainl¡: much less than thnt which wc observe in thc labora. 
tory for rapid deformations by diffcr<tnt proccsscs. \Ve know 
that the total encrgy absorbed is dividtcl betwecn deforma
tion and crention of rclicf in such a way thnt the tot;¡\ 
energy absorbed, for a given dcforrnation, is a rninim<\m 11nd 
11111~t be reflectcd in comparable ordcrs of 1nagnitude for 

thcse two terma. 
P!ate theory implics that o ver thc entirc surfu~c of the 

glnbe rigid pbtes formcd by the litho•phm·c ¡:li<lc with re· 
spect to the interna] regions of thc carth by rnenn• of the 
vi"cosity of a r<lgion ca!lccl the aRO!~Ilospher~, with a •pecd 
of a few c<•ntirnctcrs per year. Thc bcst i;,dication :hat wc 
ha ve for the vi>cosity of the nsthenosphere is furnishcd by 
postglacial readjustments in Scandinavia. _For a. surfa~e 
~rca whose diarnetcr is 2,000 km, h~lf o! thc JOOstatl~ 

disequilibrium has vanishcd in 6,000 ~·r a"d t~is dcluy ~an 
harclly be attributc<! to anything else than a v\Scous act1on. 
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lfth<~ d<'pth of thc• ,._,thcnosJ>hcrE is g-rcat, a viscosity of the 
onkr of 10" pohc would l>c deduced. lf the asthcnosphe;e 
h~s on]y ¡¡ Jimit~<! dcp~h. we would naturally fmd smaller 
valu~s. inv('rsd}' proportional o;·erall to the cube of the 
thitkness, which would be of the ord<'r <>f 10" ¡¡nisc for a 
thit'kness of 1(111 km. 

Lct v he Lhu speed ofthc platc ;, ccntirncters pcr ycar. 
Wc will sct thc thickncss of thc nsthcnosphcrc as 
h X 100 km, which gives a valuc of the she"r s~ress, pro
d" ,.,.,¡ by thc •·ocllidcnt of vi S( osity ti m es t he J:"tadit• n t of the 
spccd, of r¡ x (P/h) x 3.15 x 10"" dyn/"m' a 11 d of thc work in 
a Jl"arof(r¡v'/1•) x 3.lú x !O"""rg/cm'.if>• is thc root-mcan
squ:~rc platc spccd for the cmirc eani>, the total r•owt•r is 
(>¡~1/h} x 5 x 10"" kW. For h- l, ,, = 3 cm/yr, :1ntl '1 =JO", we 
fintl 4.~ X 10" kW. :m<! for ¡,- 3. r¡= 10", ;111 (] v ~ 2 cm/¡:1·, we 
fin(] 6.6 X lO' kW. Wewould flrul apowa nfthc same ortlcror 
•maller if we supposcd a thinner asthen<>spherc with a 
lower viscosity. lt is \·ery prol>ah!e that this viscosity varíes 
greatly with d~pth, hut it would be oflilllc "'oto introduce 
in the model a·,·ist•osity Jaw of which wc know nothin¡;. 

From the collcctwn of the•e cst!mates, rough a~ they 
are, wc c:m conclude that the mechanical enug¡ 5pent in 
tectonic processcs must he of the ordcr of 1 or ~X 10" kW. 
which is very 50Hlll comp.~tpd to the geother~al Alllt of 
2.56 X lO"kW.Jt ;, thus vcry likcly that wc slwuld look for" 
mechanism by which this mec!Hlnical ener¡;y """be dcrived 
frotn thermal JlP'>resses without. howeVH, necessarily ex· 
cluding a direct transformation of gra>it:ttional potantial 
encr¡.::y caused bl; ditferentintion of the core, oras u con· 
sPquenee of otlwt density ditfurcntiation• in thc midst of 
the llluntle, to mcdmnica/ "n<er¡.::y. 

lt is e;¡sy to show that t.hu hypothesis o! a contraction 
causcd by thc coolin¡: of thc ear:h, which was •w:gested at 
thc hc¡;inr:in¡.:: of last. ~"nhJTy, wouid not he sntisfactury. To 
show this, it su mees to c.~lcul:~t~ the me<"hani<·al cner¡::y ac· 
e u :n u 1" ted in el ~$tic form res u Jti "K f ro m the stresses duc to 
coolin¡::. Thcse strcsses ir.crease in proportion to thc time, 
and thus the ela~tic energy increases as thc time squared. 
Thc a veraJ;c powet avnila ble is proport.ional tó thc time th at 

r 
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thc stresses accumulatcd. But the calculntion done' for the 
most rapid coolin¡; imaginable. which ís th<lt of the model of 
Buf!"on, without eonsidering t<ldioactive cffect.s, shows t_hat 
these stresses would hove had to accumul<lte for a t1ma 

period greatcr thf.n the age of the e~rth <ltld would re~ch 
values 0 ~ hundrcds of k\lob;::rs, wh\ch no rack could Wtth· 
stand without rapidly deformi"-g. Thus, wc can formally 

cllminate thi• old l-.ypothesis of cOntraction. 

8·7 Convection 

Theonly mechanism Ioft which wc can invoke is th<lt of 

convection currcnts. Bllt w" should he rea<ly t~ '"'"~"¡.:nize 
convection in un usual forms. For oxnmpl"· the eruptton of a 
vo/cano. in which the wcight of the overburtlen. cansÍ5ting 
prindpally of conso~idated l<lva. exerts pressu~c on the lava 
re~crvoirwhieh ;¡1/ows lighter mol ten ];~va ~o nseto thc sur. 
face, can he considered as a form uf convcction (s"u <'!¡;· 8-2). 
lfthc molt~n lava. beforc 5ol"!difyin¡.:, rcle,•cd vol"t•l~ •llb· 
stances which contributcd to lightaninr:: thc lava and caus
in¡.: ít to risc. a process of gravita tional di ffcrentiation would 

be added tu the thermal convcction. 
Convection implíus a uniform chcmic<ll composition 

(with thc rescrvat1on thaf dilferentiations which cuuld 
occur in the cours~ of convection could contributc to ac
tívate the ¡::ra•·ita;.ional potent.i"l cr.ergy). The incrcase in 
dcnsity with depth between ~00 and noo km in the earth, 
which sccms 1<1 be too ¡.¡re:~t to rcsult from comprcssion of 
rn;>ttcr alone, is uttributed to the app<'.aranee of hig~l·p~es
"'"" mineral phases. The best known is the spmcl !orm to 
which olivino can invert abo>"e a prcssure which increases 
with the magnesium conoentr<ltion. But other transforma. 
tion3 are ,lso ¡¡oss1ble; sílic" can appenr ia the form of 



.. 
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E1G~RE9·2 Sht<h of •. IJ.-.woíian >ob.no ohowin., ho,;, • Jo>o oruption 
<An b~ <ono<d<red •• o l)'p< ot convo<tion. 

stishovitc ahovc 100 kb,;rs, with a dcnsity at atmospheric 
prcnsurc, !';!'cater than 4.. 

Convt•ction also implies a c<,rtain iluidity, but we ~hall 
sec that \he viscosity can be very hir;h; but it is ncccssn;y 
thnt wcnk strt•sses can cause a very slow deformation 
without it being neeessary for the stress to excecd a thrcsh
old of plasticity. 

Convection c~n only be prO<!uced if the thermal grn
dient is greate• than or equal to the adiabatic gradient 
which corresponda to the tempera tu re variation dueto the 
change oí pre~sure with depth. As best we can guess from 
miner:LI propertics studied in thc laboratory, this gradient 
may be of the o;d.,r of 0.25 to o.so·c¡km. 

From thc moment that a thermal gradient exists, it 
givcs rise toa '"'at flux by co~duction whkh dues not inter
fcre with con vection. Tbc la ttcr in-.plie• " hcat tran sport ¡,y 
>novin¡; m a t tnr, 1111d it ís to this he~ t trnnsport th n t Carnot 's 
princi¡J\~ <·u.n he npp\ied in order to c;tletl\ate thc rnnximum 
proportion of hcat transformed iato mcchanica\ ener¡;y as a 
function of the t~mperaturcs at the base nnd top of the con- · 
vectivc syst~m. This proportion will be given by the ratio of 
lhc tempernture di!ferenee between the bns~ and thc top 
and thc absolute temper.,ture of the base. lf the heighl is 
limited, with a gradient ncarly that o! the adiabuie gra
Gient, this efficiency must be very low. 
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But the visco•itY in thc midst of this region is ccrtainly 
higb, nnd part of the mechanical encrgy produced is dis
sipated by ~iscosity in the movcments of the currents. lt 
could even happen (which is whnt we observe in many con
\'Cctive movements which do not ha ve an externa! elfect) 
that the total mech:~nical cnergy produced is dissip.ited by 
viscoslty; in general, this will be the case for a substantial 
amount of the energy. 

As a first appro.xima:ion, we can give a description of a 
systcm of c<>n vection curren ts rel ative to the a ver o.¡:-~ si tu a. 
tion, which hns a regular thcrmal gradicnt. Fu• any sort of 
modcl of cu!Tcnts perturbin¡; this r~gc:lur gradient, we will 
consiclcr a d1stri bu tion of the thermal pcrturbation, throull'h 
a factor .10, and a tlistril>utwn uf veloc1tie", also through a 
factor, that will b" charactcrized by a typic;d vclocity V. Lct 
L be the charactni•tic dimension which defines the ~cale of 
the motion. The vc\ocity gro.dients are proportiot'la] to V¡!.; 
the Mresses which rcsult from tbese gradients go as Y) V/l •. 
the power dissipatcd pcr unit volume as lJV'/U, and the totnl 
dissipatcd power goes aa ., 1-"L. In addition, the fluctuations 
in dcnsity are proportional to A.18 if). is the coeflicient of 
thermal expansion and the pressure variations go as H • .18. 
The mechanical powcr furnished is equal toan integra! ex
teru!cd over the product of the ,-elocity times the fluctuation 
in the pressure ¡:-radient with rcspcct to equilibrlum, an 
expression which must vary as L 0V)..18. 

ln order that this system ofcurrents can act under thc 
conditions we are considering-, it is neccssary that 
A.18VL'/(r¡V'f.) exceccl a ""rtain numcrical v"lue which 
depcnds on thc ~onveclion m o del and on thc del\nition of the 
velo"i ,; es, the dhnen sions, and thc variations of the ,. b a rac
teristic tcmpcraturc. This ratio is equal to H.' !J.n{-.¡1', :mtl it 
isaiways possib\e t.o take V small "nou¡:-h, wbat~~cr the vis
cosity, so th3t this eondition is fulfilled. But the dissipntcd 
mechanical power is given by an expression p~oportion;>l to 
L'A V .111; .16 will not take too la<ge of" value and will not 
exceerl the temperatura difference between the base and thc 
t(lp oí the system, which limits the mechanicn.l power whieh 
can _be produced. It is like\y th;>t this limitation acts and ia 
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lower than the limitation r~<ultilll{ from Carnot's principie. 
'J'hc ¡'r~ccding- t·onsidcrations suppose nothinl! about 

the form of thc convcct.ion currents or th<: modcl which rcp· 
""enb.these currents and which can-as wc hnve indic,ttcd 
at thc beginning of this scction by an cxam¡>lc-takc the 
most di verse forms. lt is not possible to undcrtake a calcula· 
tion of Hu eh modcls bceausc thcir particu lud tic< c:m rcsu]t 
frorn quite complcx ¡1hcnorncna such as viscosity variations 
with the türnperuturc. 

In faet, thcrc cxi~t no modcls of convection currcnts at 
present which can be put toan cxact c;>lculaticm even by 
sirn¡>lifyinl! thc ¡·cprc<cntation of physical propertic< (vis· 
cosity takcn as uniform ami ind•·pendent of th~ tempera· 
ture, etc.). Thcrc ar(' models which lend thernselves to 
calcu Jations concerning thc initinl stn¡:-e, for which, su ppos· 
ing a therrnal pcrturb:~tion, we can invcstigate whetllcr the 
rnovenlenh of the fluid will ¡,crmit the pcrturbation to 
nmplify or disappear by conduction more rnpidly !han the 
movcments eaused by der.sity differences can augnwnt it. 
This is u stal.Jility calculation annlogOus to the calcul:ltion 
we did in Chap. 3 to annly~e th e possihil i ty of a con vection of 
u very diiTerC>nt nuture (in a porous roe k). \\'e havc no vnlid 
mnthcmntic:d model prcpar<'d to n~count for convection in 
full devclopment, assurinK nn cffccth·c heat transport, fur· 
nishing mcchanical power, and ahsorption of part of that 
powcr by viscous fridion. 

l\ow, ¡:!ven the dimcns'oons of thc carth and the ex· 
tntmely high ,·iscosity of the m~ntlc, it is indispensable co 
gi,·e an idea of thc ordcrh of magnitudes of thc curn·rns 
which wc are consitlering. \Ve cun derive thcm by upproxi
mate ren~oninl:' rclying upon very rough modcls. 

The s\mplüst way to rcprcsent a linear convection cell 
ofwidth 2a, dcpth Zb, and lcngth o, is to wrüe the speeds of 
the !lUid: · 

a ''frX,111/ 
U"'Vo¡cos 2a s1n;r¡;: 

The tempcraturc in an asccnding or dcsccndin~ e.urre~t 
m11St be chnraeterizcd by its diffcrcnc~ from thc adoabat1c 
profolc (it would be more corred to characterize the c~rrent 
by its cntropy, which is conscrved). lf (; is the <U peradoaba t· 
;e graolient (excesg of the actual gr:1d!cnt over the ado:!ballc 
gradicnt), thc mnrgin of possib!e variations in ternporature 
is 2Gb nnd thc differcnce bdween tempcratures in thc cur· 
rcn ts and thc a vcra¡;c ls Gb sin (r.-xf2u ). Tho varia tion of the 
density duc to thcrmal cxpnnsion is p!]A !l.B, antl wc will take 

h . . '0" p- 3,y = 9()0, A ~s toS x ¡o·•, and for t evoscos1ty,7¡- • . 
I t is eusily fou nd that !he powcr dissipa ted by vtscostty 

from a cell is 

, _ao , , a T ~ ( ' ")' 11=----¡_;-Tl"•" 4t~b 
(8-S) 

The motive power resu\ts frorn the vertical displace. 
mcnt of thc lh:id occurrin¡; in a pressLtrc ~rndient modi(icd 

by the variullon of density, and it is found to be 

p ... 2ac (~)gpAG"ab' (8·9) 

To ¡::ct ordcrs of mur:nitudc applicnble to the earth from 
thcse formulas. we will cxpress the vertical velocitY V in 
centlrncters pcr >'car(V = t•0 >< 3.15 X ¡o·•¡ nrod the he•l!ht of 
thc convcctive system, 2h in kilomders (h = b X lO"'), and 
wc will cxtend thc ca!cul.~tion ovcr thc entire carth's sur
face Ly takinl{ :on nvernge radius for the syatcm of ~.ouO km, 
which ¡.:ivcs a surfncc arca of,. ><lO" (which rcplaces 2ao}. 
w., will ~xprcss thc super:odiabatic ¡;r:ulicnt S in de~rcca 
Celsius per kilometer, which rncans S"" G X 10'. 

f-'l<lnl thesc subat;tutions it is fo!tnd that P~ 
10' Sl'l•' kW und ¡y= !010 \"lh kW, :>nrl the hcal nux tmns. 
ported by convection ovcr and ahove thc llux tran'sportcd by 
conductlon equals 2.7 X !D"hV calfs or !O•hl' kW, an expres. 
sion w ],ic h cou ld takc cxces~ively Jarge valuca f or sorne mod
els whieh have bccn proposed. Thus, il is thc hcat nux to be 
tr~!lsmitled which willlimit thc tcrnpcrature diffcrenc"" of 
thc convectlve curren! to smallcr valo.:es t!'!an we have 
::llow"d na the po"sible maxirnum (Gh); it rnay al~o happen 

·-
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that th<:> vclocities are smallcr or thnt thc cllrrcnts instend 
of distributin¡;- thcmselves over thc cntirc nvailnble sur
facc, as our modcl supposed, are much more localized. 

~·rom thc prcceding formulas thc condition can be 
givcn thnt 

( ,, )' V< S 100 (8·10) 

If S= 1 (it cnn sc:"lrccly be hnartincd that S will c~cecd a 
nllue of 2. or ~). this :;ives a velocity limit l' ~ 1 cm/yr for a 
systt•m 200km hi¡;h am! V- 1 m{yr for a syst~m 1,000 km 
high. 

'l'hc"e formul;<s show us how the pow~r. furnishcd 
depcnds on thc hdght of thc systcm. Suppose that the veloc
ity ia halfofthe limit and abo th11tS- 2. \\'e will tlwn ha ve 
;· = (h/100)' :md the power furnished will be gi••cn by 
f' = 2 X lO"'h' kW, of which half will he absorbed by the vis
cosity and the otlH:r half will be utilizable. 

Note cspecially thc expotH'nt of h in Eq. (8-10); the 
mechanica! power which can be prodllced by convection, ap· 
pearing in tlw mantle wherc the thcrmal gradicnt is dcter
mincd in another way (Ycry likclr this gr:ldient is dose to 
the melting·point ¡:radient which is p1·oduced by prcssure), 
incrcascs cnormously with the hci¡,:ht "of thc com·ecti>·e sys
tem. 

Our calculatinns nre much too rou~h for us to obtain 
the >'alue of the power fu rnished; c,rnot 's Pri nciple impo•es 
a much surer limit. flut it should Le rcmcmbercd that n con· 

. vecti>·c system with a small hei¡:ht, ofthc ordcr 2h ~ 200 km, 
will furnish insuffLcicnt mechanical powcr nnd that a 
thiekcr sy~tem, of the order of 1,000 km, scems much more 
probable. Thu maximnl velociti"~ of the curr<'nts could thcn 
be of thc order of a meter per year. 

On tlw wholc, it appears that wc can retnin the 
hypothesis of convection currents. ori¡:inatin¡: from a ther
mal flu~ in thc mantlc and produdn¡: mechan k al encrgy 
which is manifcsted in interna) activity of thc earth. But 
the model utihzed for these ealculations should absoiutely 
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d 1 · ,,., · actual conveetivc cur-not be considere as a.< c~cnpc n, 

renta can be quite dilfcrent. . · . 
Remcmber that the viscosity verY hkcly changc~ Wlth 

depth and the action · of dissipati n¡; cner¡:y throu¡:h ,·,scous 
fricti~n by currents locally raises the tcmpurature and 

reduces the viscosity; it thus appean th:lt thc curre~t forms 
' · 1 .... , ditfcrent from thc forma dlScu«cd are cer.am y ·~· . 

previousl;·. In particular. aseending currcnts, ~ottcr and 
lcss viscous. tcnd to be more rapid, thus occupym~ a small 
crou-,cction al a rila, and are scparat"d from lar¡;-er dcsccnd

. ' b> , '"''"'" ~urface alon¡: which the tcmpera-mgcurrencs · . . 
tu re will in ere ase sufficicn tly to 1:reatlY reduce thc ,._,scoslty • 
rather than b)' a zonc with a regular velocJty ¡;rad1cnt. 

Wc must emphasize a difT..rence betwecn thc convec· 
tion currents that we ha ve the o¡,portunity to oLs<!rve nnd 
those eurrents which can cxist in th~ interior of the carth. 
In the first type, inertia plnys an appreciab~c role, :.nd, as a 
consequcnce, thcre is a tcmlency for the Clli"rent system to 

· · 'h ··m< sort of motion It is not the samc for · mamta1n , e~~ · · . 
cunents in thc ma,tle, where thc kiuctic ener_¡;~·. w1t.h 

vclocities of the order of magnitude prevous~y in~1cat~d, '~ 
1
' 

1 ,,.b,h For harmontc modela whtch lcnJ t.1em 
to~a y neg ¡g ~. • . . 
selves to calculation, it can be shown that the kme~1c 

onds to the cncr¡:y absorbed by v1scous fnc· cnergy corrcsp 
tion in a time which is of the order of Ti• s. As a cOJn
sequcnce, nothing excludcs thc posoibility th~t the move· 
ment is ver)o" irregular in time with a\ternat10ns _of ha\ts 
(when clastic energy is accumulatcd) and more rapld move-
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mcnts. . 

F . 1'. l<t us rcmcmber that al! the consid<•r;ltwns on "'" :;, . 
the powcr furnished hy nny syst~m of ther~::~l ~on\·c~t•on 

- b< ,.l,n if thcre is at the sume t¡mc a ddfcren-currcnts ca" - ~ . 
ti:J.tion which i• ex¡>r<'SSccl by a density differe~cc (at equa\ 
temperatu,.es) bctween ascending and dcscend>n¡; current$. 

A lighter rcsidue thcn wi\1 accumu]nte at thc top of the "~"· 
tem anda hen>"ier resi~ue ;:t the bottom. Such a pr?¡;r~ss>ve 
diffcrcntiation could ha ve cuntinued smcc thc hcgmmn¡; of 

' 

· ' •ime and furnished a consider:~ble part of the geo ogJC:l • ' - . . 
mechanital cnergy dissipated m tectomc events. 

' ' 1 
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Theae thco,.ctical considerations show that thc hypoth
<:hÍS of eonvection currents dof's not run into any _objections 
(,,t least if thcy exist ove• a su fficient hcig:h t). Bu t thcse con
sid~rnli<ms do not ~ive u~ nny vnlid in.dication of what thcir 

form or thcir depth could be. 
Whnt ind i(·ntinns of thcse eh ~rncteristies can wc o htai n 

by other mcthods? Thcrc is a dcdine in scismic velocit.iH at 
a depth ofaround 1!">0 km which bns bccn.interpretcd as in
d icntin¡;: tbc 1,.,¡;-inn in¡;: of f usion nnd wb ich mnrks thc top of 
thc asthcnosphcrc. This intcrpretlltion is u•unll~· jn
voi<cd to ~llow plalc ¡:hdü>¡;- ;md iso"tat"lc rendjustments. lt 
is natural to assumc that the upper limit of conv.,ction eur· 
rcnts nl"o oc<"ur• tlwre. What is thuir b:>sc? ~1odels hnvc 
be en proposed by differ.,nt nuthors atlribding a quite small 
heil("ht for thcse ellrrcn ts. This s~ems u nlikely given thc d if
ficulty that thcre would be in producing the erlergy dis
sipated in tectonic processcs. lt is pooriy understood how 
hcat tran~port by ¡·ondu rtion ni onc en u Id e xist ber!cn th <·on· 
~·ection e u rrcnts without producing thcrmal grndicnts lead· 

·ing to nthcr Mncs of incípient fusion. It seem• that it is 
much more like!y that these currents occur aver n ia,.ge 
d 1·pth in thc mnntle, and there are no pcremptory argu
ment• to dispute such a hYpothusis. 

Thc cla~sical mechanism proposcd for pi ate tectonics is 
in fact 11 form of ronvudion, in p~rtiruiar the ase~nt of in· 
trusi ve roe k•. basic or ultrabasie, in tissures which mar k th e 
openings of rifts. lt is known that thc magnctization 
acquired in the earth's lkld in prior times by rocks in the 
course of their cooling is the ori¡;in of ma¡;netic nnomalies 
p!l.rallel to the rift an both sidcs. Actually, thc R"eothermal 
flux is ¡;reat"r than normal (up to eight times) on the a>.:is of 
tlle rift and up to liJO km an .,;thcr side. Thc :1dditional 
amount of flux by compnrison with th<'"normal ,•niue can be 
of thc order of 3 x IO'cai{cm' · yr, which for a supplemcn
tnry annuni thickncss of 2 cm of intrusivc rock elfcctively 
rep,.esents the heat l;beratcd by a cooling of áOO"C over 
60 km ofdepth. But it b quite cvident th;;t such an average 
balance would not compietely describe the phenornenon, nnd 
nll modcls proposed to descr>b<: pinte action in<:lude a 
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geotherm;,l interpreto.tion, destined to ·mter¡oret the dif· 
fusion of hcat awaY from the injections. 

The dcscending convective branch in the lithosphcrc 
and even )owcr would be reprcscnlcd by the subduction of 
pintes undcr a Pacific-type island are (or u nder a con tincntal 
platu 1 ike Su u th America). Bu t herc, the gcothcnnai 11 u x dis· 
tribution, with highcr than n~o:rage values of about 2 
¡.<cal{cm' · s behind the are, is not so casily intcrpretcrl; tbc 
flux distribution makes it nece~s;~ry to invoke sccondary 
phenomena (rcfusion, secondary cel!s of convcction. etc.) 
which remoin very hypothctic:~l. But thcre again, thc 
geothermal interpretation is essential for all proposed mod· 
cls of platc action. Howeve•, the dctailud analysis of such 
models takes us away from our subject. nnd theY can be 
founcl in dcscription• of plate thcory. 

The armngument of convcction currcnh in the asthc· 
nosphere is probably rel::ttcd to thc behavior of these eonvcc· 
tive ¡..hcnomena in thc plat<~s themsc!ves, and this must Le 
rellc~ted in thcir general disposition, with as~cndin¡.: cur· 
renta in the vidnity of m id -oceanic rifts n nd de•cend in¡;: cu r· 
rents in subduction zones nnd aiong mountain rnngcs whi~h 
resulted from eomprcssion. !.lut it cnn well be thml¡;ht that 
ccrtain geomctric constraints which appear in the case of 
pintes as transform fau!ts wt.'ch offset the rifts do not act 
on the currents whose axea can take much more supple 
forms. Are there othcr areas of ascemlin~ and dcscending 
currt•nts which should be hcld responsiLie for the evolution 
of ccrtnin regions in the midst of J!l:>tes such as uplifU 
(follnwed by erosion) which would result from we"k com· 
pression or deprcssions which p<·rmitted the accumulation 
of thick scdimcntary basins nnd which could rcsult from a 
small extcnsion? l can only ask thc question. 

It has been pointcd out recently that sorne volcanoes 
scquenccs nppear more and more ancient as the distance 
from thc region of present!y aoth·e volcanoes inneases 
(the best examplc is furnishcd by the Sar.dwiá. Islands). 
This may be takcn as a conscqucr.ce of the glidin¡; of 
a pla'.e ahove a fixed heat Eource whkh has been iden· 
tified as 11 plume of hot material escaping from thc lower 
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m<mtle at ))()ints which ha ve rcmainad stationary for dum
tion~ approaching hundreds of mil!icms oí ycars. Although 
tbe rkplh from which tlwsc plumcs issuc rcmains very 
poorly determined, it is a first indieation of what could be 
thc arran¡:ement of currents in the lowcr mantle. But of 
course, there could not be any ejection of material by a cer
tain numbcr of qunsi point sources unless it was compcn
sated l>y the de~ccnt of cooler materi:!l, perhaps o ver a m u eh 
>;rcat<>r sul"face arca nnd with a very srnall vclocity. It would 
loe ¡;-eomctrically improbable lhat th" desc.,nt waa prodl!ccd 
radially in <>very direction in a sphere. It can be imagincd 
that the sy"tcm of nscenclin¡::: ~UrTcnts has thc form of a 
nctwork hnt that the upward motion tcnds to rcach grcater 
and gr<'ater velodties and be concentr¡¡tcd at the intersec
tions of the network. This nrrnngcm<·nt is what would be 
expected of matter so complct<'IY solidifled that thc viscosi
ty ;, vcry hi¡;h e'-r·cpt where thc dissipat1on of <'nergy by 
viscous fdction raises the tcmperature. 

The exi•tcncc of convcction rurrents in thc lowcr 
mnntlc i• madc very probable !.>).• an interprctution which is 
given toda y lo the orig:ins of the i ntcrnal magnetic ti cid. 1 t is 
thou¡;ht to ori¡;inatc in the corc by magnctuh;•drodynamic 
p:-ocesses. These processes imply, as a so urce of ener¡;y, con
vcction currcnts of thermal origin stirring thc moltcn ircn 
which constitutes the e ore with •·c!ocities m u eh higher than 
in the mantlc, ofthe ordcr of lOO km{yr.lt can be shown that 
for such spceds, thc Coriolis force caused by tcrreslri~l rota· 
tion is not n<•r,lir,iLie and tends to make circulations predom
ina te in plan"s pcrpendicubn to thc axis of rotation. Tlus 
yielr!s the :..: -S component of the a veragc magnetic field. The 
displa<·Cment of conductivc iron in thc ma¡¡nctic f1eld givcs 
rise to clecüic currents wh•ch, in their turn, mnintain the 
mugnc!ic field. 

Onc may wi•h to know thc nmount of cncrgy spent in 
. the crcation and rnodificntíons of thc terrestrinl ma¡;ne\ic 
ficlJ, hut this can only he e~tirnntcJ and tlw.t only by 

.defnult. However, Jet us indicate the cl<'ments of the 
nrgument. Ir the portion of the mag:nctic ficld which 
reprcscnted the elTcct of a central dipolc, and which consti-
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tules thc cssential porllon of thc ficld observable at the sur
face, was cause<! by electric currents circulating on the sur
face of thc corc, it would correspond to un cn~r¡¡y of 
6.3 x IO"cr¡:-s, whieh is 2 x IO'kW · yr. But ifthe currcnts 
which produce<! thc ficld circl.!btcd in a sphen! oflesscr r~
dius, this encrgy would incrcase as the in verse of the radius 
cuhed-;¡n1! thcre are rnany reasons to think th"t the cur
rents are in factdistributcd in the volumc ofthc corc. Thus, 
we are !ed in the cnkulatio:l of t.hc energy of thc magnctic 
ficld, to considcr succcssivc tcrms of it~ h"rn:onic Jcvelop
mcnt, although this dcvelopmerlt is a purely mathematical 
artifh·e· thcse terms are simply added. Now, it is ohservcd • 
that thc encrgy corrcsponding to each of the terms of order 
4, 5, 6, 7, and 8 wot•ld be of thc same arder ns the ~ncrgy of 
tht! first torrn (central Jipold if thc currcnts which <"aused 
thcm circulatcd in n 3phcre o! radius 2,650 km, which is 
threo-quarters (77 pcrccnt) of the radius of thc coro. Our oL· 
servations, necessarily conflncd to the earth's surface, do 
not inform us ahout higher tcrms, but it is perfectly possible 
that they al so correspond 1:0 cnergies of !he sume ordcr and 
rcpresent local irregulnritie~ of thc f:cld of the corc. The 
total cner¡;y of the fi cid, thcn, a t a m inimu m iM 1 O to ~O t1mcs 
greater than the number previously cited, ar.d could e\'en be 
grcater. Theorctically, thc nwintcnancc of a mn¡;nt•tic fi•ld 
docs not absorb any energy, but its crcation and modifica· 
tion does. At th~ surfncc wo observe variations in thc m~g, 
netic field wi~h periodsof aL"ut l,OOOyr. Hut Leforc dcduc· 
ing an order of n mngnitudc for the encrgy absorbed from 
this period, it is necessary to remar k th11t if the 11ctivity in 
thc core irnplicd more rapid varia tions in the ma~netic ficld, 
they would not he ob~~rvahlc at thc surfacc because they 
would be compensated by induced cu~rents in thc conduct· 
in¡:: Jower mantlc. lt is this flltcrinr: in time which limits the 
observable ratc of change at the surfacc, and thus much 
more ra pid variations of the field in the core are not at all 
excluded. In total, thc facts in our possnsion río k le:uling "" 
te a ¡:::-ave under.,stimate of the power absorbed in char.ges 
ofthe m~¡;netic ñeld, which would be at lcnst JO' to 10' kW. 

It wou!d also be necesaary to take into account, besides 
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th~ powcr dissipal<ld by thc joule clfcct, the powcr dis
"iJ>~tcd in cl<:ctric currcnts in rna¡::ndohydrodynamic ¡>he· 
no me na, and it is likcly that tlw thcrmodynarnic e m~icncy of 
the convcction currcnts in thc core, which allow thcsc phe· 
n~mcna, must be v"ry low, So much so that thc hcat flux 
gcncrated in the corc must be rr.uch highcr than thc a hove 
fi¡,'llrcs. 

lt is wry unlikcly that """h tlux can b<> transmitted by 
conduction through the base ofthe rn"ntle without lcadin¡:
at le:l!t to partí"] fu sien. lt scems that the mcst likcly sclu· 
tion is to admit that conveetion currcntsoccur ovcr the en· 
tire dcpth of the mantle. 

B-8 A hypcthctical modcl lor the manlle 

The cxtrapo],.tion of propcrtics mcasurcd at the sur
f<~ce lead us to think that thc rnclling-point ¡¡;radient of the 
t.:ltrabnsic silicatcs which rnust constitute the mantle (but 
wh:!l is thc !';tadient for hi!';h-pr~s"ure rnincralo!';ÍC formR?) 
is di"tindly highu than thc ndiabatic gradicnt. From 
this i~ c<~n be concluded th<~t if the con•·cction currents 
rnnintain a ¡;-rndient ncar]y that of thc adiabatic, thcn the 
rnantlc must ha ve bt•gun to crystallize at its hase. nut in re· 
ality, ncar thc fu~ion point the adiabatic therrnnl proflle 
beco mes ent<~ndcd with the thennal pro!i.le of solidiflcation. 
In un ndiabatic transforrnation, it will be the proportion of 
solid nttd liquid phn$cs whkh will vnry, the solid phasc in
crensing toward the bottom. This i~ not incompatible with 
what is krwwn of tlie form of convection currenls in th<' 
lower man~le. 

}'rorn the prcce!'Jing, we can imagine that in the 
m:uotle th~ tcmpernture evcrywh~rc would be close to the 
tcm¡•erature corrc~pondin¡:: to the h<>¡:inr.ing of fusion, giv· 
in¡: the mnntlc th<> ability to deform with perhnps a very 
hir:h vJscosity. Thc fu>ion conditions of ultr<>basic rocks are 
not sufficicutly wcll unden;tood at high pressui-cs, whcre 
rnincrals takc their high-prcssure forms, to permit us to 
cakulate thc tcrnpcratures; at least we can 5ay that this 
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depends only on deterrninations which are in principie pos
siblc in thc laborutory. 

l-iuch a di•trihution of tcrnperatures is certninly nota 
simple coincidcnce. First, Jet us ima~lnc an carth that <~t its 
heginning~ w·,¡s hcated suiTlciently ~o th:~t all m·~ttcr W<~S 
mol ten. DitTcrer.hation of the core could thcn easily occur 
with a cornplernentary J>roduction of he a t. As ~oon as radia
tion had sufficicntly cooled thc surf;¡ce so th ... t u solid crust 
cou Id forrn, thc conductive trunsfer th rou¡:h the crust would 
b""omc \'Cry slow, in spite of thc relativcly high therrnal 
gradiunt existir.g therc. On the othcr h:md, convection 
would continue to o~cur in thc mantle beneath ""d assurc 
easy he:u trnnsfer to the base of thc crust. The interior of 
thc eorth could then "oolur.til the moment when the bc¡;in
nin¡: uf aolidification r::.pi<lly incren~~d the viscosity, But 
this solidification could not rnn to ita ultima te end because 
the latent )1eat of solidificntion would not be removed by 
cond uction through lhe sol id roe k, gi ven the IO>w v:>lnc of the 
grodi.,nt inb<>rited frorn the prior con''<>ctivc s~·stern, 

!f. on the contrary, the c::,.th was formcd cool, it wollld 
p•ogressively hcilt up by radioadivity and cornpre""ion <~nd 
we would ha veto concede th<~t this heatin¡: had reschcd. at 
least in sorn" pl:lce~. thc fu"ion temperaturc. Thcn convec. 
twn would •tart which would allow rernoval of hc:1t much 
more easily thnn by cor.duction nlone "nrl would limit the 
ternpcr,turc incrcas~ in thc rnoltcn region and rc¡;ularize 
the te m pe rn tu re di ot ribution thett!, 1 f the en ti re maulle had 
thus reachcd the fusion tcrnperatu,..,, thc ::nalo¡;y with the 
precct!ing irnagined •ituation of nn carth formed ata high 
tempcr:t(U!'~ would !Je complete_ lf it is conceded that thc 
mantle o!'lly te<~che<! the fusion tempcrature in" few places 
O\'er a lirnited thicknc"s, th<> fusion tcmpcrature would per
mit the establishment of n convective systcrn :.nd the dif
fercntiution of the CO!'c would remain to be exp]aincd. Thi5 
raises cr.ou¡::-h diffieultics so that it seerns to us tha~ this 
hypothcsi• rnust be tliscardt•tl. 

Recall that the model wc irnagined would not h:~.ve to be 
stationary; the decrease of thc percent:~ge of radioaclive 
substance• in the crust would necessarily lcad toa ternper,.. 
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ture decline at its base which is inevitably rcllectcd by con
dition" ~t thc top of the mantle. It is perhaps """"""ary to 
admit that In the lowu Precambrian the convective s~·stem 
occurr<"d over the entire depth ofthe mantle. thus assuring 
its homogendty. In contrast the crust beca me chcmically 
diJTerentiatcd :md ]i¡.:hter. We have already noted that the 
geothcrmal flux and the gr;vlient ought to ha ve been higher 
thcn, which wou Id ha ve importan t gcologlc;ll consf'<Jilences. 
In con el usion (sec Fi¡.:. B-1), from the upper Precarr. brian, the 
top of the rnantle must ha ve cooled. solidificd, csc:~pcd con· 
vcctiv., action, :~nd macle a rn~chanic:tl connection with the 
crust to forrn the lithosphere. lt can be asked in what way 
such an evolution-would be translated into the tcctonic, 
mn~mt~togcníc, and rnctamorphic charactcristics of moun. 
t01in ran¡:es of diffcrcnt ages compared with tbosc of .the 
lower Pre~ambcian. 
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Foreword 

Thc hoJt underncath the Earth'< crun scem• a highly de,.oblo onergy s.;urco; ol· 
ternative to oil, gas, and coa l. The Earth do e• no! give up hcr energy reodily, stiil 
geot~ermal eMf!N acti•iti"" ore pr<>q< ... ing on a bfO•<I lront world..,ide .,herever 
pa.,ibte. 

Operaticnal fields are increasin~ in numbers. and aew ar>d imPtOVe<i tec:hnoloo¡ios, 
e>peci•lly now turb'ne dcsigm ond doep wcll pumps, ooupled with heot exchongors 
at the .urface, are leading to m u eh grcoler o perating erficiency. 

Y e:, " o rule, goot~.ermal powcr <tation>. with o few .-ccptions, aro inefficient in 
converting thermal encrgy to el,>ctric cnergy, bocau"' el the overall IC)w "mpera· 
tunes. Al~ tM hig~ly minorol·l<><ien water> in the !JOO\hermal re<ervoirs increa;o 
Opera:in~ ,xpen~Es throu¡;h <Cale lormot;on, thus ccmplicoting t.'> e prooe"' Gl ex· 
tractm g \he h o> t. 

Gootnermal eoorgy i< not exQO<ted te Qlay o l>r<;e o"orall rolo in t~e Uni:ed Sto te<. 
Bu: i: con ha"e rogional si¡n,licor.ce. ospeciolly b tho woS<. Fm d<Nolo~ing coun
tries, hg,., ....... SO'c:h...-:nal enor9v. e$¡>Ki.olly in "okanlc regions, =v be !he anly 
e<ooomic lurm. E lec:rioity ~imi~~tion sy>toms thore ore tL><> <rr.all 10 justify nu
cl.or powcr st>lions, bu\ the co:n~ara\'Lwly ~'ll>!\ <im o! ~oo;horrr.:~l vowor >lO· 
ticn• lin the <eole ot el«;tric•tv "'PPIY <y><ems in those rounu ie<. 

This Encrgy Tochnolo;¡y RI!View h bo"'d mollly on Studic• ConductN undor the 
au<pic .. ol ,-adous government agencies, and the !a•t ctloptcc doscribu pro¡>ri.,.. 
tarv proccs""' gle.nL!il from U.S. p>tenu. 

a..-_,u« the inlorrmt:On in lhis book i> ,_,ken lrom many oources, it i> j>Ouible 
thn «rtain part;ons m~y d:sogree Of <ontiiol witC. oth!f porto el the bocL This is 
o~oocially truo o! rc.onotary "''"'' ami opiniom o! luturc potentiol. l'lo chosoto 
in:tuae \~ese dirteront pcints el viow, ~owever, i:t ord•r tO nukethe book .-ncre 
._luablo to tM reodor. Co« tiguros prc·oide<l ore tho .. givon in the ~rt cite<l, 
\he ddlO ol whioh is always g''"en. \~hcn tho da\" o! tho cost f'Lguros thcmsolvco 
'lle ~"•n. we havo induded tMm. 

• 
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lntroduction 

Altheu;h qeothermal energy in the form el geyse" and hot '!>fings has boen used 
ler rocreational and heolth purpo""' and as a <aurce of mineral• tor hufl<.frods ol 
years, its "'" for heating ancl !he productinn of electri<:ity doveloped during tho 
twentieth con tu ry. Thc firSt r.r~e Sroale ~oothcrmol powcr ~lont bog'n opcration at 
Lirderello, ltoly in 1904. New Zoaland bogan developing its geothermal fields in 
!he 1950. and ha• po-"er plants in o~eraticn at l'.'airakei and Kawerau. Other ;ao
thermal power ptanl> aro in opero,ien In Japan. Mcxico, the U5SA, lcelond and 
the Unitod S tatos. Tho 500 ~me plant ot The GeyserS, nerlh of San Froncisco, is 
\he large•t geothcrmal powor plant in :he world. 

lcelar>d. with its abur-dan< goothermal resource<, ha< led in the u<e el geotherma! 
energy lor space hea:.ng, hot ,-,ater rupply >nd a~ricultural use•. ruch as:~e neá:
ing of ;reenheuses. More than hall cf tceland'< poputotion lives in heme-sheated 
by geolhermal energy. Hung>ry, the USSR and New Zealand al"> moko "''""''''" 
"'" of nonelcctric app!lcation• of geothormal encrgy. 

A si;nif•c;nt portion el the enorgy now "-'PPiied by naturol ¡¡a>, CMI •Qd eil could 
be 5'-JppliOO by !l"'lhermal energy. In the Uni:od State-s its energy potential ;. 
hundreds of times sre3ter than its prosont u <e. t¡ has bocn enima¡O<J thot from 5 
lo 1()% olthc U.S. electrio"l cnorgy ne.dscould be suopli<•d trom gootl11"mal en
orgy bY !he year 2000. The envi,onment>l pmbloms enccuntered in thc use el 
geothermal enorgy are minor compared te these of lo"il fuels ard nuclear enern. 

The tir<t l~>C chap:ecs el thi< book give an everview el geothcrmal cner'JV-its ori
gin, environmen:at effocto and pre"m stago el developrncnt. The ne<t ¡,.,o chap
'"' d"'cribo rosources in Cotifornra with srcciol cmph.tsis in one cha¡Hcr on the 
S.lton Trough whrch has bcon the focu< of many rcccnt <tudre<. Thc lifth chapter 
;, a leas:bility r.udy fer a 25 to 50 M\';e plan!; the uudy compares throe ,.,.,. 
voirS ol dilferent tornp~tatur"' a .-.e! thre• power tonvt'rSion op,icns. .'.later;.,ls ar>d 
sea le maoogemcnt <ludios fotlow. O:ner chopters g~JO description ol "'Cfk on de
vclopmcnt ol the n-.od•rate tomperatu re/low salinit y '""'u reo at A aft R ·, • .,, lóoho 
and tho los Alomes Subterr•ne and Ory hot rock projccl<. Studies ,el potontial 
hor.efit< el electrical and nondectrical u >e o of ~eothcrmal enorgy with oeot anal y· 
SO$ are ~iven, Tha lin~l chaptor io a S<Jtvey cf recen: patent literature. 
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• Gcothermal Ener~y 

eart~ i• an 1mm0<1<e """'""''oí hea1, an<:l for owr 3.mo million vea" energv 
ha< !!cad,ly Hov"'d lrom tllc interior to U>e planot's sudaoe. 

1.1.ou 9"0\hermal encrgy in l<>et does not derive !rom chcmical proce.,e<. Like 
the oth<r major cner~y OPtions-<olar, fu•ion and hssion ~>Cw<r--<Je<>thermol en
ergy rc<ul« lrom nuclear proce""'· (Sorne hea¡ al•o is generated by com~re<. 
sion and friction al cw•tol faults onJ plate junoturcs. ExothcrmOc chcmical re. 
actions moy contiibute hcot in sorne l<>eations.l Aadioactivc thorium, pot3ssium 
and uranium distributed more or less evenly in r:re ear:h'; crust yield heat as they 
decav. These elcment< are vcry long-lived, with hall-liv .. of ""'"'1 billion• of 
ycors, ond thcir hoat will cominue without foil for millcnia. 

While \lle eartll\ <toreo! thermal enorgy is ¡,emendous, the hea:'s¡>raetical 
valuo dopends en tt'e obility to e!feotivoly employ iL Thio t>Kom"' inoreasir-..;ly 
dif11Cuit" tt'o tmat grows dif!uso; it is impo.,iblc when thc heot ¡;,;. bohind 
rock o.hiolds tcns nf milos t11ick. G<Xlthermal enorgv. l1ke potroteum. ;, trans· 
lerred to tt·.e •utface through ...,¡¡,, and the'" c.li10Ct be drilled commorciolly 
beyond obout 10 l<m (33.000 Id because o! hjgh cost ond tochnkallimitation•. 

Formo" of tho oa<th'• surfoce. ternpcrature• occe"iblo by drilling are too low 
to be ecooomically omploycd. Geothermal devolopment therefore involvos • 
><orch lct he01 , ... ,...,;,. relati,.,ly noot the earth"s sud~. Mor.y valuablo sitos 
ha~ becn tound in the United States and in cthet arca• of the I'VOtld. The l>at· 
tcrn el such di..:overie< rcflccts the bosic goologic otructuro o! the plonet. 

!'lato Toetonies 

Tho corth'• cru" is compo<ed of giant plato< of •olid roe~. These are in motion 
rclotive to ono anothor. Whore thcy •p:ead apa11. molter> rock und<rlying tho 
cru•t flo1vs upward ar>d builds onto the reoed1ng plato,;. l'.'hero the plato< im· 
pact. !he crustal rock i< torced downward and molts intc the btenor. At these 
junctur"' t.!at tra..,ls from \he motton interior te the inhabitod surface jFig~ro 
1.11. 

High vclca~ism ll!ong cru•tal fa~lts r"""als tho ~~welling ol mayma whir;h bri~s 
in<ernal heat ncar to the surfoce. Fi.,ures at the¡>lote junctures aiso allew cocl sur· 
fa«"""'"" to ¡>Onotrate downwords to grcat do~ths: "hen hoJted, the water retum• 
upw11U by convL"<tion. •omc:1mes oppo¡,ring at the ;urface as hot •prings and 
geyser1.. The intrusion cf magma near to the <urface ond doep circulaticn ol 
su<Taoe water< make t~.e eorth's high interior temperotures potenrially a·•a;lable 
for uso. Along the plato juncture-;, thorefore, lio the most promi51ng high-tcm· 
poraturo goothornJal "'""· 

In the United Sutes. a plato juncturo runs from the Gulf e! Calilorni• nonh· 
word. ind~ding the Son Androa< foult, along tho Cascade Moun:oin> el Oregcn 
and Washin¡ton to Alooko, where it porallel< the •ou thern coast throu~~ tl\e Aleu. 
tion I<IÓnd<. 

Anether hi~h·tempccoture str~Clure runs alMg <he Rocky 1.\ountain•. Thermal 
•prin¡• and goysen at Ycllowstone N•tional Par~ are the most prominent gco· 
lt\Ctmal evidoncc of 'he mid-continont muClure, These two geologic features 
are pift ola major goothermal area cevering the wes:etn contir.ental •tate• and 

Gocthermal Energy-Tile Resourca and ltl Envoronmcn• •ects. ' 
pon ion• el Atas~. The Hawaiion lsland• are a di:<croto vol"-'nic oo:r.;rrenco 1101 
closely a"ocio<cd with a major cru,al mucture. But certainly noar.,urlace 
magma chambers are a ricll ooothermal base for tho island stato. 

FIGURE 1.1: EARTH CROSS SECTION 

Source: PB 261 744 
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HIGH-TEMPERATURE RESERVO! AS 

Volcanic intrusion te or nei!t the surface ar>d du¡> cin:ula!ion ol surlace wa!Ors 
along cru<tal lau!ts lorm high.tom¡>e.ature go>otherm•l regimes. Four typos may 
useblly lle di<llnguished. These are {1) magma,l2) hot dry roc~,IJI woter
dominatcd, and 141 vapor-<Jominated <v•toms. 

~~agma and Hot Dry Rod< 

\'.'he!C magma chambers l1e sufficicm1y near tho surface to be ponettated by 
drill1ng. thoy are themsel;·e• a potential re<ourcc. Thoir very Migh tompcroturos 
(70J"to 1600"CJ """" :~.em bot!l amactive and ¡>roblematic. The hlZJ<ds ol 
drilling at ruc~ •~treme temporatures and anccioted P'"''~'"' are great. One 
<t"dy of !he preSllnt obihty to dl(eCtly "'P mogma i• underway at Sandia Lobor· 
¡¡or;es. with field tom •nllcipotcd for Hawoii 121. 

Magma chambers <orefy lie """ thc surface. More generalfy, m"'lr.U inrrudes 
i~•: clese enough !O Ule 'mfoce to Meat the overlying rock to hig~ tem~erowr ... 
To be utolizod. the roe<'• h<at must then be broughtto thc surlace. Wa!Or not· 
uratly ¡>resent may lorm a l",y.;rothcrmal convec!icn ..,..,cm. ff water i< MI pr"'· 
.mt-hot dry rock-lt (cr "''··• clhe: heat transfer modiuml mult be ·~~j)!ied. 



Geoihermal Energy-The Resource 
and lts Environmental Etfects 

Tno rr10terial m the followmg •ocllonl Ms been ha"ld upon a re. 
pon by D.M. Sacano ol Renowüblo Enorgy Re>Ources Proicct 
(PO 201 744). 

THE V ALU E OF GtOTHERr.IAL RESOURCES 

E.ory t><>inl o! tho glot>e '"'"en an ooean o! mc1:on rock .o loeo"C. Heat 
lrom this immense roser>oir llow:s steadity ta tho earth", surface l"lmre ¡1 op· 
pe.rs mast drama1icat1y as votcanoes. hot spring< ond gey«rs. lÍut valuabto QI'O· 
thermal resources are mO<e wi~espread \han these special dos~l•v•. Sroad geo· 
thermal belts oncirde the entire planct. In those areas. tho carth"s heat ¡1 ac· 
c"'sib~e and form< a valuable. multofaceted '"'""""· 

Ooor the conHlfiO< """'"'""' bonofici1tl "'"' 1"'" Loen discovercd for 90<>thcrmal 
resources. llot ¡prin9s ha,·e trodillonolly l•ccr• g•tiiOring placas (or recrcat 1on 
and during tho tllirtconth oonturv. the Lardoroll<> hot spr~n;s ol ltoly provided 
sulfur and othor minorals for trodc. Latcr. boric acid was cornmerciolly pro· 
d~cod, and in 1004 cloctriwy was ILrst gcneratcd from the eanh's heat. ag.in 
at Lardcre!lo. 

Witn irnpro,.mentl in explof31ion. ,...,11 dritling and elect"c con~ersion lochnol· 
<>siV. grotlll"rmol resour<:es h;,•,o t>ecome ovai!oble during the post dec>Oo• on a 
broad >:oto. Thc growirrg demand for •<><urv cnergy su~plics hos also madc ¡~oír 
dcvel~pmcntc<podally dosirablc. As a •ourco ol olcctricity. ;oothcrmal ro•ources 
~lonally supply opproxirnJtcly 1.500 MW ol powm from over a do?On ~ 00• 
thormal "'"""· Tho Goy:ers dry-stroom fi<·ld north of Son Franoi•cu ltho only 
cornmercial power <le>elopmcnt in the U.$.] goncrotc• about 500 MW. whicn is 
ado~uoto to •~pply a c11y ot one·half mil]ion. 

Equally !mp<>rt~nt globaUy are dircct hut "'"' ror goo:hermal '"'cure .. in agri· 
culture. ondu•troal process1ng anj for heating o.rtd cooli"9 ol ~uil~ln!l$. Tho 
s.:,,·iet Union. IJunll3fY. lcebnd and NevJ Z..a!or.d lar exceed ot~cr wuntrics in 

' 
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dircct application ol ~eothc<m:tl cnorgy; thw use total; almost b.OOO Ml'l. In 
the Unitod St:tto•, gcothcrmal cner9y "usod d"cctly for hcating at Klamnh 
Fall•. Oregon: Boiso, ldak. and in othor scattered locations !Toblo 1.11. 

TABLE l.l: APPROXIMATE ELECTR!C AND NONELECTRIC GEOTHERMAL 
ENERGY USE IN 1975 

c."""r "••·"""" <MWt 

H""'''"' '" '''''"" 
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UnoiÑ .. •'<> m ,. , 
u s.s .. • • , . 
[[ .....•. , • 
G"'"''"'"l'" • 
'"'''' ~ 

ro = 
"rOTAC ,, '" "" 

Source: Roterence (1) 

Geothermal resources can help limit new elecuic pcwcr dcmand• and reduce 
wn•umption of not~ral S3S. cil and coal. Tttose limited fuels coold in,toad t.. 
c<>n,.r\"ed uuough direc: ~se of the eanh"s heat. 

S..f~ Energy: In addition to thejr energy potential. geothermol powor proiec:s 
· are en•¡ironmentally s.>!e comparod to coal a.mbustion and nuclear ¡;,.;on. Geo· 

tt.ermal rosources can be produced and wa<tcs Jisr,csc(j throuqh wells with lim· 
ited diSturbance lo tho land. to grounJ and ;urroco ·;,otors orto otl•wr naturol 
rc•ourco•. In cMtrd$1, surfJcc minin<J o( cool and uranium <hswp" '"9' land 
oreas :rnd wildlife hab<tat<. and producos e~ten<ivc water and a1r pollution. 

Geothormal pcwer planto olso aro relativoiY clean. Htey crooto no major pol
hllants compar>ble in quanmy or c~mplc•ity to air polluMn lrorn coai-llrOO 
plan" JSO,. ,-.:o., panic-~tatc-;f or 10 radiO><O!ive wastes from li,.ion rOKtors. 

At all ~t~go-<. thcrefore. seothormol d....,..lopment o!lers a sccure dommic Ntergy 
:supply with comporoti>ely mir.or en,ironmontal imoa~t: And Ot~er laM "'"'· 
'"''" •• formim¡. are not e.:cludc-d L~ geotherrnal fac.lllte>. At Tho Gev•crs. 
cottlo 9ra:ing and rocro>tional Munting continuo in thc arca or gcmhcrmal opcr
ations; and large-scale ¡;eothcrmal Jevelopmem h0< f_or ~everel doc>dC. bec~ com· 
pat•blo with vinoyard>. orthards •nd •oc'<l crop larm•ng tn tho L<lrderollo dr"nc\ 
of ltaly. 

RESOURCE ORIG!:J ANO POTENTIAL 

In torm~ of its po:cr.;ial. the pr«er~t uu of geo<hcr:nol energy it small. Tho 
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FIGURE 1.2: SECTION OF IDEALIZED GEOPRESSURED AESERVOIR 
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k • result of faulting, t~= oquifon are partitionod inro largo vault<, in <eme 
ca~• hundreds o! s~uare miles in extent 1121. 

Shale and water are peor oonductofS o! heol, md v.oter h., a high hea: storo,;e 
c:opocity la~ou\ li•e times that of moo: rockl. Tl>ne layofS el !<apped lluid =n
.oquently ha>e stored lar~e q~antities o! heat ..-..rqy. Temperatureo el ti">e flu
ido rango lrom oo·c :o ovor zoo·c (200" te ~OO"FI. 5ee Fi;uro 1.3. 

Tho unuoual rcmperawre. ore thought te resuh not only lrom rhe low cor.d~c
tivity ol 1ho conlined formaHo~s. but a~<O !rom unu>utlly high he>l !low. Tho 
.olid crust alony tM Gulf Coasl and underlyin; tho conlinenlol sl>ell is t,lio;·;OQ 
to bo comporativcly thin. with hi¡;h·tcmperaturo magma closo 10 the sur!oCP (9). 

Goothormol reseruoir< along the Gul! Coalt in addition ~.•ve 1wo voluable oseects 
no! typicol of goothcrmal !ormotions in tho other wc.,ern states ol the U.S. 

Geothermol Energy-The Resourco and 11< Environmenrol E f' 

FIGURE 1.3: MAXIMUM TEMPERATURES RECOROEO IN ~Of\EHOLES 
IN CAMERON COUNTY, TEXAS 
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Tho rcse,.·oin havo unusuolly hi¡;h pressur•s, and tho fluid is gonorolly <Olurated 
with natural gos. flu•d in !he reservoirs is st o<troordinary pressure became il 
is be•dng por! of ll"le weight of m•cryling rock, th¡t is, it Í$ geoprosoured. 

Ty~ical ro•ervoir P'"""'"' may .onge, ·¡arying with dopth, from 5.000 psi to 
Ol,COO psi (101. S.e Figure 1.4. 

This m"Chanicol 1>'<"""'" ca~ te canvmed ta electricity with effioiencv "' ~.igh 
•• 90%, •nd in some inS!•ncc•. it rr.ay account for hall of tho availablo electric 
enor~y for tho geopressured re,.~."Oir 1101. 

The other '""'""'" oo~sti<~ent, mcthane, is expected 10 <l>.i>t ot sotura<ion in 
moot G~lf Co.,t goopressured 'eservoirS ( 111. 1" solubility in the geothermal 
fluid vorir> with tomper>!ure and pressure, and therefore, the om<>Unt of m<thano 
P'Oduced in a barrel of fluid wiil depend an >poctfiC ro<orvoir condition• 191. 
Sec Figure 1.4. 



Geotbermnl Encr¡w 

The '""el heat <rander to the sorface i< the critica! factor, and this dcponds 
on the roek temperaturo am! on the surface arca in contact with the ••ater. The 
wat>r m~<t cuculate in tho rcc~. U the roek is impermeable-the cxpeeteO <itu
ation-it mu" be lracwred to create a largo surloce arca lor heat exchange tO the 
water. ExplosiV<-> m prc;;uri>ed woter may be employed. Under pro,.ure wa. 
tor induce• a vorticol "pancakc" lraoture in tho rock, and cool water will :xtend 
tho lrocture lJy lltcrmal stwss 131. 

11 tho rock •hould happcn to be naturally permeable. a reversc problem may re· 
"'11. Unle<s the permeable area is confined. injocted Huid may <imply be lo•t 
without achieving a eiro.Jiating sy<tem. 

At ma·¡ be e9e<::ed. hot dry rock "'""' are cxtensi;·e compa,e>l with hydro
thermal or ""'9"'" w•:oms. Hot rock al temperaturos abo;"' 290"C (550"F) has 
been estirr.atod lo und•rlio 95,000 S<;uare miles [61 milhon aore•l ol the western 
Unitod St>to• al a depth o! 5 km 116.400 h\141 ~~agma systems "'"o spocial 
e~~se in whiclt molton rock " acces,ble to dr.llmg Hydrothermal sy•t"m' ore 
hct roek lormat10ns wl><ro c~roulating fluid oocurs natura!ly. trampotting hea1 ' 
toward the sur!ace. 

'Nell ""'" will be critico! lo lhe oconomic fea~b,lity ol hot ~ry roek develop
ment. Tn.,., rel~te diroc11V lo the ~•p1h ot v.llich •uitabTe tcmperatures aro 
rUched. In addition, roek fracturing 1echniques 10 allow he.t transfer stW must 
be domonnra:ed. 

Hydro!hermal Convcction Sy!lems 

Vapor-dorninated and wawr-dominateO r'-"'O"Oi" are two types ol hydrolhermal 
convection S)""ems which dilfcr ba"cally only in tho amount ol fluid pr..,ent. 
The ll""l~ic suuclures are the "'me. A deep ~IOW·bearing mata of permeable 
roe< [aquifer) permi" tluid c"cu\ation to h.,.ment high temperature roe~. 

Two type< ol aquifers moy be identified. One type. vAlich indude> '"ndotone, 
is rathcr like a hnc-porcd rigid spoogo. Olher oquilcrs ros~l1 from lracturing ot 
otherv.isc impermeable rock. Any pormeablo rock 1orm31ion can wrvo a> a good 
900t~ermol re•crvoir: Tho Cevsors (1mpcrmea~lo g,;,ywacke w<lh !i.,uro rcrme
obility); Lardorello. ltaly (c,rbooate rod woth k&J"ick pormoobility. i.o., lime· 
<tone «gion r.eavily structure<l and laultcd); Wairakei. Ncw Zoala.nd (lim<IM 
ignirr.blitel; Otake. J¡¡pan [permeable delta~c '-"nd>l (5). 

Abcvo \he •Guiler in hiQh·temperature l"rm>.1ions. on impermeable e.op roek pr.,. 
wnts tl>e ra~id d•Hu•ion o! the re«rvcir heat. Foulting is generally prc .. nt ond 
'"'1""" the latc•alloss ol gcothermal fluid. A lluid's NturaltendcfiCy 10 cir
culate in columns al;o reduces dispm1on of h<at (6). 

FluiJ in most convoctlon <vswm> h" originotod atthe surlace lrom prccipitation 
of t01n or sno·.-J. The Huid has porcota,cd downward tnrcog~ porous ~~~soil and 
then along c<>c~s. taults and thro~gh permeable rock strata. This lorm ol tluid 
is termod meteotlc (6). 

Not all geothcrmal fluid i< mc:ooric. Somo original.., in 1he underlyi~ m>.Jma. 
Waw is also tra;>ped duri"9 the l<>rmo:ion ol r~ck .:ro:a. Tl>ose :ypes e! fluid 
aro termed magmatic and connote. The ~eoprossurod goothermal reservoirs of 

• 

Geothermal Ene<gy-Tho Rosourco ancll" Environmentol r·· "\' 

t.he LouisiJn> aod Texas gul! eoost are ~he mosl importont occurr•··-" in \~o 
United Sta:es ol conn.a1o <je01hermal ll~id. 

' 

w~c~r Dom;na~<d: As tlte volumc ot liquid incre.,OS in a reservo ir, bcilo"9 at 
doptt> i• pre••er.oed. ThiS i< duo to the rapid incroaso with depth oi hydromtio 
pre.,ure ond the corrc<po11ding boil<ng temperaturo. Under those corcur,-,;ta_ncc<. 
a wotcr-rlomirtatod re<o¡rvoir i< formed. with tcmporoturo ancl !''"","'' cqu_'hb· 
riums controlled by f1~1d oi:culotion. Hydro<totic prC"tJ1"' ,...,11 lo.l >ulflcoently 

10 permit boiling if d.ep fluids wh.ch have retainod thcir high temperature cir· 
culote to near üoc surlaco (61. 

V~por-Dom;nated: Dry-Ueom or vapor-éomina:ed re<ef'IOi" may occur when a 
t.hallow tablee! water lie• nO>r a (usuo!ly deep) nign heat «>urce. with tho inflow 
of witer remic:ed to no moro tt>an re<ervoir los.c~ Hy<lrosta'ic pre>Wfl is 
t~ooeby limi:e~. and the fluid will boil at depth. Und:r an imperm.,ble cap roe k. 
a stoam 'l'stem rathor liko a pre.,urc cooker formo. Sorne steam ventmg i< usu· 
•llv prescnt. >nd surlocc w'l"'' will be heated by the steam and •.tcam condcn
SJIC (6). 

MEDIUM·TE.',\FERATURE RESERVOIRS 

HoQh·temperature r<sermirs locatod along cru<tal loui1S are not &.e only h· 
ploitabl~ geotherrnal lormation•. In those samo locations. lower to_mperature 
reservo"' may exist whore thc source-l"teat is mc•e remoto. more dollu,.d in reach· 
ing :he surfaco. orle" complo¡oly tropp•d {51. 11 rc,.rvoi" aro similar excopt 
for t<mporatcro. tho hi~her tcrnpcraturc formal ion is tho mora val,alllc. tH~t.or 
tomporaturos inhorently COtt do mote work. Neverthclo<>, low<r tomporotur~ 
lluids may w•rtant exploltation. 

Another type <>1 medium temperature te><tvOil m.>Y <Xi$1 f•r !rom·cruot_ol bulto. 
Rock <tr>ta in the cru>t v.l>ieh eonduct Mal pOOr\y will accumulate reg•onal hoat 
llow and con forma me<lium tomperature '".!'me. The temperaturo of ~portie· 
ulaf mota ,._.;11 dep.ond both on ot< he.: conductivity and on <he heal flow ol 

that location. 

Th• •odimentarv ba"n o! sou<hwe""'" Hun9ary ¡, an importan\ e<ample ol thts 
IVP-O ot lorrr.ation. Al Gepth> ol l.SOO to <.000 metclS, geothmmol W<llls pro
c..>oe g~• to 130'C wAter (71. Tt>h is Mico tho tomp<roture notmally ~•Peotod 
at 2,000 metoro. n.e Hu~rians ma<e exton•ive "'" ol_t~ ... re<OU<« rn <p:.ce 
t-..a:inq anO lor agriculturo. Severa! ho,;pitais •nd lactoro.., and 2. WO a~rtm<nt• 
are hU!od geothermatly. In Budopest, 5.600 al><'rtmen" ale supphed w1\h 9!0" 
thermall1ot "·"'"· Farm use• ore equivalen! 10 ovor 400 1.1\"1 of POM!<: Tho 
eo<ts ol geothorm•l 5pooe h•,.ing in Hunga<y. evon befcro the me ol o•l prices, 
woro r.,., than hall tlto alt.rnotive coal. oil and notural gas pr~ces (11(61. 

The sedimenury ha<in along <he Texas and LC<Jisiana Gull Coa<" ¡, anothe< 
mo~ium·tempe,atoro "'')rmo. At de~ths lrom 1.500 to 1 S.OCO meten (5.000 to 
50.000 111. ccr.~a<e Huid• in p0rous rock '"~'" .. ,..,al hundreds lo thou,.ndo 
ci f .. t thick are sealed bOtNoon ifnl)ermeat>lo layers o! clay .no >llal~ l9HIO). 

See F ig~re 1 .2. 
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FIGURE 1.~. TEMP~RATURE. PRESSURE AND METHA.NE CONTENT EX· 
PECTED FOR GULF COAST GEOPRESSUREO RESERVOIRS 
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GEOTHfRMAL BY-PROOUCTS 

t.:ethane in goopressurod r .. er.·o1n i< a by-prod"ct of the gec:~ermal synem. lt 
;, :>rnCw;ed by the ac:tion ol 11eot and pr .. sme on or,.mo •Jbstance> depo~:ed 
in :!te sedimentary ba<in. In di:lerent formo:10~• o:her typc< ol by·prodvets 
ocour_ /,:ineral• and ¡¡a..-. di,.ol•e (n water, .. pedally "' its temperature inctea .... 
t.'ctah anoJ insalvble mineroto interml.ca with t~e >Oiu~e element< alsa b<comt 
•nuained in geothormol Uui<11. In the palt. pou>h (KCH ond carbon dio•ide 
ha•-e been commercially produced near Nilond {7)_ 

Water it<ell m;>y in r.omc '"""' be an importont geo:hcfm>i by~roc!uC"t. Tloe 
liuid hoat may be u"'d through distillodon ar othcr proecsses '" deminerali:e 
t~e walor {131. Whom wo1or i• •caree and valuoble, "'in tt-.e lrr.porial Vol ley, 
produtt1on el ~o1h wa1cr and minorals may ~e economical. A U.S. B~re3w ol 
Reclama110n projoct io to.ting this po"i~ility at East M ... in tl>e Imperial Vol· 
ley {14), 

Goothermal Energy-The Rer.ourcn nnd 1ts Environmontal Elf' " 
EXPLORATION 

hploratlon must loca« a !ield ca~able of ;upporting .'.lectricol gencration •: a 
foa<~blo cost. The !actors which determirte tho sultab•htv of a 9'""' rc~orvo" 
ara it< tom~rature, deptll, fluid productivity, fluid c¡uality and p<Oductive lile· 

time. 

The firn nep in exploration i• a review of e~i.,ing literature \O identify pro<
¡rer:tive orcas. Features are so"ght in lile ~eology, hydrology and surloce cMr
ac:eri•tics in~icative of ~eot~ermat potential. AttractJVC possibilitit• are pursuod 
by exomination of the site using variou< geophy•ic¡l and gecchemical <<ltVey 
uchnic¡u ... Geothermal development :ight5 should be >eeurod fof the mO<I 
promó<ing are••· 

Al thi• '"''~"· pro•pccts ore sw-;-..yed lurth~f and temperature hole• loeated. 
Terr.perature hote> rango in óptll !rom "'"'"'"' foet 10 > lew hurtdred leet and 
3ft u<ed to measure increzse< in temperature (tllermal grodient!. TM normat 
thermal gradient between 15 meten and !50 mete" i1 ~ppro•imotely TC per 
100 mete<S. tn 9"neral, gco:hermal e•ploration see~s thermal Qr>dienu., the,. 
depths in e•ces• of 7"C por 100 metor< (15!. 

Sur!oce nploration me<hod• "'" in!orcntial and con bo mi<looding in num••ou• 
way•. Ncverthel.s•. they ~¡, .• foirly mong indication• of o goothormal ro<ervoir'• 
dcpth. minimum tcmperotute •nd !luid characto<i511CS. On the other hond, they 
do not rov<althe re,ervoir's obility to Droducc fluid (\6). 

Reservo ir productivity is cor.troÚed by"' fluid •upply ond pcrmeobliity (the 
"''" at which fluid can mo•c th<ou~;h the aquifcr). A•" rule. th"'" fottors are 
detcrmincd only by ddll<ng into tlle formation. Pormcability. for e<ample, may 
vory even w11hin" rc;ervoir. Local var~ation is chorocwi<tic ot froctu"' perme
•bilitv •• found at The Geysc" or Waira"ei. New Zcalond (16!. 

Rcmaining m•jor un"nowns alter surface exploration require th31 goothermat 
e.plora:ion undenakc dee:> ~cilling. 1'/elllocation ;, dictated by. rl!<>Jits from !he 
proceding e~ploration, as wcll '" local :opogr>phy and other ""!"onmental lac· 
IQrS. 11 a mcng pro<!uoin~ ,one is enoountered, the well·bofll !S cased •~.pre· 
pared for t .. ting. Aoditional s:ep-.out "oll• are u><Kl 10 prove tr.e "'''"''0" • 
pro<!uction capacity (16). 

Exploration Rill< • 

lt ;, importan! to romember ;t-.>t exploration dorl> MI necrl$,.<ily provi<!e • di•· 
r;o,ery. Almo" cettainly <everat tcocn will be •urvoyed bofore hndmg one suil· 
•blo lor dcop e~plcratory <!rilling. Neither will atl traca wauont eQually thor
ou;h examina:ion. Exploration expenditur"' will dJI!"r between them. 

Te ~timote explora:ion expenditure5 required to disco""' a "producible ~rvoir, 
o na needs o <ohodule o; probable •ucce.,es. ·T>ble'! .2 i< b»ed on an '"imato 
of no:is:ical suocess dev<lopcd by RoCen Greidcr ol Chevron 01l Compony. • On 
''·"average, according to his figures, 64 tracts. of 7,500 :~~es woll ~· o.plorcd. 
bcloro discovery of a lield capable of support•ng 200 M\, 1n olectncal oenerat•on 

{ 171. 
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TABLE 1.2: SCHEDULE Of PROtiABLE SUCCESSES ANO STATISTICAL 
COSTS IN EXPLORATION 

. ~ •. ol llio •• "' .. .,.. • 
..... ,. .... "">ya Co"l'"' ~ c ... 

c ..... ," c •••• ,~ .. • .,_ • 1 ,....,,000 

u04 ~"~""""'" ,.,.,,..., • -~ " 1 ·--= 
A"'t•o~l C.op"'"" • "·""' • • ~.~ 
'''"l""'"m floln • •. ~ " • ··-'"'"''"'•.,.,h ...... • )<>!,000 " 1 '·"''·""' b) ...... ' "~ • ' "'~ ·····'"' • .., ·""' "'·""'·""' 
Th"' ;~r•" ~·"' 11.001.000 

1 '·"'·""" 
'"'"i o .... ,.,. '-""' ' ··-T ot.ol Sl.lJl,!OO su.m,ooo 

Source: Rofor<nce 1171 

For the 200 Ml'llield itsolf, investment in explorotion up ro step;out well• is 
$597,500. Tho mtistkal co.,, howcver,;, 511,660,000. To thiS ota¡¡e, the óver
all oucce« rate io ono in twonry. N<•gleCting tox benefm, this figure gJ>eS \he 
risk burdon for in·;c.,ment to thio point in tho explorat;on venturo. 

Beyond the need lor 20% return on expenditures, no >pecial ri>~ factor.: are ap· 
pl,ed to !he 5t<P Out wollo and te.tir>g. lf groater uncertointy e~i<ts at this •t•>•. 
expcctod >tati;ticol co«• moy t.e significantly grcoter. As catcula:ed, total iMe>t
ment in the discov<ri.'d fiold i• S2,n2,500. Overall costs lead;ng to the d"co""ry 
ore S13,822,000. Tllerefore, the •~•""" rato for investment in exploration 
thr<HJgh step-out welfs is ju" und<r ene in •ix. 

Le;tSJ'ng: Tho importance of land costs in the overol! e•penditure lar e>ploration 
shculd be noted. Fairly udy in the evatuation of lands, control o! L~e geother
mal in:e'""' is '"cuted. Without such control, the pro¡>ertv and, con•equenüy, 
the investment in exploration may t.e 1011 to another party. 

T~e CO!il of the 9"Cthermol propcrtv !nterom OI<O increo•e< as exploro:ion P'<>
¡¡r=ivcly preve• tha land'• pottntial. Eorly C(Wiucl of a premising are:. is tC.er,_ 
lore encoura¡¡ed. 

Property in-tments are wenotv alf•ctod by risk. The table el protJablo su 0. 
ccssc• (lable 1.2) shoM ene i~!luenoo ol une<aainty. 1t is onimotod that ot 32 
tracts lea"'d, on <he '""'"9" only one will be produtli•·•· At 57/acre. thi; invest
mcnt IS t!\e third l;rgost cornpenont el exploraticn com, and i" ""'''~' may 
force •m•ll exploraticn componies te tcre<¡o all but the lean costly lpromi><n~) 
lands. 

Unc•rtainty in locating ond si•in9 o prespectio·e reservoir also ir.fluenoes proporty 
invc>tment by l~rcLng liLe c•pioror te leaso lorgo tracts. From FLgure 1.5 it is 
seer. that a wcll llo...- el ~O kL¡/s I~BO,OOO lb/hrl from o 260"C ro•orvoir will ;up· 
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port 5 .V.W el power. At 40-ocro spaeing whh back-up wells. a 2VJ 1.~.·1 field 

will occupy 2,000 "''"'· 

F!GUAE 1.5: ELECTRIC POWER AS A FUNCTION OF MASS FLOW 

" ~40"C 

/,o 200 5oo•c 

$'~ '" 
/// 

• _.-~ '" • • 
_; 10 

" Q,.~//, ,~ -• ;W /' '" • -• ' • /// -• o • «---' • 1 1 ' o -" 11 1 - 11 1 
' 11 1 
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Source: Referente (lB! 

Terr.~erature, well !lew ratos and well spacing determine the minimcm orean~· 
"''"'V te gonerate 1 M".'/ o! pcwor. Thc"' lactef1 •·•rv con•iderably bct,,een r"'
entoin, but lar purpo<c-< o! discussion 10 lo 15 ii>C<"'/MI'I is tak<n "'tYple<l. 

In fi~ure 1.6 >200M'.'/ field (9 te 10 km') i• pbccd wLlhin • paroel of 7,500 
acre• (30 ~m'). As socn. th•r• ;, little room for error in loca1in~ \he !•cid centor 
or e•:imoting its total sizt. In the ")leu •••e" (A), no more thon • 50% etror 
in locat:on 11.5 km) is p•rmi.,iblo. Under lcss cptimum ceodition< 131, an etror 
ot 50% (2.5 kml could place 40% oltho rosource o~uido the 7,500 tract. 

Location ol the rc•crvcir may in l;ct ba <IJbjcc\ 10 grcat error. A! Ahuachopan, 
S•lvador, the therm•l cantor ot tho ro«rvcir is 7 km lrom tho nearo<t •urfoce 
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d"chorHO. ~~ ~iZII<ioro, Turkey, tho thcrm"l center h 5 km from the up-flow 
"'".'"'- Deflec!IOn O! convecting woter in thosc twa systcms result< lrom litha. 
IO<J•C l>ome". In Ctl1er inuancoo. grour>dwator may mask and de!lect therCNI 
diSCil•'ll• m•~v kilomctcrs hom thc sourta 06L 

fiGURE 1.6: L_úCATING A 200 MW FIELD !9 TO 10 KM'I WITHIN 7,500 
· ACRES (30 KM'I 
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Source: PB 251 744 
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Estimotion uf rc<crvoir size also "•ubject to widc error. Thi< proc "''en· 
countcrcd in thc USGS O'so<Smcnt al ~eath .. mal rewurcc>. Ordcr ol·n10~nitudc 
dillerence< were nated thore. 

To compen<ate lar such ur>certainty in placemem ond ;i>in.g al a proopoctive 
re<ervoir without extonsi•·• exploration, large arn1 o! bnd m~st bo lealed. TM 
effeot on S101i>t1col invenmont is con,:derable. TrlotS o! 15,000 acres, rather 
than 7,500 acre<, would requiro an ovoroll explorouon budQet incro"o of 13%. 

Geothermol cxplorotion ha relatively new endeavor. Con;eq~ently, not all 
worken in !he field concur with !he risk estimates given al><we. Tablo 1.3 Com
pores otllor eotim.,es that have appeared in the liwoture; more ¡t,;n il factor o! 
three sepa.rat..s the high and lcw estimotes. 

TABLE l.J, ESTIMA TES OF EXPLORATION SUCCESS !lATES 
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Source: Aofercnces (:9H201l21H221 

RESERVOIR DEVELOPMENT 

Vocrous cornbin,iom ol temporature. depth, fluid quality, producti•ity and 
longo•ity rn>y yreld a com~oetoiolly producrblc ~eothcrmal rc>crvoit, A moder
ote-ternpcroturc, no"r-surfooo ro>or.oir, for o<ample, may be •• attroctive lor 
de;elopml!nt as a higher templ!fa<ure """'""" th>t is more ~lme or li .. at 
greator de~th. 

A rtsor<oir is witable for po~r pro<luction, t~O<J;h only if tite devoloped fluid 
can be oconomically m>tc!1ed to •~ electric gef\emion f•dli¡y. Therolore, unlikl! 
oelfoleum •nd other rnining operotions. tield ong•noering and poWOJr plont de
•ig" "" (usod •nto a compreh•mrve resocvoir dcvclopntont progrom. 

Fluid Tcm~ra:ur~: Othor thifl<¡> equ31, the ceu o~ p<od~cing 9""thcrmol olee· 
trie powor doelines "ith incro .. in; fl~i~ te~.;>or;¡:~r~ !lo<~ tho he•t voluo 
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{entholpyl el thc lluid and tho cllitiency of eloctric c<"''""ion "" 9'~':er •t 
highor tempcrature•. In adrlttion, high·tcmp<rature wel-. tend N l"_<>d~ce llu!d 
ata Greator rate than low-tcmpcraturo wello. Conocquor,:ly, '"" tl•lld "requlfed 
to gcnerate the ••me amount ol pewor, and fewer w<ll< are nee<lo.l to •upply 
:l•c fluid, 

Thc impnrnnce.of tcrnperoturo can ho •••n in Figure 1.7, which uraph< acoord
ing to tcmpcroturc tho numbor of wcll> 1equircd te ger.<·rate 200 ~tW ~fpower 
1231. The cumulativc ef!oct> ol rcduced fluid <ntholpy, con,•mi·"' dloCiency 
and we!l pr<>duction at lowor tomperoture> re.ult in an c~~enentl.,l increale '" 
<upply well>. 

FIGURE 1.7: WELLS TO SUPPL Y 200 MW AS A FW:CTION ¡\f RESERVO IR 
TEMPERATURE 
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Plant cem alm are lowcr for hlgh·tompera~ure reoervoi". Smaller .. ~w rote; in· 
vol.e <maller pr~iny, tu,bines and he>\ exch,nger<, while ine<eased plar.t et¡1• 
ci•~cy pe~mi" small" 7apoCLty ccolin~ 'Y"Cms. Tho--_,. componenu con>tituto 
ma¡or ca~rtal e•pcn•c• m geotMrmal planto 1241. 

Rc:ervoir Permeob1/iry: The rota 01 which fluid can be produced from gE<>thcr· 
mal woll• de~ends on aquifer_ permeability_. The effoct ol pormBObility on po""r 
cc•u can bo •nfcrred lrom Frgure 1.8, wh•ch ploU required s·Jpply wells for a 
200 MW plont as a func;ion ol well lma,.lllow rate 118). 

FIGURE 1.8: I'IELLS TO SUPPLY 200 MW AS A FUNCTION OF FLOW RATE 
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W•ll D•p<h: Drilling cost5 in<:re"o dromatie>lly with depth. lt ;, :~is bct w~ich 
moho mo" ol the eorth's immen•o heat in>ccos;ible. Thc e<act omount >Pent 
~o dnll a '"'-ell varies with •ito ond lormation chorocter. Averogo com oro reveol· 
tng, however, and >everol ""''""'"' appoor in Toble 1.4. 



'" Goothormol !Cncr\IY 

'" ..4: ORILLING COSTS FOR GEOTHERMAL WELLS 

Oop<" Toul Con ....... ,. ~, .. ,,inol 
l~ml "' Con~"" l$1 ... Rolo,.nto 
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Souree: Oeriwd from Rclerences !18)119)1201 

l'lhile doopor hotos aro ~oro expo_nsivo IO;,drill, thoy ~onerally produco hig~er 
t<mporoturo fl.,.ds. Sov111"' ""oc•ated wl!h htghcr tluid ternperaturcs must 
therclorc be v"'tghed against higher drilltng com. 

Fiold De>olopment Ri11< 

Succe,._ in drilling dovelopment wclls i• not guarantccd cvcn though • producible 
rcservotr has been d•s«wt·rcd. As prcviously noted, aq~ifer pormoability ¡5 not 
u_mform throu,hout • qoothermal reservoir. Wells may fail to enoountcr • •ulfi
Clently permeable, prod~ctive r<~<on within a generolly mor.g rc .. rvoir. 

o:tr~rent enim>t"' ol success ratio• lar dovelopment drilling ~ave appedred in 
t~e lllorotur~. r•r.ging from 66 to 90%. ISoe Table 1.3.1 The rate 0 ¡ sucoess 
W1ll ncocmrliy dopcnd ?" 1~1e charooter of the produoinij formotiM, but using 
these lt~urcs, the ""'"''""' •n...,stment in dcvelopment wclls may !>e obtainod. 

11 50 production .....,u, aro nced><l. a 66% '""""'' ratio implies t~a: a total of 
75 v.10lls will !>e ~rilled; with 90% '"""""· 56 well• will be drilte<l. 

Usin~ $500,000 o~ tho "?" lor oomplotcd wcll• and $400,000 for unsucccsolul 
well• lno prod,rctlon ec<•mg, etd, the lollowing expenditures rcsult: 

TOTAL WnU TOTALCO!>f 

$3S,OOO.coo 
$7.600.000 

At • :>0% return en investment, tho ditference in .....,n 00010 would bo $' s~o ooo 
per vear. This ea!c~latlon ¡r,;sumes, hOWIIVI!t, thot urnu=lul de<tlop~~n·t.;.eils 
have no ..-.luo. Aotuolly, this may Mt be tr\;e. A supply well failure may be a 
ver¡ useful ~l>posol v.oll, Power plant effiue,lt geno,.lly ffiLiit !>e eliminoted by 
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returning it te subsudace '"a<a. For wator-<lomin"e<l rese"<OiiS, t- ... <uppiY 
well needs an injoction well for disposal. Drilling lisk is thoreforc re<!uced by 
t11c froctlon of umuc¡;os<ful well• which oro voluable fm other pur;:>o=. Dn tho 
other hand, any 0$1imate of fiold development t0$1< ;hould include exper.d1tures 
lor injoctien woll•. 

Performance el grothermal woll1 and '"'""""'" over time i1 a mojor uncortainty 
in !JOO!hormol d•velopmcn\. Grothormal IWII-Iile •~aries botwoen 10 anO 20 yoars 
nccording to tho nature of tilo flu1d and "' rotos ol pro(luctinn ond rechóf!JO 
125), <he<e <.1me lactcro offeo1 the lifetime of !he resen.-oir 12G)I271128). 

Short lifetime or uncer<ainty about production longevity induces rapid amoni:a
tien ol capital, Any re~uiremont for rapid amonization mongly affe<:ts tho <:<>>< 
of pm>er. 

The annual return• on e~plorotion im·e.,mont in a 200 MW licld ealculatod for 
zmorti:ation peri<>ds of 1 O ond 20 yea" appcar in Tablo 1 .5. The pr ... nt _.lue 
of rewrn correspondo to tl1e sta.i•tical inves\mtnl in explorotion pr~icu•Ty tal
culated (labio 1.3). A 10% diSa>unt factor w .. u..d. 

TABLE 1.5: AMORTI2ATION OF EXPLORATION COSTS FOR 200 MW 
FIELD 

1-<"'dloo• ..... 0»-0<7'"oJ:..-.wk 1-<71.0>:1-0l<mLII>'wk 
U mLLhoo ~'"-""'- 0.7 "''LI>I.wk '1106.00>- O.S mtU••wk 

l\2 """'"" •1 ... > ·""' - l.< "''"•hk S\ AlMO> - l o '""'""''' 

Source: PB 261 744 

The colculation reveols the mong impact of a short amortizotion pcriod. Amor· 
tiza!ion of any invo.tment over 10 ycars rother than 20 years with a 10% dis
couM rate in~'"""'' the reQuirod annual return by almost 40%. 

POWER PLANT DEVELOPMENT 

Plant dcsisn for a particulor 9cothcrmal roscrvoi< is solccted accord1ng to the 
tha:actor of itl fluid. Or.--steam reser.-OIIS, li~e The Geyscrs, prod~ce "eam tl1o: 
may be used almo" <:!i<ec\ly in r~ativ<.-4y ine•pemi'"" tu<bines. For water.(!omi· 
na\ed resom>i.,, plan\ design is dictate<l by fluid tempernure, miMral contont 
and the quantity o! di,.ol<ed nnncondensibtc ~ases le.g .. CO,, H,S). 

Locol water oupply, meteorological condotions and "nvironmontol sensitivitios 
a!so aifect ctant s.eledon. Cocling and mokcup w"er requi.-.ment> dtffer•bo· 
tween desi~ns. and dioonorgos \O !he tnvironment van¡ !>eti'>OOn them. 
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Thr<e ba<ic design option• havo been advancod for wotcr-domin•te<l rcservoirs. 
Th.,....., "'~ the Uaohcd s'eam, l!inarv fluid and tctol tlow syuemo. 

The boiling point of wotcr inore.,cs with depth due 10 hydroota:ic pressure. 11. 
fluid prcuurc "allov"'d to drop ot that temperature, a por"tion of the fl~id will 
Haoh to >te3m. The amount el oteam produced dcpendl en tho original tempcr· 
aturo and \he preosure dccreaoe. 

1"/Men geothermal !luid Íl withdrawn wi:hout maíntaining t~.c reservoir pressure, 
K>me el lile fluid flo>heltO <tcam. A fl.,heQ steam plan! employs thi• >team, 
and 1~ rcmaining fluid io d•>C.>rde<l. A< <Hn in Figure 1.9, a largo percontoge 
ol !luid hoat volue ·., lo<t with th< diochar,.e. 

FIGURE 1.9: I'~RCE:--!T AGE OF 1-\0T VI A TER FLASI-\ING TO STEAM AS 
A FUt-:CTION OF TEMP(RATURE ANO PRESSURE 
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Source: .Relcrcnce (171 

Thc llashed >tcam plant ;, al\ractive doo~ito conoidcrablc waO\e ol Hui:J h<OI 
valuc bccause it cmploys simple and rclativoly incxpcnoive otcom turbbo<, In· 
otalled plont t:oOI io opproximatciY S200/kW {171. lmp•oved recovery of !luid 
hoat """ also be achiovod through multiplo·ll><h ota9es. In general, multiplo· 
!laoh dosign is prclerrod l>ccauoc of "vings in supply wcll< ond othOr licld do· 
velcprnent com, "''" though il "gnificontly incrcooes plont comple<'•ty and c~:t, 

For fluids high in minor•l• or noncondcnsiblc g><co, howcvcr, lla<~ed $\~a;n 
plonts may be improt:treill. Flo•hing resulto in d~po<ition ol thc oolid<, an~ non· ' 

Geothe•mal Eno•gy-Tho Rosourco and ho Envircnmental Eff• 

co~der.sible gases grea<ly red~ce net power production from ste•m turbines 
( Frgure .~. 1 01 1641. 1'-!oncondensrble ~"'' may al >O e reate ec.vironmentol pro!). 
lems_ \,l,en rele;s..J !rom tl\e lluod stream t~rough flashir.g they are disch cd 
to tho atm_ospherc. Hy~rogen •u!! ido is one such g;, whrch '¡n om•ll quanti:¡'~ 
" bcth porsonous and •~tremely noxious in odor_ 

FIGURE 1.10; EFFECT OF NOI'!CONDENSISLE GASES ON NET POWER 
OUTPUT At'>:D COST 
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Binory Fluid Plant 

A binary !luid pl•r.t ut<lil"' a he>t excha"'l<f \O trander ~<">1 hom the produce<~ 
geothermalllui~ 10 a sceondory ll~id. The •occndary !luid (e.g., Frem'l, .. o. 
butonol ¡, cllosen te hove o Loiling point signilicantly below tho 1emperature ol 
1110 prodtJCOú fluid. In thi• way, the oecondJfy llutú i• vaporiwd ano u•cd 10 · 
drive a turt.inc. Capital co•t .-.trmates lor binar~ plonts range from 5300/~W to 
S500/~W (2SI(17)l241. 

Tt>e binary cycle h.s sevcral allra<tive lean""' compare<! to the 11ashcd •team 
plant. In 1ho frr<t ploce, !lre 5y<tcm con ~e tailorod lo the tempora\ur< ol the 
geothc·rmal fluid 10 O.lpturo a l:.rger porcoma~o olthe fluid'• hoot value. This 
advantago ¡, o•pocialty morkod"' tcrr.pcrotu!Cs le" than 2oo•c (301, 

Tne binary cycle is able ~o utilizo oafine brines. 1hi< is an important strength. 
T"o type• ol S<afing <>otur in geothe,m31 SY>term. Sorne depesition re<ul" wlten 
tl>e '"'"~'~''"tYre ol the lfyid Os red~ced. su:ca S<ali.ng i; ol this t;·pe an<:l Os r::oin
mon to oll geothermal plo•n• for »>tet-dornina>ed roser.oin. lts •e~erity dcporl<h 
on the solirls contont of tho fluid. 

The "'cond type ol scaling rosult< when fluid pre,ure i> reduccd. Oepositoon el 
calcium earlxmatos. lor ex~mple. resulti rrom pros<ure r<d.,ction. r"""'" dro¡> 
a~so cause< silico Cepo.,tion. \':iL~ ~inary cyclos. the geo:hcrmal Huid !""""'" 
ca~ be m•in1ained. using pump• te circuta10 the lbd !rom supply ,-.olls. to the 
hcot exchongc" ond bacl< into the re<ervoir through injectoon wells. Pa:t Q( the 
~lant's electoical ou:pu¡ mu>t be consumed to P"""' th• pum~<. bu\ in thi< w3y 
•omc scriou• scaling probkms are o•·orded ond othe" con<id<robly reducecl. 

Unlike Ua•hed <teom plants. bin>ry Huid pl;n:s are not aflected by the noncon
demible gao ccn1cnt ol geothermal !luid<. Elccuic convtroion ;, not impairod. 
o~d r.oxious ga>e< <uct. ao hydr<>gcn suflrdc are not allowed to d.grad• fotal •ir 
quality. 1ho on'iro lluid <trc>m is totally coolineci and returnod to the '"'""'oir. 

Total flow Plan\ 

Ele<:tric corwersion in the tolalllow plan\ cmploys oH o! the prod~ced fluid with 
a •peci~lly d"'igncd no"le ,ro;~ tmbine. Or.e pro¡>osed dni!lfl U>C< a r.e:io•l ocrew 
which ratitOS as the fluid e~pand< along its a~is (23). Another type ¡, d•signed 
somewhot li~e a watcr"llool (31). Both wpes have deoign elfr<Íencies G·'""'"' 
1han binory or multiplo llashed •team cyclo•. Figure 1.11 comporcs tbe effi· 
cienci"' ol floshcd stoom and binaf'¡l cycleo t<> the Lawrcnco Livcrmore Laboro
torios holicol ''""''expender, 

','lhile """"' t~rbin"' and bin:ry lbd heat convet1ers a~ we\1 knov.'Cl and t .. :ed 
tect.nologin. 1he total flow <y<1crm are,. yct unprovon dooign<. Wt-.e,~.cr thoo• 
retic.al eff,ciencie< can bo attained in proctrcell reasonabte c0<" i• "illto b~ 
ctomon<tr310d. 

Scaling and the relea"' o( noncondensiblt S""'' are problems thi< dosign •hJre< 
"i:h !io<hed steam <Y<1ems (32) .• 

Goothormal Encr~y-Tho Rosourco ond lts !'nvironrnontol El 

FIGURE 1.11: COMI'ARISOIII OF GEOTHERMAL POWER SYSTEMS 
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GEOTHER.'ML ACREAGE ANO RESERVES IN THE UNITED STA TES 

Aoroa~o 

,Aimost throe millron acr.,. in S2 loca1ions hove bccn cb,.ili<d by the U.S. Gco· 
•0 9'""1 Sur'"y as l<nown goolhermal resou!Co :~ro:" lKGRA<I. Theso site< aro 
<urro~,tly tho rnmt promi•Ong in 1ho country" lor geothermol dovolopmoot. An 
Md•tronal 100 mOIIion ocro• are con<idered proopectively valuoblo lor geothormol 
develcpment. Accea<¡e< within each <late aro given in Table !.6 and in~icatO<l 
en the ><:com~'nyinn rnaps (Fig~res 1.12, 1.13. ar.d 1_!41(33)134L 

The fe<Jtral go~or~mcnt owm lóttfe land in Tox>< Loui•i•na ana rtawaii and no 
aroa do,i~notion• have boen mad' for thoso ""","· Ne~ertholos-:. oll thrdo contoin 
voluablo ooothermal areas. In Toxos and Loui>iana, goo~re<;urcd re•ervoirs un
d<rhe an t•teiYSi~• re<;¡ion 1otolling appro><imotcly 375.000 km' (93.6 million 
o<:<es) (9)(111. 



Geothormol Energy 

TAilLE 1,6: CLASSIFIEO GEOTHERMAL ACREAGE 

Prospe<tiv<ly 
Sta le KGRA (1967) Voluoblt (lq67) KGRA (1Y7S) 

Al.sb .. . ' ....... ......... 88.160 

Amon1 1.6Ql,OOO J,2l0 

c.blomil- 838,000 16,32l))00 l,J99.7()q 

Colorado ........ 2,002,000 20,825 

H•waio' ......... 
ld•h<> 16,000 14,102,000 nO,M2 

1.ouJ>ilnl' ........... ........... 
Montan• 18,000 b.226.000 58.655 
Ne,••d• JS,OOO B.:oo.ooo ~87.G~O 

New M<•ico 140,000 7.414,000 \Q8.61l7 

Oregon ........... ll,432.000 367.652 

Texas' ........... .......... 
Utah ........... ~.554,000 118,209 

Woshon¡;ton ........... 5,236,000 J5,ól3 
Wyoming ........... 7H,OOO .......... 

"H•w•ii, Lotol~tono •nd T.,., cont>Ln '<fY lutl< l<dorolly·Owncd lond., Thc U S. 
Ccologoul Suf"<Y h., not clo,.locd londt, olthough ''"""'' g<otht!n\ol f<• 

ooun:o• <>«Uf In th .. e ltlt<l. 

'"Velto.,.,on< N"lon>l P~tk ondud., ,..,,h,,....l '"""'"'· Thn< "' not ¿.,.. 
'<klpo~lc undot n."''"·' ttSUI>!IOM ond th< ««•&•" Mt onclud<d htt<. 

Sourca: Rof•rcnoes 13311351 

Hcot i< an uboquitous formo! energy. Bcneath OVCf'l point on tho Mrl~'s <Urfoce 
lico on ocoao of mJgma at lOOO"C. B~l ""ail!blo tochnology and tl\e como! 
resource de·•elopmon: limit g<othermal "'""'""''"te o fraction of t~ eanh's 
tc\01 heat. 

Ao rn<nliorwd abovo, on 1975 the U.S. Goologocal Su"-"'v com~lot<><i "" inittol 
'"""moc.t of goothormol ""'"''"' in the Unitod Statoo 136). The 01udy e>lcu
lottd the amount of heat ee.ergy otore<j in geothermal formations honor :~on 
15'C toa dep:h el 10 km. IHydrcthermal <v<tems ,._..,. '"""ed only toa ~oplh 
el 3 km.) Tl>e penicn o! this reoource base available for de·.-elopment v.ittl 
e<isting technology wos afso ostomated acccrding to thr .. sepa,.te cou ossump
ticns. Geothormal resouroos reco,·ecab~e at com comr.otitive wtth curren! <.".org·¡ 
romurces "'"" desigr.ated "ros<r\les;" thcso roco.-era~le., costs between ono and 
two times current er.er¡;y priceo ao "paramar9inal tOOOOJI0<1: "Submarginal re
wurcrs" ''-'"'" e>tima!<d to be reco,.,rable at m~<e thln IW<> time> pruen1 eoergy 
eo•U. 

Gectllermal E~rgy-The Reoeurca :md liS Enviromnent 

FIGURE 1.12: MAP OF CLASSIFIED GEOTHERMAl ACREAGE IN ALASKA 
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' FIGURE 1.13: MAP OF CLASSIFIEO GEOTHERMAL ACREAGE IN CALI." 
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FIGURE 1.14: MAP OF CLASSIFIED GEOTHERMAL ACREAG~ '"' RQCKY 
~10UNTAIN STA TES 
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" Gaothermal Enorgy 

Totol otorco hcot as calculotcd in the USGS nudy io shown in Table 1.7. E<ti
matos of rccovorablc clectric rower wore mode ooly lor ~eopressurcd and hig!>
tcmperaturc hydrotherrnal convcction rcsc'"o:rs. Th01c appcor in Tablc< 1.8 
•nd 1.9. No c>timatco w~re m•dc lor the other gco:horm•l formaüons a o -clec
uic comer.óon technology w>< not con<idued ade~uately de·I!IOped. 

Thelf l;cat con¡cnt, hOV>COCr, io vcry g'cat, 11 hcot in ignoous W<!<m> MIO •~
Uoctd and convcnod with tilO sorne cJrici"ncy o; rn hitllt·\Crl1PC<aturc hydro
thermal resc'"oir>, the ~wcr lrom lCO,OOO x ID" <alorics would be approxi
mately 3.2 million mc!l"wauo lor 100 yean 11100,00011.2001 x 38,000 • 
J.2 X JIJ"]. 

The USGS e>l•matcs show thOI geot~ermal resourceo hav. a l>rge electric gener
otion Gapacity. H1gh-tcmporoturc hydrothormal con,cctoon oystoms are ovaluated 
at appmximatoly 30,000 MW for 100 yeoro, or IG;O.OOO MW ter 30 yoar<, at 
pricc• bct,.,een ene and two t<meo current powor COit>. While only a portien ol 
total geothcrmat potential, thi< re¡>'""'"" a o;;nilica~t lrac:tion of tt.. couotrv'• 
pre>ent elec:dcal copac.ty el. sorne 500,000 MI'.'. 

Although lor~c, thc•c tentativo heat and powcr cstimatcs ore in foct cM•crvotivc. 
A poucity el loe" concernin~ geotherma! lormati~ns led te minimiziny assump
tiono. The asl-Ossmcnt ol igncO<Jo <'{stems, lor cxample, inc\uded 48 out ol 151 
i<lcnti!ied volamic intru>ions within 1:1 km el the wrfau, ond ""~med thot no 
preheaHng or rect.arge ol \hose charnbcr> h>d e;·er oocurrcd. lni•ctiOn or con;•ec
tion al frcoh mo~ma dramo:icolly incro.,cs the 0\'aliOble heat ol such form11\10r\S, 
but m'ninwm ~«LJmp!ions wcrc ¡¡Joptcd in tC.c o~scnco of othcr evidcnc". Ac· 
cordingto tho USGS '"""""ho", igncous h .. t content may be at least ten times 
gr~ater than the as<igned valuo (3!l)_ 

The "'"""'"'""'o! lnown hydrothermal convection systcms simitarly minimizO<! 
cotcu!,cd hcot volucs. Tc'mperaturcs for most rcservoltl wore "'''matO<! occord
in~ to the c!>cmical corto¡JOlition of gc·othcrmol fluids at thc surlacc. n.osc chomi
col "thermometors" prov<dO rough approxima:ions and in many instances may 
u~der"ümate reservoir tcmperatures (37). 

The USGS caiCulation occctmt< for hcat ncred in hydrothcrmal rE-Servoirs only 
toa deptlt of 3 '"'; t'1i0 is thc dcpth oi curront geothcrmol drilling, bul just 
half thc dcpth commonly r<ochcd today by od v.-ells_ 1\ """"'"no heot re· 
chal{le by llu1d convection lrom beiO'N 3 km, anO unless ot~.er information is 
aVililable, the topo! the rc<orvoir is set ;1\ 1.5 km. Thno assumptions yicld a 
rese...,oir thickness of 1.5 km. 

A• pointod out in t~e USGS rcport, •ro» o<Signcd to hydrothcrmal roservoiro 
olso may be too >mall by as m~ch "' \h, .. orders of ma¡nitudo (x 1,0001, In 
mony ir.<tonc01, no in~ormotion was u•,iable to eotabli>h area., and t.~ey were 
''" ot 1.5 krn'. 

A• a con,.,qucnce of thcoo a,.umption•. rnany el thc cvoluated ~y~rothermal 
,Ystcm• v.ere ""i~ned a •olume al 2.25 km'. Tt>is figuro moy be comparcd '" 
volume< dotermined for relotively well-«xplorcd reservoirs. S-eo T able 1. 1 O. 

' ¡ 
, 
• r '· ' ~ ! ~ 

i 
; 

[ 

' 
f 
' • • i 
¡ 
' , 
t 
' ' ¡ 
¡ 
t ' i b ; 
~ g " ¡ § 

' 

i i 

' ' 

' l. 
1¡1 ¡ 

' 
1 

" m 

~ 
8 
z 
" m 
z 
" o 
m 
,o 
.• 
o 
m 
o 

" o m 
o> « m> 
>r 
>, 
~m 
!:!) 
"o <z 

o 

" m 

" ~ 
m 
o 

' " z 
o 
o 
" , 
m 
o 
> 
> o 
6 , 
m 



TABLE !.~: RECOVHIABLE ENERO V FAOM ONSfiORE GEOPRESSURED RESERVOIRS OF TEXAS AND LOUISIANA 
(PI•n M•>lmi:os To1al Aoco•ery Q,or 20·Y .. r Per~od; No Pre11uro Dec(;na Below 2,000 p11; 17,160 \Vell1; Subsidenoo 

Cotl Co••• '"'"""""" ""d' In 
""''""" ol T•~•••Y '1'· 
'"'"'" ........ ··~· ... , ... 
dopoh ''"1'"1 op lol \.m 

n. .... ~ ...... 
.......... ,,,.....,.., •1•1•al•••l 
"'""'""'' .~ .... ¡n..,,,,,., ·~ ........ ! 

TOUL 

Orh" '""""'" p•~• ol Cofl 
C••" l'"f""""" '"'''""'"'"'· ....... ,. ............... \0 .... 

0•""''""""" ... 
'"'"""'"'"" oolO\.m'•' 

ol 5 to 7 Motoro) 

..... '" 
.... n •• o •. 

110""'1' 

00,920 

l>,OOO 

11.003 

r,H'"' 
"'""'Y 

l''"""l:d. 

'"' 

fl•·• ·~·"'''"' .. ""'"''"" 11""••'1' 

m o 

"" .. 
~· 

·~ 

·~ 

-·~·· .... ., ..... '"""'" ......................... -..... -·- ......... "' 

c ........ . 
'""'""'>" 

•• 

•• 

........... _ •• " ~·- ... "" ... -· ••• ,,,,,_ .. w ...................... ~ ..... "''"' 

'""""'''H""~ , .. ,,, 1 "W ........ ~ .. 'oM000->w ......... ,_ •• _., ...... O" 

.,,_ .... ~ ...... ,. , ................... ·--· .. ,. '" ..... _ .......... """' '"'~"" .. "'" ......... . ........... ... _ .............. -.~ .......... ·""'~· ... 
'"''"'' " P•H ""''~ ... -"'> ..... ,,,.,, ...... ~.- , ... --.. ~ '"" ..... <OU> 

. ... , .. 
MW «•O' 

l<.l.:J 

·~ ... , ... 
~<11.(!)(1 

>U® 

""''"' ~ ..... 

.,_,.. 
• 

"·""' 
"'··-

~' .. ·'"' 
>UJOO 

........ ''''''""' .. _ ... M .~ ..... "''" " _, ........ ~·-· ·- ......... 0~0 .. , OHO~ ... ~ ...... ..,, ........ ~ ............ _00 ................ -........... .-.......... , ........... ~ 

................... _., .......... ~ ........... ~ •• c ................ '''"' 

Soure»: AeJere""e (36) 

'ABLE 1.8: RECOVERABLE ENEAGY moM U.S. HVDROTHEAMAL CONVECTION RESEAVOIRS 

" .••. " '" ......... '"''"' 
(> IWC; fo< l'"""oon 
•'•'""'"'Y' 

w .. u~•• ,. ....... ........ 
.... ,..,,,.,¡ ......... 
S..bm"l'"'' .......,,.,. 

Undo><O•tr<d "'""K" 

' "' . "" '"" " ' " '" .. "'"' 
"""'" (00' <o OWC: "'""'Y 

"""''''"""'""" 
ld<o1rho<l "'"""" 
v •• ,, ........... ., .. 

TOT~L 

Hoot '" ....... 
!1"""''' 

.. 
'·"' 

• 
u ... " ... , ..... 

(lO" .. ~· 

.. ,. 
"' 

c .......... 
'""''"'Y 

ooeroo> 

OOl!toOl 

"' 
"' 

...... ,¡., .... 
(10" •ol!' 

"·' 

-· ·~·· (MW ""'1' 

·~ ·= 
>1,('00' 

lii.COO' 

.,. .. ,., " ............... ~ ..... " .......... '" .... ,, ........ ,. ... ,., ~···"" ... ~~ ....... '" ~···- ............ ... ..... ~·· ...... ., ""~ . " ... '" ............... " .. 

'"~ ,., 
"'l"''"' 
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1\,700 

>l.l<>l' 

n •. ,. 
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Geolhormat Energy 

TASLE 1.10: VOLUME ANO EUCTRICAL ENE11GV POTENTIAL FOR 1J 
WELL-~XPLOREO CEO rHERMAL SVSHMS 

Source; 

..,. ..... 
n" Grr~"· CA 
tU•y Sr,. m] 

Sorpn,. VoLI•>· CA 

too<\", .... CA 

Sohoo\,ro.CA 

''~'~"'' '"•"•rl 
'"'"'"CA 

"~''"'' "''"'1 

"' 
•• 
•• 
• 

"'"''·CA 100 

"""''Y' '"•"'rl 
""w~y.CA !1 
,,~,...,,., v.,.,, . .,_,_, ,,., ''""''' ""'· " 
Ondy \Lo\ ''""•'· N,.. "' ............. ,.~ .... " 
'"'"''''"'"'·"·"'· !JO 
Co-.lort. 

lk"""' '•""'"' '""' ••· ,., r•,, 

'"' 

•• 
"' 

So'r'••••k. Uooh >2' o10 

'""'-"""'""'''"~ WY .. ,(w.oh''''"' >l).WJ •"1"""' ., ... .,, 
-n.~ .... - .. ~.-· -~ , .... ~.~ ·~""' ., "· .,........, ... ·~""'"' .. 
~ . ...- .. ~ .. _ .............. .. 

R<feroi'ICC (18) 

Trtc volumcs el ••ploro~ f;eld• suggom 'hat idcn,ified but une>plo<ed sy<tem• 
may ohen be latgcr th~n 2.25 km' by at lc><t o fa"cr el twenty. This;, >UP· 
p<>rted by evidcrrce 1Mt extinc1 volc.anic/h;drotr.crmal 'Y""''" ¡ypicolly t>a"" 
ranged from >Ov<ral ton• 10 hund<cd• ol c~bic kilornoterS in volumo 1371. 

For ru•po>e< of calctrlation, a Jcp\h l1rnit of 3 krn and rni.oimum area "'"gn· 
men" o! 1.5 km' are usoful since aro><. rec.~"~e ,,,., and d•p1h• or• not known 
for most ol the rn<rvoir~ lt ;, impor1ant '~noto, however, trl.lt these "''""'P· 
tions ro•ult rn min,mum vatue< lor hydr<><hermal '"'""""· 

Tlw i<l<.•f1tilicatiun of ncw hydrothormal symm< will, of courSe. multiply ~oo· 
thormal '"'"'""· Tl1o USGS r<'I>Ofl suggom '~>t ncw di,covcri., will total obout 
live time• ~nmvc. rcooroes. One indication ol tho e•tent of undisco·;ered re>erve• 
is tho om<>un: of tond cla'>ified kno-vn or pros¡>K:r~v ·.a!·"ohle lor sw:hermaf 
oevolopmenr. ThO~ "'"" and the areas migrod in the USGS "udv lO ide~:ilio<l 
<ystoms oppeor in Toble 1.11. 

TABLE 1.11: AREA COI.tPARISON FOR \DENTIFIED ANO POHNTIAL 
HVOROTHERMAL CON\!ECTIQN SYSTE~IS 

H,.,.,.,,~,r c .. ~"''""""'"
""""'"' .. , .... ., ... ., ... 

Geolhermal Enerw-Tho Ro.curce and tu EnvironmonUl E!' 

TABLE 1.11: (continuedl 

~"'"'""'mor Con~cf- """"" .......... """·~·-·"'" 
~ ..... •"""""" .......... ""' 
"'•••""~'· ,.,~ ....... , 

~ ... , ... '!' 

·~ "~ .. ~ 
Sourco: Rof,.ence• (3311371 
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EN VI RONrt.SNT AL Ef FECTS..OVERV IE'.'i 

Tho wide<pread beiief th~t gcothermal "'"'"'ce< rep<ese!lt a rclotively "clcon." 
nonpolluling energy ><>urce r<eon,ly ,,., played an omromnt rolo 10 hoigl,oning 
publio 1nl~rost in goothormJI de1•eloprncn1. Althou~lo ~no·.-,'cd~o ol the relate~ 
environmen<OI impaclS ;, "ill incompleto, geothormol re<Ourcos do oppcar too!· 
ler se1-eral •ignificlnt environmental ad•·antag"' over allcmativo """'llV >O<Jrc ... 

Since ~o1hermol ·~~rgy mun be utili'Od or oonwrtod in \he immodiate ,icinily 
O! 1he rc•ourc• 10 p;evom axccssivo hoo11o", ll>o <lllire fuol cyclo, f¡~m rcsourco 
<xtraOilOn 10 1ron•mi,.ion, io loca1ed ot one "'"· Unlike fo.,il fuel or r.ucl<or 
¡Klwer production, 1n ,.,hich largo lond oteo• ar• requi•od for pr<>CO"'" '"'"'-' a< 
mining, 1efining, <roc.<p<>rtnion, fue\ proce«ir.g, and wa•te dispo$.11, gc<>¡hetm•l 
er\ergy is not a tect\~CIO<JV that requito• a ma,.ivo inframucture of facilitie• •nd 
equiprnent and lorgo amount< af ir,pu\ encrgy, -

Al:ho~gh geothermol devolap'l":ent ncces.ar~ly involvos >Ome di.,urbance of 1h• 
••nh's smfoco, the effeclt ore not as .. .-ere as are th~ res<:lting hom the sur· 
face mining of coal or uf<>nium. Furthermore, tho COf\trO;"OrSÍal .. fety i=os 11101 
hove been 1ai•od obout undor~round coal mining and the con;o<¡uenc.s of a ma· 
io• aocidont durin9 nucleat po;•.·or ~roduc:ion do no1 ati>o 1n conncction wittl 
geothermal pcwer produclion. 

Another enviroM"ten<al b<!nefit ari•es from the fac1 lhat those geOthermal pewer 
Plant< that ule <team •• a ;'11<\rking fluid to drive 3 1Urbine do no1 n""d an ox· 
torr.ol <ouroo of wo1er for coolir.g purpos~s. bccau<o thc condcn<c<f Sloam is re· 
cycl<d for thot purpo•o. Thus, thoy do not ploco ad<htiooal dcm>nd• On .oorco 
wa1er suppli.,. 

ln adcl<tion to these envi1cnmen:al benofi<>, the de,..lopmcnt ond applicotion of 
goo1h8rmal power would 1oduce t~c dcmond for alternativo fuel• currcnlly in 
critically short •upply l•pcoificaily, oil, natural~"· and uronluml. 

Unfortunatoly, howe,..r, not lil tite poton1ial envi1onmenul eflect• ot soo\hormal 
mer;¡y >re pcsitive, AmO!"og ¡he mo•t <ignilicun adoer<e impac\0 of the exploro· 
tfon, de•·clopmcnt. añd prod~~tlon of geotr.ermalenorgy (>ec Tablo 1.12) aro 
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TABLE 1.12: 

" 
"' 

tO low 

Source: PB 271 561 

ic.11 ccn<!ltuonu ol the Qeot~ermal lluid (S!<Jm or lto! watorland >ubsurface 
rock; o'crall chorocteristics (goolo~v. llydmlogy, topogroplly, vet;;emion) el tOe 
devolopment SilO, both above ond below the sround sur!ace: and engine.,.i<lg de· 
•i~n technologi., used to prod~ce energy aM control pollution. 

Dopendmg on thc ,;te, geothermol powor production could re•ult in e1th<r equiv· 
aiMt or subS!anti<lily IOWilr pcllution levels than tho .. prodUCed by a cool- or 
oiHirl)d plan: ol iden:ical cap:>eitY. Thus. gen.,.-alilatior.s about ltle magnitude 
and 1ignificonce ol lf1e lil<ely envimnmental impacts <'-"'Uiting lrom geothormal 
de,·elopment must be based on corelul. <itc-spocilic ono!y¡is thJ! toke< each ol 
th<"' (Jctors inco accc~nc. 

lloth the liKeliMod and po¡entbl '""erity ol the po,.ible ;mpoctl ol yrothermal 
d<>elopmen: wmant oareful con<idoration 1n detcrm1ning ¡h" oignificonco of any 
impoct. hen if the li~elil100d tltat a ccrta'¡n om~act w;r¡ occur is rela!i•ely <mall, 
it require• tlose attentJon il ia ccnsequence• are poten:ially sc,;ous. Fcr en:n
ple. altl>ou¡¡tt at ptMent it is consideoe<:~ unlikely that geo!lwmal development 
"'"uld ind~c• a m•jor earthquake, the c•tensi,•e damage tha! co~ld rosult lrom 
'uch an ovent ju<tlli., hs lurther investiOOtion. 

Jecauso goothermal de,·elopment has not t.een ...;doly P'-''''"'d· t>oth ltle likeli
>OOd and >e''""Y ol many impacu a¡e st•ll relatively unknown. Extenoivo in
·orma:ion is available for only a lew sJtas, •uch os The GeyS<rs anó tOo Wi1mkei 
~an! '¡n New Zeal>nd. Prujeotioos ol impoct• at other locationi V>t1ere develcp. 
nent is planned are .,,¡¡ preliminary and higltly spe<:ulative. Since intensiva re. 
earc!> on en•ironmen,.l impac:s is only just beinq initiated, it ,.,;n be severa! 
""" bolore a detailed understlnding of actual impacts is dOvoloped. 

his .. ction deS<ribcs tho majcr impac:s ol geothermal re<OUfe<- d"' .. !opment en 
"'""'as peca ol the enmonment. Tl'le antici~ated im~a:B of developing !Me 
vo rnost immedlately promising typ,.. of hyd,othermal cMvection ;y<tems, 
•Por-dommoted and hct-water, are diS<u.,ed in dctoil. BOC-'u«J avallable inlor
,otion on the othcr types ol gcotherm~l ro<Outcos ;. IJmited, thO probable im
>ets anooJoted witll theJr devoj opment aro no<e<l t>vt not discussed e•tensively. 

.O.ND USE 

'thcu;h titO e>ten: and severity o~ land disturbance is relativeiY ¡,... than lor 
her re«>urce., geothermal 1esoc•rce ctevelopment doe¡ have '"""'' ,-,gnilicant 
1d-tJ,. impaots. Tite!< impacts relate to: (1) the totol actOJQO requ~remOllts 
r óevo!opmem ol a goothorm~l lie!d •nd tho <"lent to v,t,ich !he la-1<:1 is ~J>
Ptcd, 121 th< compatibility ol ¡;eo~~ermal development "'itlt odjacent l~d uses, 
d (31 protec:.on of sen>itive l...,d oreas. 

:reago Requi.-emonts 

•e developme~t of a seo:hcrm~l lield roquirn t~e instollat'o~ el drilling pads 
• ~opply and re\njoction 1vells, 1umps. by-product proco.,ing latilities, acccss 
Jdo, pipolincs, ge.oerJtÍng plants, cocling towers a.1d trommi,.;on lin•~ T.Jblo 
: J ol~m 1 igur•• lor tite a,·eroJO amc~nts o 1 land re<¡uired for .. eh of the"' 
'S. Tho total land orea required to cealop a ~ootMrmal reservoir js primarily 
Unction of the electrical capacity o! the generating plants, tho number af\d 



Geothermal Energy 

dec,>ily of •upply wolls lwhich •••. in :um, dopondont on \~.e inhorcn1 charaC· 
to"'""' o! tho '"''""oirl, '"" 1he tüpog~aphy of ¡he ;ite. lmpJcts resultin~ from 
these requllemcnt• oro inherem in tho d"olopmcm proceduro. 

TABLE 1.13: LAND USE REOUIFIEMENTS FOR A TYPICAL GEOTHERMAL 
DEVELOPMENT SITE 

..... 
¡, 01<1"''"" '"' T "''' """' 
Ro>; tOO!Vu<IIOO 

D"rL """' 

""'" '""'' 
f '" ~ '"" ;¡,., .... .,, 
~ooJ "'""r'"·"" 

~'"'"'"' "'"""'" & <<l"'I•=" ""'""''"• '"""''' _.,..,,,.,,._.., 
r ....... ,.,,,,, ,,,., 

Source: Rolerencc ltl 

""""' ....... 
3 ro • "'''"'· \1'""..0 •'"' caonfJ0<10CI 

' "'' ""'"· """'" '"'' '""'"'""" E•dl ono '"""""'",,.,tOO' • t~~· • 10' 
"""" :o '""-""'"''' '"'''u<> ro 1 J>.:O.OOJ 
,.no.rt ol '"'"''-'""' ~-"'"=' 

.. ""'' '"'"' =·" roodr "'""" ""'" 
ro d"'''"l "'''· "'"" '"""'· ""''"'"" 

1
<>< Oo"'ln¡ "'IU'O"'onr ood LlQrJQO f.,,,,.,,-

:l() "'"" ol >ano<"-'"" ror '"'""' 1 5 ,..,~ 
Ea<to <>" ....... , .. ir IQ. ro JO'' in 0..,....\0<, 

'"·'"" """"""'" """' "" "'"'' '""" 12 • '"' ~" .... '''"" '"' '"' "'""""' " ''""' tO' to :r.:<l' .,,;,, dooood.og on 
wk<tktr 1:r:.., '"'" '" oor.nrucrod. 

Ro-oM• ~ '"''' '" ,...""""· """' ol,... .. ,. """' .. "'""" ...... ..,...; .. 11'-
· .. """"''0''' 
E""~ !loO' • es·, e.:r O•gk. 
E"h LL300' • t5' • 00' h•gll, 
'"" ~ 100'. 100'. !>!>' "''" 

l•"'l """'" of 10-. a< ,.._ 11 1 "'""' 
o! SOto 120 ,.,,, w .... «>naoro .._ 
40!ootowt. 

F•c¡on Affe<ring Acre~>ge Requitement<: Tho !1111 !octor, elcotrrcol capaci¡y, 
is the ""'"'' to comp<ohend: tho lorgor tho ~oncroting plan<, the more """m 
¡, roquirt•d to a•.tain o ~iven leve! ol ou\put, and the more wolls mus1 be drillod. 

Tne >eCon<i [actor, woll spacing, ;, inlluencro ~v se\!Cral considerotions: !rn~ 
...,¡¡, rnu•t be óillcd in:o spocotic 1arget area•-•on<'< ci •~1:->udace lf3C1u:o "-t>e<e 
the hoO\ rosorv0'r rs locoted-wi1hou1 consid<ration lo 10~ogrophy, surlaoe condi-
1iOo, or wotorohods. Scoond, the in.tiol ratos al """' llow ond the con<tituents 
o\ 1ho """"' rnay inlluonce ~ow many wolls "'""be d11Ued ond wC.c:t>er au><il
iary facili¡ie•. •uch. a< 1ho•e recuirod lar the ~tolama:ion ol dromical> or eonden· 
>Otion of "''"' lo1 water sup~lie>, are boilt. 

Third. whorhor :he liold developmont policy ;, ropid or siO» hu a rr.a!k<d ol· 
lect on well spaoing. flopid devoloprne~, is aohiovoc! by dnlling mere wells P'< 
acre in • clu<tcr arran;emer.'. w1th rela1ively >~Ort p:pdin"' !eoding steam to gen
e<ating uniu loea;ed at ¡he """" ol 1M well,_, With a slowtr ra<e ol develo~ 
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mer.t, .. .-ell• ore more widoly spacod, ond relotivcly long moin supply lmo• oro 
foJ by o mo,o o~temivo no1worl< of !oodor >V"""'' 121. 

The third !a01or, :op<>g<Ophy, can al«> influcr.ce acrcogo roquirem~nts. A< 1he 
•lope a! tl\e I•M ir.crea .. ,, the total sudaoe area required lor dc,elaprnenl in· 
ere""'· bccau•e slopo >Upport must be provi:lc<i >n<l cu: ond-fill bonk< stabili<ed 
12). Heavily >laped aro", o> at The Gcy>eN, olten "lluirc do"t,lc 1he acrc•1• 
for a givon activitv. 

The amouM ol >urface l>nd <:!ist~rbed in a ye<>tMcrmat developrnen1 atea range1 
from 10 toSO%, v.i1h 20% a< the ave'r>ge 12). Scoling up from the ocrcage 
presently used at The Goy<er<, a\,000 M\Ve facili1y r.on<i<trng al ten-lOO MWo 
units with a wc11 <pacing ~'""'Y of 1 woll per 58'"'"'' would covor 2,025 to 
3,645 heot3r" ¡5,0CO 10 9.000 acres] ar 21 ta 40 squoro kilomctorS lB to 14 
Oqua'e milo•) olland. 01 <his a'T\0\JM, on '"""'~" ol 20%, or 40510 729 se¡uare 
kilome1ers 1 t,O.."' 10 1.800 acres) ol su doce area """'Id be di<turbed phy<ically 
1hrough deo ronce of vegetotion, gr•d•ng. ond paving. The current spocing at The 
Gcyoors ;, lowcr than wlll occur if addqionol <~e:ls oro <i11llod 1<> cxploit morg1nal 
are as_ In thot case, •crcagc l<>quircmcn¡¡ prabably will be greator. 

Vori¡¡bifrly in Land Requrremen:s: Figures on l«nd requiremen" vory consider· 
obly ltcm r~ose ¡e;;crd•d ter tOe goatMour.al operatóons at Latdorollo, ltafy, ond 
Waira~ei, I':Ow Zeoland. 6 .. ed Dn 1070 li~uce< al tilO dry->toam lidd of lardar· 
ello, 13 gcnoro1iog uni\1 •uwlicrl • loto1 copocLty of 3GO MWe lrom ~67 well¡ 
d"trrbured ooer 168 square kilome1er, (65 squaro rnilos), a ratio ol 1 well to 
36 hec:arn 169 acr<sl. 

In 1971, at lhe Wairahi ~ohv3ler f10id, 01 ""11' •upply1ng a 160 M'Se pcwer 
plant were concentratc-d in a compact wcll liold ol le" than 2.5~ <4~are kilo· 
meter> [1 square mrle), a ratio of 1 well 10 4 hc-ctores 110 acres]. Thu,, > com· 
plete 1,000 r,Wie bcHity boscd an 1he much mo<e dcn,..ly d..,eloped Waiukei 
oite .. ould require 16 square Horne1ors 16.25 square miles) for 381 woll,;. 

Wlmever 110ssible, irr.pact, ho.e IJeen cornporod on a quantitativo l»sis. How• 
ever, a quontitO:Ive compari•an of tilo 1atol l;rnd roquirement< ot go~\hermol 
ener;¡·f ond at<emotivo enorgy re>ourc" is drlficult 10 m>ke becouoe el tho com· 
ple~LlV of the tuel cyde for th• al:ernot;,..,,_ Tho t-pecilic acreago requi<rmcnts 
lar the <-quipment common 10 all type> l>uch as powot plan,, coohng <cwe". 
and electrical transmi.,ion lines) aro rou¡¡hly the iOmO lor ony 1,000 MI'/ e 1,. 
cihty _ ~'.oroo,·er, •pccilic goott.ermal cqUipmcnt, <uch as drill1n~ roO•. does no1 
utually take up more •P•<• rhac. oil or n.otu:al 9"' dri\lin<¡ equipment. 

1-iowe-·et, tne dilliculty in oom;;>ring ~1ornati\1:S "''""in artemp1ing to deter· 
rnir.e whe<hor the total amount ol lond requite<i lor all other luel ty~es l!uel 
pipeline• or transportotioo lin.-.. procc<Sinl lac11itie<, 5\oro]e anu di<posal lacil· 
itoe•) can r•••onably be attributed >ololy lo provrdin~ 1.000 MWa of electricol 
~-·.or. 

Anathor impomo11an<i·u<e ¡""" ""0<1atod with goo<hormol dovolopment is tho 
<«e~< 10 whrcr. such ~ovolopm-on1 is comp,,ble wilh •urroundin~ bnd uses. 
l'o,.lble •d~r"' olle<:t> 10 adjaoent 1.,-,d couid re$Uit ltom the <hong<< in the u•• 
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o! thc lond at the <lle, humon acti•1tY. ar.d noi,. and pollutant emi.,icn<; fu<· 
th<rmore, such impac\S are lil;dy to be long·Wm in relo:ion te the lile of a geo. 
tl>ormal lield. 

To date, the uso ol goothermal rosources lor tho gonoration el olcctricity h>< 00· 

cu<rcd prirnarily on undcvclopod lands. Gonsoquently, gcothermal dovclopmcnt 
ho• rodiellly alterod po.,ivc multiptJ<pOse land usos such os wildlile '"'"'""'·cut· 
tle W"ing. and waterohcd<. 

As a rosull, wha:over valuo thosc "'"' once gave 10 the land i• now diminishe<!. 
To thc extcnt that lM «enic and ae<;thotic c.'lara<tcr:llie< el ur.distur""d land· 
scape are re;>l,oed by noi..,, odot, built formo, or deloliation, c'1e changes are 
no\ cspcci•lly plea.,ng. Human ac:ivity in tl>e arco must sometimos be restricted, 
especially during '"'üng, when thc dMg<rS o! well blowout• are greatelt, re>trie· 
tion< that cou!d lead to tho evcrusc ol actjaocnt arca<. 

Thc impoot ol "'othormol dcvclorment on tho proJuotivity ol OCJacontland• is 
nol ycl lully known, ~ut o~poarS 10 be minimal. One importam e<ecption is the 
ad·.erso efleot of land subsid~noe, which rosults lrom the »ithdrowol of geother· 
mal fluid<. Scbsidence oJ adj~cent land i< a major adver.e impact that could 
dro.,ico!ly reduce t!te value ot the land aHected iJ •••~Y damaged lacilitieo, srJCh 
., itriiJOtion c>nal<.,.. building>, ore pre>e:>t. t• 

S<lb<idcnce is nat raro. 1\ has cocurted at l'laira\;oi, Ne.- Zealand, ond CerrÓ 
Prieto, IMxioo; bu! <O l>r tho eoonom1o effect< ha.c becn limlled by \he rclative 
remotenc51 el thooc aH·as. Both are hOt·wawr ficlds, which ore apparc'ntly more 
vulnerable to <UO<idcnc". 11 S<lbSidence were te eocur as cxtensively in the ogri· 
cultur,,f Imperial Vallcy, thcre wculd be major adverSO eoonomic imp•ots. To 
tho e•tcnt tha: rcinjecticn oJ geoL~ermal fluids m•y pre,·ent subsidence, thO im· 
pacts would, of cour>e, bOl fe.,. 

Te date, the ;mpoc:s el geoth<rmal d<wlo~ment on land lertili!y appear te be 
monimol, During moot el tho 60 yea,; el field dc• .. lopm•ot at Laréarcffo, ltaly, 
lo• e"mple, t~e surroundmg lond has hod var<od •gricultural u>e>. Teday, p;pe. 
linos trovero• vincyards, o•c~o•ds, ñnd formlond• with no known dctrimcntal 
eHoct. Al The Gey'""· wildor"'" surround1ng tho development area hos tO· 

moincd largcly unaHccted. Exton<ive stud:cs are p<coontly being con~uctod te 
identdy adclitional ellooa on the surr<>wn<J,~g "'esy.,ems. 

Somo concern h>< t>een e<ptoued at The GeY>Ors abe<n the e>~ent to ~>hith im· 
preved accrss to the wildernes• ar<a previ~ed by ncw rcad• wodd increa.e rcoi· 
dontial and industrial growth, .,p.,iotly over tM e>ten~M hfe ol the field. To 
dato, devclepment of The Goyso" has <purred neilhcr resiéen:ial Mr indumial 
devdopmcnt. 

tffoctivo Ctr•'"'on controls, noise muffling, proper ptont and equipment design, 
and continua! momterir><¡ of adjoccnt oreas, •n other words, cem~rohen•ive plan· 
nmg ind conscientio~s man•gement, e>n contributo signlflcar.tly to the pr.....,n· 
tion ol •~"""' elloot<. 

Proteetlon o! Semitive Lando in tho U.S. 

Tho Goetnermal Steam Acto! 1970 preolude< th• goothormal <:!e,·etepment o! 
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cefto¡n environmcntolly frag,tc l>nd areas in ordcr 10 pre<oc: tncir s¡. lond· u,. voluO'! or unique charoct•riotics. The protected lond< are c¡enerally public. 
tand• acquired ,.,¡,h federal fu~s. and <nclude !and1 reser•ed ter Nativo Ameru:•n 
tndi•n•. fands administered by the />:a::onal Par~ Sefvicelincluding Yellewuone 
Nationol Parkl. land< within national fecreation area<, lands u>ed !or fish hatcn· 

• e<ies, w1ldiife relu~c;, wildlife or game ran<¡c land<, wifdl.fc monogement aceoo, 
watcrlo>VI production arcO<, land< regi"cred in tha notionol wild and sccnic . 
rivors wmm, and fand< reservcd to proto.:;t and conserve spocie< threat"ncd wnh 
ewnction. 

The po.,ibility thct gecthermal develcpment will cau•e dama9e :o certain type< 
el oonsiti•• or critica\ fand areos-<uch "v"luable farmland, "'"'~'• or near· 
moture tor.,t, or histerico\ and archeotogical sitcs-lla.l •l<o rasul\ed in v~r!oU"O 
le><ing restrictions. C.rtain land• administered by tha Dop.¡~rtment o! Agl"oculturo 
ond lands withdrawn under the Federal Powcr Act 116 USC 8181.may be !cosed 
only with the conscnt el, and undcr thc condition• nrose<ibcd by, thc go•orning 
le;i•lation 13). 

An implócit issue !acong goothermal develo""" ;, the trode-cfl t>eMeen the "':" 
ol lond for gemt-.ermal energv , .. ,sus ia uso for rccrea,.on, waoe<Sheds, er ag"cul· 
turo. In <ome areas, thi< trade-cfl may be a control barrier to the r~pid dovoiOP· 
mentol geor~ecmal r,..ourceo. There ¡,a need 10 determine more s~ociJically. 
in termo ol ecenomic and noturaf resource<, what pr~duO!i·Jity may bo fo<t when 
lorodo oro devolopod for thoir encrgy potentiol." Di.,upliM ef aqud""· omi,.iM 
el pmcnlially te<ic subot•ncc•. erei!On, and <ub<i<lcnce-eaoh al lhese rnay pose 
a throat to tloe long·rerm prO<Iuctivily el adjacent londs. Le•rning te meooure tilo 
potontial ter harm, and odequa!ely cansidoring this through tho instrumen! of tho 
environrnental impact •tatament, i< a primary '""'"'eh rteed. 

Tho po:ential a!so exim for gecthorma1 ~e .. lopment to beno!ici,lly alf"'l tM .. 
prQd~cti,•ity e! adjaoent londs. For c.ample, gocthermal ~e·Jelopment may !~•h· 
Uto w>:e< rcdamation in ..,miarid and add r~ieno. This ond other possibilil<"' 
noed to be identifiod. 

GEOLOGY ANO SOtLS 

Tite <t•Oility ol •~rbce <oil and •ubsurfoce geofogic lorm;ticn< can be aJ!octed 
in • number ef "·'Y' by the a<tf.rities rebtod lo de..topir>g gecthermal rescurces. 
Among tt:e mou significan! potential ad.terse elfect< ore surla<e soil er01ion, land 
«Jtlaco wb•idene<, ar.d inducemont of "'ismic act"ity. 

Ermion 

Tho <'Pioitation o! any ~oothorm"l resource ncce«orily involve< site clearinn. 
whith diUurb< the land surlacc ¡wtioularly during the in;:iol "'!!" of devoloP· 
ment. On stco~ly !leping sito•.' e•«n,ive carth.,evinn. "'. ·cut·a~d-lilf," ";"Y 

• atoo be required !or :he eonotruction o! aece<s reods, dnllmg '~"''' st~am p•pe· 
linO<, pcwer plar.1S, and electric•l tronsmi.,ion lines. Such "''"'''"' onv3nob!Y 
r<movo protecti·.-c ;·e<¡eatien and tOere~y aoceleratc e•o•ion ol t<posed 1oil by 
<torm woter runoff il pro:ootivo mo><~ros ore no\ taken. Thc eroded soil i1 COr· 
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Contra/ of Sub!idence: The primory tochnoloo;y ao·>ilable to prl'\·cnt .,_tlsiCence 
Í< l~e rcinioction ol go<>\hcrmal fluids to dccp »OIIs lollowing power production. 
Wl>ilo highly prom:sing, thc opplicatoon ol this toohnique may be limited by ot 
lo"\ 11x unrcsolvcJ ~roLic1ns. 

(11 l'lh<le somo compac:tion is elauic ond '"''"rsible,the ,·,ithdra"al ol 
Huido con c•~se the irrCI.'I:uiblc collap;e of wme of the oír spaces 
or poros. 

121 Gcothcr~nal fl~1ds somct1mcs corn,in o largc amount 0 ¡ di5Solved 
sotiJs, •uch as •ilico or ca:cium. 11 the lowcr tem~eratures of the 
rconjcctod fluid eau>e the" diuolvec ><>lids to solidily or precipi· 
late, tne reinjecticn pipe< could become clogged; thu< reducing 
the pcrmt•obillty ol the aq~iler, Concern about t~i• problem has 
prownrt•d tho uso of rcinjcction at tho W"irokei powcr plant, 
Whero thc gcothormaf ''"ter h., a hi¡h cont""' of d1=food <ilica. 
Such prcblem• could be oolve<.! by placing chemical additives in 
\he Mol woter to ~cep disoolvod wlids in wlulion; howc~r. their 
use may crc:te allOther problcm' bocau~e add"'""' increase the 
al>iloty of thc hot wotcr> to Ji»OI,c solith, they di,olvc more 
oolid• in thc host rock onco rcin;cctod. Sub!<quont "'" of the 
Qe<lthcrmal hot ,.,,,., CMraining ir.oea<ed disool•od <olid< wll<.Old, 
rn turn, "'"'""" pipe clogg,ng. This type ol problom re~rewnt> a 
major unccrtainty in thc dcvdopmcnt of goothermol cnergy. 

131 RclnJcction cm;ld lnwcr l~e tcmflt"ature ond thu< the encrgy poten· 
tial ol subsurfacc gcolhe<onal "'"'"· 

14) • Or.ly port of the !JC<)thormal Huid ma•¡ ~ avacla~e for reinjectio~ bo· 
cause ¡>at1 ol the lluid used in the elecuical genera:ir>g process may 
be di•c~arv<d ~• water vopor from o cooling to·,...r. 

(51 Wi>ilo rc•ir~i<'Otion, porticnla<iy of thc co~<entrotc-d bnoes ch"octeri•
tic of thc Imperial Val ley, may not olways be prac,cal., the site 
w!lero the llu1~S were v.i:h~rawn, reinjection at too ,, • ., a dis
tanco mov ind~c• oehmic octi••itv and consequent earth mo~ement 
at tho •urface. 

161 Tho CO<l of crootinv roinjcction woils for hot-wotcr wmms can bo 
quito l1igh relativo to other le" eMironmontally de<irablo means 
of iluid éispo<al, thus incrc"i"'l thc cost ol geothermal ~ower. 

Further ,.,.,!Ch ;·.-ilt be necos•ary to ovaluotc the likolihood of sub•ider.cc lor 
v.1rying remuroo types and umler differt-nt gn<lhydrologic cond;tions, os well as 
to rcsdvc tt.c potentiol problems of reinjectio~ •• a conlrol technoloo¡y. 

Seismic Ae>ivity 

Soismic ae<ivi¡y induro<d by tho withdrowal m roinjootion 0 ¡ geothormol fluid• ;, 
a potential hal>rd of geothcrmal dovclopmcnt. A conneCtlon bot"cen su~,ur· 
lace fluid P•essure• and oorthquakos has Le<:n •c;gostod recen:ly, A series of 
earthqu•ke< <ecorded at 1ho Rocky :..•.ountoin A'5enal Mar Oonvo<, Colorado, 
for example, follo""" the injoction ol wa<te fluid' to cr,.mlline rocls " a 
do~th ol throo m<le• (5,000 motero). At Rangely, Colorado, eorthquakes ho'lo 
beon o"oci•tcd with thc injoction of fluid• lo oil field• •• a way to incr<OIO pro. 
d>lction. lt os hypothe;i.:ed that "m•lar evonts CO>llé occur as a rH<>It of geo· 
th•r'f'al deoelop"""''· 
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N>eur;,/ R~l~rion;.~it> with Geot!MJrm~ R~;Q<>rt;t!;: Ge<>:~ermal '"'ource< aru:l 
5ei<micity occ~r caturally at the same loca:ions; lhe on.,oble conditions in 'he 
earth\ <rust thot c'ootc geothermal rosources "" the <Orno cond1t10"' th.1t pro
doce faults and corth~uakos. In loet, tite prescncc of ,.;,mic acti•Jity ;, corn· 
monly US<d "a prop<ecting <ool in t . .., sca.<ch lor geothermal resource~ A• 
notod previou•ly, mo<t of tt<.e !f<'Othermal re«>Urcos c~rrently b<ing dewloped 
ore loco:od in •ones of recent ~ole>nic or tectonic activity, '"'-hoch ore ohon lo
catcd along the morgin< of major cru<tal "pbto<." Active fault< in <ome gcother· 
m•l oreo; oppcar to crt•Jtc zone, of hi~h perrncab;lity thot pcrrnit condu~\Íon of 
heot :o tho •ur!acc and koep opon thc ca"iti., in which geolhermal >toarn form•. 

' Microearthquakos, lhat is, earthquakes with magnitudos of lo<' than 4 on lhe 
RichtOr scolo, hove boon o~<orJed ncor mony mojor 900thermal areas around the 
world, indtaJ:r>8 The Gcyoers ond the lmperi•l Vallcy, Avor1o~lo data'"~~'-"' 
thot gcothtrmal zonos expctie.oco more fr"'lucnt microcarlhquakes than do im· 
modiately adjacont "'"''- Ho·Newr, oanhquake• ha~<ng rr.agr>ituées !J'Oater than 
4_5 and tlle potential lo cause •i~nihcant •udace dama;e havo rarely beon ob· 
>ervcd in ~eotnermal arcos, although thcy may o~cur nearby. 

Thc appor<nt diffo<enoe in ••i5mic activity within gcothermal ••••• and OUisidc 
is exempliliod b'{ the Imperial Valley eanhqua~e el 19~0. or>e o! thc lar-tto 
occ~r near a geo:herm)l are._ ~'lrth a magnilude ol 7.1, tt caus.ed- ~auh•r>g. which 
extcndO<J mo>t of t~.e distance be\l...,cn the seotherm>t field• ju" •outh el tne 
Salron Sea, Calofornia, and those ncar Cerro Prieto, Mexico; but never into the 
geothermal areas 181. 

One possi~le explanation el this dr<tifiCtion is that \he frequonr microeanh. 
quake< in gcothermal area< act to rclio,·c regional tectonic stro<s, thus reducing 
the po,Sibility of a mojor carthquokc, In imm•<lialcly adjaccnt arcos, where no 
continua! stress relea;o occu". major earthqua~es appear \o 00 more common 
18). 

To dato, there i< no evidenoe to indicote that goothormol ootivity ha• incrc.,ed 
tho •cismicity of on orea; both Tho Goysc" and the Wwakoi ,;,., hove bc"n 
mon.torod and no effects repcrtcd. How"''"'· beca<"< ~at> ore insufficicnl to 
re>eh any relbblc conclu<ion5, d<tailed >eismic moniloring is t>oing conductod 
a\ The Gey5ers and tho Imperial Valloy. 

Unr1er Jround nuclear detonation, l'ohich is mrmntly under con<ideratiort os a 
tcchnology lor fracturing hot dry rock formation•. hos beon rel><od tontotively 
te >he inductme~t of sci•mic aw~itV. IJndcrgrouné exporiments 1\ith nuclear 
det<or.at<on at the t~evada test sito of the Plo1·.~hare Pro;ram hove created •m•tf 
aftershocl<s, "hich repro•ent the relcose ot nat~ral $tra1n enorgy. hcn ~~ s~b· 
Hantlai di«ances, dama,¡« ha>·o ~···n reported to l>uildings "'a direct rcsult ot 
the 'hocks cou"d by 1hese ur.¿c,ground nuclear detor.ations. B>""d on these 
repo<t<. the use of nt>Cieat f"'c:uring neac populoted ""'" is probobly imprJc· 
1iool 131. 

Tho ruck formations olth• Gulf Goast gccprc~Sured resorvoir, the third typc of 
gcothermal re•ource, are higt.ly porou• and permooblc. The laults in tl\is .¡rca 
are nct ltctonic, bur rt<ult trom rel11•vely minor ground .. tlling d~e 10 continu· 
Ír>(; deposition ol ><dimont. lJoder th05e geologic condition<, Huid wilhdrawal 
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.. 
"TI>orm•l ~ .. hlew out in Scpt~ml>or 1957: as o! 1975. it "'"' diocharging ?~out 
80.000 fg/C,r !175,000 lblltr) ol >toam and n~noondon<ablo g;ocs 10 the a<;;¡os
phere. Srnce "" d'>chatge ;, ""'"'· "" p<>llu!IOn IS a greator concun than ,.,,_ 
tot pollution. Hol'lcver, tl10 harmful substanccs boing rolca>ed to the "'mosphcre, 
such » nmcury vopor, moy controbute to local wator rollution if removed from 
thc otmosphoro by rainfoll, 

Emsion and sO<Jirnento¡;o., a"ociatcd w11h the con>lruction of drillin~ poés, 
roado, transmi,:on hno<, and pcwcr plon:s con have a signilicant eHect on the 
c¡u>llly el nearby w!lace wotoro uniM< carel"l monitoring and proventive con
Ubl mea!llres ore i:nplemenU!d. Reaontly, >tato and federal •ncies h"'o ci· 
"''""" lha! increa<ed a\U!Mion be ac<:or~ed 10 limiting crO<iM and sedimenution 
•t The Ge'f'ers_ The>e efforu ha"" proven >uoc=lul in r«!ocing the pollution 
of ncO<by <urfaoe "'"'""· 

Tho mo•t '"'""' wator pollution Problcms aro li~oly to devolop during poW<r 
~''"' operatiun. The Gcy•crs "'"' a pro~ucüon method in wl1ich rolative~y pwe 
stcam P"""' throu,h turlMCS, i• thcn condon<od by ront;rCt with O<>OIInJ woter, 
ond ;, linolly c•·oporatcd in a cool,ng tower. Howewr. lhe ratc ol evaporation 
from the cOOii~g towers ;, •lowor than t.Oe rato at which thc """" i• fed into 
tho turbine•. Sorne ol thc stcam com!cmotc m~" conseQuently be r<move~ in 
ano1hcr l»hicn_ On the aoorogo, SO% ol the >team io eoaporatod through lhe 
coolir.g lO"""· leaving <'O'lli •• "blcwdc·.~n" •~ater (10!. 

frcm 1960 te 1971, the blowdcwn '""""'"Jater at Tho Gevw--. wa< di<Chargod 
dore<tly in!o a s!r03"T> (10). Thore, the ammonia a~d boron conuino:l in t~e 
condcn"'te caused •ome 5url.co water pollu-tion and harm to aQua!lc lile. Since 
1971, the wamw>!or ~•• becn reinjectod te the mam resor.oir rock•. 

01 tho vorÍOll< dispo•ol mcthod•, rctnjoction '' oon,idorod to bo the mo" ad,•an. 
togoo~• becau.e the pollutant• in the wo,e·:.•at" ~o not come into contact with 
rel:ltivcly puro s~rlaco water• and ground.~ators. To en<ure oofety, reinje:11on 
"'"11< mu<t be carcfully encosod to provent the lcakogo el geot~ormal b11ne• to 
<h:llow •qu1fer<. 

Once introduced to the >ub•urfa .. r...,rvoir. :he wom•.,ator bailo •nd produc"' 
>Ioom, in eflect artolicially rt"Charging the reser.oir. ilecau"' i! ha• prevo., te be 
ellocti; .. in P'••·enting both surlace woter ond grOilndwater pollution, it will b< 
u ... o in futuro expotl<IOil al Tho Go\t<er'-

Each 100 ~.1Wo el goncrating ""'"city at Tho G'ysero producct a roiO<i,cly <mal¡ 
WJ<tew>Jot llow of over ono rnillion gollons 13.785 cubic rnoter&) por d>V. vol
umc """can ne hoodlc~l oclcqu.,tely hy one large injection woll, ,\n expo~Cod 
1,000 ~:wc <>f gonorallng copacitv would produce over 10 rni11ion ~ollon< 
137,850 cuhic metm) por day, rcqu11ing 8 te 10 largo iniection wcll<. Figcre 
1,15 $hCM thc expected water rollutan" cor.toined in the conden•ate ret~rn wa
ter of 1,000 I.'.W~ el gcnoroting c.>pacity ot The Geysen, 

l'ower plae.t e~ero:ion a: The Gov••" pmd"c" """"vater contoinin; a :t'Odo:-
ate omoJnl of :o:ol •olid•- The quon:hy of to!al •olid• produc«< dJr<ng po<,er 
goneration i< highcr thon that prod~ced by nudear er !o.,il luel planu. How
ever, th"'e tochnologic< ol•o goncra:c large amo"n:s of pollutonu during r:1ining 
and proce<<in;, which ore net involwd 10 gcoth<rmol onergy production ¡,., 
Toblo 1.14). 
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.. Geothermal Ener¡ry 

or re,njec>IO.o at gO<>Pf•«ured re<o"'~"' is not e><f>"Clod to induce >eismic activitv. 
However, conclusivo inlormation for Ibis a"ur1prion i< no: y« a;·ai:able. 

Man"Gr/n~ ""d ProvorJ/ion: Operalln~ procodure< that woulá reduce or ol;minato 
t~.c possiLility tilo\ gcntlwmal Uc,ctoprnent could induce seismic <ctivity are not 
woll known and will rcquire caroful invc<tigation if furthcr re<earch rndicat., a 
pmbo~le «l<nHC ho:ord. For the prosent, wucture< in gecthermal area<, particu· 
larly thow hou•ing •upcrheotcd s:eam and "'""'· <hould be Cesigncd :a with· 
<:and naturally "'"'""'"9· local eort.'lq~akcs. Sinu this type el de<ign ;, ohen 
ex;>emi,., rhe likeirhood and pO«.o:.al magnitude el an earth~cake should be 
determined befare de<ign criteria are es:obliohed. lf additional res<>rch shoM 
th•t earthqua~c< of mogni:ude< g<e.:or than 4 or 5 ••e highly unlikely :o occur 
in a goothermal del"t'lopment oreo, only modeute attcntion woul:l nced to be di· 
rcctcd to muctural prccawtions. except where faulting may occur near the sur· 
fa:< IBI. 

Although !he cro<ion·r~l.ote<l impoots al geothtrmal development can t>e signili· 
cant, they are predictable for a proposod site and con bo controlte~ witlt ., .. ;¡. 
a~le 1echnologv. Cons.equcntlv, ltttlc addotional '"""eh noeds to be undcrt•<en. 
The ~S>ibolity ol la.-.d sut.<idence or induced .cismicitv at a patticular si1e, h<>w· 
ever, "difficuh to predict; and the a~CQuacy ol available contfol measure>. >Ueh 
ao reinjection ol geothcrmal lluids, is uncertain. Ex<on>i,·e research is currently 
under way in !he U,S. 10 develop adequate CMlfOI me .. ures, and actual effects 
are being moniiOred 31 developmen1 "''"' leoo~d by the foderal go,·-.nmen1 10 
p:Mt< operatorS. 

Most progroms lo monitor suboi~onoo havo ¿.,¡,hlished local ond re~ional not\"lorks 
·al ll•terconnec!úU survcying (lovolingl sta!IOns. Elovotion i; measured repeatcdly 
'nt 1hosc statlan< to dcterm1ne the de!;r<e of su~oidonco "''"' 11me. The instru· 
men" u~ includo tiltmeter:. which measure wrface deform.,ion, and e~1ensom• 
"""· which can bo u«><! 10 dillerenüo:e dee~ •ubsidence resulting from the with· 
drawal d grothcrmal fluid> and '-~allow "-'b>idence reoul:ing trcm.g:o~ndwater 
pump1ng. 

The interogency Imperial Valley Sub.;idence Dotec1ion CommLtteo is preseniiY 
monitoring wl,.ódonce in the Imperial Vallev. One mcnitcdr>g 1ec!1nique nol t .. 
ing cmployed thot could pro·,ide uoeful data is a gravity reading. l'i~1le not •• 
accura1e as dotail•d, "first-order" le•-eling, gravi1y meosuromen" can be performed 
rap1dly ond incxponsivcly. 

Mo-eo•cr. vo,bon ta~cn in conjunction with flfst·ord<r levoling, gravity read1ngs 
pe:m¡t ostima1ion of lho nct lossos of geothermal lluiU• lrom o roservoir and the 
surrounding arca. Both are 1mportant parametoro in determining the ui1imoto 
l~fc of the lield •nd the optimum lo•·el ol production. 

t. o·.ide varie1y ol techni~ucs can •loo ~e ~;ed 10 in>o>toga;e seis..,.,ic ell'ects. 
Prior lo ~eothermal dewlopmen:, ¡m,.oble, l"liGh•lte<;uency .eismo;¡e<p~s ,houl~ 
be ~sed :o cs;a~lioh levels o! background .eiomicitv, ICM:O:o "'e" uc.suitable lor 
toin¡ect•on. ac.d t.elp locoto tho goothermal re>Ourc.._ Remate se~sio.g tec~ni~ues 
suci"t as SLAR (<i~t-looking radar), ond lol.e...:olor inlrored and convontional ' 
aerial photogrophs, con 1Ll<O be omployed lo idcntily •uriace fcatures thol indi. 

Geothermal Encrgy-Tho Resource a.-.d 11> Envimnmental'" ., 
cate actic·e faulting. During the oe<u•l ¿,,·e!opment of new geoth~rr..ol f¡eldo, a 
network of pormancnt >eismo~raphs can b• in,alled to identify any mduced 
••i<micLty. Such a notV>Or~ ;, pre<cntly being inotallod in tho Imperial Vollcy and 
<Muld be in•tallod ir> Other pro•pee<ive goothcrm"l """ "'"""11. 

A voriety of research i• curren1ly under way to evoluotó the fe'<ibi!Lly of rein· 
ject10n at ¡;eo1hcrmol sito•. \'.'hile these stud1os o~pear 10 addrm mo•t of tho 
im;>or:ant q~e>tion•. at ltast Or.e od:Ji1ional problem should t;e in,·e;:i:;a:ed: how 
to pr"en1 reinjec1ion-"ell pluggi.og. To understond 1~t chemical r .. ct•on> tha1 
occur be:w .. n geot~ermal fluids a~d 1M geoi<>~JiC fcrmaticn• in1o "'~ieh they 
a« injec:ed, basic research on rhe P'etipitation ol oiliea, calciurn carboMte, ond 
01her di.,olved miner~ls is nee~ed fir<t. 

Appl ied research should ~ conduoted on the preventicn e 1 woll·pl~ogging and 
the related problem of minoro! depo<ition on opcrdling oquipment. Ba<•d on 
thi' resoarch, tho potontiol for both stabililing gcothormal fluid• aga1nst the pro· 
cip1tot•on o! minerol• ond deloberotely inducing precipitotion bo~om thc flu1d1 
are reinjectod should bo """'"d. Labaratory >tud'"' r.hould be conducted ba,.d 
on act~al samples lrom proposod d""olopmcn1 arooo. 

WATER RESOURCES 

' Geo:~ermal d.-elopmen1 raiseo thrO<! primary C0!1cerns rolned to W<lter re"'urces: 
"""'"r pollution, effocts on l"lydrology, ar.d impacto on locol wate< <upplies. VI>· 
ter pollulion may tco~lt lrom the d~<posal of fluids withd<awn lrom sub•ur1aco 
geoiDQIC res<'"oifi lollov.ing 1hw "" for testin~ well• O! generoting power. 
La'gO·<eale witl1drawal ond dispm>l al ¡;co1hermal fluid< moy also alter t>oth tho 
oudace •nd <ubsurloco hydrology olor. entiro dovolopmon1area. Finally, geo· 
1l1err:1ol developmen1 may aHectlocal water oupplioo in tho lar<¡ely arid Ameri· 
can Vle.,. 

Water Pollutoon 

The poll~tion probloml ~no<:i3ted wi:h ·,opor<lominated ;ystoms ar~ gcneratly 
more man••••~le 1han t~cse '=o•~:od wi1h M1·wate< <y<tems, beca...e the wa· 
ter frcm the geo1hermal stoam i; ot;cn tolotively low in pollutants. 1-!o'"""'"· 
water poll~tion can occur during anv •ta<.:• 1n geothormal development-"'~11 dtill· 
ing, ccnstruotion, or pc ... er pl•nt o~eration. 

Sources o! F'oll•!lion: ~ud< used duric.g the oarly "''"' ol well drilliog may con· 
""' vo:iou> >ub,¡oncc• harmful to w>ter quol¡ly. Tu p!O'J<nt the conwn1na:ion 
al lu•iace woters, thoso sub"'·".cos. togothor wllh rack Ju>t ond tho wos:cwater 
used in the drilling operation, m~" be i•olated. Al Tho Gov"'"· ;um;l5 with án' 
1mpervious lining or steel tank< are currenlly used 10 "oro drill c"tti.ogs and 
'''""fluid duri.o~ drilling oper.,iom. Nontoxic w<li10S may be permanon1ly dis· 
P""'d of in • <ump if 11 is prcrectcd trom erosion; howev.,, toxic wa>:e< must 
t>< <rJn<;oon.,; 10 an ap~rovod v.-ao:e di<posal sito. 

Well blowcL:S could JIUl cre>te wate: pollution. Tho C.lifornia DivisiOil of 01l 
•r.:t Gos rcquir'"' :hat biOLM>U! pre,·cn:ion equipmont b~ used durong the dnllir\9 
ot all geotho:rnal wells ., a con:rol il ~rc<>ure conditicns become un~avorab:e. 
O~ly ene woll has blown out durins tho drilling pMaoe 11 Tho Geyser<. Well 
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TABLE l.r~: EXHCTED WATER POLLUTION EMISSIONS FOR ALTERNA· 
TIVE ELECTRICAL GENERATING PROCESSES, 1,000 Ml'le PLANT 

"'""" 
Nucl<·" IHohr '"'" r<>cWI 
Cool 
R<~,ouoll"l o•l 

"""''' 1" Lo" B" """"'' r><>tu·ol g" ,,,,..., .. ,¡. 
Gcoohtm'I.JIH< Gov,.,>l 

Su<pond•d Sol1d1 

' . •• D11>0l"d Sol1d1 .•• 

' . 
, , •• , ••. mot<l< 1001 p<r Yt"" 

• ' • • ,00 4,0~ wo ;,SOO 
~ '" 100.000 ... 
~ 'iOJ • 
~ ;oo >.~ 

:1,6001 

Nou: Column A uOOot to<h "'"""'' in<lvd<> rot•l polh"'"" ~""''"0<1 ~""~ 
,_., pl>ot oporll<>"'- Cclumn B '"''"~" :O!ol ¡;olb,.nu dur"'SS oB 
"'''"'"'""(mini.-.¡, otd. 

Sou"o: R'''""'' (11). 
• Rouod«l \o rno ""'"'' lriW. 

"'N,;t .,,;!,bl<. -
' • 'Produ"d u, a ""'"'"'""' 500,000 bbl/d,y "''""' ol whlch J4,000 bbl/day 

'" re>'Ouol luol orl \O 1upply o 1 ,000 MWe """" plon\, 
!To"l <OIIdl b'{ "'?D'"'"" 

~urce: R•leronO! (111 
• 

More<rm, th~ tech.~ol<>gy o! reinjeelion 10 !.he seorhe<mal r .. er\/Oir, now being 
applie<l at The Geyso" ond plonne<l !or hot-wale< C•;-e1o~ment oite< in the V<O.l· 
ern U.S., w<>Uid, it •~cte<>lut, afmO<' elimin•10t~e majcr cau"' o>l water pollu
tion. 

Hot·water 'Y"""'' pose lar mo>re d•fficull wa:or pollurion problom• boc•use 
wastowate" lrom lclting and production are more o~undont, more""'' polfu· 
tJnB "'" oontoined in tilo ucothcrrnol II<Jid, and lorgo amounts of cooli<>g wator 
aro <JsOU, Al Woirokc1 la te.3 MWo piC~ntl, approximi:cly JO_rr,illion gallor\S 
(113 600 cubiC mo:ors) of ;•¡o<towotor "" U"posod of oach day hom the con
den,;,d elllu•nt and thc e<cc« water not fl.,~.ed to stoom. Thio ·,. > for greater 
propenion th:m is pc<>duced al Th~ G<y!ors. s~ch lorge amo>unu ol waSJo;·.oter 
mu>l be disposed of in an environmenta!ly ,.¡e ma.or.er. 

Chlrnrori:!ics af Ge~:herm .. l Fluid:.- The quolity ot ~e<lthermal hot wa,.,-ns 
phy>kal and chemical charaotc"SJics, induding imp~ri!l., !Uch '1 total su,prnded 
solid!-vorics widely_ \'/hilo somo goothcrmal hot water> contoin rolotively l~;v 
poilutonto, mo<t ccotain o relati;·oly lorgc amount o_t d'"olved solids an? he,vy 
motal• I><COL'" thc high wn1ooroturO< of tho bnnes rntro•se the d•"Oiuu<>n rote 
ol sofids ond hoovy mctolo in tho rock 141. Radiooctive cloments •uoh a< radium 
ond rorlon olso moy b" prc•ont. 

Thc g•,othormal hot wat<r< ot CCffO Prioto, Mexico, conta:n 1.5 10 2% totnl diS
oolvori so>l,ds (!5,000 to 20.000 m~.~. compared toa .a'uc of about .J5.COO m~ll 
for "'w01cr). At the lmp011al Valley in California, o~out 75 milo• nonh, geo
thermal watorS ate <ubs:antially mo>re sJfine a< mo>>l locotior.o; brinos with di<
oo>h·ed oolid cMcentrations ltypically o""r 25,000 mg~ and scmotimes re•ohinQ 
260,000 mg/1, or ?6% ol the total) ..-o lound in mar.y wells 16!. 

In shatp con"'"· at ce;tain o>ther loc.,ions in the ""'"orn U.S, goothorm•l hüt 
watm ato sof(Jolontly pure tobo u<od !~r •gr:;ulture and induotry, For c><mple, 

Geo1hermal Energy-Tho Rescurce and lu Envimnmental f 

geothermol water< aro u'od for <tock ;vatoring in Ktamath Falls, Orcgon, ond 
for domostic hot V'o81er <uppi10s in Boiso, ldaho. In lccland, goothcrJ;Jol watorS 
are ,.idoly JJ>ed for both mw1i01pal hcotin~ on<1 ~on"""ic purposos (41. 

' Th" Sp<•dJ! Prob/em of VJasre DrspooJI." BJsod on the vo11obility in tho omount 
and tv~o of disso>lved sol iris;,, ;eothermal fluid•. • nun-.ber of dJfferent mctMd< 
lor dispo<ing of ~>oste.·,a:er from drilling and power pbnt o>peration havo boen 
'"''ed •nd used. These include diroe< rolca<e to surlace water bodieo, evapota· 
l•on, sutface spreoding to> <hallow aquif•IS, ~osJ!Jnation wil.h subsequcnt wator 
'"'""· and reinjection to :he producin~ re<ervcir by u<e ot deep well>. The ..,¡ec
tion o>l a d1Spc"'l meth<>d has depended on local hyérolo¡¡:c conditio>ns, tho 
qua!Jty of the "'""""'"'· and en,·iro>nmental rr:gu~aticn<_ 

lho o>nly extemive commere~al expericnco wirh hot-v.ater sy>tem waste di>posol 
has boon outsido the United St>tf!S, ond somo of tho mo'\hods usod in other 
countrics are not accep:>blo in the U.S. bcc.ousa o! thcir hormful cnvironm,>ntal 
eflocto. For in<tance, ot \'lairake1, Now Zco!ond wa<tewotcrs ore di<ehorDod tnto 
a rivcr ncar thc pbnt_ sub<ta.otially incrcooing thc """"'"· oullur, and mcrcurv 
leve:s of th~ river. At Cerro Prie;o, Moxico, pmduction wa""'""'"" .,0 sopor· 
ated lrom the geothermal !luid and then <torl)d in • lor~e evapo>rotion ar>d oedi· 
mentation pOnd 18 km' or 3 square miles in si!e for the exi<tin~ 74 ~'.'le plontl. 
~' the wawo in the e-.apcratioc. pond become highly dino, ¿.,-etopers plan 10 
d•«:har!l" lhem into ne01~y wa:erw•v< h.>ving high natural Sillinity. 

A ccajor co>ncorn in the lfl'O~e,ial Vallcy ol Cafifnrnia is the solinity tevcl of the 
Solt~n Sea and voriou< <hóllow anuilcro. Local water "-'Cplies are fimitod and in 
grcat domond lor agriculture. Becau<c wotcr supplics alreody contai~ lorgo 
>rnou.ots ol ~isoolvod solids, add1:iooal solinity must be provonwd. Tho >tate of 
Colifornia has prol11bite<l tho disohat<¡O of "'"''" fi<Jitl> wJth ¡110h di.,olv"rl , 0¡¡Js 
comont into cither surface wotors or shollow oquifcrs. ' 

In cornplyi_nl with this restriction, wastc.....,tors produoed d~ring ''"' drillin~ at 
tMe Imperio! Valley "' storcd b pla<tio-lined lu;olt!ing ponds from whicn tha wJ· 
ter O'llpOtat.,, This dispos>l me<hod provont< in!JIItotion to groundo·10 tor ond 
has thus lar pro>oen efle~ti'". Hov.-evo<, the lfl!ry large >"Oiume o>l "'"'towaw gen. 
~rated during actual power plant operation limi" i" use; :he rote of cvoporation 
"no: !o•t enou~h for lacge volume< of wa11ewator. 

Ao a rou(¡h indication of tne mognitu~e ol thc pro!Jiem, o 1,000 ri'.Wc plant in 
lhe lmpori•l Valley is c•timoted to rcou11e tho disposol of app•oxirnJlc•ly 50 Url
l,on g.1llon• (18,900,000 m1) of brin e por yc•or COnlJIOinrr 50 million tom ni sol id• 
112). Thus, the mo<l pro~able lon'l torm Ji<I>OSOI mcthod for woHe.vater lrom 
PO""' plarlt opmation seems to be roi"jection to doop wells. lr11tiol tests ol ro· 
inioction h1·'o ptovon pro.-:-.isin~. In a ycor-lon~ e•periment. 2,7<1 litoro IGOO 
G>llons_:. ~or min~<e "~"' s~oco.,fully injoc1ed into a sing!c woll wi thout fO<Iucin~ 
tho ob•ilty o>f tho lorma«on to mceive woter (3). Ho ... ·ever, a numhct of com· 
Pi•• tec.~nic~l ptoblems remain to be sclved. 

De>JiinA:ion, V>hkh h.>s :he od~itional betle(il of pcod~cing ~"'ble lrcslt wator 
lora loc:.lity, i1 onot~er oltcrno:ive lot wostowltcr dispo<al. Ho•·...,vor, b«>u.O 
thc e•p~nw of dosal~nado~ incre""' with tho »linity of !~< wotor. tho tcc~· 
no>IOgy "probobly !imitco to ;~ators wit~ diosolood solids concontrotío>n b;•low 
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hydrologic <"!Olcrm and thc charootc<i~tic. of gcothcrmal walCrS thot V>Ould d•<· 
closc thcit pte<ence in surlace 2nd ground water>. Data would be partiCYiarly 
~•cful in w>ler "'"'pie< lrom <Udace watOr1, <hallow groundYJa:er;, and geoth<r· 
mal rcS<ri.'Oi". O<tailcd lat>ora:ory analy<i< ot the tllemi<try ol ge<J:hermal fluid< 
<irnilor to that ¡~<.rlormod to dcterm1r,e potcntial re~njcction problcms, would ' 
1ll<o ~e hol~lul in dctcrrninin~ potclltiol w"'"' q;lOiit; problom<. 

Thc liquid wamv.atcr dispo«t<l ol during geoth.,mal Of>(:tOtion< often contllns 
a •onc:y of chcmrcal compOund<. Bcca.J;e wJ<:cwater i< a poten:ial s<>urce not 
only ol w>tor pol!u!lon, but als<> oi water supply and comme<cially valuabte 
chc•~.ical by prodc:cts, hig~ prior~ty should be a<>~gned te dc••clcping oconomkal 
mcthodo of ~roducing ~'"'h wotcr (Uoooi.,>Jtionl and extracting .oluabio chcrni· 
cals '"'h "bor1C ,,,d and <uflur con>pounds. 

NOISE 

Perhap• tho moot ubiquitm" environmontal di<tur~onco O>O<ldatcd V>itl1 ~eothot· 
mol Cevolopmcn' " noisc. Loud, contirtuous noi>O ocour1 d<J<ing both t~o drill· 
ing and prod~ction '""ing ol g<otherfnol w<ll< and the operotion of the plon:. 
i':<>"ertheless, noise doe; 1\01 repre,.nt as immw:otc a coneern as do somo olthe 
other erwironmental imo•ea ol greoth{,rrnol devob~-nt (><,cou<e iiS ell~ts are 
IJm.,od to thc immodiato areo u~óor devefopmon:. And bo<:ause the hcolth and 
wolfare elfocts of nuise are 1WII documon\cd, this soction rcviows tho<e ellects 
only bi<lly Olld then focuse< on !he sourco. ol noi<o 01 a sitc. 

Elleot> ol Noi"' 

The hatmlul heal!l1 and wolfarc ollect¡ o! oxp<>•ure to exoer.,ive noise lo•·efs of 
v1bration ovor a pwiMge<l poriod ol timo ran9e lrom tho rclativcly minor, such 
as tomporory ta<k intcdcr.,nco oc.d irritatiott, to tho •evorc and p<rr.~a~ont, such 
os slcep lo". pl1y•iological <Ir<". <~<ech imp:tirment, and hearin;¡ lo". Sinoe 
!he extenl ol Mrm is relato<! d"ec1ly to the hequency and dur•ticn ol exp<SSure 
to high noi~ levels, warkc" 01 a goothcrmal •itc experience the hir;heu ri1k. 

Noi<e mndards mtabli<hod by the U S Occupatior.al Solcty and Hcolth Admin· 
IStration (DSIIAI mquire tltot cxpo•urc ol worko" to ur.mufllcd no"o at lovcls 
obo·'c 95 <161AI be limolcJ !131. Sworal goothermal dovcl<>pment activities pro· 
duce noi .. at lcvel< clo>e to, or <ub>tantJOIIy higher than. this te1ct. Per«>r.< in 
thc ··icin•IY ol o 9""\hc:mal si<e may (><, ex~sed to .:ontinuo~"' noi,. 31 levels· 
''"rying hom 60 to 120 dc-cibol<, depending Upon the ongoin; developmcnt 
and di<tanco lrom 1he rtOÍ<O socrca. 

In a~dition lo ~irect hoalth and wellarc ellocts, tOe noiso gen"""d bv goo· 
thermol dc,..lopment moy have othcr ad·Jtne impac". In communities wi<h 
liule indu.Uial dO\·clcpmont, ro<i~onts moy rog3rd tlle continuocs noill anod· 
atod wi<~ goothcrmal devolopment, even 01 a relati,·cly low le,el, asan in:ru· 
"on in:o thcir previou,ly quiot on1·iron:nont. 

Animal boho.ior ,oi<o is aflectcd by cxcc«i.e noi"', which hO< been sho~>r. to 
cauoe chan'.l"• in thc sioc, W<ight, roproducti'" a<III'IIV, <rnd t><havior ot larm 
•nimols. In somo .~ildlite <pecios, d1or,¡¡es in matir.] behHÍOr, predator·P<CV 
roiation;llips, at'>ll 1Cffitctial be!1a.ior hove t><on obscrved. 

Goo<h<rmal Enerw-Thc flcsourco and lts Environmontal Elle 

Sou•ce• ol r;oi•• in Geothermo! De,..lop,...,nt 

H~h noi;e le"'l' are producod during each ol the majo! ph""' of geothermal 
de~~loomcnt: ~>~11 dnlling and P'oduction te<ting, con.,uction, and piant op· 
O<>'IOn_ 

Well Orii/Jng and Production Testing · Tht process ol drilling and te<ting geo· 
thonnal wcll< is comprioed ola nu,ber o! scpara:e Op<!totions ol "'rying dura· 
tian in which <team undor high pressu1e escapO> te tho atmo<phele, generating 
hi;h noise lovel•. Sorne el the$e cperation< can be etfc>Cii,·el·¡ mu!:I,J, Olhero 
om<t eS<Mtiolly uMvoida~lo noi<O. 

At "por.daminated "'"'· anl~ the .~.allow pottion ola woll can t.e drillet! by 
""~g mud •• the circulating fluid_ For much of \11e procedure, compres!<>d air 
"'"" b< =~ •• the ciro,¡!ating fluid whcn pcMtrati"'' \he prol>able s:eam 1one 
to a.aid clogging or domaging tho s:oJm producing rock fractures. Air drilling 
"much loudor {120 dBIAJI th'o ~•ud <lrillin~ {75 toBO JJBIAI), p<it>ll.ril~ lrom 
t110 hoMontal p>pe l"blow line"l. The enginc• opcJOJin~ the 3Jr compw,.or ol•~ 
~reduce a d""P toS<>r.ant <ound tho: ""'"' lor CMSiderolllo di<tance•. 01 the 
tOial drJIIing period of \~>O l<> tllroo month< ldmm~ "hid\ dHIIing is conducted 
14 ho""' a d;ov). ol:>out one-t.hi<o of tho time ;, spent d<illing with comp<O<«d 
air. 

Orillmg componie• hove experi,.,cn:ed wilh o wido vonoty o! mothod• for c<>n· 
troll:n~ air drilling noi<e at The Gey'"" ond ha·.e te<tod '""""1 typo• ol mufllcrs, 
Recon:ly, sigmfJcant reductions in noi'" have ~n achie"'d by d:rccting tho dis
ChJt~e of the blow fine into a largo "air <ampler." a IAf9! clumber designo<! t<> 
c.>ptc:eloo•e rack cu:ting>. lnjet:t.on o! wator into the air >Ompler, a melhod 
ori]inally do,otopod to 1ncroo•o the amount ol rock copturo~. ol>o roduccd noi"' 
1101. Thcso 1ocl1n:ques havo''""" employod extcn<ivcly in well drilling at The 
Goyso'~ 

Otte< d•illing i1 eomplel!d, the noise le.el< a<scciated with exuactio~ do not 
drop >ignificantly. A well mu<l lim t>< allowed to "blow" lreely lar thrco to 
,;, eay< u~til the occumul•tod du<t and rocks aie rorr.ovod. Noiso levol< durrng 
lhe procediJre opproach 118 dBIAI 1t "~o~oroll·¡ considored 1nlea<ible lo muf· 
flo t~i; or•ration, becou<e only la:;e rockl blo ... ·n up unJcr pre,ure would 
do"';;gc currontly av,ilablc muflhr.g equipmenl. 

Foilowi~1 <he do.1n-o"t, lho well is tested 1<> evJiua:e the mJm reservoir and 
produc!lon ro;o by teleosin~ <toam ~,om the wcll to tho olmo•phcre. Tho ac· 
com~anyirtg noioe le1·el ;. ht~h l•pproximatoly 11 8 dB li\1[, s.,vcr•l typo• <lf 
rl'.l!IIICis h.1vo bocn u<ed in an attem~t to control te;ting-rcl•ted n<>ise_ One of 
the mo.: clfoctivo, a "rock mulfler," signilicantly re<luc!!<l thc noi'~ levol by 
29 t:~IAI, !rom 118to 89 d6!AI, <oocrding 1<> tem by Union Oil Compo.ny f!Ot. 

A con,pleted te<t or ~roduction wcll is diochorgod or "ble<l" contin~O<J<Iy in1o 
lhe atmo,phorc through a smalf dtamoter pip" [IJioed lie.o). which permllS rolc.,.cs 
o! 5 to 10% of the total potontial <lO'<T1 llaw. The noi<O o:soc,tcd with blced 
fine dis.;har<¡OS i< refot.vely low, abo~t 56 d61AI. and """be lowcrcd t<> 65 dBIAI 
by ''entir,o¡ tho fine in'o a rock·lll!e~ Cotch. While t.'lis Ct<dwge ccn;inues until 
tho ~ower plont is operational f~"''i~ly m<><~ <h>n a year H d•l•v• are en:O<Jn· 
teredl, on attompt ;, u•uolly modo ta lirr.it thi< scurce o! air ond noise pollutOon 
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35,000 rngll. lhe economic fea•ibility ol de<.'lli~ation ha• ai<O been que~tioned 
b'cau<O il leS> hcot ;, exuactcd lrom thc Orine<, le" eloctric power con be ptO· 
duc,d. lhus, al rdati,oly low tomporatur<s a tradeoll exim bet.,.·c•n the pro· 
d~ction ol powc:r >nd the a••ilab,lity ol h•h water, 

Hydrolo~y 

Geothorm:ol <!evelopment at lhe Geywrs has no: a1 yet oltered tne arcü •~rloee 
hydrolo~y <lgnilic.1ntly. However, con:~nccd w<:hdrowal ol goothermol liuid 
could wduce tho amovnt ol waw in t.'oe deop """"' rooervoir an<! in the roto of 
water llow and po.libly change thC temperature or chemkal chorocteriStlts of 
noarby tncrmal •prings. 

Pre<>ure de.:Jine tests indic.>tc that lhe Goyser< reservoir '' almo•: a ciO<ed •v•· 
tem; that is, it ;, not bei,... rechargod with wotcr at a rate suflicient to prevcnt 
a d<el•no in >1oom Prcssurc •• encrnv i; produccd. Alt~.ough •ome of the !luid 
is restoroU tl.,ou~h oo:njootion, goothermol steom at l~e Geysers <ho~ld be •iewed 
~• • dcpletable, ratt>er than a renewoble, resourco_ 

Large-;oolo <•trootoon and reonjoction of hot-wator ~cothcnnol tluids in the lm• 
periol Vo~ley aloo moy cou"' changc• in the out>surt>ee hy~rologic system. lha 
l•<k ol comorohM•ivo, relio~le dora on "'bll.Jrl~ hy~roiOgy mak<o< impo,.ible 
tloe dotormonation ol »hc·thcr lon~·:crm power productior. wou~d ultimoto~y do. 
plc~c tho gcothormal resOu<ces of thc Imperial Vall•y or othor hot·wotor systoms 
in t~e United States. lnvestigotions at l'.'aira~ei, NeN Zealand, suggeot that geo. 
thermal onergy could be de•eloped at o rote th" permits production for an in· 
dolinite period of tome 15). 

Reinjection rould al <O help to maintain the loc.g term product<vity of the geo· 
thecmal ,.,oure<,, Rc<eOJch involving compLJtor simulation ol resourcc bct'.avior 
;, under way to odcrotily the mo<t eflocticc long-\cfm produotion •:rategy (includ· 
ing thc rate ar'Kl mcthod of vithdrawal and reinjectionl for both hot·wate< aru! 
goo~res•urod rescrvDifS_ 

Water Supply 

Geothermal power production may >lso requirc the "'" of water for cool;r.q pur
po:cs. At lhc Gcy>uro an<l other vopor-<Jominotod ,ystem•, water can be •up· 
plieé by <he geothermal rcsoorce in the form of con&nsed •teom, ther~b1• elimi· 
n•ti"'l the n"'-'<l for an extorna! source ol woter. A <imifar cooling <ystem con 
he oscd in a flo:lo turiJi~o hot-V>otor p~ant. lfo~;evcr, in a uin"y fluid ,y>tcm, 
bec..u:" the gcothcrmol hot water ¡, reon]ectcd dire<:tly to thc geo:hermal '""'· 
voir once it ha• pO<sed throush a ~e.: cxch.nge Ctr.iu, it is not availablo ior u¡e 
in cooling the Frcon or i"'b"tane u<Od 10 drivo the turbino. and on extornar 
souroe of wotcr is noedcd. 

Curronr 1./romari<-et lor Cool;ng: lhe cooling water can be provided to o ¡;eG· 
thcrmal •itc in onc ot thrce woy.: with a "oncc·through" cooling syston,, i" 
which oxtcrnal water, frequently from a rivor or lako, is u:ili<eé o~c• for co~lin~. 
and thcn d•:c•orged to i:s oo~rce; witn •~ o_,;>ora:oc·e or "wet" coolinQ lo'""'· 
in ~<hoch the externo! •·;attr is vvaporotcd 10 the atmosphere: or with o "dr·{" 
rooli.og towor, rn which the fluid is rool<d by aor and oontonually circu~atod in 

a closed '~"""'· 

Geothermal Energy-Tho Re•o~rco anO lts (mironmontal Effcc' 

Th< ""'"' requirements of these 'V"""'' may vary widely_ Once throu~ro sy>
""'' and "'" cooling towors require <ubmntiol amount< of wotcr; dry coolong 
tO~·'" ·••rv lmle. lheir environmcntal irnp•ots al•o vaty sub•tantoally. A once. 
throu~h o;ooliO<J sv<!<m i• r:mrently u<ed at \'.'oira~ei, tlC'.v haland; ho''·"'""r, tilo 
potentoal for thermal pollution of •urfooc water limits the ap~licab<hty in the 
Un"e<J Statcs_ 

f.':w Desigm for 5!111-UndO"Pioped rtesourc~s: P!eliminary dooi;ns prepared by 
!lechtcl Corporation lec a 10 ~:".'lo domon<trotion t.inory powor plan\ w"n an 
~oporative or we: cooling tower indicate thot 830 9:lllons por minute ot moke· 
up wa1!< is required, of whic.~ about ~0% i1 blcwn dO\>r> ond reinje<:t~ to IN 
resor1oir. At thi• tate, lora 1,000 Ml'lo plant, 33,000 gollon• per minute (al· 
mast 13~.000 acrC·fe". or 165 mi~lion cubio meto($ por vearl ore roquirod litis 
I:Munt ¡, oubotan:ially Q(C>Icr than tl>•t no~ed by alternativo pOwer gencratiOfl 
"''"ms beoause tho t.~ermal eltir:i1ncy of • geothormal ptant is low. 

Alte:natively, a dry lair.r:ooledl coolic.g towor could be u:od. !la<ed on pre:ent 
prm~wpe éosigns, ory cooling tower< ~re expe<ted to be JO to ~0% more costly 
thJn evaporadvo tOI'.erS { 11l and moy reduce the alrcody low th•:mal efficiency 
of '~• power plan(. 

A moderate ~uantity of make~p water i• requifed tO o~erate hot dry roe~ >VSo 
wns. Rcquiromerm are o:timsted to be about 26,500 ~allon' 1100 m') per,day 
ter wells •epplyin~ 100 ~1\\'e of t.hermal energy; at thi< ro:e, 1,325,000 salion• 
15.015 m'l pet d•y (1,484 acre-feo\, or ~.830,000 m' per yearl would be needed 
to su~~ly o 1.000 ~1\'le plo~t. a><umin!i -thot • binarv power plant with 20% el· 
fici•ncy i• u:ed 111). Additional oooling woter wo~ld, howovor, be roquired to 
cool the isobutano or o<l\er working fl~id. 

Ro,.arch Need• 

ln any geothemul dewlopment area, impacU on water quality. hydrology. ar.d 
local water ''"pply can be predictod only on the bosi• of comprehen•i"a, site· 
•pocitic Uata. 

Geo!ogio a~d hydrologic d•to aro u•ually obtained lrom dcep !CS< woll• drillod 
durin9 cw'oration lor ~eothormal fluid:_ ln•ufloci.ont dota are olten obtaor.od 
from '"oh "~11• at >ha!low and intermedi•to deptlto. Do:a on the ''or\icol varia. 
tirul ot wotor lec-el, deplh, tem;>erature, and P'"''ure; ond on rock permeability, 
~"""ily, and ccmer.wion >hould bo collectcd in each :occ. lo pro"de a thor
ou;h undecmnding 0 ¡ loc;l h•¡droloyy "'d determine whethcr reonjcctlon is likely 
to l:e s~cce<:>iul, te<t vni{s .. ~~cid aho t.. drillcd on the peripnery el geothermal 
"'""• whore temperoturo• decrease rapidly and rock cerr.emauon occtJr<. 

1~ many geothermal """· dara on rock poro.,\y and permea~iloty ore insuflieient 
!O ""'"' the hydrologic n~ture cf the rescr;--oirs_ \'lell·losgrng tccnniq~"' usmg 
radicoctivi:y (inol~ding ;amma-<Jarnmo and neutron log•l pro•ide the mo•l retio. 
ble 'neon• of cstimatin~ poros;:y a'\d pormeabiloty, Where oppropmtc, such 
toccniqu., :hould be <pplied to r.O\V v.oell• (both dwp and .r>¡llo•·•l in g<Othorm:>l 
ore ... 

lo •""" impacts on water quality, data •Muld be oollect•d Mt only on the 
<tandard water quality parame:ero (e.g., diuot.ed solid•l but al:o on tlle loco! 



. Gootherm•l Ene•w 

by timing ,;,;, completion o! prcd~c:ion te<ting te coic.oidc with the complot:on 
o! the pnwer plont. Occ.tMnolly, well' ><o a!lo.wd lo vent at kll P<e>~uro for 
wveral llou" to prevont tho buiiJup of condonsate, Becau1c thi• oporaMn i< 
r<>t u"'ally mutfled, it pro~uccs ob<>utthe 1ame noise leve!> [118 dBIA)] ;n do 
unmutflod ""'' M:lls_ 

l'lell blowo~ts, or unanticipatod vonting, rarely <>ecur ~~ring the drilling pha~e 
ol gcoth«mal dovolopmcnt. The noiw emimd whon thoy do occtJr, ho·."·~~r. • 
is oxtrcmely lourl. prob:obly " loud "' an unmu!llorl tost woll. 11 not controlled 
hlo·,,ouls can continuo lo b< seurces of air a~d noi~e pollut<On for evtendcd ' 
period< el timo. At The Geyoen, "merma!",.,.~¡ No.~ "b!ew cm" in Septem
t>er 1957 and i• "ill dr<eharging <ome 'team into tho atme<phere; however, thi• 
~lowouti\>S beon p~rtiolly co.otrollcd and i• no lonoer o sionrficant noi•o sourt:<t. 

DriiJing ....,;,.. 1.,.1, pose lo<> of a probfcm in hot >>ater than in •·apor-dominatod 
S\'SIOms. Well drrllino ond production tesring lnr hot walor sy<lem• is a lor lo<; 
noi;y operallon thon lor vopor-dominated sv"•m• be<auso mud, rather than oir, 
"used"' thc drcubting Uuód. Al:o. Iho perio:! ol time roquired for drilhn~ in 
hot·'"'ator svstom• is semowhot shoner, 30 tO 45 days rathor than 2 to 3 month•. 

The most •i;~ificont noiso "'"'crotod •wh hct-·mtor we!l• ;, tha~ ~mi<t«:! during 
prOduction te>\Ong lor r>awor genototiM, "hen 20 to 25% of tho hot water " 
flashod te""""'· 11 unmufflod, tl>o norsc of tho e•mnéing stedm could rooch 
alo·JOI •• high •• 100 dB(A)at 50 foet. Woll b!owouts ceuld also produce high 
noi"' lc;·ofs_ Following lile tosting pericd, the w•lls are completely cop~od and 
thus C<O'"..C to b< a <Ource of norso. 

ComU11clion Activilies: Full do;eloprr.ent ola goOthermalliold involves oon
muction of ar:r:e<• road•, steam pipelin.,., generaMg ~lar.!•, and ele<trroal tron<· 
mission linos. Cumtruotion of geno!otrng plont< roquires the longo•t peflod ol 
time. During thrS period, the operati~n of c~rl!>-moving and cMmuctlon equip. 
ment (>U<:h a< largo truc<<. bu!ldoreu, tractor-s, crdn<><, and cemcnt mixors) ~rn
oratoo noi•e lo-,ol• lomilior te anyono ""O has o>p.rioncod a Clly buildmg~on· 
otruc:ion •ito. 

Noise a<l(lerated with conwuction octi•titio• con o!ton be controllod through tho 
"'" of C"1inc mufflcrs ond other abotomu<lt tccJ1n,quos_ Howo>w, con•tructiun 
e<¡uipment is goncrally o~<ated at !he <ame time th~! pmducticn .....,u, are boing 
dr¡lfod and '"'ted; the simult>neou• liold de...,lopment and plan: cenwuction 
pho••• """' hiGil noise lcvcls. 

Pl;m! Oper~tion: Operation ol a soot.'lormal power plan: also crea!" hiGh noi"' 
I<Yol,, At Thc Gwsc". thc moot sign¡[icant co~tinuous "·""" sources are :!".o 
cooling towo" O<l<i jot 9"'' c•joctors, •·.oh,ch rolc•.;e roncondcn:able gaseo from th• 
condcnscr. The noise creatcd by :he l•n• in t~e coolin¡; towun i< contin~ous. 
but i; ccnlincd b-¡ the s:ructure :<> 11\e imm<>d,.tc vicinity of the plant. While 
tho jet y>: o¡octorS on oidor unitl ot The Gcyser< emit oo.osidcro!>~e noi•o. "'""' 
un¡" a:o ocoustrcolly insulatod ond ore :h<rcforo conside:obfy quroter, 

ln,.allation ol rmpre••ed air pollution cont,el OQUipmont desiQned to t,.n<fer 
~"'"' from tho jc\ gos c¡e"o" to otllor locations in üre plant for the romoval of 
hydro:;on sul!tde m~y also teduco tM MJ~ cmttted from the riecton. The ¡»r· 
ticle ooporoto" and l~e movement of ""'m thm~;h tho S!eam lin.,; also ropro-

Gootlltrmol Enor!fY-Tho RO<ourco and la En,ironment"l Effoct: ' 
,.r.t oiqnilic:ml so~rce< ol noise. Another loud but intermi;te~t noi"' soo.'~ i> 

1n0 >Mting el stoJ:n lines during plan¡ shut downs and oCCLdontal swom hne 

br••"'· 
R-•rcl1 Needs 

n-.e noi"' le-el• prcductcl t>y any tvpe of ~eotMrmal d"""lop:nent ""' lorgcly 
dotermin«:! by the actuol equipment uscd ond the o~er.,ting pr<>eodure< lolto,..ed. 
Whilo tho goothermal industry has conduc'"d exton•ivo rescnrch ;nd ".~pmmen
t.ation en noi<e coc.trol, much of thi< r...,orc.~ h~• taken the form of :roublc· 
111ootin~· aime<l at conuclling indrvidu3l o¡>eration• such ., wel! drillin~ at • 
speciloc ,¡,., A need clcarly exiot< for com~rehon•ive roscarch en noise control 
ar.d tho e<velopmen' of appropriate equipment and opcrating proccdures. 

Amtlitnt r.ei"' level• at new geothc=al •ites s.~ould be monito~ to detormine 
"";,. intonsity, frequoncy. and dur>tion before ond durrn9 do•;olo!Jment .. In od
dition to <ite·•pecLfto data cotlection, a mora gencr¡¡l, compreMen>tve engrneerrng 
study sho~ld be und.naken to ,n,:yze in dotoil each geothermal operatJon t!lot 
produc" noiso in t~e dovolopmont of beth •·apor-domin>tcd •nd hOt-wator lrelds. 
Exr<trng equrpment and procedule; useJ 10 reduce noise levels during eoch e~: 
... .:ion 1heutd be oompared in wm• ol effeotivei\CSs, r•li:¡bility, C0". and cmnrcn. 
O".ent>l imp.act, and spocific proccdure< •nd equipment recommended ter u<e. 

AIR QUALITY 

Noncondon•able 9'"'' and portic•:bt<s >ecompany the ¡;<othermal steom rclea•ed 
to the otmo•~hore during well drilli"'l, production te<ting, and pl:¡nt cperation. 
At sulfrciently hig~ concen"ation•. severo! of tM•c scob<tance•. porticulorly My· 
dro~on •ulfrde, can haoc hormlul eftecu on hurnan heal!h. The odor of hydto
g<n sulffde un also be resarded., oest.'>eticolly objeotiONble_ 

To doto, no oignificant hca!th olfcm resulting from cmi,.ion~ of hydror,en sul
fiée or othor air pollutants during s<othormol power producncn hav: beEn do.c_u
mented, either at The Ge;ser< or at g<Othermol pow•r pl,nts m lon:ogn countno.. 
Ha"'e·.er, relatively high emission ¡.....,¡, of variou• oír pollutants hove oo_en. re
ccrr!Od a¡ seothermal pow<r plants in othcr countries, and moderate emr<sron 
le·,ols ol htdrogen sulfide have Oeen documcnted O! The Gey,.n. 

Sinco data on hoolth cfloct<, air pollutont cmi«ion levol•, ar.d ambieni o'r qual
ity at gcc¡hormol ~ovelopmcnt "'""are '"11 incompleto, the aor quallly tmpac:. 
~.¡: ,.;u r~•~lt fror:1 fuii->Oole geo:t·.ermal ~ecelopmor.t at sitos currontly in tho 
early •~>>e> of exploration and d•ve 1opmcn! cannot·be prodicted aceura:elv. 
Hm·...,vor, becouso the concentrotion 0 ¡ Jir pollutont< in goothc,mol llurds land, 
thus, of ~~e s:um relea<ed to tho atmo<¡>lteee) vvies v,idoly from site :o <Ít&, 
~e develn~mont el b<tter method• to evoluate ond CDntrol emi,ion• is gen••· 
olly cons:O•-•d to be onc el tho most importont en>itonrnental issues ""ociated 
witO gocthormal developm';.nt. 

Typeo ol ?ollutanl< 

Th< types el poll~'"n" fikely te r..-.¡lt !rom geothormal developmen! are pri· 
ma:ily ~c:ormined by the chemicol compo¡ition ol the geothermal Huid al a 
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,ito, 6oth ;he total quontity of ~""'in the 1IU1d and thc relativo ccnccntrotion 
of their conotituonlS ~opcnd on thc gcochcmi<try of the undcrgrounO re .. rvoir. 
The chernical composition of the gecthermal f:uid can vary <ul><tan:ially in dif· 
!ercnt reoer"Oill • ., ddlcront well¡ wit~in the ¡ame ro>ervoir. and even during 
the llfctime of a '"'>1• woll. Thus. tilO levcl• of pollutonts emit1cd duri~g ge<>
t!'termal opera:ions ca~ aho vory v¡jdcly overatl. Tabl~ 1.15 compares the cOm· 
po.,:ion of \i('Othermal >te3m a: Tne Geyoen a~d Wairal<ei. 

TABLE 1.15: COMPARISON OF NONCONOEI'ISABLE GASES IN STEAM 
FRO~.t I'I'ELLS AT TWO GEOTHER~Al PO\\'ER PLANTS 

~. 

llvdroo•n <vil"'' 
C.r»cn dio.,J< 
M<th.>n• 
Et"""' 
Ammonio 
t"tro¡on 
Hy"<o;<n 

ROO<!< of Concontratioo< Meoumd fppml ... 
•.•...... GoyiO" . • . . . 1"/ouom 
Low ll•ch ..,,.,... Am.., 

5 1.000 77< <O 
:19'0 :10.600 J,lGO 600 

13 1.U7 1~ 5 
3 19 1 
9 1.060 1D4 B 
6638 S2 3 

1l 213 56 10 

Source: Relercnces (51 and (101 

The gaseo~• emission• associ>:M wlth thc glt<>lr.<rma\ prod~ction of clectrieity 
dlflcr comider.ohly from tito•• a"oci.tted w1l~ nuclcor •nd fos,l·f~eled produo· 
1100. Sinoo ~cotl•crmal ~rocc<Soo opcrate witho"' combu,ion, tho rcsulting 
goseou• emis>ion• are the r'<luced compou~d< lprimar<ly hy~rogen sulfido, am· 
mcnio. ond hydrocarbons suoh •• e:hane aml mothono) of eicments containM in 
the gcothermal fluid In tl•o bt'fning ot fossil lools.11•oso ol.rnon" "'" founO rn 
oxidilod form as sulfur oxide;. nmO()en oxido•, a~d ca<bon dioxide;. 

In vapOr-dom<noted sy.,ems and in lhe "flash""'"" proco" u<ed with ho<·wa· 
M systoms, th• ~oolr.ormal stoa:n contain; an "'"ortmcnt of r.onconden<able 
~'"'· Carlxtn droxide r<pre;ent< thO main com~onent 175 to 95%1: ammonio. 
meth•ne. hydror¡en ;~lfid~. and mtrQ90n typically are P''-""'·' in <maller quan· 
ti<i«: ~nd ga"" <uch a< radon. mercury ,·a~or. an~ orgon are pr.,ent in trace 
arr.our.tll5). 

Small quantitios ol mi~~•• pu;icula1o mat1er linckding rock du"· ho••'V mo:of< 
>uch •• load and •ilver. and l"'ron) oro a!:o lil<ely to be in •uspension in tl>e 
stoam. M"""'"'"cnt< at <itcs throu]hout tho "orld indico;c thot bocauso ti1C 
cttemi>tr~ of goothcrmol fluid: 1n bOl\1 vapor-dominated and hol woter sy<tom< 
con Ylf'V «> widelv. neither type ot system inherently r.,ul:< in more air pollu· 
tion thon thc other. 

Potential Health Hazards 

S,·mal ol the noncondonsable gases cmltted durin] goothermal power genoration 
po:o pou•nt<ao hoolth h.<:ard•. To date. tho omi:5<on lc•·el> a>SOCioted w<th o•i"· 
ing geolhermal po ... er ~lanto have goner.!ly not beon high e.oou;~ to oau<e mo>1 
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of tho effccts; howevor. hccousc thc noture or :he goothe<mol fiuiol >•• '"con· 
•idcrably from •i:e 10 oi:.. '"rio~s effects cc~ld otc~r at now Gew!lopmen¡ <itos. 

Hydrogen sulfide and •mmoni• pre..,nt the grcotc<t potentiol haLards; corbon di· 
oxido. although usuolly proscnl ,n highcr co~centrJtions. ¡, •omowhot less ;ignil<· 
cant. r.~eroury and radon are ol cofiCern ~cause 1hey aro to•ic eo·en a< low·con· 
ccntra:ion<. 

Hycfrog•n Sulfid~: Hydrogen sulfl~e is a hl!;hly toxic gas. lts direcl cffocts on 
humon• rar>ge from a noxiou<. "ro,en-egg" odor ond eye irrilo:ion •~ low con• 
contro<ion> lO respir>tory damage and """" death 01 hi!;h conceotralion< 114). 
AlthougM otmoopr.eric dilution of goothormol steom gonorolly prevent< on•bienl 
hydro¡;on •ui!Jde lrom reoching dan¡;erously high le.c!s in the immodiate viónity 
ol "eam relo3So0<. concen;tOt'•ons may 1>o "-ll!Jc\ont lO cre>·.e on occu >'-'lional 
hoalth hazord for wor<er>. The po:entiJI ha?ord of thi; gli i• <norco<ed by tho 
loct rhot it connot ~e detoctcd bY smell 01 lhe hiah conc.ntrotions which aro 
most dangorous. 

Hydrogen sulfido " ohemically reao:ive. •nd readily c~nvem 10 othor compounds 
of sulfur. sueh., sulfur ~ioxide. wlfur trio<ido. sulluric aoi•l. and porticuloto< 
(me<OI sullidos ond <ull31e<]. Co~·.er;ion i< porticul>fly likcly to occur in ~~b•n 
are» ,.,here ambient O<idant le."cl; ó!O hi¡¡h 1141. Reoent ro .. •rch <~ows that 
this conveJSion ircqucntly occut5 w•thin hour< or" mo<t 'ovoral d•y• following 
iotroduwon of the g." to tho otmosphorc. Tilo Olhcr <ulfur compoun¿s mto 
which hydroqeo <ulfidc ¡, convcrtcd al<o have srgn•f•cant negativo he31th effecto 
on hurr.ans. including inoreases in imtotion t~ the re-<piratory <y>1em. 

A!!hou~h lhc odor of thc.a c~mpounó• doos not CM<titute a nuiS<lnco ., dooo 
hydro~en •ulflde at sim<l3r concentralions. rnoy aro ol gruter nuiooal signifi· 
<:.1nce o•-.rall "'air pollutona ~>ocau•e they are emitted in l>rfl" quant<ti"' b"( 
"stationary <ourcos" such as fos,.l·bol humin~ povr.cr plauto. Thm. gc•ulhermal 
om'10tions of ~ydrogon <ulf•de cont.,huto to ,,.,;n~ amb .. ntlcv'"' of sulf~r ox· 
ide< reg:onally. This i• panicullrly ¡mporunt because sullur dio~ido is 01>e of 
lhc "cri:cria pollc<Ont<" lo: which EPA'"" •nd enfo:C<'I national ambient •ir 
quality Slandords un~er tne autMrity el lhc Cloon A11 Act or.d it< 1070 amond· 
menl>. Gcothermal cmio;ion• of hydrO(Jen ;ulf¡de moy ai<O contrillute toce· 
sional climatic problems. su<;h a• increa<l!< in \he acidity of r3•nf;,ll. 

Ammoni~: Mo<t gcothermal sto>m contoins ommcnia o: lcvcl< tco low to poou 
a d~tect he>llh hozatd. Moteover, as wllh hydro~on ¡.,lfi~c. atmo;phcric ddfu· 
<ion rapi;Jiy lo""" ammonia lewh to acccp!Jblc VJ!ues. lnholotio~ of hi~h cort· 
<cn\fotions 11,000 ppml of ommonia. whicl1 con""'"" ex:en<ile Irntall<>n al tl>e 
eyos and u~per tespiraloty tract, coughing. ond vomiting. i> thus o""" DCCut· 

ronco. Ho""'''"'· if ammoni• roacts w•th othor ehomicol• 10 form mere tcxic 
compour.d< lsuoh as .-ith hyd<<>;"" "-JIIJde to iotin ammcr.:um <c<lfatol. l:a<mlul 
environrr.ental impOCt< en hvman heollh ond certoin plant and aoimal ;peci .. 
may rc,ult 1141. 

C..tl>o" Off>•ir:!e: Carbon dio.i<.l• i; pro<l!n< in ~ndiluted geotl>er:;~al <teom in" 
GUanlllio< more than '"'ice iu toxic levol. Becau<o ·,¡ is a normal compor.en¡ of 
tho Olmo,pho~e." tondo to difluso :opidty and thercforo doos not u;ualfy po;o 
• m•ior <:an~or. Howev<r. tho occ-.J:nu!atiJJ<l o( carbon dicxide i~ torr•in d•P'"'" 
>i0<1• h~hich CO<l cccu.r •• a rc<ult of iu ~'""'"' d"""'Y :~an airl. m;¡y resuit in 
hi(jl1 co~conlra:ions in !!>e amb10n1 ü. 
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Mcrcur,: Morcu,y, which can be tO<ÍC :o living ::•we, is a ,no.-n conniwont 
of •Qme get:thermol fluid' in uocc amo~n:.. llooouso of "' na<ural tendoncy \o 
vaporile, mcrcury can he crnitted to thO •tmosp''"" throuoh natural releascs of 
stcam as wcll as thO!.Il co~scd by geothcrmol dc,·olopment, and con be w><hed 
from thc .itmos~~crc by rainlaiL Mcrcuric compounds are soluble in water and 
thus c.on be "l!sorbed by lrvino oroanisms drrcctly from \"/Oler or indirectly 
througn t~e lood chain. 

R,ulrm: Radon ?22. thc only ro~io.octive ~"· i' lound in troce omounts in the 
noncoflden»lJio g» portien of scothermal """"'· 11 is producod by the O<eay 
ol uranium in the r<>Cks al the geothermal , ... f1.·oir. Although only ~ mi~ute 
arnount of ror!on is ¡rrL''<nt in gcottlcrmal ollluen:s, il< '"''Y rre>encc hos cauocd 
consideroblc conccm, Once introducod to tho atmosphere, rodon aon" o >O urce 
o~ hOghly to•ic &cav prO<Iu<t•. \'/hilo r>don i:sel! don not &ccumulote in hu· 
man b<"n~s. it Mas a rolativoly sho't holf·life al 3.82 ~ays. and breo\(s do·.-m into 
"rlou~hter praduct'' that readi:y amch to athcr porticle_> in the atmosphero. 

The<e poniclos can. in t"rn, ottach te llu<n•n tisoc•. lncrea•os in lung cancer 
at rndLrstrial sitos ha.o beon OHOCÍalod with "'posure w radon ond it• doughtor 
products. A conccntratian <t~ndard ol thr .. picocuri•• per liter has been <e\ 
by the stato of C.IHorr.ia lor the radon·222 ccncectration in the oír. 

Sources ol Air Pollutan" • 

The majar saurces ol nrr pallcoan:s •·mittcd durin~ goothermol po,·¡er pro~uction 
ore 11) d"<et roloaS<s al ~eothermal ""''" du<ing all stagos al devolopment and 
(2) role....,. o( noncondeo<3ble gases d~rir.g plant operation. 

Vapor Domir~;,tcd Sy•t~ms: In vopar damrnatod fio:ds '"'h as Tho Gov••<>. dry 
"eam is released to the atmo<pllere when th~ <team·produdn;J zone i• pene,ated, 
du,ing ~d:>sequent ,;o~¡ o'.oancut, orxJ a<¡Oin dwing P'Cduotion tesdng. Res"lto 
al exwnSrve tom ot The Geyscrs intlicate tnat the overoge i~itiol ""'m flow ol 
a .voll is 68,000 kglhr 1150,000 lb/hr), aithough initiol "eam flow rotos 0> high 
O< 172,000 ky/hr (378,0o:J lb/hr) havo t>eon rccor;lod. 

An avoro~o v.oll producing 68,000 kg/hr of strom ;·ith an average ~ydrogen sul· 
hde t;ontec.t ol 222 p.>m per mifljon 1v<>uld rr:.ult in the emi.,ion of 15 <gfhr 
133 lb/hr) ol hy~rogon su!lidc durrn~ wcll tc<ting. A S<Jcccdul cx~lorotofy woll 
at Thc Goysors will be cleancd and to,od for approximately 20 day>; dur<r.g t~i• 
"m• an "'""90l of 7,200 kg (15,BJO lb) ol hydrogen sulfide is emitted per ...,11. 

FolloV>ing prOdLiCÜon tcstrng, the ;·,oll is di•chJrgod contin~ou•lv through a bloed 
fine until it is connec:trd to tho po~:or plant. The .,...,.age "eam ar>d hydrQ90n 
sulf:do flm'>'> throu']h o bleOO lrne aro ,m>ll, ~50 •gfh, (990 lb/hr) ond 0.1 kg.'hr 
[0.2?1 lblhr], ro,peclloc•ly; however, tno time pcriod ol di<ehargo is variab!e, ond 
oan b(l as long a• soveul ycarS. The to~>l onim01~ q~•n:ities of ,;, poiiL'OMs 
rclea,.d to the atmo<p~>ero prior te po~'"' plant operation !or 1.000 MWe o! qon· 
cra1in~ copacity lacotcd ot Tho Goy'"" ,,. s~o~m rn T•bt• 1.16. Tho"' quan· 
trtios '"~'""'"' comb<ned total emr;sions from wtll dr'rll'•ng, ctoan..o~t and produc· 
<me. tt"ing, ~nd r.at ratos ol emis.ion• por unit of time. 

Goothormal Enorgy-The Rel<lurco and lts Environmontal Eltects 

TABlE 1.16: EXPECTEO TOTAL AIR E~.IISSIOr;:S AT THE GEYSERS n<IOR 
TO OPERAT10:-.! OF GEOTHERMAL WELLS FOR 1,000 MW OF GU.:ERAT11;G 

CAPACITY 

Con>t•tuoot 

S:o~m 

C..obon dio•~ 
Amrr.on·• 

M"""'' llydroo<n >ul!de 
Ni"ogen 1"11 """" 
Hydrogen 

Totll 
M""" Ton>• 

1209·'"' 
9.55 • to' 
8.<6 ' lo' 
6C4>1ri 
604•1ri 
3.61 X to' 
1.21, 1n' 

• c..'"'''''"" _.,,..,., ''"' w~l ""·.,-, con ti""" 
lo< •epro•immtv ¡""'"'"'por "~11. 

Scurt~: Rolorence (11) 

Uncontroll;d blowout<, which hove occ~rtocl infreq~cntly du<ing well drilling 
'"·' proéucuon to<tLnq, alw rtpr<'Ont a sourco o~ air ¡>ollution. Powor plant ap· 
eration rep,esents th~ most >ignrlica<'lt scu,ce ot ,;, pollution a"ocratod with 
~cathc<mol pOI'.Cr produc<ion. Al Tho Gey•ers the soliO< ond ponicuiJtes oro 
roccoved in a "cce.trilug'l oeparat,r" built into ""eh stc>m fine. In e.isting 
uc.i:s, the ><eam is cooled in direc¡ ccnt>Cl with circulati~~ co.oling V>ater. About 
cnc third ot the tolal hydro~on sulfide, and mo•t of the otl1er noncondon«lble 
S'"' in tlle >loam, aro continuou<ly cmi11ed to tho atmcopher<>. 

A por;ior. ol the ""· inclu:Jrng about \WO·tl1i!d' of 1ho total hydrooen sullidc, 
i, dissol•·cd in the cond•nsed geo:hermallluid, circulatod to the cooling to·M!r, 
aod then rolo..,ed to the >tmOIPhece, atar>g Ylith the ov~porattd >>ater 110). A 
!ma'l amcum of thc hydrogon oulf'rde ¡le" thon 10% of tl'le lOial) ·,. noturolly 
O<idi:.d <O clomer.tal •uliur and 'ul!~te' rn the cooli~g tower and "rcinjectod 
W t~.e •~~'"'f•ce <r<erlo'Oif along l".'ith ¡he exc .. , condcn>ed water {151. 

Cc~e<n!rotion• ol t1ydrogcn •ulfide a< high as 0.67 ppm h•ve been rocorded in 
t.Oe •mbio•.t air a: a .. mp!ing station toco:cd clase :o a cooling lO""' neu The 
Gcy.,,.; t~c •"<rage of 44 mea•uremcnt• t•ken was 0.1?5 ppm. O! 1.218 moas· 
uromonts takM., 37 s•mptin<¡ statian< in the oroa, 84% rocordcd hyUr090n <~1· 
Ir de le•·els lower than the California sunéard of 0.03 ppm l 16). 

Tabl< 1.17 compares tho total air pollution emiS<ions that would be gonerato~ 
by a 1 ,COO MI'.' e 9""lhermol pla<'lt foC.lted at Tne Geysers vmh air pollut>on emis· 
s:on• lro"' ~o .. il-luel ond nuclear pol'oer p!ams. The relo:i~e •ignificonce of ead1 
of <hose ,outcos can be '""'"d in :crms of tho to<al we;oht of pollutin~ sub· 
stancos re!cascd. Caloulatior>• of this wei~~~ are base<J on the overa~o <tcam !low 
lar Cict\ ><lurce, sizo of the ¡>owe; plant, period of opera:ion, ond ooncen"otion 
al noncondcnsoble goses in th" steam. 

The eomeori""n <h"W'I ü1at \lCOthermal ¡>o•··•' plants are not noccs;ar',fy "deaMr" 
tllan !o,.;f.fucl pla~"· Fo'thermorc, ¡he cdor of hydrogen •ul!ide emittod by 
~eothorrnul power plnnt1 creot" a r.ui""ce thot does not occur whlt t!1< sul!ur 
~<O<ide• ar.d sulbt"' emilted by l"nil f~el ¡>14llt<. hperienco at TM GeysetS 
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inrlioows :h3t it is toohnicolly !cosible to rcduoe hydrogcn sulfi~e omi.sion• dur· 
ong powor plant apcrotion by as much os 90':¡. 

TA!llE 1.17: AIR (MISStQr-..'S OF AL HRNATIVE ELECTRICAL GENERAl· 
ING PROCESSES, 1,000 MWo PLANT 

Hfd•.,. p.,,,,. 
p'""'" "'· "• ,, 

" urbon< '"· K: S ",.,,. 
. . . . . . . . . .... """'' '""'""Y'" " ........ 

/l;<lfor \lo;;tl<· ~ " o o 
"'"" mo>ot] 

Co>l D'\,000 "l,DOO 2.000 = 73,000 
Rooodu,l fuol o.t >7,000 05.000 '" '" •• 

20,000 '"= 4,3)() :w,oco ·-N""", va• " ·~ " • 
000 '"' 

, " 
Low Btu """""' ~.600 13.000 

... • 
""'"''' .. , (lrom ·-~ '" • " ·-~ ro0\1 

<:;oorn"""IITho o o 250,000 o '5,000 15.000 1.700t o 
c., .. .,, 

" o o o o 
No": Tno '"" •o~ """"' .. eh P<<><"' "'''""' «ni,.;on• dun,.. "'"'., pt>r.¡ o00<11•on: r.eco"" 

row> dolo no '"''";"''' durino uohor '"PI (mono no, '""'""""'""· •1<.1-
'Noto<>•loblo. 

''E mi"""' '""" • hyocnh.,ical !.OO,G:lO ~WU.v .,¡,..,y """"' """""" 34.000 bbl/<loy 
rooWiuol lud oil '~ woolv a 1,000 '·"-"' f>OW<r o:.r.t. 

'''N•9''9'"''· 
1 A11umin' ~U% rtdu<rio~ of """""'"""" h'' lr09en >ulfido .m.,<ion< due to ""' of hyd<o

g<n <ullod, ""'"mtnt t<IU•>nttot )unrnnuolltd om,<iono '" 17 .OCO ""'"' tomlyr ). 
1 15<-t ''"'' 1. t6 In< totol pollutont tm;'"""' lra<n w<l" or;,, to """'" ~•••t Ooe<>toon. 

Souroo: Aetcroncc (11) 

Hol \'la.w Svstems: A• prc,iou;ly noted, gcot~otmal >t.am dori••od lrom hol· 
wo1or sy>tc<n> rnay ctintain eithcr moro or fc."r air poilu>onts tha~ does """'" 
lro~1 ,-.por-dominalcd <y51em•. The l••oty enoi,.ions '"ulting lram dovolopmen! 
o! a now hot-wotcr <v>lcm con on!y 1>o e•timot<!d b•"'d on 1 \) dotailed. siiO'
;~ccitic anolysos of ¡he chemimy of ils goothormol t:uid. ond (21 mon•toung ol 
omi.,ions Ofld ombior1t •ir qu"lily. 

Ou<ing ,·.ell drifting and p[oductoon tc•ling, steam 11a;.~ed lrom gsomermal hot 
w>tor< may '"1""'"" 20m 2G% of li>c to:al fluid, depcnding on ,,. tempcrature. 
for camporoOie levcl• al clcctricitv ~ellOIOttX!, t~o total quontity of •:oam re· 
le3"'d 10 thc otmos~t,ere durin~ thc.., pha..,. is probobly compaca~e 10 that 
cmint-d at The Geyscrs. Tho rosulling a:r pollulion is •trictly a !unctio~ of the 
.. nounl of noncondon•able go'"' 1n th" stoom. Sinoe thc ho¡ '"'"' wells can in 
<Ome lic-ld• ~e• "cappcd" or comple1dV shut oil ofter production '""'"~· "CII 
"bloedong" P'"'' ;o po.,er plant o;>erotion may MI reprnent • ><1u<co of air pQI· 
lution. 

During ope<otion ola flash-turbin< power plant, the 'V"'"' c~rrently u..,t• 3: 

bO"' Cerro Prie10, Mo•ico. and \'.'a;rakei, ~'-"" Ze•l>nd, noncondonsable gasn 
are vor.teo to tc.o 0\mosphcro; th~s. '" poliut"'n control lechnoquos SLntH<r to 

Geothormal Enor~y-The Resour<o ond In Environmentol E'' ., 

tM\0 " TM Gel"'"'' •hould ~e >pplicable. In :he bino:-y-fluid l'r'r>C ur gcner>t
'"g unll, th' ~cotCcrmol t:ot wo:er< woul(j ho roinjecwJ doroctly to '"" produc
tlon ""'rvoir !ollm·.in~ use and no a;r ~otlution •m,.sions would <>ecur. Ha· . .,. 
~or. binary-lluid svs:•m• are .,;u e•r.orlmental. 

At Woiral:ei, Now Zooland, geolhormal s\oam is roiJtivolv "dvil1;" it contain< 
only about one·lifth" much hyUrogen Sul!i~o as >team., The Ge'l"'"'· TMis 
I'S :,:\'le plont discharges abcut 14 ~g/hr 130.8 lblhr) of hydrO<Jen sullide to 
,,_, otmO<ilhero., concemrat10ns ol ahout 5,000 ppm in thC "ack 9"· About 
!""lime, t~.,. ~mount io tr•~•lorred lo thc plont'• coolong woter and Uiscltot~O<J 
tntO •. nearby '"'"' (16). In cOn\faS!, ger>therm31 steam at Cerro Prie!o, Mexir:<>, 
<onuons sub•:ontially more hydro~cn sulf,de; emissions of this ~as !rom a 
31.5 MWe unit llJvo bccn measured" 35G kylhr (780 lblhrl (17). 

Prolimin>ry esl!ma:es ind1ca<e lhat "'""' lrom tlle geoL~ennal !lui~s ol the lm· 
Per•al_ Vallo"/ wol! al•o contain lorge a:-noun" ol hydrogcn •ulf,de 118). A 1 tho 
<>pcomentJI 10 ~.:wo gonoroting unit at Nilond, flnshed ""m will bo "«rubbod' 
to «mo•,• the pol!uting sas. Ho.·.o•Je., av:tolable dato are insulficient 10 '""'' 
accu<>tety t~e total quontities of hyd10<¡en su!lide and 01hor •ir pollulan" [h;ot 
wo~ld oe emittcd !rom o geothormal powor ptant in '~" ••••-

(~ 
T~.e air pollullon probloms currently receiving tho ~rea:est attontion ore those 
!Oiated to hydrogen sul!1de emi,.ions. MoS! ol tbow appr""chcs focu• on treat· 
" 1'l ~yd<e<;en sulke a!;er it rexhes tt>e turbine in thc powor p!ant and do no\ 
P<~"Ce l~r polluJ,on abatemcnt dur~n~ periods v.llon the pl•nt is •~ut down fOf 
":"n:ona',".' O< r;poors. lnorooscd cmph.><is <hould be place•l on conlrolli.og hy
d_.ogen su,f,de be.oro 11 reoches the :~rbon<; r.o: on!y would 1hi• control pollu
toon at aif ,..,..,, but it r:<>uld improvc tht or><ra:ing eflociency of 1he plan< a. 
rcc~. """· and othcr forei<¡n pirtictc• ore remo•O<l from tho goolhermal •leam. 

\'/hilo h'/drogen SUifide is knawn to be harmlul al hi<h COttcontrat;ons !i:tlc " . " . nown • out the po,;,1ble heahh cfleet< o! tcn9-10rm e•pos.uro ¡o low concen-
\"toons. As tho'" effccts c=ld include irrit>tion el thc respiratory 'V"""' and 
•nt<r!crence wilh the tran•port of oxygen in the humon body, U>eV •houid be 
thorour;.~ly inv.-.ti¡¡a:<!d. Rese>tth should ai<O be oonducted into lile time re
OUL<od :~r ~.ydr<><;;en •ullido 10 oxidize to •ulfates and sulfuroc ocid undo< varying 
topograph'c •nd climotic condlliun,, 

n.o ~o,elopment of c~n!fol teclmologies lor othor air pollut:tn" s:.th "'.,...,;, 
a:nmonia, mcJCU<V. and raCon, will be impottant il thc modcting. and monitorin~· 
elfo<l! currontly under woy show that the•o compounds would bo rolc><ed m 
~·9~o!icant qu0~1i1ies a1 geot~ermal devel~pment siteo. For oxample. rc•oaretton 
on ,¡~, ZeataM are curren¡ly "P<mr.en:ing wit/1 <omo"i"'l siKca ...,d ¡....,¡, 
!mm ¡¡eothcrmol "'"'""'"'"" by odding •l•kcd limo ta prooipitJte coloium <lli
Coto. 

lnc:eo•ingfy prcme and SVstematic techniq~•• mu<t be d<\·cloped :o monitoc 
'" pollutoon in gocthcrm.-.1 devoloprr.ont ><wos Sot>hl>toCO(Cd themicol and rad;o. 
ch<miool •:mpling mothods mu>t be dovclopod. for o.ample, to d"crminc tho 
cc,nc.ntJ•I•ons ot all hormiul >wbs:onccs ata si!e and to do<tin;-.li~~ betwee.~ tl>t 
et.ecu of na:~rol!y-occ~rnn;¡ and developmen<-n>l•lod pal!u1an< Ci!iehar;es. 
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flernoval ol hJimlul oir poll~to~ts horn tho gases drschlr~od al a g•nthormJI 
fadlity may crcate solid '"""" dis;>Os>l probloms. The i~oal s.olutic:t is tho de· 
volopmcnt ol an oconomic•lly lta>il>lo tect.nology to "co,·cr waste mawiols rn 
u'"blc form. To encourogc thrs solution, hi~h priority should ~e '"igncó ¡ 0 the 
devclopment of hybrid noothormal lacrlhies that combine c~omical production 
ar.d power gor>erattcn. 

THERMAL POLLUTION ANO CLIMA TE 

Gecthormal d"'olopment ••·" als.o have a "Oricty olthcrmal and dimatic e!fects. 
The "''"' serious are causod by the rclea>e to thc 21mosphere ol wa<te hoat wa· 
!er vapor, ood carbon dicxide lrom ¡¡e<Hhermal 1•.ells, oteam linoo. and powe~ 
planu. 

Gcothorrnal poww plant< cmit lor~c•r omounts el wo<to heat than do lossil fuel 
or nudear power pta~ts br:<:ause ol t~eir lowor""tr.orm¡! e!!iciency"; th~t is. tess 
el the total h .. t eoergy conta;ned in the 9COihermal fluid is Converted to olec
trrcal r·nergy. For examplo, o typrcal genorotin~ uc,rt a¡ Tho Geysers utilizos 
al>ou: 7S5 r.~Wo ol in<'ut """'"Y to produce 110 MWo of c'ewical output fcr 
a "prima;": ellrc~ency"' ol_ 14%_ At tho Wairahi pi>M in f.!e-.-. Ze•land. :h~ pri
ma.-y olfococncy o< approxrma¡e!y !no. In comparr•on, to"il tuel and nuclear 
~oo"ICr planto how primoty offrcicncics ra~ginu lrom 32 te 42%, thercby ptoduc
ong markodly less wme hoot lsec Ta~lo 1.181. 

TABlE 1.18; EXPECTEO \"lASTE HEAT EMISSIONS OURING PO\'IER PLAr-.:T 
OPERATION FOR AL TERNA TI VE ELECTRICAL GENERATING PROCESSES 

1,000 MI\" e PLANT (kitcwau-houro/year) " 

N""•" lfio¡ht-w .. ..- , .. aorl 

~" 
R"id•-•1 f"'l orl 
N.ru"t <" 
,_. nw """'"'"'" '~'"'" ; .. llrom «>>1) 
G, o•''"m,¡: Ttlc Goy"" w,;.,,,, 
·o;"'""""' to .;,, 

• • ., J • ;o" '' ~;"'"'"' 10 '"· ond 
5.< • 1 o" " """"""" ro "'"", 

So~rce: RoferencO'I 111)(1!;) 

Totol """ Ktot 
(x 10'•1 

us 

' ' ' ' '" 
" .,. 
9.7 .. • 

Waote hoat and water can be di<ehor¡¡od eit~or to the >tmcsphere or te water. 
In terms ol on.-;ronmental impaot<. an imponant uadeofl ;, in,ohod: while tilo 
d•scha~90 of v.a11~ heat and water vapor to tho atmo•pho•e con ho"o "<Jati.e 
clrmotrc •ftoc!5, drScl10rgo to bodros ol water can hove ¡,,.mful biologicol eflocts. 
Srnce ~•ter qu•hty elloc:• are commonly CD<l<idoTe~ tOe more harmful, t~e 
uond 1n P<l~'"' plant conmucuo~ ~-•• been tn~>Jrd .,mo<pneric d1sá'¡or¡;o with 
tM c•se of coolin~ '"""'"· 

Cool·n~ to.vor dosions for any tvpe of I>Cwor plan!, incl"'lrng' goo<h•rm, .. ure· 
ct ,...., bJSiC typ.e<t the co.ov;:ntional '"v,.,t" cr <lV>POroHve coolir>g :ower, and 
¡toe dry ccotir>g :o.,.r. ln \he lormer. the steam lrom the Mbine ena:" a ccn
dono;er, whete it i< roconvertod to ,.,.,,, The stoam hoat is transforrod to crrcu· 
l"inq wator. and tho warm woter thcn tran•ferred to the wot cooling towor. 
wttore it is brough! into cont.lCt wi:h a flow ol air, l'<h<t:h causes .,.,-aporation. 
S•nce the tooh~g water is lost thro"gh evaporaticn, the supply "'"" be replen· 
i<hod cominuously. 

In • d.-y cccling tower. the water circulotO'I in a cle<ed <ystom. lt is cooted by 
a llow ol air creatod by eithor mec"anicol or natural drah, •• in •n •u!omobile 
radiotor. Only !he heot is tr.nsferred 10 the otmosphoro. Since wotor is not lost 
t~rcugh ovapora:ion. a d.-y cooling :ower does not require a continuou• sourco 
el coolirog water; conoequently, ii may be mere desiroble en,;,onmentllly than 
a wot ~ohng to""'r in lccolitics ha~ing limited water suppli.,, 

D.-y covling towe" are significantly more e<pensiw <han 'NO\, and may reduce 
tilo operating ef!;cieney ol the power plon< as well. Thrs ii '"'hV only ""' cccling 
\Ower< navo Leen ron~truotod lor largo powcr plan!i to dato. Thoir ollocts •t 
fo!Sol-belod po.,or plants have inclujfld o slight l<eoting ol tho atmosphero ;n the 
vicinrty, incre>Oed humidi<Y. and occasior.al fo¡;¡;ing. The<e impac:; aro generalfy 
conolder"" to be minor >nd local in >Cope. 

At The Gcy••"· about SO% of the goothcrmal stoam is dr<cl10rged from wet cool· 
1nq :o·.>e" as wa:e1 vapor con<aining w"t" he><; the remainder is reinjec1e<1 to 
the """"' rner-oir. The result i• a sli!J:Iit heacong olthe atmosphere in the vi• 
cin11y, inc•easod 1-.umidity, and occa,;onol loggii!IJ, A ¡;reator incidonco ol plont 
di<a•<o re<ulting lrom highor humidity has beon no<od in <omo noorby orea•. 
Sorne ;egotation has •ls.o been "'scalded" by direct reteases ol steam lrom wells 
a<>d ""'"'fines_ 

At 1\'Jifakoi, o liqurd-dnminated ficld. thc water of a nearby riV<r i• usod for 
cootin1tne geo:Mermat he! watets (a cnce·tM,ough ccolirog sys:om). The waste· 
WatOf< remoining altor l!e>:n <epara<i~n aro aho dischar;¡od to th• rivor. About 
hall of t~.e total wa•tc 11eJt remain< in tho ri\·or; tho othor hall enters the otmOS· 
pnor• along l"lith the wa<e: vopor. T.ois mothod hos rcsuited in a hooting of thc 
rivtr and e.tensive srour>d leve! l<>:;;rng near the ptant (19). !t is thuo unli~ly 
th>tthis oynem "ould be used 01 ne.~ geOthermal power plann. 

In general, the clim.:io of~ects '"ooiated with exi<lin~ ~eothermal and con•en· 
tiona! powor pl::r.a usi.-.¡ cooling to.,ers ve considerod :o be relativoly in•ignifi· 
cant b com~arison with o:her cMironmontal lffipBcts. Howevor. thoir siynificance 
will incro.,o •• lorgor pfon" aro bui!t. Morcovor, il a geothcrmol ro.outce is lo· 
catod in an orea whoso topogr;phy and local meteorolo-;¡ical ccndition•limit 
adtqua<e atmospheric di<pcr..r of heat •IKI moi<ture, tC.e ptoblem ol local =•thor 
mo~iflcation could be •ignificant. 

Proliminory onoly'-<S of tho potential ior "'""~"' modi!rcation re-sulting f:om seo· 
U'lcrmal ~o-,tlcp"'ent in La<e Co~n!y, California (odjacont 10 T~~ G.-; .. rs) indi· 
cato thatten 55-~.:We gonerotin~ units utili>ing wet ce>oling to~.ots coutd incrc"O 
the moio:uro con:en~ in a smail closod b"in by olmo<t 50%, probabiy leading ~e 
>amo i."oroase ln fog and icin~ 119). 

• 
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Geotherm•l E~ergy 

T~c ouolook for oho imrrove~ control el su1fur erni«iom is prom1sina Th• 
r<cenlly clcvoloped "Sowfor<l" procc,, which is to be 1nmUod a¡ ncw generat
ing um" at lhe GcY'""· ;, expectod to rerr>O";e 8~ lo 9(1)1¡, ot the sullur prior to 
rolo"'"· Th" proco" ¡, expoctod to work en tho "flashed otoom" hel-waler sys
tom oo v1oll, IThc llinory s-¡<tem in"olv« no relea<o of pollutonts.l Research 
projocts aro on;oi"9 to determine the t<lreshcl~ levol< el vario~• species ol fi<ll, 
wi1dlile, and vogmaTio~ \o toxic 9""'· add rain, heavy meta!s, and "eam; and 
to gauge the ellccts of lon~·term "'rosurc •t Sublethal lo"ol'. 

Noiu. anr! Human Acrivhy: Thc impoct; el noise on naturJI biol<>!lical sy<tems 
hav" not yct L<<, rcsco•ch<·d extonsivcly, SorTOo >tudies ha.e uncovorod no cvi· 
~ence of ctrocts on animal• on t~eir natural habota1S at a rea<onol>ly '""" Cio· 
tanco frcm the "'' (20). 1-1<>•''"""'· oth•r •tuC:es are bein; cond~ctod to mca<~re 
su~tler char.gcs 1nclud•n9 tho•e or l>ohavior Md physiology (211. 01 particular 
importance ;, the pe"i~<lity thot noi<o in frequency ran,es inaudible to the hu
manear may affrt:l anim>h o~vcr .. ly. Loud, ccntonuou• noiu may oho affect 
animals who dorond on OCLJ\o hearing lar protecüon, h~nting, or mlting. Porticu
larly sonoitive >pecios need tobo 1dcotif:ed. lf an1mal< wero to permanently 
abandon their 1\abita: as a res:;lt of no:se, ¡he e;:osy•ter.> would Drobal>ly be af· 
lec\c-d advorsely as well, 

The imp"cts el hum;on "ctivities on natural biclogical s;stems are """" :noro dil
ficult to moa""''- lntr~sicn mav pose a'"""'" throat to sorne ·~rt:ies, bt rel~· 
tivoly litl~o to otlocrs. AS>ociated dan~rs such as !.re, lmor, and Ga<boge may 
pese thoeat< to toragin~ animals. Yo!, at Tho Gey<ars. ~ .. , •n<l cther a.~irnols 
havo betn reperte<l to '"'" near the d'illing '"" and '"""' pipo!lnes, where t-'>ey 
f1nd wormth ond !orogo in tho winter. Desert <cooyS!ems moy bo thre,toncd 
more seve<oly by humon intrusion thon ~pland lorom and gras~ands. 

T o rML~<ain tho diver>ity, prcd~ctivity, ar>d •'-'~ility o! an «""Y"'.em. w~ject to 
in,.usion from ~oothermol rJovelopmcn:, extonoi,·c. ;ite-specitic <>aminat:on• ol 
e•iot1n~ e:o,y<ton.o muS! bo conduotod in pOtent~al geo:hermal eroos prior to de
velopment. Suc.~ in.cs:igations are 'Jita! t:;> :he ~evolopment of man•gement pla.">S 
lor tho<e activilles that can tOduce harmful of~e<ts 10 :he biota. Amon~ tho 
ba<cline etwironmontol infor mation wh:ch muS\ b" colloctoO are 11): 

(1) lden:.fiOiltion el plan\ ond animals •~ecies preser.:,thoir distri~u:ion, 
and populoiion oizes; 

121 Detcrminotion o! oritical <eological char,oteri<tics, thot is, choract<r· 
i•tLoo ol the cnvironmenl tha: play a unique or paniculadv impor
tan: rolo 10 3 spocios ond thus "'" criücol to t.~eir survi·•al; 

IJ) ldcntificotion ot ony >poc1oS prosont cla,.,fied os ''ondangered'' or 
"tMro>:ened;" 

{4) Ltfo cyclc characteristioo; 
15) Nulriuonal rcquiro1ncn:s and susooptibilitv to d~>turbanca, of any 

e<itic.::l, th!Ca<eroe<J, or ondangored >Peoi"' pre<ent. 

E>omin,uon o! the en,·ironment prior to dovolcpmont rr.u., be follcweé by 
monitoMg to Cetoct po"i~lo chan~oo during d••·olo~mon: ond <ubsoq~eo: op
orations. The early,identilic.>:ion of impoctl r:>~ pre.ee.t uMec"<'-'tY and IX· 
ttcmo ~.arm, •nd :ho inlormation gathcred c•n-bc ol po:ontial u<o Ln otMeo ti· 
•• ,.en """' 
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r.:o;e wldespr<ad uC<lerst...,diOIJ ot :he importante of early ""dy or.d 1 .... < Cili-
9"""" in applying roun_d managomcnr pr>Otice< appear to b< thc greater need< 
10 protooltng ndlural brological ¡y<tems. 
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""' Sct:=d Unored NJ/;{}{)1 Svmpo<ü.Jm on the {)e,~/opment i)f1{f 

u.~ o/ Geothorm .. l Re>ourccr, M ay 1!175, (PO ~62 50L FB 2íi2 502 
and PO 162 5031 prcparod l>y Lowmnoo So¡,cley Laborotory, Uni
vonity of California Tl10 voluminou< refcrcnco motorial includod 
in the Proceedtilgs na• boen omitle~ in thuo o~carpto. 

WOALD GEOTHEAMAL DEVELOPMENT 

The material for ¡he following soction• has bccn ba<cd won "Pre<
ent SWu< of Worlrl Gontlwrnol Dovclopmont," prcparod by En· 
ergy Soction, Centre for Natural Acsources, Enatgy opd Tran<POrt, 
Unired tlationo. 

Although thc '"" of uc<>lltermal ltot wator for bolno.,lo~ical purposc• ''" bocn 
knowu lar hundr<dS ol yoar., the utili:alion of g<'Othcrmal ~norgy lo1 the pro
ductron ol ekctricity on<! the .upply ol domo.,;c and indu"'tal hoot ~ates only 
11om ¡ho eady yoors ol 1110 twt·lltiath oontmy. Fo1 iiO yeor~ tilo goncr11tion ol 
electric.•ly lrom geothormal onor~y was conlinod to ltal,. ond inloroOI 1n this naw 
an~ spOCJaliz.U \ochnology was slow to <Prcad ol,.wfl(>re_ In 1943 th• u .. of 
gootltormal hot water lar <paco heaung "''' pior.oorod in lccland olthough it "'" 
not urtul 19GD thal elcctricttY was frrst¡>ro<lucod [rum geothNmal ""·'m in that 
coun\ry, 

During the dt'Cado following 1950, 1nton>i•o "'plorotion work was untlortakon 
in Now Zoalo"d, Japon, and tho Unitorl St.lte•, wluoh led 10 111~ commi.,ionmg 
ol geothermal power •tation• in 1~58, 1901 and 1960, re<,:lectivcly. Thu>, priof 
to 1950 thero wa• compaTOtt><ly linle ~lob.ll acti•ily in geotMTmal on!r'lY •nd 
<!espito \he o>eollont prospec:O ""ining in many dewlopir.g countlio• lhiY wero 
for thO most pall unawaro of 1hai1 potential in lhi• fiold. 



Goothcrmol Ener~y 

rccovrry p.erie>d, howevor, tho land ;, no\ totally •torilo; $Ome animal <~cío; con 
foro~o on gomHM!I:lO "'ú<Jiinu•. Ca!Diul p!aM do<i<¡n and road placoment c•n 
a•roid exce,ive di.,uption of the land <uffJce during gootherma! de,..lopm<n1. 
Avoid•n"" ol the "cdgc" and critica! area< such as hreedir>g g:ounds, "'1! licks, 
""'tlond;, and s.1daco wator t.>o<lio< con holp keop thc immed1ote cnc·ironmont 
hiologically ~roUuctivo. 

froJion :md &dimcororion: Di<turbonco of the surlace wil of an orea through 
ero;ion intcrlcro; wlth tl1e fortility of thc ;oil and ÍB abii"Y to rctain moi"ur<. 
Topw1t, t~e mrm fertilo part ol the sml <trucwre, is olton co• .. red over or 
domped. S=!t root 'Y""'m aro turnod 0'"'r and wil wucturc is al:cred, cau<· 
ing additional cros:on os tho ¡oil is looscn•d. EroSICn lo· .. ·o" So<l lortilitV and 
t.'lu¡ roduco¡ tl'.o locd ava1lat>le to suppof\ thc su<roundmg environment. Soit 
ero;ion al;o incroa"" <C<fimon: load> in <>Jrl:ace wate«. wl>ich, in turn, reduce< 
the quali:y ol "'"'m' and 1heir copocity to 5upport aquatic orgoni<m>. Nutrier.u 
in thc so11 are loachod •way to the str•am boós, aooolcrallng 5tream cutrophica· 
tion. 

Scdimentotion in cdticol part> Q¡ 5\ream<, such ., >pawning orcas, can 1n'"''"'" 
1urbiditv, vlhich reduces the pon<trOCion oll1ght in the wo:«. This moko• it 
~illicult for fosh to find lood and for aqu>tic -tation to ~row. In add,tion. 
concentra1ion< ol mcrcury and ot!>er trace mctals frcquently !ound in sed1· 
mcnts havo l!ccn rc!atcd w conccntration• lound in fish and aquotic vegetJtion 
li•ing nearby. 

The problcrr.s of ermion ar.d tho M<Jiting scdimcntation of watcrwoy¡ hove 
pmvon 10 be particulady tro~ble"'me al The Gey<er;, bccausc tho d'ill1ng <i1es 
"'" located 0~ lteeply •topin;¡ hill<id"' which receive hig~ tainl3ll. But even 
in thi1 <ttMg, t~>o advor>e dlc<t< con be greotly rod~rod through mea<urc< d .. 
<i~ned to control oro<~an, pre>cr.c thc topoail, channel any runoff in1a an ap· 
propriate trea1ment system. and ~uic'ody rc.:ore th< c·c;etaüan ol tom~orar<ly 
c:oared •i:e>. 

~~~''' E/1/uMIS: Water pallut~nt< re<ulting lrom g<othcrmal activity (drilling 
muds, geo:hcrmal fluid<, and heat lrom condemed "eaml can ha•-e ~re elfeas 
an aqua1íc anim•llilo and vegctation if r~noff <>r di<ehargos entor "'''"''· folu· 
merau• elemonts and oompounds, p>rt<culolfly r.yc!<ogcn sullide. chlorine, am. 
monia, !>oren,""""''· rnercury, and •~eh hea·¡y metal; a; le'<J and silvor, 'lfe 
to~ic 10 aq~atic V"90:otion ond f1<lt >1 varyin¡; concentrations. Each of 1hese 
moy bo preson1 1n geotl\crmal fluid• or dr<ll;ng muds. ~/.o" lrcshwater fish are 
al<a ;onsit•I"E 10 rapid changos in pll or temperature. 

Ori!ling mud• and cuning; normally ore disposed of in a dump during te<1 dril!·_ 
irlg ·"'" production. Acci<lcntal Jiochor¡;c• rnay, however, accur. and reach bod,es 
ol water. Thc '""'"'Y al 1hcir effects do¡>end¡ l>rgoty upon their chemical con· 
•11wencv on~ ~he duro<ion or 1he disoharge (3). 

Goothormai flu¡d;, ¡¡or1iculody in hot·w>tor he!d;, are o!ton highly saline, con· 
1.;n hc•vy "'e1ots, •~d ha•e .-ery hish tom;>ero:ures b Waira<ei, Now z .. tand, 
a hot·v1ater l•ol<! ·.vlmc r~injec"on :ocMique; uo not ~rootited, :~e compO<Ilion 
0 ¡ di;po<ol in tl'o nca•bv fiVO' ond loh wos •~oly•od i\S). 1-iigh leool; of ~r.enic. 
me:cmy, oulfur dioxide ond hy~rogcn ,ulfi~• " .. re lound in the water, the 
·~~a:ic Vl'g<tation, ac.d the h<h (o.g., morcury c~mpo~ndo tt lo.el< 10•ic to • 
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humins, 0.5 m9Ag e• 0.5 ppm, ''·"'" found in traut weighi"!l moro thon 1.15 
kilogrom<l. T1•o lorge fi•h kil!1 havo been noted in thc noarby loke an<l tho 
number ol trout in the immed1ato arca of lhc pl•r.t I\Ot bocn r<duced, olthou';h 
they havo becomn more abundJfl.l just ups:rcam an.d downstream. Lake Arati· 
atia, below 1he l'lair;kei plant, h'< leM!r phytoplan~ton •nd zoop1Mk1on <pecie•, 
tilo firs: link• 1n the fooC chain lor IISh in tho lako. 

The deve!opm011t ol •¿•quate reinje<:1ion 1echniques lor hot·watcr "'!>10m< will 
~clp protoct tho enmor.mon1 from thO "h-er.o eflec" of gcothorrr.ol fluid•. Tho 
do•·clopmont of an adequato reinjeetion tcch~o!ogy will bo porticulorly oigniti· 
c:mt 1r. area< "~ere e<:onomicJ!Iy valuable or $en<i,ve f1<.~. w;ldlife, or ~1ation 
exi". ;cch o; in the tidol ba>im along \he coou o! Toxas and area< of the we•t· 
cm U.S. where ITJJile do,.rt oco¡y,;om> can bo di¡rupted ea<ily and restored 
only alter long period; ol t'1me, i! "'"''· 

Air Pollvt>M Emi,ions: Gaseous em;,.ions from dry-stoom ficlds conto;n a 
nu.,bor 0 ¡ potenlially dlngerous produCts, inoludin] hydro~en <ulfide, C'-1rbon 
dio•i~e. and trae<> amo~nt< ot rad,ooctive ~- Studie< to mca<ure 1he buildllp 
ol those emi,.:on; in vegomion, •'1ua11C org>ni<rn<, and ::r.imals are ju;t b"ng 
initi;¡ted. Rocont uud;e, 0 ¡ tlle e¡;g and lry of roinbow trout, for examplo, indi· 
cate th31 thi• s~i., is vulnerable ov<n 1o vory low concentmicn< of hydro~n 
>utlide (a~ove 0.006 pp:n) (191. 

ln·stroam concen:rallono of h•¡deogen sulftdo at Wairokei have probahly exceeded 
¡~.,. timi"; l>otanisto r..,vo repo::ed fil;men:ou; $\lllur t>octcria, wh,ch thrive 
only in tC.o pro•ence of scollido growing in nearby lakcs. lle<:ently compl"ed 
><ud1es '·WPOrted by the Nat;onol Scionce Foundotion ar.d the Fb~ O'ltf W•ld!ilo 
S.rvioe fOpcrt previo~¡ly un<uspe<:ted d>mago by hy~roqen sulfide 10 conilerou• 
treos and sorne IYf>C' ol ;hrub• and pl•nts. T~ey al;o report hi9hly •ariable sen· 
•itivi1y in ,..,getat•on; the mo" sen;itivo appear 10 be immoturo ~loo¡¡ ond planto 

under "'"" from aridi1y {<011211. 

Sulfur ~ 1 o,i~e. in p>rtieulac, could have e<pecially adverso eflects in humid "'oas, 
where it axidi!o< :o ¡ulfur trioxid• and 'ulfuric ocid. M1ii1MS of to•oorch dollars 
havo !leen sponl to dO'ormine the detrimental olfcc" ol ruliur compou"ds in the 
atma,phore. Compounds havo been shm•.n 10 "icíd ra;n" or "acid <now" (a re· 
duction in tho pH ol pr•cipita:ionl, which can ~urn tho leavc< ot Uees ,ond shrubs. 
as well as hoigh;e,, the ocid•fico"cn al water !>odies. The ac•dilication of lakes 
has, in turn, t>e<n rela:ed to t~.e widesPr<>~ dest:uction of ¡,,¡, h>!>i:ats (221. 

' AnotC,er po!li~ie hazard re<~lt< from trace amouna al rodiaoc:ive eloments pre•· 
ent in ;;eothormal om:,.icr.s. \'!hile radon and Other radioacti~ elemen" h ..... 
been .:udied 10 determine tMir eflects en humans and animo!s, t~e po.,ibility 
of ra,i 1oocti·,e ;ubmncos boeamin9 ooncentra1od in tilo I•"V ti"u" of organ~<ml 
and "an¡miltoci throu<;h :he food chain as a rotult of (;c'C1hermal Ce·<"elopmcnt 
hao r.ot bo•n irc .. e><ig>:ed. The ~raballili<v of s~:h an ocourrence i¡, how ... e:, 
judgc~ 1o be modero" or slight 1221. 

Stoam emissians can al:>e ha;·o mo'o direct and immediate ellec". Treos in TM 
Go·,•••rt are> M,·e boen scaldcd; bird< ond other wiltlif• that oome in contoct 
v.ith 1he stoam are ol<o in d>noor of boing burnod. 

·-



" Geothcrmol Encrgy 

The decade \o 1970 wa> morked by a yreatcr , .. ¡¡,.,,o, o! the ~nelots el geo. 
lhe:mal ecer\f\', parllcularly !ollowing thc Unitod :,.,;o~< Confcronce on New 
Source< of Enorgy wl,ict. was lwiU in 1DG1. Tlti¡ ,.,..,,:e;, attended by rcpre
s.nt;)tivcs of many dcvcloping counuico helped to ~"b:rc·¡o thepo.,ibilj¡i"' of 
u1itizin~ geothormal enorgy as ao indigcnous m•ant o! produc1r>g ei<'<:tr<clty. 
Frorn 19G4, rioing intorcst in ycotl><rrnal ()evel<>prT'e"t wos charoctori•od bv the 
o:arting ol many prelimonary invcotigation proj.cts. pa:<ICularly rn do.eloping 
counuies. 

A >·rowing 1ntorc>t 1n tho dovclopmcnt of geothrrmol enerqy wao the re>ult of 
its domonmated economic advantogcs over the uuli:a!io~ of l"'>il fuel altern;o
tives. Geollwmal powcr staüons were oeen to l>e mo·e KcnornOcal in small 
sizes ond le" cor>itat-inknsive than convMliOnal pln; ond th05 wa• of porticular 
in'<root to many developiru¡ ceuntrie< having ....,,n •loctricity sySiems and many 
compelmg dem>nd< for their limitod capital rewu<t,..., 

Al the oM ol W73 evento too~ place wt>ich had 1 d<am01ic 1mpact en tho global 
energy .ceno. Tho rowiction el oil supplies and ~u<ntu~ling of world oit pri.ces 
ahr~PfiV changed the N:Momic base whi<h had go.omod tl>e mtornational onerw 
e<onomy. 7hoso con~itions cau>Cd comcQuencc> <>1 ouch n"9nitudo that onergy 
problemo hove since bocome a major concern beth el govtrnmenu ond the inter· 
N:io""l community. 

In the light ol this situation, wonuouo efforts ore being made throughout the 
world to d .. relep thos.e ind1~enou• energy resourc., "Oich will subolitute fer im· 
por:od oil supplies. Gcothormal encrgy is CM such res.ource wh1ch '" suitable 
looations now o(lcrS oven more o!lractlvC t'Conomic pm.,Oilitics lor rcplaci,,g oil 
In !he generation ol eloctrki¡y and the supply el he•t. 

In many devolop1n9 countr1es, clcotricity systoms ore st•ll too small to surport 
nuclear po"cr stotions torgo eneugh te be eco<>omical and this alternatiVO caMot, 
thcte(ore. be pursued. t-lewever. the exploitation el geothormal '"'"IN in tho"" 
sma'l do-reloping countric• situatcd in volconic tr-gier., may ''"'"'" grcoter tela· 
tivo in•partonce t11an in l.lfger an<l more dovelopo~ n•uon$. In addo11on, the 
co"'porot«ely <m->11 size ol ~eothermal power sta:oon• i< l><tter •~hod to the pr.,._ 
ent !iCOio of eloctrici¡y o~pply ovstemo in mon de.olo~ing count<ie•. 

For tho (orogoing reason•. the e.ploitation el g<othermol oneryy in suitable de· 
oelopi"'l 'O!liOno e( 1he world is li~ely te a.sume inclt.,ing importance. As will 
be <een lrom tho follow1n~ survey, the utilization ol ¡;eothermal res.ourccs io tak
¡ng plooc ma"'IY in devolnped countries. Howevor, it ca, be anticipated that. 
under the nimulm ni current condillon• in the int<rm1ion1l energy field. the 
tronsler el a~propríato teehnclogy and e•porience to de;·oloping oountri.es will 
procood on on ur~ont o.,,;, and w1ll rooul( in rapid prosroso. 

Thc c•ploitat•on el geothor:nal enorgy can 1>e r...-iowed by subdividing it in oc:
cordonce with tho basic choroctetist•cs ol the heat oource. Thus. tho follciwing 
<tate• rovu>w el goothormal onorgy resourcos can bo convoniently considerod by 
placing them inte the c<.t"!lori"' o!: · 

111 dry >tcam lield•; 

121 wet steam lield<; :.nd 

(31 hot water (ields. 

-

Survay el Werld Goothormal Dovelepment 

DRY STEAM FIELDS 

Although dry steam liolds appear to be much le., common than wet noam field>. 
they account lor tho gre~ter por\ ef the electricity now being produced geo
thermally. 

ltaly 

Tho use o( dry steom for ciO<trici:y prorluction was pionoered at the Lar~erello 
geothermal liold and development in ltaly ha<l resulto<! in an installod 90neratiM 
capocity el 384 MIV by 1970. The u .. of large quantities of gcothermal >team 
ever a period <>! many year<, particulorly in tilO boraciferous rc-gion noor Larder• 
ello. has nece"'"''d • continuous woll drolling program to maintain tho output 
from e.isting pow<r nations.' 

In view ot tho diflit<,lt•es oncountored in incroasing ""'"" sup~ly from the Lar
de<tllo and Mnnte Amiata oreas. cMoiderable auention i> boing gi>M te enhanc· 
in; eloctricity produCllon by replacing atmospheric turbines witl\ comlcnoing 
unm. The .. will havo lower Jpecific Hoam com;umpti<>ns a.od lllow moro elec
tricity to be gene•alO<l from tho availoble stoam. As ¡!art ol this progrom. a new 
15 M\'1 condensing turbogonorato< wos addod te the Serrazz;tnO powor station 
at Latderello during March 1975. Any sub>tantial rise in the usa o! geotherroal 
energy io> lt.>ly mu<t depend upon ti,. discovcry of ncw liolds an~. te thiS e~d. 
!he 513te Electric•l Power Board and National Re .. arch Councol are participating 
in joint elfom to explore promioin; ~teas. 

Ourin~ lhe course ol >uch an e•ploratory program at Travote. 20 km .outhoast 
ol Larde•ello. a well was drilled in 1912 h..,ing a production cap>ci:y of 15 MW. 
In lB month< thio well was ceuplod toa 15 MW atmoophoric t.orbino and h., 
operotorf continuously as a romo te controlled base load powor <tation. 

In 1973 • nfw diocoverv o( oleam wao mode near Mt. Vol<ini, 50 km <Outheast 
ol Monte Amiata. and deep drilling IS proceedíng with a view 10 tho instollaliOn 
of a 15 MW turhogenerator oimilar 10 that ímtalled at Travale. 

The drilling el !ive wells at Allína. 110 km north ol Romo. ha5 ostabf¡¡hod t~.e 
prescnce of a water dominated liold. ond a walor-oteam <eparation plant is undet 
conotructien. 

Further o.ploration wilf begin shortly in the pro-Apponine bolt lying betwoen 
Lardor•llo and Naple< and it i• expe<tod that at leaS! 10 wells will be drollec! an· 
r.ually for tho ne.t li•e yeaN. The total installod capacity ol geothermal gen
erating plants in ltaly stand• ot 4206 MW. 

Jap.>n has conoi,terablo goothormal mources whích. whilo consistin9 moinly ol 
Wet ste>m, <<>elude an importan! dry 11eam !<eld at Matsukowa • .Jopan"• fim 
geothormal power •tation ""' commiuionod at thi• locAtion in 1966 v.-i>h a co
pacitv ol 22 MW. Altor overcoming vo .. ous problems it i1 now eperaun~ >UC· 
cesslully as is ...-idenced by its 1973 ¡onoration load lactar of 94%. Plan> have 
been mado to ntend the c.apoc:ity ol .-.l.uukawa to 90 MW. 

• 
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1h• 1hroo 0100' '1 Talio, F\Jchuldi•a and PaiiO<¡uere. As 1 r"'ul1 ol 1his ,,. 
connoi<<.li>Co, • .d ~oological, goochcmic.tl and geL,>hyoical ••plorat10n sur· 
veyo """' lmr:crto~~•·n in Pud>ulrJi;o ond El Talio. Follnwing this work the El 
Talio arca wa> <Cit'Clcd lor o•~lorotion drilling, aod hom 1970 lo 1972 si~ 4" 
di•m«N v.ells ""''" complotcd lo 600 m. The hight1t temperalute oncountered 
was 2t.o•c and 1ho moxirnum.stoom production WO< cquivalcrll to a~>proximately 
1 MW por ':""11. 

This slim helc exploro:ion program was followed in 1973 hy the drilling ol 
'"'"" 8" production wclls lo a maximum dcpth el 1,800 m. Theoe wells en· 
ceunJe:lOd penneability problems a<ld •hhOYgh :wo produced steam equivalen! 
to 7 ,\~'.'.' each, tho perfotrnance olthe othc" was d"appo1nting. 

A!the end of 197~ explorotion was resume<~ at Puchuldizo. Ouring 1974 a 
lc.,,bilitv uudy wa< commi.,ioned, dorectcd toward the construclion ola 15 MW 
rov.N stotiorl to utili'c the """m available. lt ;, hopcd tba! lurther <lrlllin.g ,.,¡11 
<noble the pfant capacity to t>e incre~>ed 10 1() ~~W. In view ol the need lor 
~otable water in Chile, arran~emont< wero made with the govmnment el the 
United K 1ngdom to fina neo a p;to¡ dus•lination ¡>lant wh icl1 was oonnoct<d to ene 
ol t~c sm•ll ••ploration drill hole•. HHs plant is t.!ing use<[ to evalu>~e tt>e 
~ssibility ol corrosien ond ~aling problem< arising in lor¡¡e-.cale desalination 
plants bosod on goothermal hot water. · 

The goverrunent of Chile has set up • N•tional Geot~ermal Enterprise to be rO'" 

won•ible lor controlling the production and commer<ial aspoots ol goothermal 
enor,y dovolopment. 

El S3lvoder 

A ~e<,hocmal <urvey was stanod in El Salvador in 1965 und!r o United Notions 
tccn~.cat as<istance project. In 1959, work w .. cor.contrated on the Ahuachapan 
geot~~ermol liold whcre the highe>t tomperoturo locoted "''' 237"C. In this phue 
~~ tt.o projoct hve wells "ero drilled which provc<l 10 hove sullicient Sl•am for 
a 30 /A'.'I power station. 

Water <l"~o<>l po"'d o nrob!•·m a\ t11is sito sincc u<o tould not be made of <he 
P" Rioer beco~<e of 1ho q~an!ity of elfluent envisa~OII lor • lar9e-scalo deve1ep· 
ment el t~e liold •~d the downmcam ~•• ol the rivor lor crop irriga! ion. Con· 
sid•rable attontion wa< th.,elorc ~ivon to the ques"on o! reinjec,.ng woll eHiuent 
int<> !he '""'"oir and a suiu~le 'cinjection <v>lern """' constr.,ctffi ond 1ucceu· • 
fully te'ltod in Oe<.embor 1g70 lo take the full output ol one of the produclion 
'''""'· Ccr.tinuous '"i"j"otion ata raoo ol 91 1/<rc w•• camoJ out lor almo•t 
,;, mooth• durin~ 1971 "·i:hout noliooobie siliea dcpositio." in1ide the well or 
ir.:erf<rer.ce wltn 1he !Cmpera<ure of producing wells lt>coted only 400 m awoy. 

' . 
A re<ervoir <1Hrly curied out in 1971 «tima!Od tho Ahuachapon re<4!rvoir al 
40 •m' wi<h a minmwm energy ro.ervo ot 5,000 MW voo" ba>ed on •ingle stag& 

ff:!.hbg. A1 • result nf this c,·aluation it wos reeon,monOed that the fiold Le, 
initiall, <lc,oJopod in tllr<·c >lagos ol 30 MW oach. 11 wa. aloe consideJed f•a .. · 
ible, en the b.osis of t~e ~iold rcm, 10 reinject into the l<>eal rcservoir a¡ 150"C, 

In 1S71 a pov,N 5tation leasibi11ty stu<ly wao prep•red and recommend~d tho 
hitiol in•:a:to1ion (19751 of 1 30 ~~W IJI'O<I,erma! p~r pla<1t. 

Sutvoy of Wor)d Gllothermal Dovolopment 

The ~ovcrnrn<nt ol El Salv;,dor pl;.n~od to inSlall a <eoond 30 MW unit during 
1976, lollowed b~ a third in 1979. 

Tutkoy 

In 1967 a goothotrnal exploralion ptojec¡ was commencod in Tutk.ey under tho 
Unitod Natron• Tochniool A"istanoo program. lnlllol scionlllic survoys camod 
out under !his projoct identifiod nine <;eothermal prespects in Western Anatolia. 
Ouring th• """'"" of more det•ilod in>.,tigalions a deop borohole drillod in 
1968 '"'ealcd tho o<i5tence of a wot stoam ficld at l<i1ildcre. Twel'c otl•er 
wolh w.re !1JbS"4uent1y drill•d in this area between 1966 and 1971, direcled 
tewat<l the evaluation and d""elopment ol the tield. 01 th""' wells, oight wore 
<Uilable for production ond the hi~l1oot temporaturo onoountcred was 2oo·c. 

Unlortunatoly, the n .. hing of the hat water durinq its pa<soge up tho well boro 
relene<:l carbon dio•ido c .... sing c•loium carbonate to deposil •• «ale in tho well 
and in the sudxe c~uipment. The roto of scal:ng wo• so rapi~ '' to restri<t 
<team flow over • <hort poriod el lime and prevent Konomlcal oper•ti<m ef !he 
""'lis lor power prod>.Jction. 

In viow el the importance ol !his problem, •poci"l tests were CO'Iie<:l O<Jl with • 
view 10 tbe t1tabti<llment or oome practica! operating rOlJime which would •llow 
tho freid to l>o USt<l lor powor prortuct.on. The beS! su~ge<tion was rlirecle~ 
toword keepin~ the geothermal lluid in a liquid phasc by purnpi•I<J it out of !he 
well at • pres<Ure hi<¡h enOYgh lo avoid flashing. Hov.·ever. th>S solu1ion "'ould 
havo roquircd the use of doep wcll pump, oporating al a dopth of 400 m. Sinco 
11115 wos boyond tilo <eop" or curront «pcrienee, the idea has boen abandQnod 
ur."l •uch time a< luture prngress in this lield improvos it1 lea>rt>ility, 

Although i1 has not ~oen po55i1Jie to proce.J with tl>o tlevclap111ent ol the 
l(izildere field lor tho large """'" production ot eloctricity, a pilot g:eonhou<4! 
<eheme wa• Startod in October 1972. Under tl'lis projocl a 1,000 m' Pf>Stic 
grecnhousc ""' eroctod clo•c to ono of the production well' ""~ heot<-d by air 
blawn throug~ a rad1ator tluough which borehol~ water was circulatod undor 

P'"'"''" 10 prevent ~•ling. 

More re:enlly, geothormal exploration work ha• been ca.,ierl out m Tur~ey clo,. 
to <he c>ty al Alyo"· A short ~istancelrom !he ci<y, wells drillod in<<> the 
Omerli hot •prings hovo !<>eotod water 11 lOO'C. In viow of tho possibilitios el 
u•ing th:s hut water to $upply hoat to tl1e c>ty ol Alyo11, a d:cp drilling progrom 
was commenoed during 1974. Th• lirst well drilied ~r.der th" prng,.m resultod 
in 1ho prod\!Ciion ol 10 1/sec Q[ water at 1Dil'C. 

HOT WATER flELDS 

lt ho< bren rltablishcd that somo PMU 01 the world con13in co~•idorobfo de· 
posin el hot wate< which form large re,.rvoir< ol low·gr..Oo hoat. l.lthO"J<;-~ in 
many caso• lhis hea1 connot be used economically for tM dir~ct product•on ol 
cl<etr~city, i! c,;r\ ho a cheap '""'"" of •Pace h•Jting whore cl•mat•c cund•t•ons 
enabte i< 10 t>e us.ed al wffic,ontly high lood faC<ors. 11 is becoming inr:<easrngly 
recQ9ni:e<:l thO< the u10 ol geolhermal w•ter for waco hea:1ng is to bo p<elerrod 
!o the burning ot a hi~hly relinod petroleum produe! at TCOO"C in a powar ota· 
tion bo,ter •1 lh< end product i• to be •ir al 2\'C. 



==---
1~ "'""' ol ti" 
the o.ploir 

''""· Jo¡'""· 

cli">a\ic conJ•tions nO<!<Jcd lor tho dc·1clopmont of ;~aco h~atin!l. 
~~ o¡cothorrnol l>ol water< ha. <O lar bcen conccntratM in le,.. 

.S. R., Eu10pc <nd thc U.S.A. 

lcoland h_a• a lor.g history of ~¡;!i>in9 gco.'hcrmal hor water lor >P'""' heatif19 
a.,a th" Ln~cro<t has bc:n rnaLntoLncd du"n~ tlw COLUS<I of thc la"'"" ycMs. 
Spoce heaMg lor the CLW_ ol Rcv~rovik ¡, now Sllpplicd completely from g<>o. 
thcrmal !i()uroc~ In a<ldilton, rhe hot wa<er rupply oystcm ;, t..ing e>tcnded ro 
throo commuwrie¡ totaling 75.000 pcoplc in thc vicinity al Rcykjavik, 

In oddition ro a history of the bal...,ological u<e of ;eotl>ermal hot woter e•tcnd
mg o·•cr lnLnd'l-dS ol yca<>, Japan has uscd thio heor source wi<lcly Jor hothouscs, 
l,sll farming and animal raising. 

lt ha< hoen e<!lmotod th,,t hot wOJer moy be fOLJnd in ovor 20% al the "'"' ol 
U.S.S.Il. lomtary. CamiderabiP dovelepment al this resourco has alre.Oy token 
ploco and geo<hermal Mot water is being used to w~ply diS1fict l'ea!ing. domostic 
ha\ water, ~reonhou>c<. an<l "nimal hu<handry installations. In oddition, the u"' ol 
the bina.-y c~cle lor the prr;>duc<ion ol eloctricitv lram ho! w~ter was pioneered 
by the U.S.S.R with the commi.,ioniny althe Pauzhctka powor nation in 1967. 

Tho conoiderable deoo<il> ol hot waler in the <Cd1mentorv Hu.-.garian basin hove 
b<en u'ili1od fa, many yca" for di"""' and indunrial heatin~ ~<hemos os well 
as hothouso• ond animal rooriny. 

In <ame i"stance< hat gcothermal wa!er has bccn located as a re<Uit of drillin9 
oil oxploration wells; e<amples are Romania, Czechoslova~ia, and the Pam basin. 
In Romania. gcathormal hot water is b..ir.g u>e<l on a P•lot b••i• lor gree~houses 
ond the methane obta•ned lrom tho water is being utilizcd to supply p"k heat· 
'"9 rlcmands. In Czccho•lovakia. gcothormol hat water is supplying a pilat gteen
houso rnsull.,io~ and '''" Uniti>d Nation• has given <>dvir;o on proposals lar using 
~eothermal looat rn d•st<rct hcotlng. Thi• prapo•ol is ol porticulor intetest in that 
11 in,olves on examinotion ol 1110 f<!"ibility of fooding geotherm•l ho! water in!o 
tno O«>ting di•trict hea10r.g schome of Bratislavo. 

In lho Un11od States • sn"ll goatlwrmal district h•oting schemt ha• b<en in opera
tion lor many vea" ot Klamoth FaH•. Qn,gon. 

OTilER EKPLORATIOfl PROJECTS 

During 1970 a ~cothcrmal c<plaration proiect commcncod 1n Erhiopia unóor the 
Unill•d Notiom Techr>icol A•"stoncc Pro~ram. The llfst pha•o ol this project wao 
d~toctod toword idcntilyinq hydratherm<~l oreas in the Ethiepian Aolt w><em and 
"'~'in~ thcir relativo tcchnicol pro•P<cts lar dctailed cxploration arld sul><cr¡uonl 
do·•olopn'""t. Ou!ll1~ tho courso ol the suivey many gas ond woter ••mplos were 
collocted and analy>ed and \he results woro pro,.nt<d in !he fO<m ol o tochni<.ol 
rcport. 

A< • re<ult of thi1 S~l\ley. ateas ol IPe<ial Q<lO!hermal promi., wero identified in 
the LokO< Oimic1, tho Aw•<h Valloy ond lho Northern O•nakil Oepression. Tho 

Su.-.cy of World Ge<>thermal Oevelo¡>men! "' 
""'ond pha"' ol this project initiated In Cktobe( 1974 has been lormula:od !o 
i:ontain prapo••ls lor geotechnical studies in the Lakos Oimictlea~•ng to the 
S<rloctiot1 ol drill1119 "''" and tho dcilling of production wclh sufficiDnt to <upply 
a p1lat oower ototion with a copacity ol up tO 10 M\'1. Sirn:e the Lakes Dimict 
io comparatively clase to Add" Ababa There will be no dilf1CUI1y in •~•orbiny 
!he outp~t from such o 9euthormal power station in the Adtlis eloctriclty network. 

Corn;urrcn<lv. with lhe carryin~ OtJI of dctoilcd gcophy>~cal and goochemical in
vO<tlgatlan• in tl\e Lakc• Oimict, an ccanomic lcasibii"V "udy will be undcr· 
taken to auess the poosible c<:onomic lmpact ol developing geolhormol eoergv 
in the other two reg1ons. Tho cost b<nef1l analysis obtaine<J from thil study will 
bo of con•idcroble assimnce 10 the governmont in do<:iding on tho pflariti"' for 
subsequent geothermal dev~IOf)ment wctk. 

India 

Since 1913, goothermal inv<'S!i9otian• havc boen carried out in Indio at Puga 
Valley. Lodakh. A• a result of thi• work """m ar•d hat water at tom¡)era!ures 
up to 130"C wero found in somo shallow wells lrom 30 \0 90 rri deep. lo utiliu 
this geothermal fluid and also ~btain valuablc operoting expcrionce, the govern
ment plons to install a 1 MW pilot goothermal pcwor plant. 

The Unitcd Nation• will carry out a technical assitaoco pro¡oct in goothermol 
rosaurce explorotion for the gavornmcnl of India. In this project, lurthcr inve<ti· 
g:tl•ve ''''"" will ¡,., ur>dertaken in :he uans-Himalayan r09ion as well •• tito area 
of West India to the south al Bombay. 

Indonesia 

Since the Pi,. Sympa>ium, !Me compilotion af on inventory ol geothermal ateas 
~as b""n continued tJy !he Geologkal Survcy of Indonesia with technir;al an•>t· 
anoe from Now Zoaland. As part or this pru~r•m. !ix cxplar.11ary holos wcrc 
drilled during 1917 al Oieng in central J•va. In Morch 191~ the lndone>i>•l State 
Oil Companv (Pertamina) accelcroled sun~oys in Java and Bali and theSl! ~ .... 
now bren completed in West Java at llanten. Komojong ond Dera¡ot. 

A! the end al 1914, d""P d"lling ..-.. commer.ced at Kamojan~ and two w<>ll• 
"'"'" succcsslully complotcd. On tho bosis of the rcsul" achiovO<I o\ Kamojong 
piJns "ere made lor thc construction ola pawer statlon having a copacit\1 of ot 
lu<t 30 MW. The dcop drilling pt<>o;trom is b<ing extended to cover a more detoiled 
inoestigarian of tho Derojat an~ Oieng arcos. 

Kenya 

A Pmgram of gcothermol explorat•an w., commenced in Kenya during 1970 '" 
o United Natiom te<hnkal assiS!ar>ee projcct. Alter prolimiM.-y o>.ploration 
tcm, o produc\IOn drilhn~ progr<~m stortod a! the end ol 1973 ond cont•numJ 
for ovor ayear. 01 the lour wolls drillod in this ~ha<c, the lirSI did not pr<>duca 
bu! tito ""'ond had an initial tlow equivalen! to approximatoly 6 MI'/. The out
¡>UI lrom the remoining two W<>ll• was low, in the ron9e of 1 ta 2 MW, and tho 
,._noral indications aro !ha\ permoa~ility m•y pre><nt a problcm a< lh;s location.. 

• • 
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los:i"; ; "•og c•rric<l cut on "'"11' 1. 3 and 4 with a vi~w to obta~ning tlotailrd 
ir.!orr.>o n roservoir Loh•~ior. Thc g(wernmcnt of t<enya has boughl a drill· 
in~ rig "'"• ''"''nds to continuo o ro•orvoir ""'"""ont program. 

Tho hi>h CO>t of gencr•tir.g eloctricit~ from oil-frrod powor "•tiOilS in Konya 
ha< rmprovod tiro compotitrvc position el gocthcrmal cnergy and it is antrcrpatrd 
thot a go<>thermal power <tation would Pe eccnomical ""'"" wilh ccmparatively 
m<>dclt v"'ll outpu". 

E<ploraticn projr;o;:;ts hove b-een cam..O out by the Union Oil Comp""y of Amer· 
ico in the Tiwi and ln• Banm area. of lulon. 8oth proj<"<" havo Pcen sueco«· 
fui in la<ating Sloarn, and pro<luclron wells "" OOing dnlled. On the baSil el 
IHUIU a<hievcd the <¡ovornment has ploced lirm erder ter the supply el four 
50 MW turbogonorators lor twe separole powor statien<. 

Conc:urren:ly wi<h d""eloprnerm in lmon the go•ernment el New Zealond i• 
providi~g ""i<tonce with gM<hermal o<ple,.rtion at Loyto. ln~ications aro that 
it may be po.,Cble 10 gcnerote u¡> te 100 MW fmm this gocthermal are~. 

INDUSTRIAL USE OF GEOTHERMAL SHAM 

Gcethcmral stoam is berng u'e<l for induotrral procos<o< in two counlrics. lceland 
v,hich PO'"'' a diotemilo drying plant. and N<w Zealantl. where gootlmmal 
<toam ;, ~ .. d lor a ;vood pulpin~ mili. ,.-,eral 1mall indu•tri"' and 1 hotel oif 
condrtioning systcm. Dcsprtc thc prcscnt con~<lrom in thc <ncrgy lield ceca· 
siofled by fuel eil price ri"''· thcre <ID<!< net -.em te be any prenour>eed upsurgo 
in intercst for lho indumial u"' el gcothermal neam. 

Altl1oogh !1"0tl1ermal <toam and hol waler aro obtai~ble in abundan! quantitie<. 
thoy canno1 Le transmilled ovor long di•tancel and muSI therefore be u.OO rela· 
tivcly c'.ose to the well hcad. Sinco ¡n<lu.,ial procos"'' aho need raw mawrals. 
lheir development in geclhermal area< must dopend upon tho geogrophical coin· 

· cidcncc of raw malerial and hcat sourco<. 

In oddition. lh• oroximi!y el • markel ler thr frna\ product is also el consitler
a~lc impertance. Thcse loc,1tional remittiens cxplain why gcothormal stoam 
h., nat ~c~n rr.oro wrocly u•od fcr induotrial preces"''-

lt i< c:eor lram tiro lorego•ng 11101 tho industrial u;e of geothermal ""'m is d,. 
pendont upoo an ir.tegraled approaoh covenng all the various awects invclved. 
In sorne in.,ancc<. particulorly in dcveloping ceuntri<1. it is pcssible te envio
·~· wch an l~prooch_ 

Fc.r t>Om~lo. :•.e d.-..•cleprr.Mt el a ~oothc"nal lield could reoult in the pro. 
ductrM of choa~ powcr, whrch rn turn would allew the use of pumped irriga

. \.en te "'-'PPO<l agricultural and •nimal raioing indu.,ries. Such indumir:s 
ccu'd lhcn <rcale a demand ler induotriol sto•m for crop dryir;g •nd l<;>od 
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Survey el Wedd Geothermal Devclopmon! 

GEOCHEMtCAL TECHNIOUES IN EXPLDRATION 

The materi•l for this seetien has b«n ba<ed upon "Summary el 
Soction 111-Geochemical Techniquo• in Explorotion," by AJt 
Trw<dell of U.S. Geolagical Survey_ 

Geother.~a! fluid chemi<lry _lind• ils_ wi~o" applico!ion in cxplotatra 11 • bplora
lron aclrvllocs havo re<ultc~ m cl1emrcal data on !hermal fluid• lrom <Pringo and 
wellt lhroughou< th• werld. /.'.el.hods for estima!in; oubsurface tempe<atures 
hove b•en propo;ed ba;ed en chomical and ;,otopic onoly>t•s el suri.-><;Q and well 
discharges. Chemicol indices basl'd en trace constiwent< of spring fluids and Ce-
posits. alter~'<! roe>.<. •oils. ond soil ~~""" hove bcen prcpcsed a< aids te geether· 
mal e•ploration. Chemical modulo of lnleraction o! gcoth<rmal fluid• with res
rrvoir racks hove been censtructed. Studies el aheratioo in ¡eo!hormol sySlem> 
have oidOO e•pl""ation and exploiution. Finally, studio• el ~eetherm.;l raro 
gose< •u~ge<t thal allheugh mo" •;• atmosphoric in erigin, excoss 'Ho in <ome 
systen\0 may cerne from the earth s manlle. • 

Chemical Slu~ies al<o a.sist in lh" exploitation of goothermal rc<ourccs. Analyses 
el produced fluid• ind<eato subsurla<e tempera<ure. ar.d pr<>duetion '"""'· Preb
lems o! scalo depmitien, corres ion of piping, and dispositicn of environmentally 
harmfu 1 chemical sul1star.ces in gcothormal fluid< llave boen "udied and sol ved in 
some ,¡pplications. Plan• continuo ler tho recovery el nluable chemie.ols lrom 'O<'D
Ihermal fluid•. 

Malton's Clanilica\ion 

Mahorr eharactori••• geoth<rmal fluids as origipating Ir cm oolcanic and ><Jil"lolcanic 
'""thermal 'V"<ms. which may l>e ei:ner woter or stoam oystoms, and from rron
vokan<c geotl>or mal <y<tem<. Volcan•c wa1or <vstoms aro usually choracwrizod ,¡ 
<lepth by woton ol tho neutral sodium chloride <ype •'ohkh may 00 al;erod durinq 
~•ssa!l" te tho ourfoce by addition of ocid sulfate. calcium or bicorbonato compe
nen\S. 

Thc concentraticn el chloride may rango lrcm tono te reos of tl\cusonds 0 ¡ ppm. 
The o• iqirr of <he water itsdl is do" i"antly meteoric. and lile conccntralions 0 ¡ 
readily wlublo cemponenaouch a< Cl. B. Br. li, Ct. andAs O< e rolated ¡0 tneir 
concentr•tron< in the roe k. lo lhe subsurfaco tcmporatu ro. anri possrhly 10 contri
butions from <leep fluids rclal'd to tho volconic ho•t "'urce. Othcr ¡._.,.soluble 
ccnstiluenu such •• S iD,. Ca. Mg. Rb. K, Na. SO,. HcO, •nd co, a< e ccntrolled 
by <ubi<Jrlaco "mpcroture. mineral selubrlity, minoro! eqllilibria. and ~11. Gosos 
in the<o.systomo Mtmally include CO,. H,S. H,, CH,. N, and inorl ga<o•. with CO, 
P<I'<!Om.nan!, ond conlt<tule O te 5% by wcr-gM el !he d«P fluid. 

The near·•url~e llurdo of volcanic neam (VODOr-dominalO<!) syotoms are lo"' in 
chlcride (except for lundamentally unrelatOO hi!;h-temperowre vclcanic fumar eles 
with HCI). They canto in only elemonl< sol ubio in <O me form in to"w·pre .. uro 
Sl<am (H,S. CO,. HBD,. Hg. NH,). The gases are similar te !l1C<e in volc¡nic water 
IY"eon. Because el their relativo rority 0<1d b""au>O vapor rather !han liquk' i• 
prOd~cod (although 1 iquid m ay predomino\o ot depth), the goochomistry ol L'1e,. 
system1ls not well understo<>d. 



Nonvul~cor,tc gcotllermal systems havo a widc rango of water comp01ition• and 
tor>C<!n- ns, from dil~to metooric waten to connote watrn, metamorphiC 
wotcn, oil ltold /trino~ Tho co"llol• on their compositmn; aro loss wt•ll 
known t '·'" thos.o of votcan'tc water<. 

Arnór .. rm's Cla,.ilication 

Améusson·cta,.ifies lcelandic \Mcrtn.itl llvids ... relatf!d 10 ( 11 tcmperoture, 121 roe k 
type, and 131 influ< of «•water. Low·tomperoture waters 1<150"CI are tite re· 
•ult of doop circulation in regions dominated bv conductwe heot llo"' (op 10 
4 to 5 Mu, whkh is above OV<>r"S" for most ol the world) and are charactcri,od 
by low dis<olvcd •olids contems 1200 to 400 p~m] ond gases dominatod by 
Mr"')en. H<ghcr tcmpcroture woterS 1>200"CI re>ult lrom imrusions ol igneous 
rot~• and are characteriled by higher dtSsolved solids contents (700 to 1,400 
parts por m<llionl and by ga<os with laroe amounts ol C01, H,S and H,. Fluid• 
in Jilictc rO<:ks tond to be higl1or in Ct and other dissoNPd <Oiids ¡hon fluids of 
tho sorne temporature ·., oo,.Jtic roc~s 11 seawater -,. not 'onvolved. 

Clossilications ol lvanov ond Kononov ond Polak 

lvonov proposed a claS<ificMion of thormal ll>tid< basod on gas contents, which 
ho• !lEen cxpandod by Kooonov and Polak. Fluid• dire<:tly related 10 volconic 
pr<>C<->se< 0re characterized ••thor by H,S-CO, gases and acid <Uifate or acid •ul
lato-chloridc wat<•rs in tho oxidizing >Me or l>y N1-C01 gmct and alkaline so· 
dium chloride water> in the roducing zono_ Fluido relate<! to thermometamorphic 
processe• h ave h 'o¡1> C01 ga>t>S and corbonatod watef!, which m ay 'tn port be con
nato. Fluid• o! doep circ>tlat<o10 bltt outsido of volcantC an<l thermometamorphic 
>oncs havo t-!1 g.,.. and dilute >D<Iium cltto<ido sulfato waters. 

Kononov and Pota~ furthor divi~o volcantc fluids tnto "9•v•eríc" with H,-CO, 
ga><>< and "riltoy<>ntc" with 11, 'P''"· which occur in sproadtno¡ cente" and 
cltoractecite the highest tempcrature f>JOO"CI goothormal sy"ems. 11 tS only 
ill "rt!togonic" ll>t1<ls that onomolous co10tents of 'He and H1S w<th I"S noar 
>oro are 0,pectf!d. Pam o! this ela.,ilio~tion are app!ied in detail to lcelandic 
t~etmal !luids by Arnór.,on, Kononov ond Polo~. 

Altltough this cla1Sification may need modi!icaüon bas.od on th~ chemistry ol 
fluids in drilled systc:m, it hos thc advontoge 01 locusing allontion on goother· 
mal gosc,, which drservo more study. Tito occurrence of e<eoss'He in \Me 
hydrotherma.l lluids o! Kamchat~a. Lassen. and Haw~ii and al Yellowstono 
1 "S vol U o, -noar toro suggosto thOSO !luid! are "ri ftogcnic" wlton, in loe t. thoy 
oro for from ~rcsont sprcl<Jrng ccnt•rS. 

Cla.,ilicatiOns o! White 

J<...-ioM by O. E. Whrte ol mineral and th<Tma! water ehcmimy Mve greatly ir>
t!ucnced rnost workcrS in ti>,; tic•ld. Sp.1te dors not allow ad<·quate <lc:c"ption 
of lli• water ¡;¡,,.;f',cation «h<mo .. whtclt have evolved as more chem',cal and 
i>Otopic da\~ became available. In bri<!, moteoric w;nc" dominate "'•1\ow cry .. 
tal circulation and mix with moro satine dcop wotcrs of •ti typo<,. Mctcoric 
wators may 4l:o circulare dcoply under tM inll~ctlce of magmotie he•t ;;nd ,._ 
cei09 •dditions ol N•CI, CO,, H,S, and other OllbllOJ'l<;CI from rock lnchinj¡, 
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thcrmal metamorphi,m, and flOS<tbly rnogm.lllc llui<li. Thc:e modorotcly sat 1ne 
!Odium chloridc deop wa<eos uf volcanic asoociation undcrgo near-tvrlaco roe~ 
reacttons and •tmoo.pheric oxldatiot~ to lorm the ,.~o! ot.<er,.-ed >Urloce vol
can'rc wote"- Ocean'ro Water is incorporatcd in martno s.odiments dOol, by ex
tended low-temperoturc reactiono, beco mes ovolved oonnate """"r. 

Oeop bltrial and Migher tomperature rcactions cause oxpulsion of highly •ltorcd 
metamorphic waters from rO<:~S undergotng regional metamorphism, Magmotic 
water h•• be-en dJSsolv.d in magma bllt m~ hove vorioos ult>mate origins. TMe 
existenco of juventle water now to tho hydrol09k cvcle is certain, bllt il! recogni· 
tion is doubtful. Recent work bY White and hi> cowor~ers ha• el~rated the 
thomical distinctions bet"'""" hot water and vapor dominated sy•tcms and de
monstratod the oxi>1enco of th<rmal wator of Mnmotooric origin in tho C•lifornla 
Co.,t Ranges. 

Geothermometen 

Where fluid• !rom gcothormal conc·ection systoms roacl> the surface in sprin~ 
or well•, ¡he chomical ond i>Dtopic composi,om of these fluids m~ indtcate 
tho "'b<Urface temperature and llow rotterns, •• woll as the rcchaogo sourco, 
type of reservoir roe~. and othor irnportant parametets ol the systom_ ComPO· 
ncnt toncontrations or rotios thll can be rel•ted to ..,b,.,dace temperatures ate 
<lile<! 9eothermomcterl. Chemical goothermometers may bo quanlitative, so 
thot <Pectfic sttb.,Jrfaco tomporatures may M calculatcd, or qualitativo,"' th•t 
only relafovo temperatures may be inferrf!d. 

Ou;mtotarive Cltem<cal GM/hermometers: The theory of quantitotivc chemical 
geothermometers has been discuned by Foornier, White, and TrueSdell. Th""' 
tMarrnomoten depend on the e•istencc of tempera tu ro dependo nt <~¡uiltbrio at 
depth wlti<h ore quonch<X! or fro!Ctl during passage to the wdoce. 

Because the widelv-u'"d Na: K goothermometor lails at temporaturc: lmlow lOO" 
to 120•c ond yiol<h tnlllfObab!v higl> tompeiOIUre• for solution• •,-,ith high cal· 
durn contonts, an cmpirical NaKCa g«>thermometer was P<OP<>wd tJy Fournier 
ond Truosdoll. tioKCa tompcra:u'"' h~vc bcen loun<l tu he clo:e to ~uart<· 
sallorltion tcmpor>turo• lor thortn.:tl springs of Nevado by Hcl>ert and Bowman, 
but Nao K "m;>«ratur•• appear to be equ•llv accurate tor 200" to Joo•c lowcal
cium well <liscltO<¡¡>s, and may correctly inditoto flu',d tompcloturo• •nd movo· 
ment in drilled syotem~ 

The cation (Na. K .1nd ~JaKCal ocnthcrrnomotor< aro usor,¡ in initial cvaluation< 
of tl>e goothormol potential o! IJ<ge region• bccouse they a1e le<s aflected b~ re
l"Qu>hbrat,on a<>d noar •urlace dilu:ion than "" the •ili<:a geothermometo". 

Cotioro geo\llermorncterS, olthcugh empi•ical, apparentiY dopon¡:l on oq·~ilibria be
lwe<>n thermal waton and alumino>ilic•tc mineral• origirool to tho Mmt roe~ or 
producod by •lteration. lf equii'tbrtum ·,no\ ochioV<·d. or il t110 mtnorol suito io 
"""'"''· mi¡!eadtng temperatures may be indicotod. Thu1, cation r;eothormo· 
meto" m~ll bo ~sed with caution in geotherm•l 'Y"ems tnvol>ing "'•wotor, bo· 
tause in m•ny ol theoa. equiltbirum with roc~s probably ;, not reachcd becau>e 
ol rosi•tanco lo chomical ch.,.,~e ol tho concontrated ..,lutton and a¡>paront 11"" 



pcrat~re• ·t= ;o tho"' iOOicatOO by coi<J "'awa1er. llow<v~r. in <Orne high 
""'~"'" otl,ormal 'Y""'"'· •oawater do" ,-ppoar to hove no,,ly <"l'"libntted 
wrtto ro'k ,,<) indi<:atod tumporaturos are clo"' 10 <hose oh"''"OO in drill hol..,_ 
Acid >Uifot~ O.~li"9' in which •ilica ~nd cation• are lcacMOO horn •urface re<kl 
are not •uotol•lr• lor cl>err•""' gc-o11•ermometry, al!l¡ougll aoid sulfote clll<lr1dc 
''''"" of deo;> origin gioe re•oonable iru;licated temperature•- C.tion (ond •ilica) 
gcothormom.cten moy also give mi,lcading rosul" wtien appliod to 10ators in 
l>iOilly roactLvc "olcanic rock•. ••Peciolly thosc rock• with high ronten\1 of po
lOUium or 10 warm "'aten \Ita\ emerge in pea\ containing wil•-

Allhough many other high Ulmperature chemical equil1bria exi•t. most olthese 
CQuihbrio ore a!fectod by wbwdace condition• othor than temp.,ature, reequili· 
brote ro~idlv, or a1c affected Ly other roactions during ascont to the surlace. 
Th"e equilibrio can, ho<~...,er, be Us.ed ao qualit.ative geothermometers and, in 
'~""ializcd drcumstancos, os quontitati"e geothermometen, 

/,fixing M{)t}el>: Altho~~h mi•ing of thermat waters with cold r><ar-surloce wa<on 
limits the dif'<t oppl¡cation ol chomicat geothermomeler>, thc diluticn ond cool· 
ing ro>uhing lrom mixing may preven< reequilibration or lou el ueam and ollow 
the cakulotion of dee¡> tom~eratur .. and chemical conditicm. 

The warm >[lring mixing modo! dep.nds <>n the assumption of conserva~ion of 
enth•lpy and >ilica ond on the nonlincar tempe,aturo dependence of quartz ,olu. 
bilitv. TILO Loliing •pring mixing m"d"l deponds on aS5urned comervotion ol 
chloride and enthalpy and n•equilib¡ation with quan.t aher mi•ir>Q. Proper ap
p~icaliOn of the>e mixing modols depond• thoreloro on \he fullillment of a number 
of aosump¡ions, tite •ol1dity of whict. should be considercd in each ca"!. Tho OC· 
OJracy of mixing model colculations depends to a great de<¡ree on meawrement 
or accurato ~stimotion ol lhe chem,.try and tcmpe!OIUre ollocal cold SLJlJ•urlac~ 
water. For th""' cakulation•. as w<ll as lor ,.otope hydrology, collection ano 
a.~all"•i• o( cold w•t<m should t>e an importan\ pan o! a goochemical oxploration 
rrog1am. 

Compononto oti1Cf than •Hica and chlorido may be U5Cd in mixi~g modcl>. Tho 
te:nporaturo and "linity ola hypothelical concentrotod high tcmperaturo com· 
¡><.I>L!nt haoe 1><-en calculotod by Mazor, Kaulmao, aru;l Cormi frorn "C contents 
ond by MilUtani and Hamasuna lrom •ulfato ond water i•otop.,. 

Oua/r:a:ioe Geo:hl!lmomorbrt: Cualitativo gcoJhermometors may be applied to 
spr;n,1 w.otm and sosos, lurnorole 90500, ahored rock, >oil< and •oil ga•e•. Ratio• 
a.od contento o! di'"'l"ed hot-•priog COMtituertts ar><l gase; re>Ulting frorn high 
temperalUn! reac:ion•, bul no\ >uoccptibleto quantitotive tcmpcrature calcula· 
tion, ore <Jscful lor indicoting 5Ub<urfac:e llow paths whcn l•ting wells. 

Tho mast impoaanl application ol qualitotivo gcotherrnomotors is iri proliminary 
exploration over large arcas. "Blind" convoction syuem• may exist or wrlaco 
lluid llov,"O may t>e iJ">Conspicuous Or difficult to tli5tingui,¡, from nonthormal 
S<Jurcos. In thc<c ""'"'· it may be pos¡ible to onalyzo >urfoce fluid• lar distinc
tive "¡¡eothormal" compo,.nts. 

l•otopo Hydrology ond Thormomotry 

l"'tope composilions and rore ga• cont<nts ol geothermal fluid• have been usod 

" 
to irnlicate SOU!ce• of '""hargo, time ol circulation, !luid mixing, and subsurfooe 
tem~"roturcs. 

Hyrtrology: A major di,co•ery w>ulting from carly mearuromoniS of the o•v· 
90n- 1 S, deu<cr~um, and <rilium contents of lltermal llukls ''"' lltot local meteoric 
water overwhelmingly dominate• rccharge o! most geothe1mal sy>1em~ 

In general, rodioactive iwtope• hove no\ t>ecn <uC<:e.,lul ¡~ indicating \he cirOJI._ 
11on limes ol geothcrmal •vstem,. Thi> re<ults from the generolly long circula· 
tion l1mes involvod lexcept lor 50me Lordorello ste~ml, which are usually OO. 
yoru;l the rango of tritium dating; lrom the targe quantitieo of m<tamorphically 
producod old CO,. which preven¡ u,. ol "C moasw~ment" and from tbe COm· 
mon admi•ture olv••·'"9 nO;Y-mrlacc "''''"' with old <loep water< in surfaco 
the<mal di!iCharg••- Recen\ impr.,.,ornents in low·l""el uitium onalysi• mov im
prove the si\uation. The ra<lioactivo "Ar isotope has o half·lilo or 269 yeorS, 
.,hich allow< 1 dalir>g range ol 50 10 1,000 vea,., ar><l ha> beon used wccess
lully to "'lim•te a <70-year oge for water in o Swi" therrr.al •pring. ™" onal· 
ysio. although diflicull, should •lso be po,.iblo lor drillod high·temperaturo gea. 
\ltermal svstem• 

Geoth.rmom<ttry: C•rtain iootopo goothorrnomotcrs cquilibrale moro <lowly 
litan chomical ¡¡eo:he•mometer> and are copat>le ol indica:ing lempero<u'"' in 
the dcopor pam of goothormal 'Y""'"'- Sy ~on•i~cring o numbcr of chemical 
oM i!<ltopic geothermometo" with "''iOI.JO ratos o! .quilibtation, it may be po.
sible to colculate \he ternperoture htotory ol a thermal water. · 

Although gas i"'tope <¡eo\ltermometeto are the only OMS availahle !or vapor· 
dominatf<l ..,.,ems, they loave much lO ~ dcoired '" procticol cxplorotion tools 
lor hot·water systerns. équilibrLum may be ochicved only below drilloblo doprh, 
(CO,·CH.l or ronlinue up \O <he ..,mpling point {H,·CH,, H,-H,Ol, oru;l moot 
~eothermal gascr {e<pocially lrom hot S¡>ringsl an! so low in mothono that col· 
let:tron and S<paration are diflicult. 

For hot-wator •vstem• lhe most u•olul pro•en i•otopc gcolhermomcter may be 
the lrac:tionation o! cxygen i"'topes betwcon water and ;,. di,.olvod sullale, 
vvhich ap(lea" 10 equilibrate in geothermal reservoirS at lemporaJurc~ a.low .,· 
95"C, atJd to rooquilibrato 10 slowly during fluid aocont to the mr!oce thatevi
d.eroce ol tem~rature• al>o>te 3011C ;, pr"""''d in somo ho:-spring water~ 

In th; rather spociol circur~stanc., where waw and "••m ph•"'' may be ""1>" 
a1a:ely analy<od, 01 steam analv.or:t aru;l ""'" i"'topes .,timatod lrom o:her 
'""'Pies, the liquid-,·apo< fraCIIOnati<m of douteriun1 or "O mJy be u•od lo rsti· 
mate tcmperatur,.. of phasa ocparotion. Thio ha• been dor.e ot \'/airakei, C•mpi 
Fl~rei, ltoly; Kowah K•moj>ng, Indonesio; and \\'hite l•land, New Zcalond. 

Raro G~• Stulir~S: R•r• !1"'"' !He, Ne, Ar. Kr, •nd Xe) have been an•lyzod in 
s•oll>ermal Huid• and shown to indicate the source el water n•chacge a.od. le!O 
"''">inly, the mech•ni•m o! """m lo.,. Ne, "Ar, Kr. and Xe ato not producod 
in rocks or><l do not underoo chemical reaclioc.S. Howe•tf, they are al!octod by 
Ph•S< changes and their diWibution betweon liquid ond vapor ;, ter~pcroturo 
dcpcndent. Fo• thio roa>on, theit CMtent> in geothermal watoro thot h""e not 
boiled indicate rhat rcct>orge wateu are meteoric orul ollov. c.otcula1ion ot tem
;<erature• ol laot equihbration V.llh th& atmosphere. 

• 



In w•:o 
their <or. 

h '"b'urfaoc ~<>iling, 11re water pha<e ;, doplcted in 9"" and 
.ation pa!lorm may rnUrcato dilution ond boiling med»nis.m•-

The rolo of chcmimy rn geothermal e>plor¡tion is wcll illu<troted by inve<tiga
tions at El Ta:in, Chrlo 11'"' w"'" marlc in con¡unction with geological and gco· 
physical >tudr., by /~e,., Zealarld and Chilean <r::icntrl" w<th United NatioM 
s.rpport El Tatio lic• al an ahiwde ol 4.250 m in the hrgh Ando<. Thete are 
OYCf 200 hot spring•. rnost <>1 whid> IJoil lat 85 5'C 01 thr< ahitudel and depo>it 
>intcr and halitc. Many ol thcle >P<ing• ~Wre analyted for major ar>d minar 
components and <Omc, along with coló >prin~• and •now .. mples, wcre analyted 
for '"O onú dcut<rrum. Fumaroles wcre anolyzcd lor gases. 

The analyzed spring wat<·rs >howed norrow "nges of C\:6 ond ¡o.¡_, U ratios. in
Uicatic.g homogcnoouo tho"n.l wator 01 do~th. \~'atoro o! the northemmo<l 
s;>rin:¡ group wore rather umform in corr.po<ition, with 8.000•200 ~pm chforide, 
s;o, oonten" o! -260 rnm. and Na' K worght ratios near 8 2. To the wuth and 
''""· sprin~ wotc" havo lowcr SiO, contonls, high No: K ratios. and Cl content> 
ol at.out 4,000 10 6.000 ppnr, inoicating mi•ing wilh near·>Urface waten. 

o;re<t applrcation of chomrcal geothormomot<" to hi~h-chloride spring watero 
indtcated mínimum <Ul»uruoe 1empcra1urcs averaging 160"C lrom quam "''"'"" 
tion, 167'C !<om Na· K ratios, •nd 205'C frorn NaKCo rclation>. Ma.imum rn
diootod tcmpcraturcs wore 189'C {quof\Z satc!lationl. 210"C {Na:KI. and 231'C 
IN•KCa). The boilin9 <prin~ mi<i"'l model of Trucsdell ar>d Fournier, no1 ~e1 
dcvoloDNI at the time of the original investr~;,t•ons, can be opplicd to these 
sprrng wawn a«wning that those ¡o the north wcre not diluted and that 1hose 
to the <OU1h and wes\ w<!<C mi•tures wilh cold d1lute water lt • 4'C, Cl • Z ppml. 

Averoge calculatcd subourf;xe tomperature< are 208'C, boJt the mo.imum ir>di· 
catod tomporature ol 274'C i> con;<dcred to be a be1ter indicatron ol the maxi
rn,um aquifo. te•nPO<dtuto. Somo of !110 hig~ chlorido El Totio <oring• ioouo 01 
temperatur<> below boilir>g. ond warrn-sprong mixing calculations, O<$umir.r¡ cold 
.,•to" ol 4'C and ~5 ppm SiO¡. indicate an ave.age sub<urlace !UT"If'O<Otu<o ol 
2G!l'C {"andard •ie·Jrotion l:J"CI. 

1hc pattern> ol Cl oonton1>. s,Q, content•. tlo:K ratio•. and Na: Ca ratios were 
ill1otp'lte<l to in<I•CMe thot wlcl ncar-•urlace ~roin,ao from tilo"'" was cntcr· 
in~ a ~~ollow aquifor in the v'"""'" and <nuthern "'""'· and dilutinq high ch!oride 
'"'"' risin;¡ Ioom goeoter dopth'-

Oeu'"""ffi anoly<es ol the thormol w.t{Of5 ogrced with the general pio;ture ol 
n•ar·sud,>r:o mi•i>r:t ¡,.,¡ SU!190<tcd thot tho ~ot!l <eChO<ge wa• lrom higher eleva
''"" prcci¡,.tatron wrtlt luwor oi<·<'lemu'n valuo<. Cold water sornpl•• lrom tito 
hi!)her mountain• to tho ea<t ah.o tended to havo lowor d<'UtOrium valu., 1hart 
local procip<to:ion •nd wore considered po's>rblo rccharge wators. 

Fumorole gas anolyoes also «tggo<tcd movcmont from ea<t to """'· but ot li\al· 
lo-·'"' dcpths. Eo<tcm r~marolcs had much higher content> ol CO, aM H,S than 
othor GJ>OS, ond lri~ltor r01ios of H,S:CO,. Ouantitative rntorprotaticn of go> 
conoen¡rations i• drtfiOJit becauUJ el the olfe<:ts ol rcck reac1ion ond fractional 

Surwy of World Geothcrmal D<Yelopmont " 
separolrOn into steam. !n general, 9"'"' tcnd 10 úor.rea;o in CO, and H1S con
tent and '" H1 S:C01 ratro with lateral llow. In rctrospect, more weight>-~oukl 
have be<-n gi•en to the lumO<Oie chemistry in siting exploratory welh. 

On the basis of resi.,ivily «trveys and spring chomiotry, six slim holes wero 
drille<J to about 600 m depth. In tho weot ond nortMweot, holes 1,2 and 4 en
countored maximum tomporatures o! 212' to 2JIJ"C wit11 tomperature irworsion• 
toword the bottoms ol the wcll;_ In well• J a,d ó, in tno <O'Jthwes:, tempera· 
ture inve,-,;ion< were not !our>d and 254•C was measured in well 3. Sevon pro
d<rctron wells were locatcd neof well 3, and the be<\ of tho;o lwoll 71 topped 
lluids of 26:J"C. 

A shollow {obout 170 mi ar¡uifer at 160'C w" encountorod in lMe Tructe dacito, 
which is probably ...mere mixing wrth near·surfa:e water occurS 10 produce the 
to,.·er chloride waterS ol the we>tern and <OUthern srring<. Deoper aquilcrs in 
the Puripicar ignimbrite 1500 to 600 m) and thc Ponaliri ISoladol tufh and bree· 
cias 1700 to 900 mi ~Wre ot about 230" and 200" to 260"C, respocti<ely, 

Compari•on ol drill holc and •rrrng onalysr; indtcotos that the most concentratod 
wring waten are undlluted ¡amplc> of the deep thormal lluid1. The q""''' 
taturation. Na: K and NaKCa ~eothermometor temporature• are low. indicatbg 
considerable oub;urfoco rocqurlib"lrOn. 1h• mixiny calculation l'<ltperatures 
lfe, howrver, surprismgly accurate-

Lotera! oub,uri."OCe flow from oast to we.,, indicatod by woter i<OIOPOS, and 
fumarole g•sc•. was contirmed by drill hole meosur~menl'- Tri1ium oonten" of 
drrll holo flwd• suggo>ted thatthe ~¡bsurl>ee tramit Hme was 15 ycors {un<JSu
ally s~ort for goot~ermal walorsl, but sma!l additio~s of young near-ourt&eo wator 
would ai<O explain tho result'- The early resinivLty lmvey did not ir>dicate lat
eral flow, and a resurvey was made alter tho oxploratory holcs wcte drillcd. Thi< 
>howed a much largor arrom•Jy L~at could be interpr•ted a¡due 10 deop lat<ral 
How . 

Two ohlorrdo inventaries worc made to cotimo:e thOtotal Meatllow from the 
heat·chloride ratio of the thermal watets. whK:h '""' es:.bli<hod lrom drill halo 
lluid temporatutes and chlorr~c contonts_ Theso wore not vcry accuratc bocau•• 
ol sol! ocwmulotion at the surlace, but indicatcd a hoal flow ol 30 toSO • tú" 
calorieo por second_ 

[1 Tatio ;, very IJvorable lor the application of goochcmical methods becouse 
tl1ere are a largo numbo>r ot s¡¡ri09• with ra~id flo,•¡ from tho tl1c1mal oquiler, 
and the <urfacc cltemr"r')l indrc:ned •ubsurl,lCe conOitions with re.roonobto ac. 
ourooy_ Ga< ar\U imtopc analysos corroclly ousgcoted subourlace llow pat:erns, 
ar>d chcmical goothcrmometen and mixing model• predicad temp.<ratur .. at 
incroa>illg Ocpth> in thc system. 

GEOI'HYSICAL METHODS IN EXPLORATION 

The moteriat for 1his ...:tion h» been booed upon "Geophy•ic•l 
Mothod> in Geothermol E~ploratjon," bV G. P.\lmason of N01ional 
Ener;y Authority. lcoland. 



--··-------------~-
A le~, y>Í<'I mcl~od< mav be <aíd '" b~ well cstabli<hod 1n gcothormol 
wor~. 1. • provod thcir usofulno" in nur;¡orou• goo:hcrmal explo,.tion pro· 
i«"- But improvemNo\S are n<e<lod, and in recen\ yean thero h>< beon a 
morkod olfon 10 tc•t new mc1h<>ds or now V<Jriants of oidor mrthods. 

The s\ratoqy of geothermal e•ploralion is olten oomewhat hompered by a lock 
of undcrmndi"g ol tho goothormal Sy<tcms, and ¡,y tho voriability o! ll>e geo· 
logical onvironmcnt. The hOL zone> ~""ath r.urloce thermal !ield• con•t'Ltute 
the outleu o! mole oxtensive syS!em<, aboul which ltery lit1le is known "' 
rooords venical and hodzontol extcnt. 

rt.on exploration work in known gcothcrmal field< Í< e<>nccrned w1th ma~ping 
tl1e rroomctry o! thc rclotlvcly <hallow up!IO'.v zono. but it '" olso posoible 
¡hat the doeper parts may be QUite as anractive lrom an uptoitation point 
o! ,.¡,,.,. as tho sl>allowor parts. In lact <omo of thO deencr systems may be 
entiroly wllhout an upttow zone; thcy mav be hidden. The moU <ultable 
metl\00< ol invostigalifl9 "-'Ch synems woukt in part dilfer lrom those most 
.uitab:e lor thc •hallov.cr >anos. 

A lurther complication i1 the therrmol state ol the tluid, whetner onc is de>l
ing v~th a vapor-don,inotod sy5\em or • hot·w>ter ,y<tem, Some phys,c,>l bulk 
propertie• al a porous rack, lor e><ample, rc<i<tivi¡y and den•itY, would De 
quite drltetent il """"' rcPiacod the hO', water in the pore.. Such amb'•;uitiM, 
likc many other> in tho intorpretation ol 9CO~hysical da". have to be <e<olvod 
l>y driJ:ing. 

Hoot Flow lThermol Gro.-lient) 

AnomaiD\1$ turfa.r:e he>t llow by caflduction may ~ used •• an ind~eator al 
wotor convection at dc~th. Tl•o heot llow con ~" fownd by drilling shallow 
hal~s Md meo<uring the tecnperat~re prof<le and the L~crm~l con<>.octivity o! 
tM coro roc:k. In o'der to interpret the hcdl-llow ""'" .. in terms of water 
con;cction, 11 i< necos>~ry to know thc normal regional hcat flow pallcrn as 
u~di<t~tl>ed bY hydrothermal ac,i,ity. Tt.e averago heat llaw al the earth 
¡, 1.5 ~.fu (62.7 mW/rtrl, but rclativelV largo S)lstema!lc variation• oecur be
twcon diflctont gcologi"l pmvinces. The highcst values occur neor diven¡ing 
pl>tC boundari., a<, !or example, in tccland on the t.'.id-Atlant•C Ridge. wl>era 
"normol" value. "'" con.i~O!ed 10 be in the rango 1.7 to 7.0 hlu depcnd1n<¡ 
en ~"tanco from the d<ial >UIIC. 

In fl:ew Zcaland and in Japan a dillctcnt pattorn is lound with high "OiuO> 

0n onc "de ol tho mlconio zonc a.1d lo"' values on the other •~e. Such a 
patt"'n appea~ to ~ chor>oteristic of the so·called outxluction ""'"'-

Hcot-ilo·" survcvs may be Sl.litable for cxplorin<¡ the bound .. ie< o! a t>vdto
thcrm:l l•old. In a unilorm gcaiO<jlc>l en,·iror>mcnt only gradi<nt mea<uro· 
rr~nts aro necdt,·d, l>vt whon the thermal conrluct"'IIY 'Orie• lrom onc hale to 
,nother, it mav be nece<,.ry to take this into account. In lOme ••«:<· variotions 
in thor>nal conductivity may O. ""ima\0<! hom the t>orc~olc ¡¡eologtcal I"'J'-

\'.'hen gooch~mical ind1cator< of rc,.rvoit temperatute ore •vailablo, the'~rodient 
measlJtcments may ail<>w an estima>e tO be m•d• al tho minimum ho!e depth 
n<C<Iod to roach tho '"'""'oír. 

Su.-.oy al Wotld G~otltermJI Devolo~ment " 
Geothetmal gradicn\ or hoat-llow survev• "" u•olul for detooting wo.tk heot-flow 
anomalie<, •omo 5 to 10 times tho normal heot llow ._luo•. · .. hich moy be ••· 
ooc:iated with con•·ecting water at relatively gre>t de;>th. When t~e heatlo•s 
through the <urlace ¡, groater lhan about 100 timos tilo normal hoat llow, as 
OCCUI$ within hydrathermal are>• <impler and le,. <"P•n<i••e methods may be 
u<ed to map tho sllallow temperature lield. 

Mappmg o! :he temperature at • depth o!, say, ane tmlet is uo:!lullor tho pur
pooe al e<1imating the notural heat flux lrom a hydrothermal arca, "!lat been 
dono in groat detail m Now Zooland, A• on exploration tool for guilling sito 
selection for dee;> drilling. the sllallow temperature ourvey< are of limited valuo 
1>ec.1use o! the low elfectivo depth penotration. Thoy or~ also rathor Hme con· 
rum1ng. 

Thermal grodicnt surv...-• h"'e been used in severa! coun"i••- In ltaly • hoto 
dc~th al about 35m has becn U!lld, bu\ in lcoland a dopth ol obout 100m io 
consid"ed ""''"'"''V- TM depth r>eedod wat dCpend on the geological condi· 
tiom 1n eoch area. When the sutface racks "'" vcry pcrmeahle in a con•idor>ble 
dopth as 1n many orea. ol active volcan<sm, ~radien\ •urveys mav not be pta.r:tic
oble at al!. 

Thcre are severa! cxample• dcnoonotrating the usetulnc" of gradient Wrvey< in 
!)<Oth<rmal 0xplorotion. In lceland in tho lo••HemPOrlture area within tho CIPi· 
tal, Reykjavik, gradient survcys h>vo markctlly guided thc ,_.rcction o! <iles lor 
deep production drillinq. The gr>d18nl survey• hove out11ned lour arcas ol a~am
aiDIIsly hiqh surface gradicnt up to 50CfC!km. Production drilling in three of 
thesc arcas ha< Oee" succc"l"l, y1elding water at tompcroture< o! 00' :a 140"C. 

A mote recent example ¡, from Mary>Ville, Montana, whcre a heat llcw anom•ly 
was discovered 1n an area with no known hot-:pring acti,ity. A laoorc~ int<~PI<
taüan of tho anomolv wa< that \1 was due lO~ cool'mg \ntrusian at depth. Sul>
sequent drillin<¡s encountered water at 95"C <howing \ha\ the anomaly i¡ duo to 
convoctmg hot w>lor at depth. 

Aerial lnlrarcd Survoys 

tnlrored '"'i•l RJrvov• al thermal are•• in lCVeral countrie< indiC>ted th•t IM 
tnreshold sen•itivity o! the mothod lor dowcting obnormal l>eat llows wa• in the 
rango 150 to 700 hfu, that is, roughly 100 time• the normal heot llow. The 
m•;n rea""' for this relatively low sensitivity i< titO hi<¡h noise 1.....-el Cluseé by 
vari"ti<.~s ·1 ~ the thormal propettle• o! surfoce rnatorial•. which aflect the thOt· 
mal rodiation sent out. Tho radiotion comes lrom a ''OfV thm Sl.lrlace lavor and 
\he methtxl ha. therolore prac:iC>IIy no dcpth ponetration. 

lt i.< po"iblo th•t a moro r<lined proCC><ing o! the i.,!rored data can lo--.-er some
vvnat 1he mresll otd 1'1mit lor <\""a<ÜM o! ~cothr:rm•l anomal ioo. The in!rored 
m•th"d ha< an impomnt ap¡ti•Co\lon ,n mappin~ the smfaoc d""ib~t1on of hydrO· 
tf'.o:m•l activi¡y. The im.o;orv mav be o! help in rclating t~e cMiig~rotioo Gl 
the hot areo• to :arge-1<ole $\tucturol leatures. lor e.ample, laul" e: coldol,., 
whicl1 may cont<al tho discharge ol hOt fluid; 10 the >urlace. Fuf!-'wrmore 1\ 
provodo• • record o! sut!a.r:o a.r:ttvi¡y v.~ich may be ccmp•t<d V>ilh s-..n~at re
<:ord> ., ~ latOr dote to 5tudy the ellect o! exploit•t•on on the ourlac• thetmal 
monilcnations. 



Eloctricol L .o'ity survcys llave bcen used in gcOther,.ol c•ploution lor over 
25 year~ lniti.,lly they wcrc madc with thc cla.,ical Wonner or Srhlumbergcr 
•lcWodc conh~Liration usinu <le cmrcnt. Tho <~cpth ol pcnetrotion wos <mal!. 
In rccont ycan :hcrc hao boen a morkt-d effort to 1"'1 variO<Js other methodo. 
both de a<>d eiPC!rOm"i!ne:ic. partly in an a!lempt to ir>e:reaM! !he dopth penetra. 
t1on undcr the conOillons of low near·$urlace rmiottvitics which usuolly occur in 
hydrothormal orcoo. ond portlv in a.o anempt to frnd !aster and cheaper mcthods 
lor reennnaiuance su"'ey; of rolatively lorgc areoo. 

ThNo is a grcot vor~otv ol motlrod; that can theoretlcally bo uoed to map the 
subsurloce reoiotivity di•uibution a<>d the problem i• to <llle<:t the m"'t suitable 
roe:hod from the point of view of l<eld operationo, proc<"<•ing ol tho field data. 
and inte:pre:ing the rc•ult~ 

Gootherrnal rooervoir> are often. but not alwavs. charactcrized by low resi•!.{vittes. 
The re•iotivity dcpcnds on a number ol parameto". the mmt tmportom o! whoch 
ore poro•itY. OJiinity o( the intoatitiat fluid. and tcmporature. Thc effect of a 
temperature change i• grcatcot al low temperoh.<roo. le" than 1oo"C and bcc~es 
omoll obove 20CfC. tn \he deeper parts ola hydrothermol sys<em tho '"'"""'ty 
io thorefme more affoctod by poro•ity and >olinity vartation• !han by tempera· 
tu re. 

An i"<:rcaoing re<i<tivny with dopth in a goothermal <v>1cm may mean that \he 
poro•itv cl10ng•• from. for examnlo. intcrgr,lnula• or vo>icu.lar por~sity to fr~c
turo porosity, wl>ic~ io not necc•..,rily adver>e horn the por~t of v<ew ol fluKI_ 
production. The effect o! tcmpcro;ure is pro~ably grca\.,1 <n hor.,or.tal prol<l· 
ing where latero! variation1 in rcoi"ivity are mapp<d. 

Ct:Jntrolllfd·Saurce DC ttethod•: Thc .. rnethods •re the m"'t cornrnon ones In 
ge<>therrnal C>ploration. Eleetric curren! io .. n~ into the ground through a p~ir 
o! ciL-<;lrodes and thc rosulting potential difloronce ocro" ""othor pa.r or P"" 
o 1 electrodo,';, mo¡;su '"d. Apparent resi.,ivill<"< aro calculated directly from , ... 
la<i·,cly simple formul~ .. Dcpth soundings are carried out by varyin9 the ele<:· 
trodc dimnce•. ocd intor¡lret>tion in '"'m' of a v~n¡col ro•i<t:vity mucture i• 
u,u,tlly mado l>y moans of a set of th•or<tical cur,·.>s. 

For sl>allov. r"'istivity <o.>rvey< any one ol the eleetrode arro·•• can be u<ed. The 
Schlumborger orra1· i• thc mo>t corwenic111 une for rlt•pth soundtng•. !t has cer· 
tain opcrotional ad·Jantoges ovcr the Wcnner orrov in that lower mo>ernents of 
\he cl.-:trodes are re<¡~ir.-<1. Fur!hermore it •llo"~ the elle<! ol mcgular lateral 
rcoi>ti>ll"{ voriation• to be dotcc\td and corre<ted toa ccrtoin Mtent. This may 
be ¡,rrpnrtant ;., ~cothcrrnal wor~. For hori,ontol r•mf<ltng. the Wonnor arr•y 
i• rnort con,cnic<n l>ecouse of tho regular electrodo 5Cparations. 

Thc proctical limitotinn nn tilo dt•¡>th ponctration ol the Schlumbrrgor array ii 
tt>o long"'"" ncodcd (or \he currcnt cloctro<les. 11 the rcsiotivity ¡, low. a very 
h'Sh curren\ is nocdt'd 10 obtain o measur.lble 'olt119" t>c;w"'n the pctontral 
clcetrcdc->. Fu"hcrmoro, in hydrothcrrnal ~••••. a vcry lon9 ~ICC(fodt array 
"'"'lly mt·o~• thot ltcr.1l '"'"tivity '"lriot""" aro atlocting the mca•urernenu, 
t.o~s ma<ing tntcr~rctation dilt;cult. Olton tho ma•irnurn current ~rm of tho 
Sc~lumberger array i• limited te 1 tO 2 ;.m in ¡¡eothermal wor~. 
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Dipolo arrav• avoid sorne of the difftcultie• a•sociatod with doop Schlumb<'llor 
soundi.-.g• in ~eothermal ar<as. Very high curren" are needed, severa! WK of 
ampercs. but th...., are moro safely used with short current·eleCUode scparaltons 
thao V>ith long one•. Unrlor lavor>blo condllions a dcpth penetration ol oeveral 
kilometet! i• •••ily achieved. 

Control/erf.Soun:o Deccromag~e¡ic Method.: In rocen! yea" a con<irlcroblo el· 
fort ha• boen made to test !he >uitabtlity of various olcetrornognctic mothods in 
the exploration for geo:hermal rcsources. Tite,. method• ha>~ t>cen used in 
mineral exploration for a long lime. In geothermal wor~ thc roquiremont of 
depth penotratlon is usually greator tllan in minor.11 exploration. This rneans lhat 
lowet froquencieo have to be med and consoquently the equiprnent becornes 
somewbat bulkier. 

P11mary "xtcrnal clcctromagnellc liold• induco oddy currcn:s and <econd'ry f¡eld• 
in a conducting earth. Tho oe<Cnd;ry lields can be de:ected by • voriety cf 
source--reeeiver •rran<¡emena. Depth sounding> are made by voryong either the 
source-rocciver distonce or the lrequoncy. lntorprota:ion is "'"'fly carried out 
by a comp.rison with calculoted rnodcl•, ohen consining ol hori>ontallayer~ 

Narural Field Method.: Naturol electromagnetic lields couoed by thunderotorm 
acllvity (frcquoncy >l.H>) and microp~lsation< 1n tho carth'• rnagnotic ficld 
(ltoquency <1 Hz) are aflec:ed near the smface by tho ,.,;.,;,¡¡y distribution 
in the underlyinQ rack•. The depth efloct dopend; on the frequency. V/here 
and when theso Jiold< are S.Jff.ciently strong in the lro4uoncy ronge ol intcreot, 
thcy can bo used 10 explore !Me rcoiotivity dJStribution in tho dcpth rango ol 
lmportance in goothotm«l oxploration. 

Tltcre are o"entially throe v.rian" ol the notural field rne:hod< whiclt havo b<en 
U5Cd ond oppear tobo prornioing in geothormal exploratiM. They are (1) thc 
Ordinary !ow·!requoncy magnetotelluric method. utilizing frequonci" bdow 
about 1 Hz; (2) tho audto·ftcquency rnagnetotollur~c IAMTI mclhod, l">hich utrl· 
i<os frcquoncies above 1 H<. rnoinly in the range B Hz to 20 I<HZ. and (3) the 
tolluric method. The !irSt two are depth·>O<Jnding me\hods. Tl•~V miglu ~er. 
hap• be clantfied togothof. but becou,. ol th& dtllcrent frequcncy ra:>t¡01 t_he 
moosuring tcchniquos are difieren t. Tlle third mctho~ is a horizontal ~rohlmg 
mothod prirnaTJiy. 

In the magne:otclluric method• one me,.Ure• 1110 two pcr~endic<Jiat horizontol 
wmponcnl• ol tire olect11c and magnotic ftelds in the incomin9 rad.arion. Al;er 
v.>«=tral ortaly•i• or narrow ba<>d liltoring an appatent r~<i>ti~ity ;, calcul .. t.-<1. 

Tllc ofdin.'ly or loWirequcncy rnoqnototollu¡ic mothod ;, u<oful for proUtnc, to 
ver¡ qreat depth•. lrom a fcw 10 on~ hun~rod km or more. 1" place io lhorMore. 
moinly in ro<¡io~al wor~ "he<e inrorrnotion is sou9ht on d~ cruotal re<•ntvrty 
"hiCh moy be telated to tompcrotu<e and pm>iblc hcot sourcc<. Thc rnsti>Od 
ha• boon ust"<l for this purpo•o, for oxamplc. in lccland. ond givo• rosults in good 
agr.,.rnent with tho~r> pred.cted lrom rogional heat flow ltudies and model cal
CUiationo. 

In goothermol exploration the Ciroct usefulno" ol tho loN·frequoncy ffi>\lnOtOtel· 
lurio melhod is hmittd t>ocauw Of !he lor~e probing dep\h and a COlt<e<¡uont in· 



sensi. 'o shoii<Jwer re<ÍO!iv"y v.riatoons_ A much more prom,ing method 
appcar< 'o bo the audoo lrcquency magrn,.otollurio IAr~Tl method whkh em
plovs lroquoncíe< moinlv in the rongo a Hz w 20kHz. The lowor part el thi1 
rongo oppoa" to l>" espoci,;lly ouit,oble unOcr tloe conditions oommonly lound in 
geothO<mal areas_ Survoys with th" meü>Od havo 1>ecn reported lrom gecthermal 
oreao in New Zeolond, H•waii and Nicaragua_ 

The ino:r~montallon lor on AMT survey is telatively simple. consísting ol two 
narrow-b•nd tun"d voltmcre" of lri~h oonsitivity, mea<uring tho output from o 
pair ol cleotro~es ond lrom an induction ooil. By varying the tuning frequency, 
a set of a~parent '"""""'ty v3hr0$ is obtained. which can be interore!ed by 1 
comparison with thcor"ical curves, or. 8p¡>roxinoately, using lho >ki n dc~th as 3 
d;p:h indicator. Whcre the elec!tQma;¡fl<tio noi .. in the oudio·hequeRCy ,.,.,... 
io S"Jf!icien!ly <tron~ ond conlinueu<. !he AMT method aopearS 10 be a ropid 
and inoxpensive too! lor roconnú,ance '"""Y' of gcotilormal ore••-

The third na!mal licfd rnethod, !he telfuric me~hod, is mainly suitable lor ,.,._ 
conn>imnco of horÍZ<>ntal rcSL<tiv>!y vadotion5_ 1! i• IJased on rhe ""umprion 
!hot t<llurie curren!S llowong in •~temive <hcets ore a!lecrcd by la!e,.l .ad~¡ion• 
in \he rc5inivity s:rucrure, l'>ohich can be cou.,d, for e.omple, by vatiOiions in 
goologocal >tructuro or by l1ydrotllcrrnal sySiem5. The metllod rcquiro• tl\e <Í• 
mull>ne<>us mo:<L<Urcmen! ol rhe tclluric electric lield at two 5\alLM<. From tllt 
ro1io el \he ampli!udc> of rhe etectrie l•eld at \he two <lotion•. inleronc"" moy 
b< Orawn al>out vari•ILOm in the undcrlying re>iSiivity muc\ure. lly kecping 
\he bo!.e >:«ion IJ<ed af"ld mo·Jing a ficld •uiLon 'bout, ene can thus map r..
si,ivity VO!Í>tions in a qualitative woy. 

The rnothod appears \O be 1 conV1!nient o,. for regional OlJfVOy1 in ordor to d .... 
te<t arcos worthy of mofO dotailed oxplor01ion by dipolo method•. 

Self·Polenti.•l Sm.-ey.: A no\Ural field mcthod whieh may be u5eful in rhe nudy 
o! hydrOthe1mol arcas is tho Scll-potontLal method. Recen! rurvoys in severo! 
hydw:hermal .reos hove eot•bfis~oed !hll elec!ric¡l de foeld anomali., ore cem
monly lo1md "'sociated with hydrothe<mal oc:i,·lty. One exptonotion of such 
eloeu:c liefds is !ha! !lloy aoc associatc~ with the mavernent ol conducung goo
!hermal fluLd5 lstreaming ¡>O!Or.tiols]. vl.len cation enrichment ol the water ta~es 
place by prcferen\ial a.c!so<ption al the anion1 by the rock, leoding lo 1 positive 
oolf-potonOLol onomafy ove< a •ooc of upward moving water. 

Structural Me:hod• lGmvity, Sehmic, ond ~ognetic Sut...ey Me1hod1) 

Graúty S<rtvt')'f: Thc!.e are re13!ivcly eo<y to ma~e on the liefd. but \~.ey •<e 
dependen! on goí>!l clc-vation control, and th'' moy tw tho main C05! i!P.rn in the 
wlloc!ion o! \110 <lata. In"'"'" of ruggod topogrophy the terr•in oorreotion• 
rNY lw largc and :imo-conwming 10 make. Thetofo,e, ¡he gra·•ity """'"V me
!hod is most sui:oble in areos o! ornoothfy vorying rcliel. One of !he more use
f~l propcr:oc• ol grovi!Y anomalioo io that lhey allow an .,:im•:. 10 be made o! 
thc \oral anemalou> ma" cau•ing tho anomaly, ..von L~ougi"o absolu!e den5Íty 
conl'am <re nor known. 

Gr.,·i!Y SUrJey• in geo!hermal oreas in diffctent geologicof envitenmenu z;>pur 
to in~i<a!e thot tho sourc., ol 9raooty anomalies may be (1) hydrothermol altoro-

Survoy of World Gootherm.11 Oovofopment 

tren el reservoir rocks: 12) a high p'opof!Lon ol in!fu•ive<: and (3) muo\ural 
leatures, for exaonple, IJults, caldo<a•, basemont structure. 

In the Now Zoofond goorhermal orea<, posi¡ivo gravity onomoli" aro considored 
10 be duo to r~yohtiC domes and 10 hycfrorhormol alteratLon of :he '"'"""o;r 
rock>. In \he Imperial Valley o! California a ceuelation ha; been no!ed be1w..,n 
pooitioe gravity anomolics ond high hcot flow. Thc• grnvity of!eot is considcrod 
lo be due \o mc!3mmphism of the sedimei1tary te!.erveir rock>. In lceland, lile 
higiHempeta!ure area. are oftcn o<5odated with major vokilflic contero. ilfld 
po>iiLve grovity MOtnalocs commonly found in •uch oreas hove bcen intorprctod 
lo be duo either to a high p<oportion o! inU\ISives or 10 mot>morp!rism, or bo:h. 

Thore appoar lobo sound Of9L!rnonts lor including a grovity •urvey in any mojor 
QJ!Othetmal O>pleration ptogrom, in por!icular in aroa1 of >mOO!h rolief and poor 
soologicol exp<><Ures. 

One o:~er importan\ u .. ol gravity measurements in ~OO!hermal werk is con· 
nec1od with expleimion. WLthdrowal ol !luid hom o hy~rorhermaf system may 

-lea<l ro no! ma" transf•" !hot offocl tho gravitv val""' meooure<f in the orea. 
Such cha~• can be very CD<lv.,.,iMrly monirore<f bv measuting rhe w....-ioy valuo5 
a!*,., o! IL>e<f bcneh m"k' in the aoco undot exploimion, "has boen done 
31 WaL<al<oi. The method LS c'>cap ond rapod, ond ;, hkely to become a S!3~dard 
proc:e<furo in any major e>ploiWion of ge<>:hetmal lields. 

Srismic Re/roc/JOn Me/l,od: Sei•moo rofroc!ion appeotS 10 bo quo\e u,.ful on 
volconic •••••. e.peoially for "ructucal studic• in conjunclion wit.' "'""i!y our
vov•. sinco the IWO phy•ic•i properties. donsitv anO ooismio vdocity, are ompiri
cally <Oiatcd. 11 a graviry '""''Y ;lmws an anornalous mass di:tti~ulion, it can· 
not be unambiguou•l·¡ in!er;>reud in retm> of structure witMout lurthot infcrm•· 
tion. A seismic rellaotion survey is lokely to provodo such informat:on, lor e•· 
ample, on the depth to the onomoto<Jo mo>S. 

Refraclion profoleo have boon n1eO'ured JCfO» somo of !ho high-tcmperaturo 
ateos Ln lcolar.d ., part of a r.gional survey of sei•mic cru<!•l muclu<e. A .. is· 
míe boundary a! • dep!h o! about 1 km has becn eolfcl•le<f woth o gcologic•l 
><C!ion in J drill holc i<> thc 11eykjone• thermal foeld. 11 ;, ol somo intere" 
!ha! aqui!en appoat to b< mere abundanr in a <leeper high·vclocity (v0 ~ 4.2 
kitomc!ers por secené) mateti>l than in o shallcwcc lo.ver-voloci:y moteml 
(o0 "'J.O kilomctcrs p<r •ocondl wlloch is mo•e porouo. A •imitar re•ult, lhat 
<he highe.,·petesity rock5 are not alw•v• rhe most productivo ene•. his lwen 
reperted from thc Kawcrou geothermal field in New Zeafand. 

A dil:ldvan!age o! the !.ei~'11io re!too\ion mcthod is thot ex;>le1ives o< OQUiVOieM 
sou""' o! seismic wove• a<o n,.,dO<f in tho lietd. lt is od'i"bte that rofraction 
survev> be poecedo<l by ~rovitv "'Nev<. which ma•¡ indicotc onomolous str~ctures 
., well"' hclp in planning !he roftoction "'"'ny. 

M•~netJc Survevs: Theso hove botn carricd out in many goolhe<mal f.eld~ Th<i< 
use <•n be eJ!her na '"~ctural m<thod ot as • ""'tllod of moppin~ chaoge, in 
tilo ma~ne:i<Otion el rock5 causcd by lhn hycirothormal fluid•. Mo~oer¡c onom· 
aiios Ln 1-:ew Zealand geethermaf fields haw bccn in!crpro!ed •• bem~ due to • 
conve11ien el ~netile 10 pyri1o. S<Jch an elfect wc~ld <emoin in oxtinct hydro
thermal <v"om<. 
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Opirúon h, en divide<! on tho u•cfulno« of rna~netic wrvey< in gootho,nal 
e•plo<atian. 'lhe magnotirotion ol ditreicnt rock unia may be QUitOvarioble, 
f'SilOCially in volcanic orea<. Alwation efloc1S in a hydrotherm>l >V>lem would 
aflc'<t a lo<9e volumc al rock. and tile ~ost way to detoct <uch ollect< ·., by an 
aeromagnetic >tuvev. whoch Í< le" affected bY ne~r-sudace rock1 than o g1ound 
SIJrvev would be_ 

There is no <.foubt that d":inct magne<ic anomali~o ~re anocioted with rnany 
hio;h temP<ta1Ure gcothormal lieldo. Exomplos al this ••• the l\'5mafjall and 
Krallo liolds in nonhern lcolond; but it "olso known from other oreas th., such 
aMmalie• are not al.-,ays p"'sent Te!t prohl<'> on the gr<>Jnd <hO<Jid therel<>re 
be mlde befare ano decides on an c•tensive aoromognetic our~~ey in a geothermal 
cxplorMion program. 

Magn<tN: gcrnrr>d survev• h..,o becn u.ed o.tcn•ivdy '" low temporature lield5 
1n lcol,1nd lor troc,ng lliddcn dykes ond laults that ofton control the llow al 
thNmal water 10 the wrlace. Oroll hole< are then •itcd so •• ta cut the dyke at 
• cortain dop\h. In sorne cil$c:<, the dyke< or faullS actas ba11ier1 to horirontal 
flow o1nd may ti> en form a ~oundary al the hydrothermal system in o no directien. 

Microoorthquakc Suh'cys 

Su!VeyS el microoarthquake ""'''ity (magnitude el 1 to 31 in some tectenically 
actiee or>d volcanic arcos havc shown that geothermal ficlds ore eften characte<· 
i1ed by a relati•elv hi~h loo<~ ol such activity. A ver; ex<cn•ivc study ol thi> 
l<ind has been made in the Reykjan .. peninwla in scuth....,.t tcelar.d.· 

This aoca is a rort al tl1e a<ial tone el the M•d-Atlontic Riúge, and iñotudes 
three high-tcmpcraturc <j<'<lthcrmal ficlds. Centinuous reccrd<r>g5 lor more !han 
three ycat5 hove conlirmed lite oarl<or indicotiens that the geotheornallields hove 
,, foirly oon<;stent mioro"ant,quako activ11y al 3 to 30 evento per doy, with o 
focol dcpth ran')C of 2 te 6 km_ Tl>e in!ermodiate ~m o( the ••ial zone otsc 
hav< a high micreearthquake aCHYity, but hcoe the evcnts are more di""butod 
in >Worms, wit\1 quicW1 periOd< •n bctwcen, 

The volue ol onicroe::nhquo~c •un.·oyo lor gO"Otherrnal ""dios is at ¡Hosent same
what lnnil<d Ly o lock <>1 u<ltJt•r51onrlmg o! \PO mocl<anism causing theso event>. 
Tho microearthquokos may t>e tcctonic •n origin. and thcir dopth distributien 
con:roiiNI ~Y the tcm~er:,turc distribution. 1t i< also concoi,.b!e tltot they ore 
sornehow rclolt•<l toa ponotr"lion ol water inlo ho: r"ck. 1t appears lhat the 
main u;o of mOcro•arlhqu•k• >"~'~CVS may be \o tr; 10 predicl tho dcpth el wa
ter cir<:tJioli'>n in hydrett,crmal <ystcn,s.' somothing wl>iOh connot oosily be done 
wlth odwr m"ll<ods. 

11. hiSh noi<o lovel ;, invadably found in gco1Mrmal Jiolds, ~o<:rea>ir>g w<th di•
t~nco hom tho <~<faoc »<tiv<tv. S~cctral anolysi• el tilo no1"' •hew• that •uofaco 
anivi1y producos no"o witlt l<oq<wncios ahovo <>bout 10Hz. ,\n example ¡, 
Old Fanhful wi1h a >¡><:<;tral range of 8 ro 24 1-ü. lov.er lroquonci01, down to 
~n<l<J1 1 H>, ¡,e ai!.O muafly fo~nd and ore po<tulatO<! to be duo to doeper water 
convoction. In higld.cot-flaw oroos in lhc fmporial Valley, whi<h aro without 
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,.,,¡..,., thermal activily, mo5t ol the n<>Í<e energy is in the frequency range O 5 
to 5 HZ. Ground noiso '""'"Y' hove l!oon morJo it1 arca• whoro hydrothormal 
"'"'""V i> known from <urface mani!estotions cr e:her geophy~<:al !OJn<eyS. 

Applitobil<ly to Difieren! Oepth Rangos 

Tho goo¡¡hysical method> u>«! in geothermal c•plorDtion can be div:ur<ed ar¡r;l 
oompared on t~.e IJa>i< ol V011ou• critoria such O< rapi<lity, co<t, simplicity of 
lield operat<ens, data processing, in1erpretation, and «l on. lt appeor:< 10 be u..,. 
fui also to di<euss them in rel>tion lo the depth rango that each one "5uitablo 
for probing. Such a divi>ion will of cour>e not bo ~istinct, OOt may still t>e of 
.,mo u5e. The dopth rang"' ,.,;11 be denote<! as sltallew (O lo 200 m),·interme
di•te (200 te 2,000 m), ond doep (more than 2,000 ml. 

For shailow investiga:.on•. the groat"'\ variery ol meth<)d• is availablo. Such in·. 
,....1igation< aim 10 defino the orea el hot ground a;sociated with sucfoce 1hormal 
oct'<vitv- 0 Thoy havo no place in thc soarch for hi<lden rc>ervoirs. 

ll.n aerial infrared SU"-'W is tt>e mo<t convcnient and rapid mothod el mopping 
•urlacc activity. esnocially in orca• thBt ,,re littlo knowtl and aro not mas<ed by 
voget>~•on. The <hallo.v lomperature field "t>e<t explored with conv«>11Dnal 
Schlombcrgor ,.,;,tivity proliling. 11. r"f'id, low·co•t rcconnai<"lnce moy olso t>e 
previdcO by the "'''Clromognotic (EM) yutt and !be audio·freQoortcy magnorotel
lur'<O (AMTJ method, al!hOOJ~" the pre,..nt !'<me thero is le<S exporiertc:e avail
able with these mothods in 9'Q\hermal work rhan with thc ronventienal de ro· 
sistiv<lY mothods_ 

Al intermediate dcpths, the Schtumben¡or and dipole de method< •Pr•or 10 bo 
thc mmt suitable ono< for outlining low ro<is:ivity 'onos. Tho dipole ~~oti>od< 
can be uscd oither as dopth-soondifl\1 or as pre!ilir>g mothod'- Considerable ••
porionce hao been g3rned in ""'>9 them ond in ·,nlerpreting the measu!Cments. 
Elcctroma~notic controllcd-sourcc mcthods may preve te be >uitable olso, bu! 
much le<S expe11cnte ha< becn gathcred so lar ..,¡th them. 01 thc n31uraj lield 
melhOds the tclloric profiling appear< to be an eftoctive reconnai5<anco toel. 
Aernmagn.tic surveys may be fcO>iblo if tost profilcs on 1he ground <ndicote 
'""'"iOn> in 1he magnetic field ~"•t may be =ociated with a thermal "lne at 
depth. 

Hc.l\· f:crw or gradicnl "-lrvoy< are particularly suitoble in the "'"'eh lor hidden 
reservei" cr lor explorjng the bcundorioo ol a thermal !iold. They aro e•pon::·;e 
bocoJ<O tJrill notos"'' neoood, hut they oive unO<flbiguous indicJtions of thormal 
•t<Omalie'- They are ef!cctive oc.ly "'hero the surfoce rook• ar~ el low perme
ability. 

All el ~~-e otructural melhod• ma~ be .,,.fui l'>r mopp"or>~~ anornalies v.ltose ""''""' 
a<e JI intorm<'<liatc dopth_ Tneir uJefulne" depcnds en 1h< particular gcoiogicll 
•~vironmcnt "ndor <onsidorotion. 

For dOop invc>tignions of hydrothormol "'''"vei" •evcrol melhods <:an ~• u..,d, 
but thcir resolutron is small"r than at •halle~<w levoi>. Grodiont '""'"Y' for 
Pfl!dooti!lg temperature 31 depth >ro suitablo in impcl'liOOJI ourfoco roe;.,, orod 
di¡>olo de m11hod• jre "'itablo lar prebin; !he reoi•tivi1V 10 a dcpth el a lew 

·-
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;.,lom<te" if tM shallower resi<tivi\J~ are latorallv not -.ry inhornOlleneous. 
The low freqoencv rnognotctolluric mothod permit> probmq romti,itv variations 
lrom a lew kllumotors w very great deptM_ 

Oltho •:ructural mothods, thc gr.vitv and soi<mJC rofroction methods ate nar· 
ticulorly suitol>lc lor <tudy1ng doep <tructoms, wh;cll moy be of importancc for 
cont<olling \he flow of water, oras hnt >OUtCM. A gravitv W"'<V woold norrn· 
ally comelint t>ocause it is cheaper, 11 major mucwral anomalies ore ondiCated 
they can bo stuúiod lurther by se~>mic rnethods. An interprctation based M botl\ 
Q'"""Y arl<l soismic m .. wrements is much more reliable than if based on only 
ene of th"'e mcthod<. 

In connoclion with d'"'P inv .. tigations the mlcroeanhquake <urvev ohould bo 
mentioned. Focal dcpths of microeart~qua;.os may gioe an indication of tho 
dcpth of circulation of hot water, althou~h this needs 10 be confirmed by ir'lde
pendent methods. lt appearo that in order to ha•e • reliable ntimate ol lhe 
il\'<rage behavior of microearthQuake """"ity, a record1ng time of sove"'l months 
may bo noeded. 

DRILLING TECHNOLOGY 

The material for thio section has b<en based upon "Gcothermal 
DrillinB Tcchnologv," by W.C. Mauror of M•urer Ennineering ln
COr¡>orated. 

Geothormal Drill1ng Syotem ' ,, 

Geothermal wcllo are currcntly drillod u.mg convec,tional oil liold drilling rigo 
"shown 1n F1guro 2.1. Thodrill pipo ond hit ore rot>ted at srt•eds of 30to 350 
re·•ol~tion• por minute by the rowy uble a\ \he sudor:o. Orillirig mmj "pumped 
down the inoide olthe drillpipe and up the well bOro annulus. carrying the ro<: k 
cu ttings ta the !UriBco. 1'/ater-boso drill ing llu ids contoining bontonite el ay, borite 
and ath" ohemieals are u>ed to tran>pOfl thecuuin~•. cool tho bit. preventtho 
hole lrom sloughing, ond pre.cnt lormation lluid< !rom onteting the wcll hore. 
Tho>o woightod wot,.·I>Ose mud• hovo o tempero tu re 1 irnitatian al about 500"t; 
improved lhrid> a<e nce<led lar drolling gcothermal wells hottet than 500"F (26o"C). 

Dril/ tlits: Mo<t geothcrrnal drilling emplav• roller bits with hardoncd steel to«n 
or t<>ngstcn carbi<le inserts. The """' u.ed in tollet bi" i> d!awn otten,peratur"' 
ol ~()(!" 10 450'F; therclore, these bits lose much oltheir strongth when they are 
opcrated ottemperaturc• in exce<• ol 500'F. This lcod• to rap1d lailure olthe 
b<aring< and •tocl teoth, and loss ol insert> with the in"'rt bi.,_ lnsert retention 
i< a prablem at high temperatures be<:ouse •teel h., a much higher thcrmal co-
dlident a! expan•ion than tung.,cn corl>ide. and thc,.larc the steel expando 
and reducO" the comprcosive •tre"'<> holding the if'lsert> into the cu\10«-

Prom1um roller b110 cant,,n scalod lubrica\ion sy<temo Wh1ch utilizO rubber rotal· 
i<>s sealo to hold the grease in tho b<oring>. The<e rubb<r •••'• h•v• tempc<•ture 
limitations el Joo" ta ~oo"F a~d therclore iO".proved sea!s •re needed lor high· 
wmporoture goathermal drill1ng. lmproved Hgh·tomperoturo lubricants ore also 
noeded. 

S..rvey ol World Goc¡hermal Devolopment " 
FIGURE 2.1; GEOTHERJ\I.Al DRilliNG 

• 
" 

Source: Petrolcum E•tension Servioe, Le;som in Drilling 
• 

Diamond bits can drill al tempora:ores in exce" of JQ(J{fF, bu\ they d'ill most 
lormotians much slower tllan roller bits"' their ""' i> not o .. tisl;oetCry solu· 
tion.,ta tho high·temperoture bit problom. 

Blcwou/ f'Te..,m~..-.: Blowout prevente<> are u<ed to control bot:om hale pro .. 
oures and pre·.ent blowout' from taking place whcn lormation lluids {01!, gJ<, or 
water) flow into the well bare. This O<Cu" wl\en thc lluid prc>sure in the well 
boro is ten than the !ormation fluid pre5sure. Failuro of the blowout prevente< 
in th" '"uation will result in loss ol control olthe well. 

The bloWO<Jl p....,enten utilizo either rubber annulor baqs or ram< wnioh seal 
ag•in$1 tho drill pipe. In the event thero is no dflil pipo in tho hole. the pro
vente" seal off tne entire hole orea. 

The elastomers u>ed in these blowout prevente<> have • temporature limitation 
al about 250'F (123"CI which i> not adoquate lor conttollin9 hlgh-temperaturo 
900thermol ....,n .. 

LoiJI]mg Tools: Electric logging taol• ''" used to mea>Ure temperature ptalilos 
af\d to determine the propertico ol ¡¡oothermal '"''""cirs. Thr"" b .. ic tyPM el 
loggin~ tools aro used: elecmc, ocoustic. and ro1ioactivo. Tho« lo~~ing toal• 
havo tempora:~re limitations ol400' ta 5011F, deponding ~pon the IVP• o! taol, 
aM therolore improved hign·temper.nure towing tool> need to be devolaped lor 
hi h·t•mperaturo eothermal well• •t 500" to 700"F (250" to 370"C). 
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Goothermal (nor¡¡y 

, , are ~w~lly re~uirt<l in 9<0\herm&l wetls 'on 
~;emerwng; Sov•ral smngs ol _cas.r>g 

10 
re;·ont e~cellive oloughin; ol \he forma· 

order \O conuol IOrmato<>'!-~lu•d< ar>decti:e ca•ing mingo ore cemen~od imo the 
tiono ¡010 tho wcll boro_ • ""'" conn 
well 00 ohown in Figure 2.2. 

FIGURE 2.2: C~SING STRINGS 

Scrvoy of Wodd G<'OthOrmol Dovo~opmont '" 
holeo through tM """' ca<ing and inm lhe lormatlon. Perforat'Lng gun< .re cur· 
rently limitcd ¡o tomp«awr ... loS< than 500"F. lmprovod pedoratin; tcols muu 
be developod lor hot georhormal wells {!hat is, Soo• to 700'F). 

Pach<r>: Packcr< are utililed in wello lor many reasonl incluCinq drrll·otem teot· 
ir¡g. The,.. packor< are in!latod hydraulicolly or mechanically to ...,,¡ "'Jainst the 
cooif'llj or well boro aoo isolote !he Huido on e11her "de of tho paoker. The ela¡
tomen used in th.,e packers hava a temporoture limit>tion of about 450"F. 

Hvdrau/ic Fracruring_ Hydraulio ffacturing will be an importan! f>ctor ,n tl:e 
prOductivity and the economic:s of most geQth~rmal resorvoin. Hydtaulic froc
tming consim of pumping a fluid into rhe well at pros...,ros which e>Cecd tho 
in-situ wesses in !he rack. 0.-.ce the in-situ mcss i< o~ocoded, fractures aro 
formed which can propagoto soveral thousand 1 .. 1 from tho well boro as st\own 
in Figure 2.3. 

FIGURE 2.J: HYORAIJLIC FRACTURING 

>ouroo: Pet!OI"'-'m Exte...,ion Service, Le"on• ¡, Drilling 

~!ter :1\e fracruru are fcrr.1ed, sand, glass boO<!s, or other pro~pan" are pumped 
nro lllo ftact<¡r& "'ith a vi<::OUS fluid. 1'/hen the pres"-lro io rele.,cd, lhl lroc· 
:ure• >ro proppcd open by tho" moteriats. Tho resulting proppcd trae< uros prO· 
luco hi~hly pcrmoablo flow channols for tho Huid 10 llow from the rowvoir 
nto tho "'oll bore, 

• 
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lmprovO(I l'll~·temp<""'"'" lracturong !luid, and proppants mun bo developed 
for hi¡;h tomperature ge~thermal wells >ince exinin<¡lrac fluid< are limited to 
temperaturu o! at>out Joo"F. lmprovod proppirtg te<:hni~ues may h.-e 10 be 
developed lor hot goothermal woll> •~noe oome formauons undergo more deform•· 
tion attho<O higher tomperaturc>. 

Downhoie Drillin9 Mators: Downhole drilling moto" are u>f'[! in directional 
we!l> lor sOdetrack•ng and for many other <eo<ono in oil and gas wello, they will 
also be needcd in qeothermal wolh .. 

Two lypeo el hydr>ulic drilling mctors are u>ed, turbodrill> and dyn1drills. Tur· 
bodr~llo can be <lSCd at highcr tomperaturos, but thoy rotate at speeds o! 500 to 
1,000 rpm v,hc•rea. rollor hit< oporoto mmt dfootivelv ot speed> ol 50 to 250 
revolutionsper minute. Bit lile is groatly rcduced at these high 5poods. Dyna
drillo ro":e at lower s~eeds 1250 10,500 rpm). bul they contain • rubbotr ltator 
which has a tem¡>erature limitalion ol 350'F 1 t77'CJ. lm~roved hi'/'·lempeno
ture drolling motots are lherolore ~e-d for g.eothorma\ dul\ing. 

LASL l'.'oll 

Los Alornm Sciontllic Laborotory ILASL) hos ~rilled a 9,61~-lt goothcrmol woll 
of wllich 7,700 11 wa• h.,d dense granite. This well ii cited becauoe it iii<JStrates 
the nood lcr improved ge<>thermal drilling equipment. ond it shows e~omples Cl 
tv.o improv<mentS- Tricor>e in"'rt roller bits woro used to drin tho 'O'V1ite lorm;o
tior.s in this woll. 

Dilliculti" worO cnoountercd with tite fim in•cr! biti u><-<J in the granite due 
to insort brookoJo, lo" of inscm. and loss of gougo on thel><ts. Theso fir" hits 
drilled 4 to 5 lt/hr ond worc cut alter dflll:ng obout 250 ft. Dilleront bit de
signs and instf! moterials wcre teS!ed. resulting in impro•ed b,,. which drilled 
o•er 600 1t •< rates o! 8 to 9 ltlhr. This impro'ed bil performance gr .. llv re
duced \he dulling c.os: in this ,..eiL 

LASl also o•per~enced difficultios in ccring gro,ite with diamond bi!S. These 
diomor'ld coro bits, which cut a 4.5 inch (11~ rnml diamet<r coro wore cut ahet 
coflng ,thout 11 tt. The.c bits co>t $11,000 wh10l1 correspond• 101 ~il costof 
$1,000/ft of coro. Much of the sroni:e was fracturod. Tl1is fracturod gronite 
ccntr~bured 10 the s.'lon lile el both the ccre bit! •M tlle roller bits. 

Se<ouoe el the high ccring com, LASl dNoloped a fcurcu:tor inson rolle< core 
oit. Tho"' roller ccre bi" drilled 1511 befcm thOII wore out. They ccst óbout 
$3.000 oach, w1tich corrcsponOs toa bLt cost ol $200/lt comparod te $1,000/lt 
with tho diOmond coro b•t. In odtl11ion to thc rcduced bit cost, tho roller core 
bir. drillctl tostor, thereby roduCi09 tho drilling time and the ri~ cost. The rollar 
coro bits cut smoller coros (54 mm diocr.<:or) than the diomond coro bit~ but 
th"'" =•ller ccre• "'"'e adec;uoto lor geological and coro testin9 p~rposa. 

D..-r~lcpment el 1hose impro>ed bits rewlt«< in incr .. s«< drilling rote• and ,.,_ 
~u<«< drilling co"' in the LASl wells. Thi, i• an e~ample O! tt.o WPO of im· 
provcment th>l is nooded for goothermal drillin¡ and •how< that improvements 
can be modo providc>d now motcriolo and <echniquo• aro testcd. 

Survoy ol World Gaothemtof Dovolopmenf '" 
Variou• organizations are conductin~ reiOarch en more th•;, 30 drillir .• .hni~uc<
These dr!IIS remcve roe k by tour !>.>sic mer:hanism<: 11) meltLngar.d vapcrizat,on, 
121 thermal wolling, 131 dtemical rur:rions. and (41 mechanicalty-it>ducod ""''"''-

Mellmg and Vopori>ation Orills 

Soverol devicos are r:apable of hooting rocks to the 2000"" !o 4000'F ro~uired 10 
melt t~em, ir.cluding: 1111a..,rs.l<lel<crron l>eam•.l31 PI"""'· (41electrir: 
ares. and (51 subrerrenes. 

Theso high·tomperoture drdls hlv< pctential fcr dr~lling iMc ma<¡fla. lav~ beds, 
on.d <>ther extremely hct resof\IOÍfi which cannot be drilled with con•enticnal 
rotary drills. Figure 2.4 shows a schematic of a ¡,.., drill which i• copoble ol 
dr~:lir,g holes in any roe~. Electrcn boams are al<o co~able ol rr.olting holcs in 
rcok. Such a dovico is shown in Fi~uro 2.5. Pl,.ma drills (Figure 2.6) oro atso 
use-d te melf holas in rock. 

FIGURE 2.4: LASER ORILL 

ouor cunAL 

ltA"-'1 

FIGURE 2.5: ELECTRON·BEAM DRILL 

Source: Mouror, Novel Orilling Tdchniquc<, _1968 
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FIGURE 2.6: PLASMA ORill 

Sourco: Mourer, Now:l Drilling T«hniow:<, 1966 

LASL io li"ld tostin~ •ubterrene drillo which melt roe~. Subterrene< can be ol 
eitber con<Oiida;ing or extruding types. The con<Oiidoting subterrene• drill 
porous roch by melting the rock and pushing ir asido in a denso glass loyer 
which ¡¡,,,, the holo. Thi• gla» lining aoa a. a casing to seal oH the lormation 
fluid• •nd to pr<~~nt the roc~ from sloughing into the well ttore. 

The oxtruding subtorrcnes ore u<ed to drill dense roe\; "'hich cannot bo drilled 
by CO<l«>ld>tin~ !Ubte"er>H. Th~ mol,en roe~ po=s up thrO<Jgh the conter 
of tho extrudmg subterrcne wherc it is >elidlfied inlo sm1ll porticles ;nd then 
remo•od upword through tho center of tho dri\1 stem by the drilling fluid. 

Thermol Spalling Drills 

\':hen wme •ilbte rock< wch as uconite ore heoted to 700" to 1 IOO"F, high 
t~ermal "'"""' couse tbo <urface 10 ffokc olf in th1n spolls. Drills which thor· 
malfy spall rock include: 01 jet·picrcing, !21 rocl<et-e>hau". !31 electtic·d•si,. 
tegration, !4) high-!requenc:y e\octric, !5) m<:roware, !6) induction, and 171 pul<ed 
elewon. T~c ~ovi:cs descrit•ed •l>ove 'lhich rnolt ond vopome roe~ aro ai>O 
capoble ol s,oallon9 <OC\;, •ince the 'l)ailing tempcr•turo ol roe\; io lo""'r th.iln tho 
me\t:ng 1<mpera;ure. 

A drill whith has lound wi<lcsptead opplito<ion is the jet-piercing d<ill ohowh ;,. 
Fic¡ure 2 7_ 1hi< drr\1 bums luel oil and O>y'lf'n 10 produce a Hame temperoturo 
of 4300'f. Jo\ piercing Crill• penctroto taconit~ 01 ratet up to 40 ftlllr. Tt.e 
R~'"iao< havo .-tensively t~m·d <OCkPt-e~hau" drills (f;.¡ore 2.81 .. hich are 
similar m jel piercing arills, "'"'""' thot th"V burn mo10 ••otic luels, thoreby 
p<od~cin~ a hig/'ler t<mpe<OIU<e llamt! and hig.her drrlli"') rotes. 

~.~iC!OV•''" drills !Figur• 2.9) cpt!tOting ot frec;uor>eies o! 1000 lo 3000 MHl aro 
copoblc o! lto.lt.ng ond op>lling holos i<> rock. • lndcclton drr:lo l F igu« 2. 10\ 
O<Jerattng at froq~er>ei., of 20010 500 kHl "'" oblo- \0 ~ot and s.p.>\1 hol•-'' in 
roc<s ha.·i"'l high ~,:.gnetio •cr;copt,bi(oty 

lnten .. he•m• from pulsed elecrron t>eom• ff~•• 2.5-) •:>afll>oln in <Ot.kswit~in 
m:cro><oond•. Th""' s~aTI< are g~nomod by mo irn<n«> hui whitll "'Pond• lila 
rock ot tho surfaoo. 

SiJ,.ey of l'lorld Geothemtal Devolopmon• "' 
FIGURE 2,7; JET·PIEACING DRILL 

FIGURE 2.8: ROCKET·EXHAUST DRILL 

Scurco: Sho~ir, AII·Union Res. \nst. 1or Drilling Tech., U.S.S.A., Prcc, No.-10, 
1963. . 

fiGURE 2,g; MICROWAVE ORILL 

" 



Geothermal Enor¡¡y 

flGUflE 2.10: !NDUCT!ON DR!Ll 

-·~ . :~: 
~"' ...... ___ _ __ .... _ 

Source: Epshteyn, e\ al. 1960, T;ans\ation No. 62·11712, U. S. Dept. ol Commerc:. 

Chomicat Orills 

Tho third group of novel drills aro those which utilizo highly active chemicals to 
drill the rack. Figure 2.11 shows a chomical drill using fluorine thot is u sed in 
the petrolwm industrv ro cur t.hrough n .. t casi<>g and to dril! roe~. High <:OSI 
of the chemicals prevents the .. drills lrom being usoc:l en a largo scale. 

FIGURE 2.11: CHEMICAL DRILL 

' 

" -'""''" 
'""''""" ••• 

Souroe: Lodgorwood. Jour. Petro/eum Toch .• April 1960 

Survey el World Gto\h8fmal Development '" 
Mochanical Orillo 

The la<t group ol novel drills are t~OS<l which remove the rock by m<><:han 1cally 
induced stro""'· Thcse drills inctude: 1\1 turb;nes. 12) o•plos.ve. 131 pelle: 
impact. (4) implosion, 151 ultrucnic, (6) spark. 171 down.hole replaceable bit, 
(8) continuous chain drW. 191wra dril\. and 110) erosion. 

High-<peeti turbine bit< 110.000 rpm) havo been testod in oil w'lls. T~o.e bits 
(Figure 2.121 were not eco<\Omical boc.use Oj t~e low eH1ciency el the \llrbif\11. 
Explosivo dr.lls have been exten<ively testod in cil well< in both the Soviet Union 
and in the Unitod Stotos. With tr.e Ru.,ion dnll (Figure 2.131. explosivo capsuloo 
wore pumpe<l in the hole bottom at 5 10 10 second intcfllals and do:on•ted up()ll 
impact wilh <he red<. Drilling rate< up te ~O lt/hr were obtained in 011 wells 
with this drill. 

FIGURE 2.12: TUREI!NE EIIT 

Source: C¡¡nnon, AIME Meeting, Fall 1957 

FIGURE 2.13: SOVIET EXPLOSIVE DRILL 

"""'" 

Sourco: Owovskii, CPJop--HCJJa Dri/ling with Explosives. 1 960 
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The ptilet·impxt drill '"~"""" in Figure 2 14 ,., .. lso e<l • · 
lle·dircc:od >tocl Pcllotl wcro uocd 10 brc~< ;he ro~k. ~~~se •: 1~: 1 wells .. N<)l'-

~~ ~~: ~~¡~~~~~.:;; :;,':,~";,~~~~;:~~~·~m thro~gh the bit by in e .:~r,:~;n;¡ion 
son'= <hills { F i~ure 2. 151 can ,;,0 be u•od ~~":;~~~~ ~~~~-(f •¡¡u re 2. 15) 1!\d ultra-

Spark drill> (Figure 2. \7) uHiru ¡he lltten>eprnsure pulses (lOO OOO . 
ge-.emed by high-voltoge spork d"charges 120 10 • 10 JOO,OOp.,) 
Lal>orator~cs ha< 1e1ted , spark drill. 100 kV) to droll rock. Sar.d•a 

FIGURE 2.14; PELLET·IMPACT DRILL 

''"'"•"' 

" 

- """""" Nonio 

Sourcc: Eckel, Dcily, ond Ledgcrwood, AIME Trans. "· 207_ 1956 

FIGURE 2.15: IMPLQSION ORILL 

Su"'ey el World Geothormal ()eyelopn>lllt '"' 
FIGURE 2.16: ULTRASONIC ORILL 

,, 

••• 

Source: NO?pira•, Ulrrawnic Mochining, Modem Workshop Tec~>r>Oiogy, Pan 2, 
1959 

FIGURE 2,17: SPARK DRILL 

..... "'" --
Soutce: Titl<ov et 11, Nefr. Kiuu., u.s.S.R. v. 35. ""· 10. 1907 

Ol81>~~/;lll Bli Dnll.: Sandia atoa te<ted a downhole ~han~eable bit. This bit 
contain• a seri .. ol new cuner ~eads so that a< ene wean 0\Jt. a now one ean 
bol cvcleO into po<ilion Wlthout pulhng tho Orill pipe from the woll. 

Sandio is developing a continuous chain bi\. T~e chain conuins diamond or 
\LJngoton c><binc drac¡ elemen" which cut tho rock. l'lhe11 onc '"' of cuuor• b<r
c<>rne• dull, the ch.,n is rotated .a that • new se: ol cuttor> i, expo<e<J on tho 
bit fil<e and dr~llin; continuo<. Tr.'s is rcpcateO unto\ tt>e 5 or 10 seto of cuue,. 
on tlw chain are worn out. and thcn the bit is retracted hom the well. 

Prt>¡tcr;/e Dt"ills· Sandía t .. ted tho Terra drill. With thisw>:em. projoc"l .. are 
lircd intu ti>< rock oltead of ttle hri lup to 12-inch pcnetrotionl to frocture tho 
rock and allow it to be more easity removed bv tilo roller bit. In preliminaf)l 
t.-.a, tho Terra dnll penetroted 1.\oc:leira hm..,tone appro•imotelv twice n lalt 
as conventional <oller bi\5. This SV""m ~·• polonti>l uso in Qeothormal wolls, 
••Do-:ially in ha<d ro<:l<. 

~""i011 D"ll" High p<eHure ero•ion d<ill• ha.o ooten<i~\ !or d"tlin~ <¡eOt/>C<m..t 
""11< !ast"' ind clto.ope< lhon coc •• on<i=ol ~<ill•. Ex.an PtoC~ction He..,:otch 
Comp..-.y in conjunction woth ei91t <>lhtr major oil cG<W...,...,_ ;, Oove\opin~ _.., 
erosion d<illing svltom uti1itin~ higll-¡><essute blts. !n ~¡,.¡n¡ry ,..,_,_ -df¡:¡¡,~ 
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rnud WJ> pum~e<J t11ro<Jgh the>o hit> at pr"'"""' up to 15,000 psi utliizing high· 
pre.,uro lrdo truc<•. Convcn!IOnal ool lield Tri~le. mud pumps ha.e been modi· 
!Jed to oporote atlhese high pre..uros. thereby olimino<ing the need lor rentir.g 
frac trae:\;<. 

Thcse to>t5 domonstratod that hiQh P'"""'" eros ion bits can dnll ool wells ¡wo to 
H>rec time. la,¡cr 1hon conoentoon~l bito In onc tost hogh·pre.,uro bits 110.000 
to 15.000 p•i) drillcd the intcrval from 2,300 to 6,000 hin a production woll 
in 24.2 ro,ating hou" as compared to 66.6 rotating hours lor corrventio,.,l bitl 
(2,000 psi). This high-prc>sure dnlling •yS!em has po!ential for making majnr 
reductions in drolling crut5 in both oil field and geoU>ermal woll<. 

SPACE ANO PROCESS HEATING 

The motedallor this =otion hos tlten bastd upon "Summary ol 
Soction IX-S~ac:e end Process Hea,ing." Oy H.C.H. Armstoad. 

The dirO<t ""' of goolhermal h•at for space heoting ond domeotlo 1101 water 
su~ply, indmtria! proceue•. or for husbaodry can be highly efficient, •ince thl 
lm"'s incu<red are not impose<! by the laws of thermodynamics but cnly by 
<UCh imperfectiOn< as.mml in.,itably arise lrom insul•tion lrus.,, drains, and 
termiml tempora:ure ddlorenoos in hcat exchangors. TheS< imrorlections can 
be con1rollod wJ!hin cconomic constroint•: they are not drctated by na:ural law<. 

Another important lacl io thatthe sources of high·entholpy natural hea! at pre .. 
ent a«<1oib!e 10 man and which ore JUitoble fcr power gen<ra\iOn oro belioved 
10 t>t lar le" ab~ndant than 1hose of lower·enthalpy Huid; which can be use<! 

.lor othcr pur;¡o:eo. Furthormore, practica\ oPpliootions can be lound to covcr 
a very wide spcctrum ol temperature o.tendong down te about 30"C lor balno
ology, Oiodc\7ad>tion, and lermentat"oon, and .,en d own to itlout 20"C fof lish 
~ .. tcheries. 

Finally i1 should no! bo lorgotton that e "<IY large ptoportion of tho world's 
energy comumption i> in tho foHn ol heat, ra:hcr thon elcctrici,y. In short, 
~eothcrmal cncrgy is lor too vemtilo an asset to bo U1Cd for powcr generation 
only. lt is olso '"'Y muoh less polluting than heat prcduce<J, as it mo•tly ncw 
done, by the combustion of f~el. 

A city of about 90,000 inhabi:aots stJth as Reykjavok oao be almos\ fully S\JP· 
plied with all its domostic and commetcial heating reouiremcnts witllout ,moko 
ocd by meaos virtually innooent el any othor !orm ol pollution. This is an ad· 
vanl<I!¡O that ;, otured by no other formol heat supply •~ce~' hydro<lectric and 
solar energy. 

lccland 

Tho volume al Ourtd:n~ 1~ace on Reykjm< neated ~eothermally incroased from 
1 O 3 te 15 mili ion m' between 1968 and 1974, an J>"crage growth rate ol about 
6.4%/yr. The cJ!y is now virtuo:ly "utur.tej" with geothermal spoce heating, 
only about 1% ol tho t>uildings do not h""e it. T~e Royk.javil: orea aloM ha< • 
thermal load demand el abcut 385 MW, anc the ""les ol hcat enorgy in 1973 
amounted to mere than 1.5 ~ 10' kWh, equrvalcnt 1<> an annual load factor of 

~... . 

Smvey ol World Geothermal D""olopmont '" 
The 45 year h<Storv ol the Reykjovol< coty h"""9 <y<lem beGan, ,O In 1975 
11 000 buold ongs ond obo«t 90,000 people en¡oyorl th" puhl '" '' rvoce. i\1 though 
new thermal areas hove been brcught in to mcct th" trem~ndou• growth, tl1e 
originally exploJted lietd1 are ttill producin9 ot u~diminiYled capacoty afW 

""''IV hall a century. 

The copita\ citv. however, is not tho only lcclondoc area to bo serve<J with _seo
th<rmol heatin9. Elovcn other iJJdcpendent aroas serve obou~ 13,500 add•t•onol 
pooplo with dotnest"JO heat, wllilo o fur'11er 2G,OOO people atebtrng ac!d<.<J: ~nd 
a sy.,em is bein~ plonne<lto provide more tbon 10.~ ~ditional people WLth 
he~t in the Reyirj1n<1 Península under 1he Svlf\!<ngt pro¡ect. By (he ltmo these 
plans have been o>ecuted, moro thon 137,000 people witl bo >crved with geo
thermal heat in their horno• and tM total heol load will bo oqLJivolent to nolfly 
680 MW. By then, more thaJt holf the populotion of tcelond will en¡oy lito 
benofits of thi• utrvice. at>d it is •imed to ·~••nd the proportion to 60 !O es%. 
Einarsson state< that the dimrot 1><-ating <ehem~• ol kelar>d use geotherm•l wa· 
'""a\ ea' to 120'C, tho~gh in one case that has boen oporotin~ forJO v<a<S, 
the tomporoturo is os IOI"I as 55"C. Such low· ond ntodorato 'ntholpy fields ~re 
pre!crrod to higiHnthdlpy loetds, os tho fluids ucnerally ltOvo much l~we< monoral 
ond gas content. Tho Svartsen~• p<oject, h<>w,.er, woll hove \o use hr<il entt>alpy 
salino steam and bol water at \67.5•c. A dual pur¡>o'" pow<:r'·hcating projoct 
is under o<>noidcrotion lor Nesjavollir: this projoct will "'" o hig!Hemperoturo 
loold 1260"C Oottom hote tem~oroturc) and woll ptod .. ce 6S MW ol po'""' lnet). 

Einors>Dn al;o e•omine• the economics ol district heating and show> a P?r;onotric 
gr.ph el cm" bated on water lemperature. pipe diamctcr, and transmiss•on dJS· 
tance. This ohow< a range of cost• (pr.,mabty at 1975 t.,el1l lrom 4.3 to 
15 miii•I~Wh lthermall; the lower figure represonts 150"C water at the wellheod 
lno tronsmissionl, and the highcr value rep•o,.nto \OO'C wa<or trons~ortod a•er 
39 kon in a 10 in pino. Intermediare l"mporaturcs, lon¡or prpo <b.1metors, and 
shorter transmiS1ion distances would produce intermodiato cost fi~ures. Tho 
costs ser.eraiiV comp.1re favotabtv v,."tth fu el o'ol heatOng excopt _perh~p; where tho 
temperature ;, low, \he pipe diameter srnall. ar>d the transmJS,.on dostancf! greot. 

On average, the price of geothormol hcating in lceland was 50 \o 60% o! tl>ot of 
oil hoating bolo« 1973 and ;, now 25 to 30%. Goothermol cn~r~y '"~plood le• 
lond on 1975 with obou1 2200 Gl'lh lthermatj/yr lor spaco h<'otmg; th" s.:ovos 
lceland aOout 300,000 ton"'yr of imported lucl ool. 

Arnl>mon ct al gioe a to-chnical description of tho Svamengi district h<ating pro
ject lor supplying o few population centerS on thc Reykjanes Pcninsula an~ aloo 
\he Koflavik lntcrnational Airport. This projcct repro•en" a thormol lood o! 
80 MW (100 MW, accor~ing to Einamon).. Tho wells at Svamongi pr~"."" 
highly ,.tine wator t<>sethor with steam at abou\ _210" to 230"C, and tho>" ohom
icolly unotJitaOie 1<»" direct heating. Fre<h wator "therelore he01ed by the ~)<!"" 
th<rmol fluid< and i• trans.mrtted hot to the lo-ad contors, thus ohv'"""9 most of 
tho chcmioal pooUicms. 

Four ~ille<ent hooting cyctes w•r• studiod. bu! ono in which sto;¡m and lrooh 
w•ter "'" mi~ed in I;WO "*' and sub,.~~entlv he.ted and 11•:.1\ed, so o< to d• 
gas tho mixture, hal been chosen al \he most IUitobte. Fiheen kilowatt• o! 
etoctrlc power lo' &uxiliary supplies i• a by·product of th~ process. 
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Thorotein>son dcscriLos the rcd,!Yolopment of tho Reyklf hydrothormal SY<tom, 
which ha; been exploited sinco 19~4 lor dimict h<a!ing in Rey<javik, 1510 
20 <m distan!. Belore 1970 thi• area P"'duced at>out 300 IIS<'C at 86"C by 
free llow and w>< t~e pr<nCIPII source ol heat ol tlle inteo¡rated <v<tom until 
195~. Altor 1ho dovolo~mcm ol two othor oreas within tilO city limits, Roykir .. 
sl10ro of hcat prc~"ction fell to 3B% of tho tot•L l>ow the Reykir field is boing 
redwdoped by drilling largor boro< to deptho of BOO 10 2,043 m and equipping 
them with submer<ible pumps. 

Production had alroady increa.oo to 850 1/o.ec 11 83.5"C by January 1975, and 
i• cXPOCtod ultimat•·ly to cxr:ood 1,500 1/soc with o lall in water lovol of 60 to 
70 m lrom the 1970 steady-stoto lovel. Drawdown tem havo t>een pedormed 
""d the charactori<ti<:< of the aquiler deductd. TM effectl o! tides and earth· 
quakos h"e alw boen lt~died. ' 

Unitod Stotes 

Alth<>ugh there are no sizable towns or cities in the U.S.A. that use only geo
therm•l heat, thero are r.evertllclou some intercSling d<"Velopments in the western 
<tates <>1 ldaho •"" 0r"9Qn. In Boi.e. ldaho, a imall gcothermal sp.co hea1ing 
schemc was ostahli,hed in tho Warm S~rings re<idomial oreo os long aqo " 1890. 
Al ono time this schcme ;uppl1od obout ~00 homc• and bu>ine""'· but it h., 
reconlly declined lo 170 homes hd with 1rc water pumped from rwo wells 
130m ~eep_ 

A <tud;· is in pro.]re" lor "''"hlishing a Domonstration Spaco Heating Pr<>I<"Ct, 
<pOn"""~ by the Energy Rcscorch and De·,eloprl\C.ot Adrninistration lERDA! 
and under the d·roction of tire ldaho rJation•l Eng1neering Laboratory (INELI 
and in eollat>oration with Soi<c State Unfvorsity ar><! the ld;oho Buro..., ol Min"' 
and Geol<>gy. lor !:<>Othermally heating a group of public t.uilding> in tho c;¡y 
of Bois.o. Al ptc,.nt, !he anm¡al ft:el bill for hcating tholo building< i> $225.00Q 
ond this figure i' cxpoctcd to ri•c. 

The tv10 o1ells now leedin'l the \'larm Sprino> •rea h...,e ohown no decline in pro
<luotivity in more :hon 80 ycar<, ond the cllomicol q~ality el the wotor i< good, 
Tho <tuay will co,er environmontol ond ct·conical O<P<'CU, the conoeroinn ol 
e•i"i"9 imtoll,1tiw10, onJ voriütJS mothe>Js ni''""" U,eos.ll 1nclcrdmg in!Jitrotion 
throu9h sond ond 9r:wol pits, roinjcction wclls, dischorgo to the exi>ti119 ini]O· 
tion >ystom, disctwrge into tho Boi .. R"or, and cyclm~ 10 greonhoUS<l, lish 
r.atchorio;, and .o on. n-.e r:ost ol 1he ll<.uly is estimalod ot ahout $-2 nlillion. 

Lun~. Culvor, on<l 5vanco·ik dosoubo the oxploitotion ol the uoothormol watero 
al Klamat11 Fall,, Orcgnn, a ¡unjcct which hao ~rovidcd spaco heating <inco the 
turn ol the con:ur;. About 400 hole< el depths rangin; !ro m 27 'S. SBO m are 
~•erl te he>t o~ut 500 buildin'l'l (ond incKlontally, owimming pools, a milk P"· 
1NfJZO!ion ~lant. and snow mcl1ing locilitml lor ro•~s!. Some of tho woll• are 
artosian, with a prcssurc of aboul fi psi. The tutal hoat load is ahout 56 MW. 

Esllm:llod cost• aro 9iven lor difkrcnt numbero of hou .. holds per well •nd are 
compotod w1th luol •nd e!c<uicol he,ing •• altornaoives. lnitiat inv ... tment lor 
a s:ngtc woll is uStJalty lrom $5,000 10 S10,000, and t~e onnuol operating CO>!> 
are'"" \han S100. Whorc s.ovorol ho~•eholdoro lhare tho •ame well, ¡¡«>t~<rm.1l 

Survey ol World Goothermal DeveJo~mont 

heating is shown 10 be cGmpotitive_ A lor~a s.;ole diWict ~-••· ~roinct 
or> tilo fines of tilo Roykjav,~ $)1010m is bc1ng otudiod," it i< obvious that 
only o •mall portian ol <he to¡,l local heat potential is being toppod. Add1· 
cional ""'' lor thr hrat, lor hu..bandry and industr;, aro ol"' boing considere<!. 
The well Wmperatures vor; from 38" <o J \O"C. Downholo "hairoin" he>t ex· 
changer¡ ""' commonly uscd in order lo minimizo corrosion, with city water 
a; !he ciroulatln~ flu.ld. circulotion i• uou•lly c{foctod tlwrmo$)1phonically. 
Four mam wells hove boen mue k." and these too""' u'od w:th he>t e.cha"'lers. 

Coulbois and Horoult •tate t1101 tho French O<lrninimotion "seoking to encour· 
~·tilo u<e. for dome<tic heating, of hot wJI<" discovered in thc French oecti· 
n-.ontor; b.o.,ins in tho eourse o! oil prospc<tion during the l•st 20 ;ears, in ~r· 
ticular in lhe Oogger aquiler near Paris. Since the depths at wt-.ich these ~ot 
woter> occu1 rango lrom 1.5 to 1.8 ~m and the temperaturos vary from 55" to 
7rc. it wO<Jid anpoor tlm the """'o! into""' may be re~ordod •• "'nonther
mal," having tompcrature gradicn" !assum1n~ •urfaco amhiof>\ temperoture ol 
15"'CI only of the or~er of 30"CJkm, which can b& regardtd •• "normal." The 
wator $3linity varios hom 8 to 30 ~~~ (NaCI) ond traeos el H,S are p,...nt. 

Heat Oxchangers ato thorefore con>idered neceS!>ry "' that cfo•n "'con<lory wa· 
ter moy be usod a< the heoting me<lium. Roinjoction is nJJCO<"'Y io ordcr to 
avoió surfac~ pollution lrom the solino well wotrrs alter having yielded up their 
heat. and atso lo con<crve botll fluid ar.d hcat for rechargino¡ tM aquifor. The 
authO" examir.e the pro~lom, theoretically lrom tho oconomic ar.d tocl\nical 
aw<<:l>, stnm the /ligh capital co,¡ ol geothorrn..l h.a~~ng. ond su¡¡¡;est that geo· 
thermol encrgy <S suit.1ble for background hcating to be wpplem•nled willt on· 
other heat «lurCe for bo<l<ting 01 times ol high demand_ 

Nrw Zulond 

Shannon fl'port< thot thc extmction of gootllormal heot in Rutoruo for domostio 
hooting purposes hos stcodily incrooocd since tho first •uccO>•fol bote WJO >unk 
thero in 1935. Thoro are mero 1han 700 regi<tered bGrc< in tllat city, rang<"'' 
from 50 lo 1,200 lt in de;lth and lrom 2 10 6 inches in casing dcameter. Tempero· 
lurc• l"ary from ~9" tO 11rc. anO prossure> aro exporicncod up to 175 P'ig. 
Th<>>O t>rossures aro S<JIIicient to """"" d;;li>Ory to tho ~\,tco; rrqr~irc..J witl,out 
pumping Chemicol deposition h~< been somcthing o! a prohlem, bot """P boros 
t;er.orolty give le,. ltouble tllan >hallow. 

Altor lho hoat has br<n extractor! from tho goothermol fluid, the coolod "'""" 
are dllposcd <>l1n soak bores, vento~ al high lcvr.lto disposo ol 1110 II,S. Hoat 
•'<llangcro are obligatorv in view of ti\C M'ious ingreJicnto in goct!le<mal fluido 
wh1oh could escapa !rom valve• a~d pipe joint>. 

The author di><:u>IO"S the choice o! <u<table mot~rio!, for tho <ori<>JS componen! 
Part' Uf <ho heating •vstoJtt, P;oso~ts drowin~• o! >orr:o of tho>e pJrts, an<l djs
OUSies oontrol,_ Ho also givos particuloro of o 5ehcme for hooting o oornpl"' o! 
90>1ernmcnt building>, repro<cnting • total thcrmal load o! noorly 14.6 MI'/. Fi· 
nally ho ~ive• "'mo OOst dat.o whioh <how tllot althw,h tlle copital cost 01 g;¡o
tharmol hooljng io 16 •r>d 44'4 higher tllan for co•l- and oiHir<<f hea«n~ tt<POC· 
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tively, \t\e annual running com "'" 30.5 and 7\% lower '""pecti•ely o\ pre<ent 
fuol price levels. Geothormal heating thu• payo for iaell in 15 5 and 39.5 
month• whcn compared with oil and with coal hcatin~ respeotively. 

ll'ldia 

Ex,ocrimen!S ore beincr conducto<! in two Himaloyan arca.. Tho occurronce of 
Ge<Jthcrmal energy in Ladakh coir>eid .. with vcry w.ocre cltmot>c: condition._ bu\ 
unlonunotely 1M natural heat is 10\Jnd at present only in sorne of the most 
•parsely populated parts ol the world, in poqiculor a¡ Puga in ooutheamrn 
Ladakh where1he populotion density is only 0.6/km'. Hote, O\ a height of 
4,500 m above .. a level. the winter temperature sometim"' foil• to -40'C. Never· 
thelen, >team and hot water are found at depth• ol only 20 toJO m, and an 
expmmontal teot r~g Mas bcc~ ''" up to test the suitaiJihty of gcothcrmal spoca 
heatin~. 

Behl. Jogodees.:m, and Roddv descr~be the local conditions. \he teot equinment, 
nnd the rcsults oOtoined. Somo cmpirioal knowfedge has been ocquirod from 
the '"'" rogarding buildir>g insulati<>n and the corrosivo ~rol>"<""' o[ the thermal 
fluids. The outhors e~pfain how the Govornmcnt of India hao also conducted 
.ome •ucco.dul grcenhouse hcating cxper¡m~nto at Chumothang, •loo in Udakh. 

u .s.s. R. 

Dvorov ar>d Lcdcn!Sova. rcco;¡nizing Uw complexlly ol thc variables wl1ich ~ovem 
the economb of geothermal spaco heating, have pre><nte<! • paper in which tho 
comp.onont cost factors are analv>e<! separately-borellole production, local """' 
diStribution. waste dispos"l. heating wstem•. ond longer distance heat tr~nsmi,. 
•ion. Dilforon¡ •econdary voriables are con<idered in coch ca•o" may be op· 
plicable-<irillmg com, ~oro yields, bore spacing, bore !lwd t~mperatur<, pa!lern 
ol demancl. transmission dist•nce. local fuel tO>" (in competitionl. climotic con· 
d1tion•. and oo on. 

Difl~rer.t h<at dinribution syst~ms, ~eating sc:heme<, and devicH are al.o ~on
sldere<!. Graphs are gi""n ohowing the int<rrolatiomlti~ of sorne of the<e nri· 
oblos. no outhoro broadly concludo th"t simple local gcothcrmol heat di,.ribu· 
tion schemes can al prc<ent be competitivo wlth traditional lucl heating nnly 
wt>en thc !herma\ fluid tcmperawrt is e:>C or more, the tcmperatute chango> 
dMS not e<eoe<! ~5"C, thc local di,¡r~bution di<:ance does not exteed 5 km, and 
thc amlJicnt air tompcraturc " not lc¡s than -8"C. Borchole com ohould not 
excoe<J 100.000 to 130,000 rublo•. 0< 150,000 in raro cas.e<. 

Long dimnce transponation can beeconomical up to 35 10 40 km if drillir.g 
""'"oro ex<eptiomlly low, for oxompt•. 50.000 rublos per bote. Drilling cesto 
in tOe rorn;e o~ 80,000 to 120,000 rublo• per boro reduce the ecoMmical uan,. 
mi"ion diotaoce :o •tout 5 km, or perh~¡n 8 to 10 km under v<!fV IO"crable 
conditions ot hi~h well yielrts and vcry expcnsive fuel altemative•. 

The authon mention the ""crmout Meat fe«!f\IOS in the Soviet Union, bu! point 
out th>t in many areos the water> "" highly mirwratizod •nd s.ometim., the 
tcmpcJaturo• ''" r"ther low. DiffcrMl schcme• are de<eril!ed for deal1ng with 
highly mineroli<ed water> and f~r modoraio tomperat~nt watefJ; these involve 
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hoat exchan~ers and S<lpplcmentarv fud heating. The authors ai, .coibc a 
sdleme which makel possiblo the u>e of low tempetature fluido in COmbinauon 
witn a hcat pum~. and a complex system involving bolh a boilcr unit and a 
ho.u pump u•ing the fith,um hrom1de rrocess wh1ch permits the uso of air oon
ditioning in summer. The po"i~ility of reco·,ering rore elemcnu from hi;hly 
mineralized water<, aher yieldif>lliiP thcir heat in heat exc.hono¡crs, "mentioned. 
The authors "'"" the fact thot high sophi"ication and complexlly may advorSilly 
•ffcct the oconomic• el heating schemcs and thcir reliabiliry ol opcrotion. 

Prote,. HeatinQ-farming, Ro!rigeration, ond Balnoofogy 

The expression· "proce" hcating" is u,;od here very broadly to cover all nonpewer 
us.e< of goothermal cnergy cthor than space hcating and hOH•ater supply, ev..n 
(porodoxically) rofrigoration and air cond•tiOning. 

Goothermal hoat can, of course, be u,.d lar a variery of agricultura! 3nd hortl· 
cultufOI purP""". for f•slt brecding and for animal husltandry, all o[ which may 
loosoly bo termed "farming." Rofrigeration ;, also clowly related to farming 
as a means of Pres.¡rving food<tulf<, and thio too is o procoss that can be eftccte<! 
by means of geotllermal energy. ~~uch Q[ the applioat•on of ~thermal enef9V 
to farming is "" more !han a form of space hea\1"9, tor exam¡>le, sreenllou'" 
and soil warm1ng. Tho word "tlalncology" too rnoy be e•tcnded to cooer its 
me<!ical counterpart of "crenoth>'opy." 

Behl, Jogadcosan, and Reédv deocribe how the U<O of goothermal h~ating under 
gla<S ha< prOdL<ced vcrv promising rc•ults ""'"n in the 1nhcspitobin clirnate of 
Ladakh. The author< olso stato that a rofrigcration plant is he.ng planned to 
expfoit the Manikaran geothermal field in lhe Parbati Vatlev, Himac.hal Pradnh, 
in the Himalay.,, This dimict obounds in orchard• and pomo formo, and it 
is ir>tonded 1<> in"all a 100 ton cold "oragc plan\, using th• ammonio water ob· 
s.orption ~roce,._ to pre,.,rve thc local produce. 

Tho residual waterS will be "'ed for spaco heating and to warm <Wimming pool<. 
as thc area is froqucntod by tourim and by pilgrim•. A small hydroolcctric 
~lant is to be included in the projoct .o that the whOie complex mav be seU· 
wpporting. A .,.,alf pilot10-to 15--ton rehigeration plant will lorm the !irst 
•tep in this projoct. 

Eir.o~on briefly mentio"' agricuhural aOO balnool~ical applicatiO<\s of geDther· 
mal cnergy, and stato• thot th<ro are now 140.000 m' in lccland under glass, 
gcot.'>erm•llv heated. lle al.o montions •pace coolinrr. or oir conditioning ond 
mcnlior.s that he has propo>e<J the e<ublishment of o diwict cooling svstem for 
Manrgua, Ni<ar....,a, to be adcpt<d .. hile the ciry is being rebuilt alter i" de<tn.le· 
tion in !he devastati"] eanhquake of 1972. 

O.lostri devotos his ~wer to \l'IQ me<iico-bal~ooiO<¡ical a;>plioations of ~e<J:her· 
mal ene''lY· The oldest 9eo:hermal industry in historv is the u•e of namrol hot 
or warm wotcn, for rloosure or for allogc•d m,dicol rcosons. The word creno· 
theropy has bun coincd for tho techniquo of Curing and allcviating di><"= by 
meon• o! thormal waun.. 

Chiootri broadly d1..:us><• tho whole wbject ot cronothcropy and cloorly bolicves 
L~at it i• of "~'V real value. He mcntion> that in ltoly alone 15 million pooplo 
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were ueatod ot mo<" than 200 thormal clinics in 1971, ond that in the U.S.S.F\. 
moro thon 10 million pr•onle oro ~rcated annuolly with thermal watoro. Severo! 
other countrie• h""c also built op imprc.,ivo "spO' induwi.,.. Aport from the 
heahh a<pectl of the moner. there is no d~ubt that thermal spas "" respOnsible 
for havm9 t>uilt up t<>U<ism on a largo >eale in many pano of the world. An 
intornatiOnal catologu• of all medicinal waters throughout the whole world is 
proposcd. 

MUL TIPURPOSE OEVELOPMENTS 

The material in this section hao b~en ba•od upon "Summ.ry of 
Section Y.-úther Single ond Multipurp= Developments." bv 
R.C. Borr of Eanh Pow.r Cor¡>oration. 

Yuhara and Sei<ioka hove us.d linear pro9ramming for on economic analysi• ol 
multip~rposo utilization ol a vapor-dcminatod "'"'"'cir in thc Siram:zu-<¡awo 
are> n<ar Sounkyo, Hokkaide, Jopan. 1.1\ilizaticn i• shown i~ \hrec otag.,., Tho 
prím.ory sta~o ;, lor clocuicol gencrau'en; the socondary "09" for spacc heoting, 
grocn~eusco, ond snow·rnclting on road<; and \110 third stage for ntincral boths. 
Tho mo<t impoftant el<ment$ lor thO commcrciol i>aüon ol a goot~ermol s-;<ton1 
ore the quality of gcothormal tOOO<ltCe<, transpoftaoion el !1"01hermal fluid, utili· 
lOtien lor power ~enor>tion, utiliration< ether than power generation, wa"'e 
di•po'-'ll, and environmcntal con~•rvation. 

Water ~ .. atinization at the Ea>t Me"' :ield in the Imperial Vall@l' el Caltlornia 
ccnduc\«1 by ¡he U.S. Bureau o! Reclamation is descfibed by Feweliu._ lnler· 
mation is providcd on thc five decp <>ploration wells at the Eo" Me•• anomaly, 
IO'J<th" with re<ult< from production tom anU inlcrmation dealtng witlt scoling 
and corro•ion. Twe di"tlla:ion d .. olting uni:• have been installed al Ea" Mesa, 
t<>t¡.,~cr wi:h a multi>!~e IIG<lt unit anda venical-tube eoapo,.tor. The de<ign 
critorion lor this oqui¡.mcnr is "200"C; hol'lhcr, rhe mo•imum tempera!~rc ol 
tilo gcothormol "'"'"" is tCG°C, 1t i• tnd,catoJ tl10\ olcctric power goncrotion wtll 
most lik"ly be rc~uircd to •upplcmcn\ thc .oom lor the desalinLZation program. 

Palmer, Forn<, and Grccn con•idcr the cor1Crpt el le<oring • 90'0thermol electric: 
pm·1cr plont on thc '"'' lloor., ccn~tnental <holf depth•- Thc wastc heat would 
be contoinc<l in the '''(loor, wltich in turit would Providc a Drclcrrcd stte lor 
C<'r!oin spc-cics o! !rsh and crustacea such •• the roe' oyster, shrirnp, and the 
"spiny \obster. • 

Thc ¡,,,.¡, lor thc propo>ttion of loco!Lng gcothormol p~wor plants on the '"" 
[loor ¡; dorivrd lrem "udies for sitin9 nuclo,u powor plont< in coostol zon.,.. 
U•ing tho Unit&l State• asan e•ample, s:udi., indie<~te that within a coostal 
Mlt eo km wido, 40% o! thc pepuldtion ti·•« en 8% o! the land and that l•r.d 
contoim jol> •ito> tor t,]_Q% o! 1ito indu•trial sector. 

Be<:ause siting <a nucle•r power plont in a coastal zane preclu<les multiple """ 
ol this land. it is contended that zn oHshore, underw>tcr geothermal pbr.t weuld 
pcrmit multiple u<es o! th< coastol land;_ Ol!tho:e e~perienoe in oil >Pd gos 
Urt11 1ng 011d 110J1 pipe tochno!ogy dcvelopod hy the Hughos Aircrolt Cempat!'/ 
i• cit.d in •uppon ol tho roquL!od underwotor technology. 
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n-.. compatil>li;y ol an onYlore ~ thermal pOW<r pbn t wi:h m 
be env,.,oned lrom lhe othet papers in this section. 

Gutmon dc•c•ibes thc use el goothcrmal waten lar !he soille" growing techntque 
collod hydrOponicl. No wc.'ls were "'q<.:(red. Gutffian statc•. "The went wa:cr 
wrth somo nu:ri~n" is_di<ebrged into the n•tural drainage <v•:em "here it irriga tes 
the na!u~al •"altne S01I and tnduces growth of grain< and 9'"""' lrom windl>orne 
~ed, wh:,ch prev1ou!ly wer. unJblo te germinote duo lo tho toxicity of the alk>
lme so•l. 

The papor by L6<ivik<son explains !he cencept cf multi~le "'"' ef ;oolhermal 
energy for Cle<trtcal Pro<fuction 31 tcmperaturo• botv¡<en 180"' and 200"C •nd lor 
ore<ening ogricultu ral producto, m.,ino product5, and voriou• row ma!ett•ls u<ing 
geothermol Jteam al temperatures rangir.g lrom 100" te IOO"C- At tem:>eraturn 
lrom 40"' to lOO"'C g«>thermal hOt water may bo u sed fer hottiCtJilure, animal 
Mu,bandry, hoalth resort•. and '!lOCO heating. A t tcmpcrature• le>< than 30"C fiolt 
farming rnay henelit. 

LUdv_ikuon pre•onts an opera:ing 1nolysio lor an eloctrohofticultuul complex. 
ThLO tncludes a market analysi< for Vf'!le<ables, fiower;, and so on, hoth for demoo
tl·c· consu,npticn ond Oxport, and the copL!al com for cot\stro.c:ing a growing fa
cthty_ "':ho Prln_ctpal cou of the growing lacilitv i• the glou •~d framoworl<. lt 
m~v be •nter.,tm¡; to loarn whe:her alow quali<y s!a<S could be m.>nufocturod 
USLr.g \he alectricir¡ lrom the complex and the <ilioa precipitate lram the geothor· 
mal brin o, The ana¡ysi< excludes tho com for ele<trical g"noraling facilities bur 
~<su mes th.•t o~~Jt~lf ~1 th_e clc-ct~icity producod will be sold in thc ntorkctploce. 

ha electtLCOI productLon LS con••der<d neco,.ary for artificial lighting. 

The R.Vkj;i~'"e1 ~eninoula in lceland i• an orea ol abundan! and reodily acce•<lbl• 
9°<>thor'!'~l.'••ourceo as evidenccd by the onany •urfoco n1.1nifo<tatton<. Lindol 
~·«~tbc• lhe activitie• ol the S•• Chemical• Cemplex on thi< penln<ula, a pro
)~t •nrttatod by the Naticnal COYncil ol lceland in 1006. The projecr """'de
'"lned to coordinate the expioitatien of indigonous lcelandCc rescun;..,_ Pdroc:Í• 
~ally, theso are hydr.aulic powet, heat frorn ~e<>thorn,l"onergy, 5cowat•r. O<'d 
rndu;trtal ~aw matenals which ar~ found in gcothermdl flrrids. Prc•ce.tly undor 
con.,deratton by tho lcttlandto sovetnmenl oro focililio• for ¡he commer<:i;;f re· 
'»<ery cf sah, pota<h, and e<~lcium chloride hom t~o gcothermal brineo. 

Ouring tho la,¡ lour yom of thc invo,.tgotions a woll was kopt flowin~ in ortlor 
lo ob•erve production ratos ""d po,.iblo chon~"' in thc cherntcal composition 
ot the lmrw. The depth of the woll i< n<>! gi,·on. The rate ot producBon of 
lhe frr•t yoar wa. 85 'o¡/se<. The production then dc-cline~ to 63 ko¡/s..'C in the 
''-"'on~ yeor, 57 kg/scc in the t~ird year, dnd roma.ned tito somo tllorealt". Tho 
chem,._al cornpo>ition did MI chongo. Mineral reco,ory wa< >chiev0<1 through 
~rotoon by .,.,apor•toon and fractional crymllization. The minorals pr .. enl 
•n the brrn ... ""'" IO<Jnd to atta in a sol;d lorm in !he following crder: silica, 
>Odtum chlorrde, po\o,..,ium chlori~•. and Cdlcium chlorido. 

An evaporator w•• conwuc:od \o assist in removing tho WO(Cf in order ro con· 
f"ntrate rho liuid. Geotlten;¡al steam ftom the te•t woll wa< the source of heol 
"'.rhe 0\/0.POlotGr. Silic~ ond caldum sulfato buildup of ¡calo commonly .,,_ 

OOCLated wtth gootllermol production is not con•idotod tobo • problcm. Buildup 
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ol '"'ale ~id, howcvcr, inhibit1he he01·tr•nsler coellidcnt in 1he evapora1or when 
o•vgen w¡¡s permilled '" enter the •vnem. By Purgmg 1he o•ygen, 11\e hco1· 
uans!et coclhc:ienl< are e•pe<:ted 10 remain ":is!oc:tcry. 

Tr.e mo>t O<tensive toc:hnical work ac:c:omplished by 1he Sea Chcmic:als Comple•· 
io the preporation o! magnesium c:hloridc lrom seawater a< o fec;J to elec:trolytic 
mJgnóum colls lor the ultimotc monubc:ture of ma~nesium. lncxpenSiv" sl)da 
a<h process.o<J bv gcothermal ""'mis o kcy componen! in tho manulaoturing 
sySlem envisior\Od. The production of sodium met•l. c:hlorine, and caustic: <Oda 
have also b.,.n studied. Becouse magno"$ium and sodoum metal M well as Other 
produc:ts ruch ., ammonia can be prl)duc:ed using efectrolvtic proc:esse10, add~ 
tional auention should t>o given to elecuoly<is u<ing powor 9tneratod bv geo
tl\wnol energy. 

Geothermal Development Compl"' 

A conceptu,li.od geothermal developmenl compl•• moght con•i<l of an elecuic 
po~"'' ~e~eratinq fac:ilitv, "ith a pOrtien of the electricity u>ed interna:ly arod 
1he balance sofd into a 1ransmiuion grid. The ele,:uic:ity would 1>e used wilhin 
the comple. c:onventionatty by re•idcnts and for many cner¡ry-inton•i'" manu· 
f>ttu,ing pro<<'<••• sud> a; smolting and electroty,¡, for ti>! manufacture Of 
ammonia. Sorne "oam could be divorwd from the power station for preceS$ 
use ot woter dO<"Iinilation. Hot wmowat"' could be u•od for spaco hcating in 
boildings, groenhou.cs. and/or te hydroponocolly produce food. 

Low·quali:v gr..,nhouse gla" cou!d pcnibly be prl)duced v.ith prec:ipitatod s:tico 
·in el.ctric 0\·onl.. Othorwise arid londs could be made tilfobfo with >>astowa:ors 

and ammonia·based lenili7e" from IM efee\fofytic: pro<cssing ptanl- Perhapo 
the hot wa>cr could lt< piped undcr intorc:omple• roods 10 ~ccp them •now.free. 
M:neral ba:h, w~uld be an ideal plocc for re<1denu te c:ontemplote other Pro-

'- ductive activotios for \loe gcothErmal dcvolopment complc><. 

\'lhile th~ vi,ion ol o gootr.ermal dtvelopmont comple>< i• appeating, tlle domand 
(val~•) lor elottriC:ity ar>d associatod com ~"·'Y econcmically precl~de multipur· 
pe,. os« in aroM •uc:h as 1he Unitod S:>.te<. In SYCh areas it msy be desirab!e 
10 reinje:t 1M 110<>\hermal ~<uid< al their highe<l terrrperat~re in order 10 main
taon ~r prolong rcoervoir life. Fleinjection woold also m••imize individual woll 
li·,cs and inhibit produc:tion declino•. 

• 

' 

Development of Geothcrmal Energy 
in California 

FIESOUFICE KNOWLEOGE 

C.hlornia is p_aniwlarly rich in seo:hermal resourc:e•. TMy includo no: On!y 
the more famoh~r hydrcthorrTal_ '1""""'' ty~ified by thcse uroder devefopmem 
at The G?V""' 'n Northorn Calrfomia and in tho lmporial Valloy but al•o hot· 
19ncous li.e,. magma and. hot dry rock) and conductoon dominotod ¡¡e., near· 
nonnal·tompcrature ~rad•ont) sy•wms V>hich muy ultimotcly prow 10 bo much 
moro oxtMsove and.valuablo than the hydrothormal •ystoms. A 1ummary o! th< 
heat, cc~t~m [heat on groond abo•·• 15"C without rogard to rec:ov•rability) of 
Cah.ornro .' g~othermal resourc:es based on Uno¡ed Sta te< Geol<><;¡ical S..:rve·¡ (L:SGS) 
e<tomates "goven rn Table l. l. 

TABLE 3.1: CALIFORNIA"S GEOT!-IERMAL FIESOURCE BASE 

R"ooe<o Tv,. 
Hvd!ooh"m•l 
Vo<>o<·~om"'""' fmomt 
Üquo!dom!noi«!,J.hot .-or<r) 

""" '"""""'"'" !> t50"Ct 
t "!~~ ':';;: ~~~ .'~j por, '"" 

HOI·ionoou• 
Coodc'I•M Oom'""'" 

ldono<ri,d UnOi"o"rod 
...... Ouodo". 

" •• 
" \4,700 

" 

'" >5.000 

N,., nO< mol ~roO,tnl >GJS,OCC 0 
G<oprmu"d Unkoown Unkoown 

"1 ~u.od • te" B_tu , .. "«tu;.ol,nt oo '"""'""""'" 170 m;n;,. ""'"" 
o! ool or 50 <<>oltoon ,_, ton> ol <o>l. 

Sourco: Flelerence (1) 



Goothonnal Enerw 

Tlw 1· "'"'"'''"'" hydrr,thcnnal >y><rm< li.o., thuSO hovin~ tompera<urc< 
o•¡cr 1. .1 "'' r-spt•Oillly impor\Jnt booou<o of.their potorttiol tor '"" tNm 
cammordal rlcvr•lo¡.rnt•nt lor elo<Uioal pa ... w ~e<atio~-

Tho idontiiiOd hyd1athermol ro,auicos in Cül1fomia ore lacotod in and ><Uunó 
"Known Grothormol Rr,.ourco Aloa•" (KGRAsl. A KGRA, a< do!ined in the 
rule< •M ll'!juloüon< 'rmplcmomin~ \he Gocthorm<l Stcam Act af 1970 
IPL 91-51111. "i• an area in which the geolo9y, nearby di<CO''"''"'· competiti~e 
intcrcm, or othor indocia would, in tho opinion ol the Seoretary al the Interior, 
engeroder a helicl in men "ha are experienc<Xl in the subject maner tho.1 1he 
p!OSPOC1S lor e•1raction ol goothermal neam or a"ocioted re<ources ore good 
enouglt 10 warrant Npenditurcs or moncy lo< that P<l!POSo." 

Thcre aro 2J such designatod are<~> in the nate_ The USGS ho• tho rospon.,bility 
of as<essin~ the na<ion's gcoth~rrnal pctenllal. Their initiol o«c.,m<nt "'"' re· 
IEa<Od in 1975 l?J. h i<kntrhes 62 hydrathe-rmol re><>lliCOS in Cohlornia with 
"""mated lcmporoluroo grcotot ¡han 90"C; 46 befcw 1so•c a'Od 16 9•eot<r tMn 
150"C. Thosc rc•aurc" abe"" 150"C oto ct conomoocial intert·" lar tho gonor•
tion ot cl~e<[,c;l powor. TwontY oight ol the 62 identil1cd ro•ourcos ooc ""oci
a<ed with tho "·•t•'• KGRA•. Qf thc 23 KGRAs, nniY 5 hove no idt'<1trhed hy· 
drothormol •ystonts. flore "idcntitied" t. usod in the contc<t ol "'""9 ~ccn 
includcd in tho U~GS ""'"""'""'· !11 should "ot be inforrcd that no "·snur<< 
"'"" il nÜt listod in tho USGS """"mont.) lhooo livc include O<><l•o. Ocü• 

'wourth Pea~. Ford Ury lnko, GIO<s Mountain an~ S:~tinc Volloy KGRA; 

On the basis of ¡,. ,·olc•nic nature and tho largo numbcr ol lo><e op¡lllcationl, 
Gi"' !o1ount.a;ro KG RA oppear• to be a '"'Y ptMHSiro9 o¡cothermal a reo, but MO< 
yet to bo complct~ly a"cO<od. The<e "'" thermal •prin!l' looated noor thc Salino 
Valloy KGRA. Bodio, Bec<wourth Peak and Ford DrY Lake wore o><tabl•!hed os 
KGRAs on 1he t>osis ol overl•~pinq geothermal lea,. appiiC>toon•. B"od on th~ 
"'-'ailable USGS data, then, the u:lontilied. clec;ric.al potential in the <tate i< in 
""""'' of 19,000 Ml'.'e <li>tributed in 9 KGRh$. Those "'e listed in Table 3.2. 

• 
TABLE 3.2: CALIFORNIA KGRA> \'IITt-1 lDEti:Tifi[O UECTRICAL 

EtJERGY POTENTIAL 

I<CRA 

1. Mono lo"'l Volloy 
2, Cor<r Hot Spr.n .. 
3. S doon s .. 
•. l>h c,v·S"'P'i" VoiLoy 
s. c;,,,..,.c.,;n""' 
6. "'"" 
7. e,,""" 
a Bo.owl<y 
9. l>mn 

Etocu;,.t Enooot Pooont>OI 
\M'{/o ••• 30 v••n1 

0.00 
4500 
2800 
2100 
1750 

"" ""' ,, 
'"" 19200 

Thero ""largo uncerta.ntro< '" tloo '"'""'"" "'"'""'"' lt os mo t to !CCOg· 
"''' tha\ thc USGS a;,essmm\1 "'"' llJ.o<l 00< \hu l1ml\od d:~to ovu .u_olo_ a\ tho 
time 1¡1e survey "'"' perlormcd (prior to 1075). A•.thc USGS !'"' HOJ•cotod (J). 
no ,;nglc """nate of geothotmol cnc<gv l<om a ~l!trCulor '""" :ndudcd 1n the 
a><o>Orr.Onl ,hould Oe rclied upon •• on e•tot>li,hcU toct. For •omc ·~"" tne 
onlormol!On was rclot,.·ely g~d; lor olllor>_ it wo< ""'Y poor at ;~o lome ¡he 
ntrmate was mode. To illu•tro1e 1he paucoty ol do<•. of the 4g tdonBfred re-
10urcc< with the tempcratures b<tweon 90' ond fSO"C, 37 h~vo limited o.\cnt 
data (i.e .. •ub<mface are"' and thkkne<•) •• do S ot the 16 oden,.ILed •v•tems 
abo•e 15a'C. -

Whrle 1he e<timated goothem\01 potentiol of the \tole¡, laryc, only a <mafl lrac· 

1;00 ot that paten1ial h .. b!'ffi confirmed. by decp drill!ng and ,.,.,.,_·oir conforma· 
¡ion test>. Jable J.J summome< by KGRA and ¡ubteo:¡oon, tho geothetmal ,..,u, 
wh".r;h h;tvc heen dr'Jicd -., the •mol4H5l. 

TABLE J.J: GEOTHERMAL WELLS IN CALIFORti:IA 

KGRA 

Go~"" o,,.,.,.c,,,.,"", 
Ma'" F;•Ld 

Q'"" 
t""' Kotso MountoOn 
ln••l•dv RidiO 
W•1l" So<ino' 
Oth" 

lmp<n•l 

B""''' 
~ .. 
E.,t M.-.o 

GL•m" 
HOI><f 
S.tton Su 
FoHI Dov t•'• 
Ültoe< 

f""'" S<on• -.. ~,. 

Mono long van., 
R•"-'<buog 
SolonoV~LoV 

OtM< 
r~onh"" 

Gloto Mount>ln t••• e,,, Su•priro VoiLoy 
lmc·n 
Wond<I·Amod<O 
Oth<r 

C.nt,.l Coo<t 
S<<PI 

Tolol 
"'"''" ....... _,, 

Sou<ee: R•terences (4115) 

Totol Woll• 

m 

'" , 
o , , 
' 
• 
' ,. , 
'" '" , 
' , 
' " ' , 
' 
' , 
• 
' • 
' , 

"' 



TABLE 3_4, ESTI~AHD PROVEN RESOURCE POTENTIAL 

KGRA 

a.,,.,, C.<•nova a,.,,., 
"'" Mm 
S.1ton So• 
H<kr 
Mono·lo"<l V•llov 
Su•Pmo V•llov 

~" 
l'"'" 

USGS 
A""""'"' Doto, 

MWo 

\750 

"' ;oo -"o "OO "00 
"00 
~ 
19200 

"'""'" R""""'• ,.,...,,. 
·~ 000 
;oo 
~ 

000 

'" 00 
o 
o 

·eo.. ........ -· """'"' ... ~·" '"" _,.,.,,, ..... . ..•. "" .. ~ ...... ''""' '"' ........ 
Souroe: N78-1S528 

lt is «pt•cwd thot lurtllor ·~~lorat -11 ~ .. 
lional goothermal loelds in <he stat~on.~L 

1
5 ?':" • SLgntlicont number ol oddi· 

li•le<l. Further ••P loration 0110 e o "'' e ~·"0 oner~y P<)tenti~l b"'ides !hose 

•,!'"' i_dontifiod. Future d"covoriot."~~c~~~:~~·;:b~hom~~~~ t~e ~~~~mates lor tho 
""' t•m« tho volurr.o a<ld heat e n l _ • ou • POst•bly 

alroady identilio:t Th'-"'> d""~ .. ,0,., ten\ ",, <he hogh tempemure sySlemsl>t50"C) 
· "~" e; cou result lrom: 

'" 
DEVELOPMENT OUTtOOK 

Th . b'l' f n,! ;;:.~;\Y 0 _ ~he •,•••m resourcos ¡, wetl embl.,hed; 502 MWe •ri on-line 01 
u •-" w"" ulL oty plans 10 e•p•nd d ' c.>poc•:Y in the 1985 time lro'l1e 0 1 

eve'O~ment te an estimot<'<l 2000 Ml'lo 
· eve npmem LS paced by the rcsolution of tho 

o..,olopment o! Geothormal Enorw in Caloforni.; '" 
1-l,S emistion •ir qualitY problem and the r=>lution of la<ld u<o Both aro 
re<eiving co.,con"atcd a\\ention_ On tt>e other hand, the viability y< the hot· 
wal"' re•ourcc> " nol t•stabl.,ho~. Linio of tbo lwt-w;<or rcm,rw po "'"'''' out· 
side of the Imperial Valiey nas been preven by Jeep drillmg. Studi"' 151 show 
that the co>t ol power from the iéentified hot water r<10urcos ore no\ now com· 
pctttivo wÍth ohornotivc souroes of enorgy. In addttion, thero are lu~e uncer· 
taintios tn co>t and in underStanding el perfonnonce chor"cteriotic> which need 
\0 tJe rosolvcd. ,>,s a '""''~ tl1~re is only limitcd commitment to the hot ''"'"' 
re>ource< at this lLme. 

There are active research and development projeo;ts in the Imperial Valley to 
demonstrate tM tcchnoloqv and to reduce co<l and porformanco uncoqointo.s. 
Th•se includo both test factlitie< and pilot pionts. In addition, a commorctal· 
!1C11Ie, 50 MW~ demonstrotion plan\ is under consideration. While t~oso projects 
will contributo sig~ific>ntly to increa<ing user confidence, they in thomselw< · 
wtll not be "'fficienl either 10 emUii~, the "iabtlity of power gonoration from 
hot water re<o<JrCOs or to ""''"" the necc,ary commttments to aohieve growth. 

Condm'ons on Comm~tment: The commotmcnl of thre<> prinwry l'fOUIOS is notcl· 

"''V 10 ••s.ure a rapid increaso in goothormol cloctric;¡l utilizatton growth; the ••PI<r 
ration eompaniO<, the utilito., ¡nd the public (ond the regylatory agenci., rep•e· 
•enting the public). 

Because ot the largo associated com, :here is little incentive for c•plor.tion com· 
panies to nur<t.e vigor"'" <!'cp dnlling programs without "'me O«man<e th>t 
the ro•ouroe will b< <J!Ool on o ttmelv fooh~on. n-.cro io only ltmited utility C<l'n· 
mltmenl lo t~e use ol gcotherrr.al enorgy outsio!e of thc economic.olly onrawve 
GeyscrS !lcam field. There~ore, one of the kev• to increasing the e,plooation 
rato for the ltot-wdtco re<ourcoo i• tncrcascd cnrnmitmonl b·¡ tito uttlttie¡ Utili· 
ties do recogni<e thot the hot·w:lter rosourcO< are petentiatly attroctivo •ources 
of eloctrkal p0""'· M>nv at~ activcly considoring the ~COthcrmal energy op:•on 
in lhoir growth pi'"'· Ho,·;ovor, booouse of tOo hi~h projecteol com >ttd uncer· 
tainties, they are teluctont to Con>mit al thi, time. 

The u•c of geotbermal energy ;, a r.ew technology to mo>t utilities and ao a 
resol t. it Pose• •ignificant cconoo•ic, environmontal, wchnicol. onJ socio roiLlic•l 
conccrM ar<l uncertainlie< as compared I":Llh e<tobj¡ollod energy option,_ This 
is ranicularly tOe CO<C Vo.i<h the hot water rc•ources and to wme ée.JrOc even 
wlth The Gcy"rs sto.tm ftei•J. The Uttli<io¡ do acknowlcd¡;e lhc nurnbor of c•ccl· 
lent •upportive tcchnology devoloprn<tnt programs and studie• M the utilization 
of goothO!mal r<sauroos a<ld that the res.ults 10 dJtc aro \lCf'/ cncou:-aging. How· 
cwr. such >!Ud tes and tOchn(ology dovclopmorot pro~rams "'" not sufltcicnt for 
u"lttv commitrr.ent; tM technical unkno"'"' •nd economic and enüonmentol 
uncomin<ies associatcd with geot~.errr.al ener;y are just too•lorge at thi, time. 
Tho four mojur conccrn; ••"' 

(l) Rot<>Oili" o! Opmtion-

PI A.01ur>o" o! """'oir ''P"''IY""' tilo"'"'· 
131 Ecooom,co ol • Q<O<h<rm>' pl•n¡ comp,,.d woth '""""'"' 

f41 C<>nfiOenco '" """'"""'""' "''"<lu'" fi_o., !o...dom !rom toogth> 
'"'""""''""' ond '~''"""' ~,,,.,¡_ 

A• ~ r~sult, ~tility personnel concerned will1 gcothermal •ncrgy genoroliy ¡._..¡ 
~~•t. out<ide ol The Geyws >!eom loeld, ge<¡thennal onergy wtll Mt be con· 



"' Goo1hcrmal tnCt!IY 

•iderod oo !" 'l!ürnotivo 10 Jo,.H·fuoled and nucleo: r'on:s bv a !Jhl•ty 
campan~'<"- .d <lf ~iro<to" until Íl' reliaiJility and cconomi" ore provcn by 
• lull .cale domon"'.:ion plan¡_ Such a p'=>n< woul<l hclp placo thc utili>ation 
al gcolhcrmal cnNQY on an ~quivalcm conlidcn<O<' ba•• to tho.e al oil, nuclca< 
cnorgy ,lrHI mol In addi1ion. t110 ut;lltics will rcqLJÍrc tl>al reservo" c.Jpacity 
;¡nd l<lo<imc for cach gco1hormal powor plant be dcrnonwaocd by dcep drolhng 
and conl«r:>•:ion '""prior to thcir commitmcnt. 

The thiHI group ,,hich rnu•t also commilt<> gcothcunal dovelopmcnls i1 the al· 
leclcd ¡>~Jbhc and !he auocia:ed rog<JIOIO<Y 39'ocieo. r.:cny loc.>lillts and t"ljula· 
tory ogcncic" h3\·C lim<tcd cxpcricncc ,.,.¡¡h ¡¡oothermal cncrgy. A• a rcsultthoy 
ore undm<andalJiy rcluctont to owrovc gcothermal doveloprl>COIS without know· 
ir.g the petontial impact. The univcr<.:ll desir~ on the pan o! tho« a\jCn<i"' and 
tit.e local comrr.uniti"' i< thlt all '}O<Ithermal dc• .. lo¡omem proeocd in an ordcrly, 
con•Jolle<l m31lncr con••>tcnt wi\lo local riC>IIc•; minin>i<ing ony potcntiol odvcru 
jmpact. 8oth tho Calilorma Env.,Mrnental Ouoiitv Act ICEQA) and the 
National EnY"Onrncn<al Protccti<>n A<t ll'>:EPA) "'''"" 1ho1 w<h cono;ern> are 
addr=cd ond rc•ol"'d in thc r>'gulotory/o¡rprovol proco ... 

COMMON REGIONAL OEVELOPMENT REOUIR(MENTS 

Rod~cin~ thc Co<t of G<!Othcrmal Power 

The achitvcment of any growth •ccn>rio lor gcothcrmol encrgy utifilation will 
be prodicated on the fund.1memal ,,.umption that the co" of power ¡110duced 
lrom geothermal re•omc<"> will be competotivo vúth the co•t ol PO""' produced 
hom coal·lirod or ~uclear ¡>13nt<. Comp.a<ative crnl d>ta ore givtn in 1oble 3_5 16]. 

TASLE 3.5: COMPARISON OF COSTS FOR FUTURE GENERATING FACIL· 
ITIES 1Conmnt1976 Doliar•l 

Tvpo 

IJu'l"'' Po"" Pl.ot ILV!RI 
Coo .. nt•Oo.ll Ooi-Fi"d """"'' 

f'Oont (lo" Sutt"' Oill 
CGmoined Cvcl• (Oil-Fi,.d) 

Pow" PMc.t (low-&JIIur Oill 
Co.ol fo<Od Pow<< Pl•nt 
Hydrotnm••l """" I'Oonl 

$'""' 
Hol W>t« 

Soutce: Relerence (6) 

E<1,motod loto\ 
C.p.W ln•e<I<Nnl 

ISI<Wol 

nOB:JO 

3W400 

215-35(1 
S70-fio;) 

250 280 
5~0 BOO 

~<1im•1<d l'fico ot 

""""""" .. Sotb.r (milhfi.,WO) 

" 
" 
" ~ 
" " 

l'o'hilo thtre ;, no unam:nity o! opini<>n amcr>g the varicm in·,.,,¡,_p,oro wt>o hl'• 
01timoted the prot>ot>lc <OSI of <iccl!ic po"or frc:11 hot·w>l" re<curcos, the rango 
el co¡imo'.ed pawer co" run• froon 40 lo 150% moro thon tho co" from othor 
enorgy •l¡ernotivt:< on the basis of curre.~: policio• ar.d t""hnology. There are, 
of cour ... 1"~" unocrtainti,.. in the<e "'"mot"'; no hord <!ala oxi<t en powl!l 

Development ol Geothe<mol Enetgy in Call\ornia 

plor>l oom for hol-wator 'Y""'"'· or on lield dl'Vl'IO¡mwnt oost,. F. , t~o 
requircmer.t< ol specilic "'"' c~n introduce CNjor dofferenc.,; in projcc,,-<1 powor 
com lmm- re<euroes o! similar '~"'octeri>tics. 

Cgsls o! Goorhcrmol Power_. The co<t of ~eothorm,¡lly dorived power consim of 
1v1o mojor componen\<: (1) the pow<r plont construction and opo<ration cost, 
and 111 the fuel coSI. The portioo of thc bu>bor co" of power oscr:hoblc to 
pow~r piar" construction ond oporatiUns c.ost okponrls on thc actual cost of con· 
suuction. the lroction of this cost tho: i: borrowc>d and :he inl<ft!$1 r>:e on the 
loan, the fraction thot is invc"OO Jrom the utihty'• capital ond the rote of re· 
tutn on that irwOS\mont ollowe<l by thc ro;gul,¡tory •ltlOncy, \he poriod ol amorti· 
za1ion of the plan!. \he anticip.:~tod plan\ availability faelor (Le., the fraction of 
'""" the plant will bo on-linol, ar.d the antidpated cost ol operations. Each of 
lheso lacto" woll vory lora givon projoct. 

Currcntly, there are no hot·woter geothermal p<>wer planto in <he United StatO> 
0<1 which to b= e<thor com"' plan: availabifity. Fo<oign plants such •• those 
in Me .. co antl Ncw Zcoland will be an oid to •ume tochnology dcoclopmcllt boJt 
wlll no: yiel<l u'>3ble oo.:ir.g dota. 

E"im""' ol the co>t of con•tru<tion of ~OOiheronal hot woter plont• hove """"d 
widcly, Jro,n., low o< S\50/kl'lo toas ILi~h •• S750/kWo (71. SRI, in it< oco
nomic analy<i< (6), o<>Umed o f•gure ol S650hl'le, "hlch at a 15% rote ol r~1urn, 
• O 80 plant o"ailabi\ity IOC10!, and a 30 year plan\ hletimo, tran•llle'l into a 
bu<bor ¡>ow<r co" ascrollob!e to power ¡¡l;mt com of 18 7 miii$/~Wil. F<>r lltis 
anatysis, JPL will oS<umo a prot>able ran\lf' of 16 to 24 millsJ~Wh !or 1his portien 
o! the CO<I of power. 

Th< other port of the """ ol powor is ascribalJ\a to fuel com, i.e., what 11,. 
de>elor><r chOIIJCS me utiliiV ter the gcothormol fluid<. 1hi< dCf><;l<h on •~ "'"n 
largor arxl mo<e uncortain •ct of factor>: the pw·foot co•t ol drilling, the dtplh 
and qllaiLty ol the rosourcc, lhc cycle dficicncy uf thc ¡1owor plonl, the ta< 
trcatmont of COSI< ontJ revenu"'. ¡he ,,me ll<lto'leen i~·,e<tmcnt ond >t.:>rt o! return, 
ltle requirod rate ol r•turn, tho ooticipoted lile ol a well, and the anücipatod 
pewcr plant availability l•otor. 

The rO>ullont wide spread in bu<bor «>•t el olectricity a«:ribable to fuel co<t is 
e·,ident whcn bu,bar lucl co" ;, plolle<.f •·orsus flow rO< e for a vo<ieo y ol well· 
h<.1J Urine tempero\"'"'· lor dnlllf\g com of S4DOK, SGOOK, ami tüOOK pcr 
woll 161. The don il!umote the va<iability of potenHal resource cost antJ alw 
the importante of achie•ir.g lcw ""11 colts a<'\d high flcw rot"' for lhe lo"er 
tcmpo·<.lturc <OSQurce< for lho a«um¡lliono '""'1 (a roto ot retmn nf 20%, ~l;¡nt 
avoilobillty laotor of 0.75, and \977 ,,. ~ohql, com ran~o lmm o low of ~bout 
15 molt•AI\'11 ¡0 , aQ ••~eptional!y good well 1275•c. 700K lblh, 11.6 .'/,'.'let in 
•n arca easy 10 drill !S~OOK/wc\11 to obout 30 mil:•lk\'lh lar wh•l m1~ht be con
••do<o,t) on ""'·"JO woll (200°C, SOOK lhill, 3_9 MWel in o modorololy dill1cult 
d111ling '"'lion (~600K/well), 10 over 70 mollsikWil lora peor ~o>ell 1175"C, 
300K lb/h. U MWe) in o cilhcu\t drilhng ror¡ion l$800K/well). 

To quorthly tho problom <omowho< more, JrL has maJa o rough o• limo le of tM 
CORo! po""' rar>ge tMI might be ••P«tt<! for the vorious SC""-lrio prospecto 
in t~o stote, uoin~ rela<ivoly optirrHstic assumptions on llow rate an;J tempero· 
ture. Bec;¡usa lho re>(lurces in many of these arcas oro not yct confirmed t>y 

' ' 
1 
1 

1 



''" 
d•oo dr
are per~. 
po;c. 

or\d in the orher "'""' well dau is held proprietory, the>e enimar .. 
·'""' de<cri~od e; guo«o•. but they serve a uooful lllumative pur· 

The assumpti<>tls used ar'ld the ,...,ltir.g power cOit< are pr ... ntO<I in Table 3.6-
Ciea<ly, ba"-"<1 oo these 0<$\Jmption;, none of rhe hotwater roscurce• are pr~s
omly com~ctiHve with the other encrgy alternatives. Gl\•en that the assumpuons 
preve volid, thc co>t of lt~t-v..""' oloctric power will hJvc to be reduced at leaS! 
10% to bring any hot-water ro<Ourco• lO o cornpctitioe prke, ort<J by as muchas 
58% te bring all of the cnima:ed rnources ir.lo the competnive range. 

TABLE 3.6: GEOTHERMAL ENERGY COST OF POWER ASSU~'.PTIONS 

"""'" Flow .... , f•tlol Co>t ol 

hm"''""'' ""' ~ .. c ... Powot 
!'CI lotO/tu) ($/k\'11 ¡;s/wolll 1 mill>lk \'1/h 1 

"'""" s.. ~ "" low ;no ~ " B"~lev tuoh 1(;0 •oo ., 
Mooo l<>'t,V•IIey "" roo 

'"" >OC 
~ " Co>O Ho1 "''"' "'"" 1r.tl 
~ " "-· "- "" ~ low 500 •oo '" E•~ "'"• "'~" 1~0 ooo " Gov.o" llo1 11'•1« '"' "' 1ow 500 ooo " Gl•" Moun<"n "'•" 750 """ "' D''"'" So•o,,. v,.,,,. "' ~ ··~ ~ " "'""'' Aml<leo 

h .. h 150 ~ " 5ouroe; N78·\8528 

Paromial Ac:ions 10 Rniuce Costs: The cost el ei•Wic powtr produced from 
geolhermal resources ;, determine<! by a nu:-nber ol f•cto~. inctuding most 
prominent1y: 

111 Pow" pl•n< coH. 

121 Cou ot '"'d d'"""''· 
13! Con ot lie:d d"elopmtnL 

(<) T .. '"""''Mol !he<• "''"· 

151 T" "'"mentol'"'"''"· 
161 Oo.,.tio;., •nd m•i"""'""' '""· 
111 f'10n< ovo•I•~•I•:V 111:101. 

IBI ¡,..,.,.,_ "'' ol "'"'"· 

Voriou• ootion alternativo• oro aooil,<ble. Thoy include rcducing tho ba>ic costs 
thernselvos through irn~roved tochttology, or roducing tne impoct ol tho"' ce•ts 
on the price ol pe,ver throu~h '"' treotrnent ol com a<>d ro•enu"' aoo invHtor 
rote of '"'"'"· Thesc oltcrnative• hove >aryi<>g lead !Lmes, price tags, e~fc<;tive· 
"""in s11mull!in9 invo"mcn; in geothefmal onterwisos, and ~rob•b;lity of suc· 
ce«. A rli.ou"ion ol tloc<e alternillivcs follow<. 

fl,~!ucing Powcr Pl .. m Com- Power pl•n< oo.to, oe<ording te the SRI repcrt 
(61, c.>n be c•por:ted 10 be about 40 to 45% m.ojor m•ohinery cost>, aOO 55 te 
foO% in cngineer¡n9, freid conmuction, and mrscollanoous ttems suoh as piping, 
cloctricill wirin9, rr.otc:s and controlo, otc_ Tho 1attor ce•ts are unlikcly to Le 
aflocted bv R&D actr·,itics. ~~ochincry cos¡s could ooncei"obly be re<l"oed bY 
the develepment ef improved componen u, but un<il a plant h built and operated, 
true costo will not be knewn, and the impacto o! hypo!hetial im~re•cme<\1> wifl 
not be readily assc.,able. Con•equently, A&D ;¡imed primarily "' reductng power 

Q¡:.¡elopment el Geolherma! En«w in California 

plant copnol co" in itsol( is lrkdy :o prove inef!eo¡,ve in rnfl"cncing -<nt con-
oeptions of th" lut~rc cost of g•othcrm>l power, and thcrefore present invest· 
ment deci<ions. 

R•ducing th• Cast of Field Discovery - The CO<" >lseciated vvith d:scovering 
•nd proving out a geothcrtr~al lield are cstimated 10 contrrbutc nn more lhan 10 

to 15% of !he cvcntuaf cmt of power, R&D cfforts to impreve e.plora•ion and 
resorvoir """"menl technology, whilc important lor other reasons <;JCh as in· 
cre•oing invntor con~i<lence, or <educing r~latory agency workloaés. anoot 
have more than a miner diroct impa<:t on lhe con of pcwer. 

Reducing tho Casi of Fi~IJ Devc!opmMI - Thc cost of fiel<! <lc>vclopmcnt ¡, a 
major con1ribu10r (30 te 50%) to \he cost ef powor, ond is amenable te redu~· 
tion in a number ol '~ayo: 

111 lr><•Uied oowoc ol•nt <y<lo efi«;onc:v would <edu« tno """'"'' ol wott¡ ro
~""'d 10 luQQO<l O pOw<> pi•nt. R~O on iotpm"d Ooot """"""• P';"10 
"'"""• .od oond'""" could '"""'' <WI' dlic;oocv" much " 10%. ''"" 
• <O'IH[>ond,ng oeduet<on '" "' ""'""'' "' "'"' ,.q,"od. Sud\ \<COMIO'_lV 
wdl bo ,,,..,;,. 10 dt•ol<>p ""' domonltrot< on o <Otllmo<ml >e>lo,.,.., 
""'"Id ¡NObobly not ,., <Ommo<c'll "" bolmo t985. Po!t-198$, <t "'""Id 
¡;hy o m¡jo> >ole oo "''""'1 m><9•not 1"'"' "ooomi<ollv ''""'"'· 

121 loe>.,tioo th• Flow '·"" poc ,,,(1 wo,.rO "'" cod"' L.'tu oumt>H ot wolh ,._ 
qwed 10 '"PPa<l • pow" pl.ot_ \'11"" woll ttow "" "tom•t<d l>v '""'"' 
'"'" .,..m.,bt<'t>, "'" !tomuL>liOn tO'<Miq"" "" bo d<voloped R~O '"""' 
.,, bo•no d"octed row•"' '""·' """"'""'""'· SM..,II!•on ot 9''"'''""'1 ..,.,1, 
;, 1 ""'~"' p>o!)Oom, """'"''· qu.ro dillmnr from "" ~•ti """""''""· ond 
tM dot< <uch techn•'l"'' ""'"'" ""'""'' "'"'bte "ddhcult 10 OCOd«t. \'In•" 

well now "'" ;, """"' ''"''"d by'""''"~'" tOo borehol,, o .. doo'"'"' of 
'"'""''""""..,,a pum~ m•y o•o,ido • ""'""""- OOE """"""''"'Y 
e .. ,,o.,.ng '"'" """'"'· •nd ""' "'' ''"""' """ ""'" •t H•bo•. tt """1~ 
oot «<m ""'''Y opto<n•<t•< to ""'"' on " .. '""'"'''" ol SU<h """'"' ov tho 
"''' ¡gso •. 

lll D"''""'~ 100 ''"" """"'" lo< dnfl''"g would propo>tiomrely >Oduco '"" ·, •. 
tong.~ro olemen< ot U"ll'n~ '""'· o¡timotod to bo 50 to )O" of tho tol>l ""'' 
of lo<ld d"oloom<nl, IMO>o"d "''" blu. m.U<. ond """'""' OQu'""""' "'' 
b< <!<vol-"'''"'" tho A!.O 1>'"!1""'· '"" """"' "''"''' o<rmin,¡ ''"''· r""' 
'"'"'"'""'"" eould bo "'"'"'' bv "" •••ly 1980.. 

141 0'""''"9 tO< '"'"''""" req"'"" th<ough '"'"'""ion of th• """'"0 0'0C<1t 
would ""' • <imil" '""' on tno co\1 or '"'d o.,elopme•tt. Su<O > d•·,.lo;>
mont """'~O. d.fto<\0\t "'" """'';•<. '""· tf """"Id· woukl I>'Obobly not bo 
"'""'1• lor .,;""'"''"" "" bolO<• "" lot< 1~00. or 1990~ 

R&D effom "'" o~gorng in olmmi aff of th"e arca•. Whr:e it is diffkult to 
och<dufo a<lvanccmen:s in tochnoloW. it is a re;,onoblo ""~n•ption tha<, il the 
A&O program i1 vigoreutly pursued, a 20% r<duction in lleld devolopment cost 
''"'"Id l>e achievoble by the earfy 1980., and • furlher 2{)% reduction by lhe 
late 1980._ 

Chonqing rhe T~x Tre,¡mcnt on Com- The al1o'IIOnce ef tho inton~iblo drilling 
co" ""te-off lor goothermal w<ll• h0< the immodiat• eff"'t of roducing that 
PDrlion o\ tho co" ol pO"er ilttr6ut>ble 10 field d~op,.ont by t4 IO 2\", 
depending on lhe percentase of the total cc<I written ofl. !14" correspond• tO 
50", 21% to 70% intang•bfo.) Tnis measure i< pa<ticulody attrocli•c in th•t it 
~rovide> moro capital for oxplora<ion •nd Í< on irnportont ""P in mo~ing !J<O· 
thormal energy reseurces competiti•e wilh other ener~y rcsource•. 



"' Gectherm~ Energy 

Ch;mqing 11 Treatmem on Re>'Cn¡¡es - Pro•i•io~ oi a 22% depletion allow· 
a»ee lor gM. .nal wells has the immeOiate oH""t of red~cing that oortion of 
the coot ol poNor attributable to 1 10ld dovrlopment by about 17%, a"umi11g 1 
corpo101e income la< rate ot ~8%. 

Oper.m'Oils ond /.J,¡ifllenance Co"s - Oprrations •nd moín!Onance costs rorro
'"" 10 to IG% olthe e<!lmoted cost of¡¡ow<r. lt is not anticipatOd that FI&D 
will sig.1ihc•ntly impoct these costs. 

Plam 1•.--•llabi/iry Fxtor- The cost ol power is in"e"ely proportional to <he 
availability bc:or. Any increa>< in tho a•ailability loc:or directiY reducO'I powor 
to". l'.'hotlheo.ailabiloty fac\or will t.o, however, .,;u not be knovm until somo 
operating e<perience wi:h commercial gootlu.,mal power plants ;, obtaimd. R!!oD 
on 1~ chemÍ<Uy and mechonics ol seale lormalion and «:ale con!fol, on comPO· 
nena and ma¡oriol• with improv«J lile:. m"' in geothermol environnren!S, on <calo 
removal. and M other rela'od area. can bo expOC!f-d evemually to br~ng thi< ldC· 
tor up to the EO% rango presemly ex¡>orienccd at The Goyser<. lhe ~'"'""' un· 
co"•inty in tl>i• loctor .s a maiu• dctorrcnt to utility commttmont to hot·wator 
Ycothtrm.tl po"'"' pl~nt< (anda mojor a<tl<'lHOnt lor tho nood lora cosl shorod 
r!<·n>O'lSlrOÚOrl pl.mt), 

lnvouor R,,,. o/ Re:um - The rato ol <etu<n roquired by an cnve<tor i< a major 
lactar in tho cost ol power. In the """ ol the ulolitios. th<> is <'t by the PYhlic 
Ullllty Coonmission (PUC). ¡n li>o c.se ol the licld dewlopers it i< no¡ rigod, 
but .,¡11 vor•¡ aceording to 1he p<<eeivi'd ris~ ol t~ ""'"f>!"'"· and the rato ol 
rewrn ava~a~lo lrom al!ema:ive in-... :mcnt•. Mos: projecuons ol the <001 ol 
ge<;thermal j>OW<f ""'~-a ;;O% <al~ ol retutn re~wirod on <le.eloper invemntmts; 
this tofl"'l' a relotivcly hi.g~ p<rception ol risk. The action< dr..:~•sed that 1en0 
to reduce ¡ho ris~ amx:io:cd with QOothormal invos1ment and increase conlidence 
will haoe sorne influeroce on the accortablo '"'" of return. 1t the occoptable rato 
el <'tum could ~e redueed 10 15%, 11 would d<e<ease the co" of g<othermal 
lu•l by obout 25%. 

The Nced /ora Dcmonmarion Pl~m: lher• are consideral!!e diflerenccs in tho 
desi~r.s •nd Operations ol a g€OthormJI plall1 u"ng the relatively ~ure dty oteam 
'"ources ol The Geysers and one u"n9 the hol·wator r"ouroes. Firot hot water 
con:ains lc<S ao~aila~!e eno<gy per poun<l than thosteom. requiring more hcl·w•••r 
ll>an S[Oam !or o ~i•cn ekctrical output. li1Ut, a plon1 using ho:·wat<r operatos 
a: lov.tr oflicituey ami;, much more wnsitivo 10 variations in well and compo-. 
nent (i.c .• Mot •~changers, pumps, turbine, eondcnsers, ele.) perlmmanc.,, 

Se<on~, tho di«olved <olid• i~ the hot·waw p<otont a m~ch more severo <OHC· 
sion ao~ soalm~ env11onment v.hioh could rc'duce both component and well lile· 
times and thu> the '''·'"' avoilobi:rtv factor. 

T~rird, thc Lcll.wio< o! the resorvoir ·,, oxpectod to be ddloron1 from tho puro 
"""' fiold expv<iorlCo and m~ch moro subjoot to pl~gqin~. Th«• hove boen a 
numbor of ~osign ""d;cs on the "'" o( hctwotor rvsources with wid, variations 
in rotults. No commerciaT-tcale goncrating plan1 ha< been built in tlle United 
Statos ~sir.g th"'e resou<ce<, althoush foroi~n pl>nu s.och a< 1hos.e in Me~ico and 
Now Zea\J,nd m.>y bo of somo u>el~lness. 

Oovolopment ol Geothormal En<r!IY 

a re<ull ol t~.e lar9e porlormanco and cost une<rtaintiel ass<>eiated "' 
tM hoH.at" resourcos utilities ~,0 undE"'andably roluctan1 to commu 
"'" _.¡ 1nout a full .colo commorcoal demonwatlon. 

"" 
' "' 

'' 0 · '''"ma•i·e;· lher• havo Ut·on con,,doralJie d'•lfor-
DemonS!far'on r '"" ""~" "' • · • · 1 • "' 0 ¡ opinion 0<\ thc wchnolo~y tftat •hould l!o u<od lor a hot-wJtor P ont, 
~~<hed ""mor binary. The fla<hod stoam proco"" the mo>t commonly usod 
around the w<lfld and is bo«.'d on technology su eh as IMot. dcmon>trated al The 
Gey«rS A m"luoe of brine and oteam lrom the product~on wetls entcrs t."¡" 
•. " ' , ''"' ••o••f where the pressme ¡, reduced caul•"9 an addoMna 
no;u P"'''"' ' 9~' • ~ •0<1 The 
Jrac1ion 0 ¡ the brine lo v>po<i:e. The brine and steam are lhon '"P3'"· - • 
b(ne enters a lcw·Pr"<ure lta<h ""''"' "he:e the P'"""'" h lunf<er reduced 
th~s genoraling more •team. lhe remaining brine and oocling wa!ef blow-éoM1 

.,. then re•nj~ted. 

The """"' lrom the two lla<h vessels i< intro<luced inlo • two Slagc steam tur
bino and th<n ¡, condon<r.<f. The condonmo i< rc:~r~od to atmcsphe!IC pro«~:• 
for use in tho cooling \OV"''• f'ortormance unco<!arnllcS "~" bas•·tl on S<J,'h co 
¡'rdoratrons,. onorgv lo«es trQon 'on-well flosh'rng al the """" ancl tho cl.oc; 

1
ol 

tt.o co<ro•i•o brino< [com1,,,,¡ to pure m o m) on com¡>Oncnt onrl I~LJr.brne ' "jf' 
times. High noncondensable go< cootcn1 wuld reduce the cyde e ocrer1Cy su L· 

ciemly 1o proclude thc oconomic "'" of • flostLed stcom P<OCO"-

The bino< sys:em \>OS con.ceiv«l ta 9'" aroond the limita110ns of th~ fla<hed 
steam sy/em. n uocs 1ho well llow- to heo1 a sep:uate, org>nic workong. lluo~. 
such ">sobutaru,-, operatin¡¡ in a dosed-loop R.ankono cyclo. ~he hOt-v.a~er" 
pum~ed l.Q the surlace 10 preve<ll in·'""" l!oUtong land potonHaily lorge enet.gy 
'"''"sl cfrculated thlousf> thO heat exchanger and roinj..,1ed into 1~0 '"'""';"·sed 
Tho heated wor~ing fluid ¡, O>Panded through • Oydrocorbon turbrno, can en 
and pumpod bao~ throLJgh 1he heat e<changer. Socau>e l~o noncond~n;able. 
ga<o; aro not circula:od throu~n !~e turhHlOS ¡hey du not roJuco turbono ello

dency. 

Tilo •dvccat•• of tloc ninJry proce;s lool thal 1Mc. •ulmJntiol Jnwn wcl~ rum~-
' 'f • bv ""rcoseJ wcll !low ra,e< anó 

ing po»er rer¡uiromell(O are more '"'nO '"' • h b' 
Ly much hiyher wcll heod ¡emporotur"'- lheir ""doc~ show ¡hal '. 0 , '"'~~n 
O'/Cie ;, pO<ticulorly promisin~ lo< thoso resources_ wr:h t<mporJ1U<e< less 1 

1 200"C lt <lc<ruld !>e noted 1M1 the binary oyde rnvolve< moro now t<<hno OSY 
11\an 1i,0 (la~ stcam sys:em and hos yet 10 be d~monstr>to~ on 

1
• co~n~l~~~~l 

sc.1le ¡;e >50 r:lllel anywhere in the world_ CrJtocal ncw techno <>'-lY . 
the do;.,~·-»ell pump<, elficien1 heat excha~rs and thc hydrourD<>n turbrne. 

"·m''''''''nn P/ont Slfin' ConúdcrJtion': For • plor.t tobo opera•io~n,ol by 
'-"' u' •U n h t [ 0 \'('0<; " CCI!IC 
1981 11 mu>l be buil1 on a proven '""'"""· v•·«.' e P><, w , 
Pmvor F'!osea<elo 1 nstituto ( EPR 1) has beon span<enn~ 0 '"""' 0~ ·~~dro.~ 1~' "

1
" 

· · · s lor <U<h a domonstra<oon plont. T "" "'· '"' selcCIJon and do<Jgn o~loon , _. d nly for llcbr;r rn tho l;11pc-<iol Volloy 
shoo•,od thJt odeqHate <O<oor<o ~ata exrs.c a 1 1 
in Califcmia anJ V_.:<lo< C~:~~~i ~~~"~ .. ~~ct-ta~~~~·~~,:·~~.~~·~~ '.~o~"~~~,;:; 
cen1 oJovcloprnent "oo<ovc " '' 1 e Id ~ 
Voll•y could ol<o Oc considere<!>< potenroal "'"'· heot~2~~c'"'ao':n ~~~ ~~soci· Roo>O'«II tlot Sp<inrp hovo temper>tures greater < an · 
•ted wi<l> volc.onic W~cture. 



no Geothermal Ener!IY 

On t. ·'"'' hond !lw to•mporniuce> of both Hobor atld East Mc<a aro ncar 190"C 
o.od aro ot<<>ciotM wilh >edimentacy bosins. Beco:lSO olth• dtllerenOo$ in geo· 
logio U<ucturc a~d water tcmporatures it is 'l<'<SUon.>ble te wh" d<gree the let:h- • 
noloqy and •=rvoir characterinic. domonsuated al Eitl>or Van .. C..ldora cr 
rtoo>evclt Hot Spdn~ would be applicable to thc rc>ourcc dE'\·elopment in the 
Imperial v.tllcy. (Thc rcsul!< lrom a demonmaC~on plont al e11hcr Roosevelt 
Srring• m VJilcs Caldero migh< be vcry portlncnt to gcothcrmal devclopments 
01 Thc GcySOr>, Long Vollev or Co>o Hot Sprin~> v.hich oppear lo be >imitar 
in re.Qu.,:e charoc:eriotic>.J 

Qne el 11\e <lifficuttie< with dota corrclaticn lrom site te"'" is that lla<~ed 
<team tocMology could woll be u!llized al Roosevoll Hot Springs or Vollos 
Caldo¡o w~'¡le ot tho low<•r lemnoroturc of 190•c binaty cvcle tochrlology would 
bo requ.ir<d ilthe rosourco is lo be ooonomically compotitivc. The EPRI s:udies 
and sul.l,.•q"ont ana'ysis by SOG&E favor 1he bir.orV cvclo lor He~er. ISe• 
"Heb..-. V a11 ... Caldera and l!al! River Comparison Studies." ) 

Demonm~flon Plam Suppt>rt Rocom=nd:<l;ons: Gecouso of tho dif!crenc<s in 
re,.rvoir pioportic• and rec¡ui<od reónol<lg'ros for the ovirl.,blo '''"('ro .• lleber 
and East ~lo" os com¡we<l wrth V•l'es Cai<Jero and Roosovelt Hot Spring:;J a 
domon<trotion plant wrth lhe choractoriotics of East Mosa or Heber is cr.treal to 
tM roprd devclopmcr.t of 1he hot·W>le< <esccrce< ,n thc Imperial Valley, The 
Gcysen;, and •uOsequently in the remaindor el the <tate. !SOG&E ro~ontiY an· 
nounced that it h" :ignod a lellor ol undorstandinq lor the cons;JUCtrcn ol a 
5Q h1W plant to b• lecatcd in the Eost Mesa Freid.! 

EPRI ha< sponscrod design studios which support thc dcvolopment ola 50 11.1"1 
hin.ary·cyclc demonmations plan: •t Hober in cooi>Orllion with the S.n Oi"'!O 
GO' and Eloctric Comp.ny. According 10 SOG&E analysi< the co•t el connruc· 
tion ol a 50 1/.W demonstr>tion plan: and "' •obscquent operation over a fivc 
year poriod wc-uld be it> c~co" of STOO millinn. During tho eady yoorS uf plant 
oporatiGn it "exo<CL<d th01 tOcre will l>o consid"ablc Ddlods of time whOn the 
pll-11 wrll be shut down lor repoir, retrofitting and spocial le<\<. As a result the 
cost of I>O'N" (ram the plan< d~ring the early ycars ol operarion will be in ex· 
ce" ol ICO miHs/~1'/h. As proble-ns a:e r<<ol•ed and the availabi'.ity '.actor in· 
ere,..., the ccst o~ po1~•• will drop. Tho C>i"''C"e' of lis~s that could a((ect 
the plant availa!Jility includo: • 

111 Urio; Supp!Y 
(o) R<le¡,o;r P'Odut\;Vrty, 
lb) 1'/oll <•""'~'· 
le) eo.... ... nolo pump,. 

{2\ P"''" Pl,nt 
[o) T"'b'o•-<¡OOt<otOI d"'IO""'OOL 
(b) T"rbin<<<n• .. lo< COOt<OI. 

(el O.po;c woo•rng ll~rd ""''"''""': 
fdl S<•!in9 '"" ""'""'"'· 
fol [>lond•d ""' uP. 

The. ma~.,;wdo ot tlt• invO".tmcnt, the poor ecnnom"rc>, and the techn'rcaiJ;<ks 
a<Scciated with •u<h a plant are too lar9e lar ony or.o utili:y te absorb in it< 
<ate base. SDG&E leel• :hot i1 ¡, essonlial 10 >prNd the ccm ond ris.<s ol <uch 
an ~n~ctto"ng cver o widor "'!!m•n< ol tM public than th~ir immedrote omtom· 
er> sir>ee a!l <·lectricny usorS stand to bcnolit !roma su<eo<Sful demonstratoon 
of ec'Othormol ene~gy. Fnr tlte<e '""Qns SOG&E ha> beon ••e•ing suppurt of 
up io 50% altho con.,,ucti~n anrJ oporation cosl' lrom tho lcJoral or pe<hap• 
'"'" govemmont. Posstblo vohicle: lor tltis '"P~ort are the DOE Oomonwnicn 
rrc~ram and/or a :;m:iol wb<idy lrom tM California Legislnure. 

Dovelopmcnt ol Gecthermal Enor¡¡y in Calilornin '" 
Jornt mte·fedcrol spun>orship ol t~.e demomtration projec! woLlld pro·,iCe " 
cleor ,;gnal, no1 only lo the utilitie• bu: o!>o to !ho oxplolation compaoiec<. thll 
thell ;, a serlou• commitment by bcth levels of government 10 ec<tablish the 
cc.rmmercial viability o! geothermol energy. Finally, a> indicote<l in the SAl anal· 
v ..... a govcrnmcnt supporte<l domcnstration plant would hove two pertinen1 
offocto: 

111 lt woulO '"'"" th01 <omm<«"•H,tron ~"itiont "' Mt do''"" Oy ""'" 
1.0110d unetr¡O•Oty •boUt l"turo COll•. 

m h wo..ld &11.,;,,. "'' t><Wcm ol .. ~.ng ,,..,,,¡<,ry '"''""""'"in.¡¡.,¡,,., 
.,,. 10 b"' tl>t <"'" or dolnO<>>t"""> • now tocltnolos; "'" wrll o.n.t,¡ 
o''"~" group. 

StroomlininH the Environmental Aeview and Pormitting Pro<osS 

The Eúttmg Prtx•u: Regul~tory RequiremenU - The Calilom;a Enviroc,mental 
Quality Act (CEQA) ol 1970 and the Na!ionol Environmontal Pclicy Act 11\'EPAI 
o! 1970 require onvrronment.:ll impact repocts on •ny projcct which may havo a 
<ignificant cffe<t on ¡he environmcn<. Ai1 ami """" considorotioos are roquirod 
undor the Federal Clcan Air anJ Water Ouali¡y Acts. Other onvi<onmontal im· 
pocu al«> are covorod includrng: lloro and fauna (ccvering endangere<l ,,.cies). 
archaeolt>¡;ic.al. orosion. road<, :eismic an.;t tsunomi impaets. land sub<idcnce, 
noi:e, "le. 

BocJu>e gcotltermol enorgy must be utilizcd e<>cntially in <rtu, tito approval of 
tho drrllinu of a ,;ngtc w<>l, H '"'''"'fui, \m pilos !he •uhsequent consttuctoon ola 
powcr ploot. Thus, ¡he ap~lication lor dritlin~ pormns on privot~ londs or :he 
leasing of m:e and federal laods ha·,. cause<! the rr!<ponsible loeal, S!ale and 
federal a~encies to prepare an Env"~onmen•,.at lmpact ileport lE IR) ur><:!er CEOA 
•nd an Envrronmontal Analy:is l!oport (~AA) oran Environmontol rm~act S:ate· 
mentlEIS) undor NEPA. These rorom conoidor not cnly thO impoot of the 
inrtiol e<nloratory drill¡ng project, b~t also tho ~tHonti>l luture development of 
a lull power pl•nt with the attond•n< totol environmcntal 1evrcw proce". 

On pri·.ate and st.oto lai\Cls the Ca~i!crni.> Appell~te Ccurt h.;s rule<! that tne EIRo 
on o•Piora:ory wells need not con•idCI the impaot of lull dcvolopmont but ju<t 
tho cnvironmental impact olthe e•plora:ory o~era1iom. On lc'dorol lands the 
Fo1o:< So,.·ioe and Bureou of Lartcl l\l,lnogemom ore r.on,irJoling on opproach 
NhÍch '"'ould alluw anplicants the optiens ol o lcosc wrthout a ~~• leJoe onviron· 
nontal r..,iow wrth a stipulation thot no •~r!aco occuponcv can <al<e pio<e un1;1 
:he on.ironmental ,..,¡.,_., of such OCCUP~ncy h;., been con~u<te<l. 

'""i<onmeotal impocl conSrderations may apply again at the timo of explnratory 
rr choracteriz>tiort dtilling permits or ot pla"' ccnilico<iun rovkws. 

letpt>Mrble Agencie< - The environmcntal review ond p~rmitti.o~ P'"'"""' <n· 
-,t,·o a mul!iplkity of I.Cor3l, sta!o and loc.>l a90ncios. In gen_eral, two l ... e!• 
nd ohcn L~roe levels el 90•ernment can bo ¡n,·olve<l in the review an~ re~ul•· 
ion o! a grven project. Tt>e pu~lic is involved an~ cencc;r.ed ., all ""P' with 
h• right Jnd powcr 10 act at any timo through public and polrticol P"""'" ,nd 
~rou~h tite coum. 

nvironm•.otol dccument< must be pre¡>aced Oy two leod '"i•OCÍI!<: ene lo; the 
oplor•tion phase and one lor :ho ~o-'Cr ptant with ¡tview ol lhe dtxumcnt by 
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both '"'ponsible and '"vicwing ogencie<. The load •gency has tho plincipal re· 
spon,,hii"V lor p«¡>aring "nvironmontal documents or.d lor c"rying out or "P· 
proving a project wh1ch may !10vc <ignificont effcct on the environment; rospon· 
sible •9encie> have an appro·•al nght; revicwing .,..encies comment only. 

Rc<ponsiblc agencies are rcquired by law \O review and certily the document's 
adoquacy. Thoy apply thoir own standard< and require <p~ik information ne<:· 
essary to soii<lv their own ro9ulation• and permit rc~uircmcnn. 11 a rc<ponSLble 
agoncy dooo not accopt the loJd ogencv's cnvironmontal document. it can re· 
quire the preparotion ol add11ionol inlorrmt,on and lurther public roview before 
appraving thc pro)oc! and issutng 3 pormit. ldeally, .arly consulmion betwcen 
'"'ponsible ogencies and the lcad agency should eliminato !his need. Re•iewinQ 
ascnoie< rc"icw and commcnt lonly) ~n environmontal documenn frorn their 
own specific areas of c•portisc. 

A: the local level other int<r .. ted partieo induding membo" of the residen\ com· 
muniW •nd eneironmental g<oups may roview and commen! on geothermal proj· 
OC!S througn the public heori~g pmcess. 

Numerous permi<>, whiclt also req«ire inrcrogcncy rcview, are al<o nccossary in 
addition to the onvironmental documont. Tho primary permi!S include: the 
counW 1;>00 use permito: !he locol Air Pollu!ion Control Disuict IAPCO), 
Authority lo Construct ond the Pcrmit to Operate; Rogion.tll'later Quahty Con· 
trol Board {RWOCB) wostc d"cha<gc requiremcnt<; and the various drilling per
mltS tor coch ph"c ol rcoource development. 

LNd Agcnci~r - For goothcrmal explorotion <>n priva!e lands the appropriate 
cot.m:y a(;ts as lead agency '"'ponsiblo lor the preparation ol an environmentol 
documentas a <nndotion of its land "'" permit ~or ~ givcn projoc!. For nplota· 
tion on mtc lands. the Smc Land< Commi,.ion {SLCI ha< lead agency rcspon· 
"bili!y.· On fc•dcral land< tite mono~in9 land og•ncy ;, rcsnon<ihlc; primarily the 
Buroou of Lond Mona~cmcnt {Bl~\) and United States fore<t Service< {USFSJ. 

OrLihng petmtl< and operations are the r .. ponsibilitv ol the Departmen! ot Oil 
3nd GaslOOGl on pri•ote :r>d <tate lafld• ond t~e USGS on ledorallands; they al so 
req"iro intcrogcncy re•iov.. The California [ncrgy RcsOLJ<OC< Con.or_.tion and 
Oc·>eloprnonl Commi,.ion ICHICDC) is the load agorlCY fm tbe con<truction 
anrl oporation ot geothermal pov.e< plana"" state and pri•ot~ lands. On federal 
land< this rosponsib>lit•¡ rnay be <hared beh•een CEACOC ~r>d \he oppropriate 
federal ogenc~. · 

The proceS> o! onvironmcntoL roview undN the protcctive acts is rcloti•cly new 
a.od in m•nv localille< gcotl>ermal dcvclopmcm ;, p1'onoorin:¡ '" appfication. lt 
io '''" surptosing thot t.Lr<re are growing poln< ond 1ome o~parcnt conlu<iM in 
i<S early u ... 

Developmenr Scquonce- The general pha'"' o! the plant developmen! cvcle 
may be SLLmm.t<•Ud "tollowo: 

(1) "'""''"'"' oo<l Loo<l Aooo•"''""' Gon"'' ...,o>w<•<•l "''"'"""'' lo• l•k<l, 
orO>O<<'< ,,. "'-"' bv lod•>t<y O< go,O<nmont !aUo,_, b> tho -u"'''
o!"'"""""'"' roghl>. ~""'"""'"""' bot<gco.,.... dm" """"""" •"".,. 
EtA, EA~ o< fLS i> "''"'"" "">O"'oor•oto for nm. 1«1" .. "' .,,.,. 
'"'"' Foltow~n¡ """ronm•ntal ,.,¡,., <h• lond "Loo!ed ((edO<ol ot !too el 
•• •·•'•"'"""" ""'"'"" m.w "'" '""""' 

• 
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"' ,, 

'" 

'" 

'" 
The key <"'ifu1atory stops are: 

111 Tho •n•;tonmentot , .. ;.,. (EIA, EA~ 0< EIS) ond .,><><;>ttd Ion([ 0,. 

"'""'"'· 
{21 D"m"9 P'""'"" roe "P'"""""· 

fll Drilli"'ll>trml<< ror "'""''"'"''""· 

'" P!.,, ,.,,,r;o.toon 1:101 ,,., AFO ••<•··<. -• du<LIOn. • ... •·- d<~Lii"'J ... ,.,,., for IMP. 

;1 tho 
1
various re•iew< ~o smoothly lwhich gorwro~lly hos not bccn tho C<>e) !he 

'"' P oo! can bo broLJ~ht an·line io opproximately a 5 · ' aod g 5 < , < < · V""" on pmatc lands 
. · years M euero ar.ds. The <"Piora!ory drillin" and nlont cons\ · 

r~uLtl 6 '"""" ~. · < ~ ructton ·~ ' . • e Olf<Ous approoa s aod roviews account lor ""' additional 
2.5 \o 3.5 vea,.. The •pprovars e>n ond ~ave 13~00 •••n lonqor. 

Permilling D;lays: ~or_vorious rcaoons thc regulotory rroces5 ;, orrlu<>u< d 
t1me oon<um'"" lt " cned " · ~ . an · ~v IOuUSLry "' one of the moTo cauoo< for the lac~ 
of ge<>thermal energy dcvelopment today. They would lt~e ¡ 0 OH itS!ream. -
lmod. The foflowtng are sorne of thc reaoons tor dolo y: 

'" 

'" 

'"'"'I'""<Y CoO<d•notiono Woth Lh< muLtlpfi"tv oL '90"""' thw '" ~""· 
L•on< o('"""'"'"""'' •ctoor•w ind <ao,d,,.,,;~., moci•tod w.Lh ll'"oth"m•t 
en«ov "'"'""'"'"'· E >e~ >!<"<V~" "'P'""b;\•11" e>t>OIIII'"<I Ov low. 
Ha~"". no "'l'"'' "'' tOo ''"" 01" '"'"""IY o<"""'"'""""' ''" """"'" 
"""" of 0111<' qo>e"'· 1\''""'"" ¿ohy ;, ''"'"'"'"' in botl> ""'"""' 
'1'<'<> ,.,;,.., ol '""~~'' '~'""'''""'.,..,in th< dolft<o"'J •"'l•;,.....,.., 
ol "'" ,.,;,.,. q....,;,. '""''""' '"'" • "'''1>«'"' d .. .roomOftL '"' 
Ao<"Cy ll«ou«• Lom.t>LIOO" Th• P•<;..ootiM o( • e<>mplcte "'" ""'"'~ 
~IR. El S"' EAR "'"", ¡,,.,V lo><! oc "" '"'"'"' iOot~ m•npowe< 
";" do"".') o( '"' ''"; ''l'"" "'""""' <•n ""'" on 0 delov .., """'"'""'" 
o ti><, .. ,. ... L..c< o. «•ntv on "'""'""'coro"""-'"" !O<,.'"""" 
do!'"· On ,..;,,., '''"' <h• ...,.,. '"" """""' ..._ •PP'v"'g lar '", .... .,,. 
""V ""H"'g "''""' 0' Olt<«tOt<ly on •PPiicot•on '"' """'"''""';"" o,;o. 
"''·' o•n "'" o.r !ed.r•l \•nd •t "'" '""' 0"0' to l<o>•ng o>c P';O< LO Ohm<· 
"''"·••n d""''"'~· Th< •o••<v "'"""'pro"'""" comoou<>d•d 00 ''"'"' 
<•nd• "'""' tho "IPO<'<•blo ... "'' mov """ Do roQuoml ta moJ.o 0 <om· 
pl<-te ,ond monogcment ""'" o( th• '"'"' "" to 0. te.,ed {F .. orot .._,,... 
l'otoey """ Ml"'<)om•nt A<t of 19761. 
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C•miu•<ll'n•iroo"""''' S"""'•""" Om· En.iroomonrol '"'"" hn b"n 
"""'""d by li"""" ""' on lho "'""'" ot«ll ""' '" en;oron<non"l '"""· 
Untl"' neQuuem<n!!. In """Y"'" the "quiooment< o! tho ,,.;our •g<n· 
'"' '" """"'"''"""'d• un< loor'"" un<oo<d•"-'l<d. Arldotm,..llv. more 
~.,. m>y b< '""""''od ,.,.,.¡ ,.,,., ""'"'! '''' .,.: .... .,.oc.,•. 

~mp.>cr ol h>rmllting D~IJV." Evcn ,,_.;¡h the curront low level of dovelopmont 
'" tho mto, tho oxi>tin~ '"'i"" IO<]Uiromont> havo Olturated the limited stolh 
oftPo moolvod a¡¡onc•cs and mdu.uv ulike. Ho·,evor. it geotllem1al enorgy i• 
!1<' 1~ :o bo broug~t o~·line al.'" ii\Croased rate, there will be a •igniflOant in· 
"'""' rn te.,e ·~~!ocauons. envtronmenlal rtvi"'"'· drilling permrtl and no:k"' 
of rr.,.nt f~r power pf~nt OMSI,ucticn. fl otreomlining octlam are not ta~en, 
1he rcgul•rmg prooc" •l<elf w1ll be 1ho lactar that sNiausly canotraim the . 
thermol c-nc<yy g<Owlh roto. · !1"" 

For 1he moSI part ir.dusuy is na< seeking to avaid envimnmenurf requiremoM 
lns:cad,they would lrkc ¡a '"e 'h""' r~uireme-;; ''''"'' ,,_ •. , '' ' d ~' 'd h ·~ '" '"'• 1 PO"Iu e, <tan· 
at ·'• 1. •o 1 ''' 1~<y can take ¡he ncce«>ry '"~' to com~ly and gct on wr1h 

'""" P•o1ect. , fndu;try i< scc~ing ""uronce thotthc•o praJeCts will he rcvicw~ 
and actod on 1n • tomoly fa•hian. Ta 1his cnd membe" ol indu<try hove 1nd·· 
""'M tha: :hoy would fik~ to seo «rmo formo! conlrol over the regulatory p

1

r 
es> tnvolv•n¡¡ sorne or ~11 ol the follow;ng: ""' 

'" '" 

'" iSI 

Oul•no¡ ,._;,¡, only on• •s•n<:v 11 "<h jur;,o.,;tionol lovol. 

["1' O'J<'";V ,.,;n ~eo:hormol l"';'""''oo to '\t>ow """" ""Y !hoy rho'l~ 
""' '"'" '"""' <!oon. 
ln"•<Vr•on o! • mo.imum t•mo limot lor pr-!!i"' ''""'" o~oli<>'•o••· wlth 
''""~""' oNV lor au ... IC.I,fo'"" ,. .. , ""'"d AS BB4 "_,"'" <rllbl"úoe< 
(.me l•m•<> lor dO<i!;on< hv '"'<>O'!""'''~~<"'"" 1 ' 
A"'" dd•notion o! dm "Qoi,.mon(!, 

Coocu<eent permit >p~l'"""" p<O««•f'<) by mh ¡ooth,.mol on(oty, 

Pcrm;u;ffl} ~ogram Recomm~mfall"om: There i< a goneral rocognilion and desire 
bf th< POfl'"' omol,r><;l, botll the agencies and indu>trv, that the problems wilh 
the curront. oe~ulatary·pcrn,ining pro<e" should bo resolved. In No·,embor ol 
1976 the li!S! •tcp tu thi• ond wos taken ~Y the canvcning of" Slalc Fed8rul 
~wthor~al A.eguf><ory lntcrfa<e Warkshop at Asilom.lf, California. A.e~re"'nl.il· 
t•vos of on~umy ;md lo<;ill agenci"' also were in atlcndance. Topks co,_.,,.ed in. 
cfu~ed covlfcnmemal rovi"'"''· wclf opcro:ions, power plant si¡ing noMfE."Ctric 
P'OJOCIS and "''.'" and. a ir quality reguloticns. The wcrkshop dev~foped !e<Om· 
mendilllons on l'llpruvrng the pormitting procm.l81. 

8ase~ on thc results a: Asilom". tv'o dan<• of octions aro rocommended· o 
d<eoc:ed >t s:reo:nlining 1he permi11ir>g proce<> and !he secMd <lir«:ted .,"d~·no 
>Eia~1c~ :~e ~n"roc.men:ül düt• and crile,ia neces,.ry to speed wah.r•tion al h 
pr~po<Od pro¡eot>. 

1 0 

Oevefopmcnl o! Geothermol Ener!JY in Cnlilornia 

' a"oóated w>th tM complete developmonl proces• lrom 2.5 to 3 ... -"" 10 ¡.,. 

than 1 year. 

EnwoomOn/ill O.;¡;¡ - Tho ,.cond '"' of octions is dioocted al gathorin~ thc 
onvironmental datO noc.,.sary to evaluate thc pctentiol impoc: of :he prop<,ed 
d<ve\opment in o timely fashiO<\. Do,efopmen< is paced by the need 10 <pther 
\he neccs<.1ry environmental b3scline data which ta~es cvcr 3 yeor or more. fm· 

: periol County pro•ontly ;, completing a two yoar projoct dirt•:led at gothcring 
: tho ne<e<.ary basolme and cnvironmemal offoct• data which will ollow thom 10 

:rct on gooth<!<mal de·,elopmonts wflllOUt addflionof major delay>. Thc four 
· coun!ies at The Geys;,rs havo <eq~es;e<J federal gc""rnmcnt suppOrt lora \wo 

year program in '~" orea. lt """ be anticip.3!ed that other areas wiff havo •imi· 
lar n"dl. Tho co" of gathering tt1e ncco.,ary environmental baselino data is 
hi~h and 9enerolly beyand 1hc mean< ot local ogcnc.os. ft has been suggosted 
thot the """ and IO<Jeral government sub•idize the gatho<ing el much of thi• 
d.,a. 

Finalty, ~ocau•~ of the need lor cnviron,.,.ntal eli«:ts dat• thro~ghout !he """• 
it IS suggo,.ed that a ccntralizod '"""" of ~O<lthermal onv<eonmental dOlJ be 
e<tobliShM onrf chacged with thc rospOIISil>ility ot gothcrinr¡, ondc,ing ond diS· 

tr.bu\lng data from publi<lled rcporls, E fRs. etc. A centroliled sourcc will be 
eflective only il it ;, re•pon>ivo m "'"' nnd• aM can supply !M noeded data 
in the form roquired lar tirnely docision making by the regufatory agenc;.... 

Aocclorati!lg tho ~,.,;.,g of Fodor11l ~ond• 

Curren¡ Le»ing Sr~fus: Tirnely "'""'" to the po<entlal geothe1mal ro•ources on 
federal !Jrods i• important 10 !he stato. 01\he 1,400,000 ocre• ol KGRA tond• 
wilhin the stal< 55% are under lederal juriodiction. lt ;, <!<limo:e<J that tM 
largo" lraction al :he •toto's geathermal polcnual and mony ot the more pmmis· 

1 ing '""are on thuc fed<ral londs In tho Genthormal 5toom Act of 1970 Con· 
i gre:s providcd for geathetmal lea<mg and •lcvelaprnont of federally admini>tered 
¡ lond•. Und<r the act tho'" lands a«aciooe<J w>th KGRA> are subjoct lo compe:i· 
1

1 

tivo lease <aln; the remaindor to noncompeliti\'e le.,ing. 

Hov.ever, the fe,;ing of th"'c la,ds ¡,,. boon slow. Ro~ulltions implcmontin9 
the Jet bccam>l effec:~vc in J.,~wary 1974. To 1977 only 109,000 ocre• consi<t· 

1 ing af GO tract> in fowr of :he st31e's KGRA< h:we be~~ otfe<od lo< competitivo 
leo:o sa!.,.. Si~s have been rocoi•.ed ond :rccep:ed on 26 lfilCts con•iotin~ of · 
36.600 """'· TM KGRA land< lcased aro admini.,eted bf "~' 8U,1; nene ore 
USFS land•. TMere havo be<n 995 noncompotiti.c lea,. applicatio~s in C.li· 
fornio; 257 hao o b"" rejeotcd ond only 10 i"uod. 

The P'"""'' ol iuuir.g a leaso en l<deral lan~s con tako on the acdor of 28 
months. A year i• required to gother the ncces»;·¡ <nvrrMmer.ta\ tw:~ground 
~"a !or :~.e , .. ,. block undO< con,idera!ion. r:oxt an Environmental Analy•is 
Report {EARI i• propored, with appropriatc federal agcncy 1nput, which ovafu· 
"" whe\IH·r 1ho praposod lcaoing and ;ubsú<¡uent g••othc<mol devetopmer~t 
would be done ;, keeping with '"abl,.hod onv•ranmcntol and regulatory .,,,. 
<1.1rd;. In on•ironmontallv s.onsitive areas thc EAR i• genef3ily notan odequat• 
•=ment an<l a mo;e d•ta;\od EIS v.ould bo ~uired. Tho EAR or EIS i; 
then subject :o p~blic and furthei agency rc•iew ond lea>ing "ipul•tion• pre
porod. Thi• procoss determine> 1f and whorc lcos;ng o! the londs included in 
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the "udy arca ore to occur. [Noronally only o frootion of the lond> sturlied are 
of!e"'d lor lc•a<e) Woth me appruval of thc EAfl or EIS le;m sal" are then 
h<ld. A< h., becn the caso to date ¡he pmcess can be drawn out >ubuantially 
l'>frete pot~n:ial lca>ing •otwi""' have Occn challenll<'d by the public ao ,.,.,n as 
by the rcvie"ing a¡¡enciH. 

The loooing wocc" is limccon;uming ond requirc• a >ul!mntial commitmonl o! 
r;,onpowor ond moncy. GenthermallcO<in~ is jun onc of many of lhe rcspon· 
s:biliti<~ ol the two kcy 1<-deral agencie>: thc SLM and USFS. In addition. it 
does '''", .. m to have higll prioritv. Ao a result lea~ng is hompered by me 
limitO<! >1aff and lund1ng v.11hin the>e agencie<. 

Scandrio ol Federo/ Lmúng Requ1mmcn/S: ToiJie 3.7 •ummamcs the lco:ing 
>ehodulo rc~uiroonon" (~r JPL powor ond ~e,elo~mont proioctlon• lsoonmo<] and 
a»ociated ocros. ¡¡,0reage requiromonto '"ume 2,500 acros are re~uirod for each 
po:ont"'l 200 MWe •ite and 10 potenti~l sites are requir«l for e>e~ <uOCe"[~l 
'''"· On subsecpent o•ponsion uf pow<r r .. ouroe< i1 io '"umed 5 pc1ential '''"' 
are r.,;¡uirod for each <ucce.,ful "'d 

TABI..E 3.7: SCENARIO OF FEOERAllEASING SCHEDULE 

l>t Prio;,;, 
lo"~ Voll•y "'G'""'""'"'" IUSFS) 
Co•• Hot s,.,,.,,, IU5NISlM) 
Grv"'t ""><o'"""''"'-'"","" IBLMI 
["tu,,. '"'''·tion•ISUR/Bl"l 
Gt'" Moo.onuin IUSF SI 
Llu•n IUSiSI 
\'lo·,.od """""' iBl~'l 

¡.,., l•oior"' 
loog V>II<V·"o<>O A4rtoroon> IUSFSI 
Gl.>mit. Don". Foro D•v t..<oiSLMI 
Oo<twourtO, <te. IUSiSI 
~""•••ll<IBLMI 

"'""'""1· P.<><l••. S.>lin< V•tl<y !BLMI 
W"''"' """"''· Co» !/ .• '"""¡" 10 LMI 
Lo,.t•dv Rido•. U<Olo llo"' 
Mou"'""· •«.lUSFS/BlMI 

So:>rcc: N78·18528 

Rrqu,od 
...... o.,. 

Ao<>t 1~70 
No•<mb<r 1~18 
J•"""' 1919 
.!-Jly 1919 
Al>dt 1990 
A»ril 1980 
Ao<>t t001 

Aprit 1Sa1 
Junt 1981 
A«•i t98J 
April 198-1 
Aprol 1984 
Ape<l WOG 

Ap"' 19•1 

Rtou~«< 

"'""' 
7o.ono 
45.000 

·~ 11.000 
•>.000 
•>.000 
•. ooo 

ro.ooo 
~.~ 

~.~ 

75.000 
75.000 
2ó,OOO 
~.~ 

•16.1100 

The fim priarity '''"' include tho'" locatod primarily in the Ea<tern Sic"a and 
¡-.:3r;hea" <>Jbregiorn; which oro rccognizod •• having farge poten1ial. Their de· 
v"~pmMt lorm< the ba<i• for thc lat~• incroO'o in goolhermal power ~enerotir>g 
copac:tv "tn the post 1D85 t"tmo pertod. Al•o irocfodod "" é.,OOO "'""' ol horno· 
ot>ad IJnd• in Tt>e Goy<oro swom lteltl wltich hooo boon untlf recontly tic<J up 
in loli~IIOn and 8urcou el Reclorr.a:ion !8URI fo"d' at EO't rt.esa which are 
immodi>tely ad¡ocent te the Republi< r .. tes. The •occnd primity <itos include 
t.'lo"' woth undef.ned , .. ource po10ntial and tho'" which are m"kllfcr in <ize. 

D""elcpment of Grotlt~rmal Energy in California 

Tholr do.elopment would cont;¡buto to powec on·finc in the po>t·l. .,me 
period. Ata"""' me,•tingl91 with DOE and the BLM. USFS. and USGS th< 
prioritios ond s.chedufoo dorived [r<Jm the s.cenarios were adopted •• program 
goal•. 

Fe<letal L~Jsing Progrom Recommen<l~rions: The timol y lcaoing ol the lede"'l 
lands. partic<Jiarly in tho E'astern Sierra and the NortheJ>t 'ubrcgions, con be 
oritical to cstablishing o signilicont gealhcrmnl energy option 1n Colilomia. A 
sub"•ntial 1ncrease in lcas~ng activity can be realited providing: 

11) Th< '"""'! of 1JHI!h«m•f "'"d' in C>lofomio reeoi.ot o""'<.~ hi¡¡twr proO<otf 
wiohm the BL'·' '"" USFS. 

111 Tno bud<¡O!> •nd mth olth• roopooriblo '''"<•ot oro incr•md. 

131 L<.sing pdoritio> "" bmd on '"'"""' ""''"'"'· 

141 Comp"'·'""' "'''" othor """"'"'""" l<.g .• Nnoonof For<>l M.lnO!i<!T'Inl 
A<t '"" th< W•l4<rnn> A<tl '" no< .rro .. ed oo dolov ''"'"'l ;¡a¡,. u ... 

SU8REGION OEVELOPMENT 

The five goolhermal rooource $.1.Jbrcgions diSCI.Jssed below are <hown in Figuro 
J. l. 

FIGURE 3.1: GEOTHERMAL SUEIREGIONS Of CALIFORNIA 
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Gootherm•l Er>ergy 

The Gey<cr~ subr09ion has the estimatod patentl•l ol conuibuting over 2000 ~.~1'/1 
al oloctriool gonerating caracitv to the statCs oner~y need, by 1985, 2650 ~1\'le 
Uy 1990 and aver 3GOO ¡,:wc l.>y the ycll 2000_ Thwugh 19B5 mcst al tl\e con. 
tribullon wHI be lram the neam resoorces. Po.,·\985 growth will be dependen¡ 
on the de·Jo.lopnwnt ol the pctentially largo hot-water re•aurces. 

Tho •w0rcqion includos Thc GcvsorsCaliltoga, Looolady Ridgc, Knoxville. Li\\le 
Hoae /,\oun:ain an~ \'/ittcr Springs KGRA< and is loca<ed in portions o1 Cotu,.., 
Lako, ~.~endocina, N'r'. Sonama arn! Yola counties >~Out 120 kilamete" narth 
of San Fra<Ocisoo. The live KGRAs cunsist oi ot>out .;20.000 acre• witn clase lo 
3SO,O:JO 111 thc GoysorS-Coli;taga KGRA. Ov" 300,000 ""''aro statc and prl· 
vate l2nd•. 01 the 40,000 acrcs a<>ociatod w<lh the tour •maller, oullying KGRAs 
•~pro"m'1oly 22,000 acres are un~er BLM ar>d USFS j~risdiction. ThOre are can. 
•idorohly moro federal lands out"de ¡ho KGRA• under noncompe!,tivc 1<·'"' appfi· 
cotlon. lt ;, ostimo!cd thot thore ar• ovor IOO,Or.O acres ol lond currontiY under 
I<·Ose in the Subregio~.(101. 

Thc moin Goyso" licld, in the Govsen-c.1: .-toga KGRA, ;, a retotively unique 
dry >te•m '""'"'"" with an cstimatcd PQ" •.tiol which could c.ceod 1000 MWe. 
Commoreiallv, it i< very compet<tive right no"' with other sourc., ol encrgy. 
Thi< is relloctcd in tho high industrial intcre<t and development ol the f,eld. Re
>aurce dcoclopmeo1 has ~con un<lor·Aay lor over 15 yea". O•cr 200 goathermal 
wells 1'''" bcen ~rillcd. \'Jhen the Pacific G" ond Elcctric Companv'• unit 11 
c:amc on·line Ln 1974 it rai•ed tlle in>tallod e\eelfic.al c.a:>acitv to 502 1.\We mak. 
iny it the lorge<t geothermal on>tollation in thc world. The campany has plans 
\o add anothcr 13% M'tle ol capac,¡y by 1g85. 

The Galilamia Deportment ol \f/01er Resource> ond the Nonl<<rn C.lilamia 
Pav1er Agcncy ore :tso in¡crc>tcd in ot>laimng e~octric power lrom the Geyw,., 
rog1cn. TILure .ore sllong Lndicotions 1l10t "gnilicant hat-wotcr rescurte• a!so ore 
p¡e;<nt in thc subrc'QiOn A well at SLJI¡>hur B•n< Mine Pro~uccd hot water a! 
o temper>ture o! 1BG"'C at 1,(;20 meten !11). The USGS lim numcrous hot 
springs in \he greator Geyscrs area. Hawover, tho extenl olthe hot·"'a\<r re
source< has ver tn be nroc·en by dcep Urill1n~-

In rcoent year;¡ de,elopmcnt 01 the GoyserS has slowed_ Unit 12. the lim addi· 
\ion lo he •ought alter the provision• ol CEQA hod !jCne into eHer:t •ulfercd can
•idorablo <ldays whil" tho praoO<Iures ,,nd data rc~uircmen« lar tho Ít5u•nce of 
the ncccmry perrnit> wore b"ing dofincd and thc ¡>roblen.,, ossocioted with h\·dro
gen sulhdc a~.:cmenl were bCLng rosolvt'<l. In 1976 the d"'olopment procc" w,.. 
<esumcd nnd o·Jthurity wos grontcd lo PG&E for units 12, 13, 14 •00 \5_ The 
lo<t ol thc'o un11> a¡>pra,·e<J, uni! 14, io cxpectod to ~e on-lino in 1979_ 

H,S •~01ornon¡; h, bcen a wrious ~rcblem holding up tho further •·~•n•ian el 
The Gcvwrs. An iran catalyst systcm "'" i.ostollod on uni1 11. PG&E hos ini<i· 
a:crl o rNrol,t pro,ram on the r¡•moindcr of unit< 1 throu¡;h 12. New pracm« 
will be '"stai 1~d an succe<'dlng un11~ Undor the ~cr<horn s~noma Cou.uy ,\ir 
P~llution Con¡¡ol Oistrict> IAPCO) rule SQ.I en•«.C Ln 1976 (12). li,S omi«ians 
in the curront Geys<rs l"ld, whkll were 1670 lb/11, must be rec!~ud 10 850 lb/h 
by Decembcc 31, 1978. €mi.,ion ";ndards ohor 1979 will be d.,orminod by 
thc Cimiot ~Y Occomber 31, 1978, basOd en a revio"' al air quality, emi><•on• 

O.Velapment o¡ '""""L 
'-'•vLnermal E111rw in CJ!ilmnia 

"' and meteorological dota availobre at thor tim . 
of the steam lield and tlle hot·water lield lh•· :~ " Lm~ortant to tM• ••i>'lnsion 
>LICCes<luf. ' at ~·e<< aLatement program< be 

PG&E C<pansion plons arigin•ll\· were ba; 
by 1980. Hcwe•cr, bec•ulo ol lile del ec! on_wnlt• 16 •nd 17 to be an-line 
12 througn 15 and the H,S abatement ~Y< ~1'""''"ted with the approval al un,•s 
ufe to 19ST. TMe maimenonce of th ro em< lhey hove •lipped their soMed: 
lar approval ol units 16 ond 17 be 

0 
".':,'"'."hOdLJie rcquiro, lhat Jpplica!ions 

1ion ol the abatement Problem) T~r•nl '" 1979 l•.,uming suoc.,,[ul re<olu-
llavc been ''"'" · • geo1hermal resource• lor ••-· , . 

• "'~"' <>0 ""'" 

Tho geot!Leronal oxploration for tlle fur . 
<entratod o~ the Cob~ Mountain area :ILer expon,on ol the steam fleld ha• CO>n· 
County lnd in Sonoma C()(lnty 001/th ~¡"'"'' to <he <xi•tin9 Gey'"" lleld in la~a 
•ssoc''"'<l with tho main Goy'"" fi'ld h thebcurren¡ f<eld. Mo<1 uf the l•ndt 
ap~rOJ<imately 5,000 acres of lodor:l ho ow eon lea<ed. Thcre aro, however, 
BL/.1 ¡,., given high rea•ing priori· B mesroad lands In thi• ama to which tho 
dato lheta i< unc.ortoint-, •• 10 th;Y~e&r¡"'',;"se ol the lac_k al "''"""'" 3 ..,..,....,.,1111 
rn the tour OQ!Iying KGRA• T h 010 of the leosrng ol the fedorollandt 
KGRA, on a shart >ehedule ·i, a~ea~':0 10 leaseo:l al1ho fcderall,nds ir> the<e 
•s ;.o «Parate EISs could be re<¡c"1fed ~~~crn tohth~ BLM ond USfS ¡0 ,, m•nv 
St.o • caul<l handle (13). ~•se 1 e e<leral Ion~<; more than their 

Thore is a teol po.,ibility thO[ oll dovd . 
31 The Goyoc,. oowld come 10 a compl~['";,"~1 OOt<vltios on tho lurther e•panticn 
_CO>ncerns 8nd land use conllic" ha~ slo 

1 
d '.;.· In recen, nars environment>l 

rnto Lako Caunty, a prime re<:reatianal :, • '0 l<\on•·on ol Tho Goyscn lield 
reyulatory OQencie, fool !hat lho "chrL 

1 
· Many M the rooiGen" and local 

~·st~uct<v~ ol .,, qu•lity. water qu,i;,; ~rjd"~t~~d at Tho Gey"" h., boon 
ey lOS</~ rn the •~breqion is the a~ote~on , ' e ""· 3nd the landscape. A 

\h~ "'"l!ng P~·.ver plana complain of \h 
1 0' 1-f:S. Po"""' living downLoind al 

1""" ol wolltesting. Anothcr key. ~ rotton ocrgs aroma of H,S and tho 
lf fear that: "'"e '' local control Over devel~pmen¡ out 

'" 1~ tho '""""" of • ''"" "" Pl•n __ _ 
"''"' th • ·~nom,ct "'''1 rulo OO<th ' , 

w- no eon"d""''"" 1o• tho 1 1 "'"' """""" """'¡" "o!og."oaJ ""'· · OV• ''Y o !do ond no"'"""'"" for 

121 loc>l .;,,.poi~" l<>d in"""'"""' bo" "" 
t.~o ¡o"'"""""' r .. :., >od 0 '"1 ord Or <onS:dtr.d '"'""~'-< 

oprr,"' "'"''"· (JI tn"ron""""' ¡,..,," b . -
mon¡,• ' oon~ •ooort<t Ot '" not O.ioo oro- ' · ' "· • ~•v•m~o-

1•1 PoO<ntiol ,.,.loc•r'e >Poi" -
' · "'"""''in (.~oir .e<• wi/1 be i<""rt<:f_ 

L \ho spri'1g o( ¡g¡5 fe'>Ídonrs io !he ar<o 
1 auno,:, dedica:ed 10 the "intollige"t d 

1 
ormcd \he Lake Caumy Energy 

>unty" f1~). r.~ember,¡,;p now nu;, evo Opment ol """'9Y "''O~ e< .. in the 
1• '"mmer al 1976 the Council ins·,~·;• more thon 1,400 peroor.•. Durin; 
' M t. Kc.octi. Many pocple in th• ~r~a e<! a :•·.vtu•t aga,ns¡ Proposod oxpamion 
>men: until onvircnmen:al ~oneorr.s aro ~~~~-~.~~~r deloylng goothetm•l dovel-

le De~artmont ol FitM and Gome na . 
>n of wiltl lile M¡¡bitot and ••tonsivo ~-:~m•lar concorn: relotivo to tho proteo

" OI1CS In 11' 0 area. Tho re:idon(O in !ho 
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Gecthormal Energy 

area '' r~prooerl'.ed l>y tho loKc Coun\y Ener~y Counc;¡ o~o d~>pO<e~~ 
cou;t, •• ¡hey ha'" domons"atod, to obtain controlled, lntelllgent 

m•nL 

to go to 
develop· 

The local ogeocic> 1n general aro hampered by an inadequote environrnental base 
¡0 support ·,,,. timclv anoly"> ol proposoU ~Cothe!mal dcv,lopmo~U To com· 
pound the problem the<e agencies are turther hamper.U by both hmlted man· 

ower and ti<Oal resource>- A ca"' in poiM is !he curtent lack ~~ adequate .
f.ne mcteorolo~ical data. ambient H,S auno;><pheric data o_M rehable evaluauon 

d 1> tor thc loool oir pollution control diwict to monitor"' qualoty and 
:k; projection> neccos.:¡ry to "'"'" that '" quality <tandJrdS will MI be ad· 
ver,.,ly aHtc<ed by propoS<d dovelopments. 

Four countie< in the subrC<J<On (Lake, Sonoma, 1-:apa ond Mendoci_no) hove joinod 
togecher ond havo i11itiotod • Gcotflcrmol ~:souroe lmpact Pr.o¡octlon Stu~y 
(G RIPS) which wrll bo the ba<is ol recone•l,ng ~eot~crmol de.elopment Wlth 

other importan< land u"''- CERCDC and DOE nave provide<i lunds an~ stall 
sup~ortlor the initial phose ol the GRIPS study. A part Oltl1e swdy "the 
devclopmcnt of noedcd environmcntal ba<eline data. The completoo~ of thiS 
study ¡, "rillcal to avoid;ng further devolopn .. nt deloy< In the su~rcgron. 

The 1 mperial Subr~ion 

Th"s subrc~ion eon"ins se·,cn KGRA>: Brawlcy, Dllnc5, E••t Me<a, Ford Dry 
L ~ Gla,;,;, Hebor ond Solton Sea. All are in Imperial Cour.tv e>cept ford 
o~/L.ake wh:eh i< in the southw"'t corner ol Rivorside County. Th_c gcother· 
mal ,...,.,,0 ., 0 ¡ the Imperial w,bregion h>;e tt>e P?!enti~l of begonnmg to c.,. 
tri~u\e <igni!ic3ntiY to the S\ote • cnergy nced< b·¡ the m•d 1980.. 

GEOthormol dovolo~mcnt octi,ity i< hi>h in the_ Imperial Val ley. The Univmity 
o' Calilerma at !live,.ide has cenduc"d an •wvc explorol<on progrom rn the 
· · ,., ,,,, .. ,.~~a. Cla<e •o 70 wclls h,,. Mon dnlled. A• a rc•ult 

rog•on"nre" • 0~- ' · 0 1 f t 
ccnsod~roblc do<a i5 ovoilatJie on tho re5ouree poten:ralat Hcber. '"'· ;i·o;~O 
1\a;o 0~,¡ tho Soltlln Sea KGF11\o. Thew four KGI\A< conmt o! over ' 
' 1 hich 170 000 aore< ar< pri·<a<e or <tate land5. The federal lond< are 
~~~~ 0~ E.,, r.k;. a~d the S.:.lton S~a. 1t is C5Iimatod that over 1~0.000 acr."' 
currently aro L!l~or loo>e by induury on the "'"' lncl~dong 12,000 ocres olled 

or::l lond ot "'" Me..,. 

R~sour~e de•oiopmcnl J\ Hober Í< iurther odJOnted than ony oll•er llot ""'" 
' · the """ Over 16 wel\s ha·Je toen drtlled ond lhe r<:SQurce _nas b~n 
re:o~~~~dnto.be .,uiciont to 5upport ot too" 800 to 900 1A\'Ie of elccr.nc•l_ capa· 
"'

1
' ¡ r 3(1 Y""" Tlw rosourcc tomrcrotLJrO is 190'C ond ollow ;.,lrnrty (LO., 

~/4 ~00 p~rr.t. éour e•ploratiun ~om~o"i" ore octivo in tbc llc~or ''""· Chev· 
ron Üil tJcw Alblon Roso.Jre<r Cornpony ¡r:ARCO), M:t9m> Power and ~~~~O 
Oil. D~.elopmertt of tho r=>urce dat .. har:< te August 01 1973 v.t>en n- • 
Mo&m> ond Chovron Qil ogrood te ¡oon rn a '"'' prograon to ""aluato the p<>te 
t<>l for comm•nial dovoloponont of thc Hobcr foeld. · 

Beoause 0 ¡ '~" low<r temperature el the ,.,.r<oir (comPJr~d with ,N,'.Ian.d) ll~o 
eothcrmol Huid mu<l be pumpod 10 t~e wrlaoe to m~ln~>Ln a sot.'"'':':'lv._hogtl 

~!ow roto ond wof:hc•d tempcr>turos for eflocient c_onversr.on .. !n 1D7~ •n••_•ll•· 
tion ol dcop well purnps w>< cornplet•d and pumpmg ond reon¡ectlon op•MLOO> 

' Oevelopmont of Goothormal EnoriY in Colilornia '" 
wore initiated by Chovron. Kcat exehangor tom. supported by EPI\1, wore con
ducted in conjunction with tlle operotlon of the wcll pump;. The resuln el the 
tesa. comple<rd in Docember ol 1974, were tavouble ond indi"-'ted thot heat 
"'changero could bo C••igned for operotian o""' birly lor.g periads without ex
co.,ive ;calo burldup Chovran ha< continuod rts ro5ourco os<O«mont ootr,.tio' 
ot Heber in cooporation with NARCO .md the U11ian Oil Compony, In 1~75 
EPRI ioitiated o..,,; .. of studie< leadi"'l te a proposed 50 Ml'le o;eothermJI dem
onstrotion plantar Heber ha<ed on the bin3fy cycle. SDGt.E wo~ld llko to pro· 
coed with the conwuction and operation of such a plant at Heber which could 
¡;o into operatlon in 1981. 

Tho re>ource ar East 1.1..., is similar to that at Hober with a tompera:uro oi1SO' 
10 19()"'C and low salinitv. The Bureou ol Redamotian (BUR) ha• can<tructed 
• te5l facility 01 ¡¡,""in the KGRA to evaluoto thc leosibilitY of d<•501inot· 
rng ol the gocthormal brinco. DOE, in eooperation with tho OUR, has emblished 
a Geothermal Componen! Test Faciluy (GCTFI at Ea5! Mesa V>hic~ "•v•ilable 
10 ind~>try. Aepublic Gooti>Otmal and Magma Pov.er ha·¡e active '""""'ee devel
opmen: program• on their lea•••"' [a51 Me<a; Rcpublic to the north ol the BUR 
sito ond Magm• to tho south. Magma. in cooperJtion with NARCO, is proceod· 
ing willl thc ~ovclopment of a 10 MWo pilo\ plont u;ing thoir ,\\aqrr.om•• p•oc
eu. The pilo< plant wa> ~eheduled to beo¡in operotion in 1~78. Rcpublic ha• 
t.e.n granted a federal loan guarantee tor lield dovelopment leadLng to ~ com
mertial power plant in tho early 1980;. 

The re<ourcc al tl1e Sotwn Se> KGAA is potentially vory lar<¡c and hot li.e., 
>250'C). Ho··'"""'· because ol the high solinity (220,000 pprn) utili<•t•on i< 
¡>acetl oy the dcvelopment of suitable conver5ion pru=e>, ,.,.rvo" and well 
cempletion tochnology. Work on this tcchnolog·{ date• back to 1973 ot whrch 
rimo' o smoll <C,liLl test faoilily was conmuctod ot tite NLiond '''"in the KGRA. 
The faoolrty u"-'d a binarv syotcn:i in which flasiLOd ucorn af\d tJrinc trom • ••po
rator wcre po«ed thrcugh heat exchangers v.hich would h .. t an isabutano V<O<k· 
ing lluld. 

Tite pcrform>rl<O in ho:h thc ''"""' ond hrino ho.•t c><chongc!O foil ou.,ido u! de
sign limi:s altor 100 ltours el operation due to "'"""'"" scoling. A redesi~n ol· 
:on wo• initrated 10 impro•·e the oeporotion ol the 5t<>m from the <¡eothormll 
brino ond 10 ~erub the ""'"' to remcvo on"oined solids. In mid-197-1 ti'" new 
•toorn ;cporation S)'S\Sm '"'"tosto~ ,·,itl1 very womioing rcsults. In July of 1975, 
DO[ and SDG&C entcrcJ into o joint projcot ogrocmom for tiLo canstruction 
ond op~rotion ola Geothermal Loop Experimento! Focility (GLEf) u5ing a 
multiple ll•sh binary cycle based on the redesi~ned <tcam ,.PJrotors, Tt"' GLEF 
will determino whether the hrghly 5aliM brin. con be •~tractor! o.or long poriod5 
ol time al •ufljciomly !•i~lt tomporotum ond whcther the spoci.JI ILOOI c><chonoJ<r 
oqui¡Jonent noco,ary to genero:e powor from tho hiyhl·{ <alrn" gcmhcrmal ro· 
source w"l pertorm reliably. 

Con<:ruction ot thc GLEF w>< complcted in April of 1976 ond tho plont wont 
int~ opocation ;n e.orly M>y. Orer,¡tiom 10 daw h . .,n ho'on Succc5'ful, In 1919 
DOS;, plonning to odd a 10 M'.'le hydrocar~on turbrne ta the current <ost loop. 
OOE i• considoring thc establi<nr.ocnt o! o well complction ond extrac:ion toch· 
nol<><r( te;t 13Cihly ot anothcr 5ite in thO Saltan Se~ KGRA in coopero:ion wi'h 
o can<or:ium con.-.ting of tho Union 011 Co., Southern Pacrlio Land Compony 
and the Southorn Colifamia Edi•on Co. Tho oHon it di<ectod •t dovctoprn9 and 



"' Goothormal Eneq¡y 

dofi'KmW. .he lKhnclo~y ·ha will · 
<O\C'I_ Rep.o:>IIC G"othcrmol h;s bt n '""'""'." "ellllle and su,tain hi~h flow 
thoy ¡.ave dri:led (¡ wclls. ce vcry atllvc in the We<tmoreland where 

A: B<ae>ley tM Union Oil Compan has d ·u 
te 1hat at the Salten Seo ,,;.h • 1 Y " Od 

6 '''"
11
'· The reso"rce is similar 

<0i1nitY fi_c <90 0:)0 "''m'' T" "':'POrature grcatcr than 250"C but cf IOv.·er 
" •' •· · ,,,e.,cvolopmentoltl · 

lhc technolo~y Oovdopod 10 1he S 110 S KG '" ros<mrce w>ll hcncfit lrom 
linity rould ~robably ~rc<:eed wll~ con ea _ 'AA but bccause ol the lcwer ,.. 

mmercoa dc,·elopment sooner. 

Unlikc 1ho :iwotion at Tl•e Gcy'"' the at•it d f . · 
Pr<•dom1nantly r-ro

9
eothonrd dcvolor>mon~ u 

0
•. ~- those 1n the subrcgion "" 

Imperial County has rocoivO<! a grant lrcm '1~'0 "','.n~ thor~ are local con~tols. 
lNSF) to dovolop a <¡e<>the ol 

1 
e No.IOOol Sc•encc foundat•cn 

thi• grant, the count; ;, e::r'uat~n"";:~~ for the Ccunty General Plan. Under 
gcothormal dovc!op:tlOnt nrob 

01 
g _ -u•e plan•. SoC1o-ec~nomic impact> 0 ¡ 

to · .. • r- a < Ollvoronmontol irnpoc" Jcd h 1 
"proor to ony octuol do;·clo~ment A _ · '" er re o1od l'c-

source rn lm,.riol Couruy and h grc., deol of rnf~rmotion on the re-
titen goneratOd in the P••t' and 0°0~ \" prcba~lc impacu of •ts develcpment, ~as 

" ues to ue gonero:ed_ 

A lhree;ear, •h mliiiOn·dollar back round, 
ductod by 1he lov..rencc Lrvormo 

0 
t b tudy uf the county "now bo

1
ng CM· 

Ct~er ,tud
10

, of 0 more •P•cd·c :Owr~ Qra~ry under DOE lundong Numorou• 
prooate luM•. A• a '"'ult el these acti;,~~es erng ccnd~o~~ onder p~blic and 
tud.,, ge<>therm>f devclo~ment In 

1111 
Oflal é and presen •• ..,o<a~le count\' otu 

lo faoe n:ucl1 local o,JPOSIIIOrl How:,c tm ounty whcn 1: comos, " unHely 
lhll the ota:o or the !edorol gover ' poml Co"nty" v11ally concomed 
local control 

0
...,, devclcpments 10"';:,~~,' ~~~~ ognc¡e thc" county'• dC>ore lor 

<oble lederal stlte aod ccu""v . a 0 Ag<eements ~lwoen the r1!1pon 
~ ' "" agenc•<"< neO!;! to ¡, ma" •o • Yev<!lopmont YO • auure "armcn1ou• 

A l<oy i"ue tilO\ potcntially could limi 1 . 
The county will require that all th 1 ~cv~ 1opmont "_c':"'l' ng water ovallabil'

1
¡y. 

$Ublidence whieh could affc.:t 111~, 1~'.~'1 
• uod• be reon1ected te g~ard again>t 

•vot<'l1- Thi• rncon• that C"~lln a oy' complex a~rrcultutal \'Oler drainage 

1 
" uu 9 water mu>t be madc ·11aiJI ' 

01 ter'""" ~ootht-rmol lluids Coohn w , . , •va ' rom sourccs 
co~cern, although lhis ccnce~n is no_tguni::;~:1~•·~brllty ha< bc:en C1;ed., • major 
tn.1¡cr sourcc e! water !or the lmpeflal Valle _v h ar~d ~V all mv<S,Igatcn. The 
~o• ol '-''•te; ;s irrigatlan ol ¡he ma'or 1 , Y_" 

1 
e oloradc Rl\•er. The prime 

crc.,ir,9 tho amount of water w'thJ g ICUIWral dovelopmcnu ol the 
0100

. In· 
lrurn agriculturol use do no¡ ap~eor ':,·~.lrom llw" e, olorad.o, or divcrting water 

~ u accepta~ o soi";>CO<. 

l'htl\r:!rawing ag<ituhural ru 11 1 Solton Sea is the mo·· com"" ¡"'ater ;cm the dr>inago sv•tom toeding 1he 
· ' •• mon Y conSidorod soi'Jt'lon o·h .• , ' . 
IO<-udothcintroduct•onol 0 r · 'erpo<>~vesoutrons 
now coolmg t<<hnology. 0 w coo rng woter •ou<cos or the doyelopment el 

La~d uso conlliclS ""'" al<o • P<ltential 0 nc , , • substo~t,al withdroA-al o' lond Ir a . 0 cm In lm,..roal V.rlley, sonoe any 
dc;cla~mont wi!l proOob.ly be ap0;,',J"c1~ 1~~: ;o moet t~• ~ood• ol gootl>crm;;l 
that tite potontial confli-· ''" ., .. · .• v"'· UC R..er>~d• "udoes s~ow 

'" " ~ m1n1mo>eu ~" nrQnor - - ' "''. · anr:l pcwer piMlS a-• ,., • ' • . ' ~ ~ snong e Yfl ong "l>r-.ds 
, , • '"" " rcu.rng e popono and •nA·-- · ,. · """1~ mo•• Ov -•• - ' "~""''e~ mes alanos>de 

"" ·•- • •~·" meosures w<tltdro al r , , . kept witllin 1 1o 2% · w 0 and rom agr<culture con Le 

'" 
The E•""'" Sien> Subrogion 

Fi;e KGRAs are locoted in thc Eauern Sierra scbr09icn: Bodie, Ceso Ho1 
Sp<ing1. MCJ\C·Long Valley, R.mdóurg. and S.tino Volley. Bodi~ allll Mono
Long Volley KGRAs are in ~~ono County, Co•o Hot Spring-; and Sallne Valley 
in lnyo County, and Randsburg KGRA in S.ln Botnof(li<1C CountY. 

The Ea•<ern Sierra subregicn is uniquc in that a~:hough it potentiolly coe.tains 
L~e larg.,t resourcl!1 in the :lote, o••< 10.000 MWe fcr 30 Y""" (21 the exinonce 
ol tite rO>ourc"' gcoerally has not bocn preven by d~cp dr<:ling. The ,.,o majar 
idontil'~ed re•OUICO! are at Long Val\ey ontl Coso Hot Springs. The<e have b"M 
e•ten<ive USGS ¡;.aphysical ond geologicol '""'"Y' in the Long Volley aroa. 
The<O ~lso h" 'o .. n "'"'";ment work by the Navy al Ceso whe<e on e~plcratorv 
well ;, be'lng driiiOd. 

The Mono-Long Valley KGRA i• lorge; con<i<ting ol obout 450,000 ocres. Ap
proxin»tely 105,000 acre> ore un:rcr the CMtrCI cf tM BV~ and 290,000 acre< 
by the USFS. O! the remoining €5.000 >tate a~d ptivote !ands, 55,000 acrl!1 o! 

.,.,e lands are • .,ocia:ed with MoM La~e. 

There are thre-e di"inct re•OIIfCO pmsp•c": Mono lake 10 the northern portion 
of thO KGRA. the Mono Crotot> in the central portion, and Long Valley in the 
south. The Long Volloy areo consis·.s el up to 100.000 acres a<><l is the center 
ol curten! cevelopmem intorem. Explc<"tion activitie< date baCk te L'>O 1%9 
10 1902 tb~o-por<od whcn r.-ia~ma Power drllled 10 •llollow exploration wells 
noar Co<o Diablo HOI Sofln(;•. TM ""'11' reaohed o moximum dCpth of 323 
meten allll a tempora:ure ol 17B"C (11). In 1974 the BLM lea.od thre-e blocks 
consi11ing el 5,500 acre< in the Long V;tley arca. Tho blccks tofltfctled 'oy 
Chovron and Gctty Oil havo hoon under litigaticn en <Jrandlathor righto and " 
a result, no devclopm""' h" occurred. A woll drillod in tM thir<i Llock by 
Republic GeothermJI in 1976 wa< not succossful. An o<:tditionalloose block 
ccmpri<ed e! 4,000 ae<es of BU,\ lands "'d 26,000 O(.rOS cltho USFS are under 
>tudV in Long Valley. The nea=rv EIS is underv,.y, hcwev<!r, ia eomploticn 

could be delayed. 

S<luthern California Edi•on (SCEJ IS int<r<>IO<l in the dovotopment ol the Long 
Vaii<V resource te •upplement <heor limito-d. loczl pe""' g•nerating cap.:¡city. 
DOE h., funded a uudy which cculd load to the heati"9 ol ~·~mmoth lak1!1 
Vlllaqo by geothormol llo1d<. Thi< fe<Jion is a very pa¡>ular rccrootion arco ond, 
thu>. ;, eMironmontoliV ,.,y <M<itivc. Privatc and local '"'"'"''' could induce 
signilicont C•lays cr e·<en den'ool olthe lea,.mQ act'"ity. In orcW t~ ;¡vaid ur.r>OC:· 
<,_,.rv ccnfrontatiMS. the USFS ond the BLM 1>2,.,. initi>ted a wong p~blic 
oc.vclvomont prcgram ol potcnllal soothormol dovelopm<nts. 

Coso i< a partiouf.¡rly promiSinq re•oun:<r which could be vcrv lorge ond hot. The 
KGRA is CQmp•i•ed el 52,000 area.: 8,000 pn<ate ;md sute, 17,000 BL.\1 and 
27.000 under the juri<dicticn el the U.S. rolavy. T he 6 LM did ho~ plano for • 
lea'" salo al their 17,000 acre• in 1978. Howov<r, theV havo 10vi.od tl>eir plon• 
•nd 310 ,.,orkmg with tt·.e NovY on a plan lor the lo.,irtg ol both tlle BLM ond 
N.vy lond' wh1Ch would m;n'•m;ze :h" pctontlal 1mp>CI on nav.>l te;t rangO opera· 
tion< ond P<l'"~ly give tM Navy fim call en tM pc.ver r¡eneraled in tbe< of 
=••gency. Th< N•"Y and the BL \1 are wer~ing en a schedule whi<;.h could 
mak• the land• available lor leoi1ng in tho •prlng ol 1979. In the m,.nt,mo tho 

-
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Navy is continuin~ with 11s resource confirmotion progmm. Thoro i• • high In· 
~umy intere>t in Com. 

Thc Northcos¡ •ubrogion includos fivo KGRAs scattCrtd throu~i1 five coun~ics: 
Gla>< Mountam KGAA in Siskiyou County; Loke Ct¡y-$urpri.e Valley in Modoc 
Cou!lty; L=en moddlir>qthe T ehama-l'lumos Countv line; Wer>dei-Amodee in 
Lo.,en County; aM Bcckwourth Peak in Plumas Ceunty. 

The dovelopment in tht< wbro-gion i< expected to btn<fit grcatly from eadior 
d•velopmems in the remain~cr of the sute. TM tLmely leasing o! the •obstan· 
tial federal l•nds will play M importan! role in the developmeM el the subregion. 

The Northca>t subCc~ton has bocn desmbO<J by indumy as "gO<llogteally verv 
interosting.'' This is reflectcd in thc lorge nur1"'bcr ol noncompotitive leo<e appli
cations li!ed Th<re is ;o.<>ly limoted rescur<:e "'""""ron\ data !or the subregion. 
Thcre are numereus hot sp;ings in tne arc3. Howev<r, tho estim>1ed resource. 
ten>poraluro "'oci;tt-<i with ooc¡, i• gonorolly '"" than ¡¡;o•c which could prove 
to be ottroc!l·;e in nonole:¡ric applrcations. The two idont•!iod rosources with 
ele<,.ic.:ll potontiol are at Surprise Valley and at Mo~n Springs in the Lassen 
KGRA. 01 more than 195,000 ocres clase to 90,000 are USFS fonds and 
35,000 acres BLM lands. 

r.~o't industrio! activity to doto h" contor«l in tho Sur~rise Vallcy and Wendel· 
Ame<!CC arcas. There hos b""n con•ider¡blc nor.etec:tric in;erest at S..:s.-mville in 
the Wcndei-Amede<> area. The rr=rvoir cf water undorlybg :he town is being 
csod fm grxnhcrmal heating. At HoOo Wolls tho resouroe has bcen sucoe"fully 
~ood tn hoot ,.,c,hou505 for rOi5in~ tomotoos. Re<ontly a DDE snonsorcd stLJdy 
, . .,, completed on the fo>Srbility of developing the goothorrr.al resourcc• in lhC 
Susanvtllo area to onrac: fl<"N indus¡rics. crca:c cm~loyment op¡>ortunities and 
increa5o the local rcvenue baw. 

n.e rc~ource of Surpr¡se Vall<y is estimotool to bo lor.,o, over 2,000 MWe, ....-ith 
• tempcra:me """ 1 75·c. 1'/olls drillcd noor Lake Coi y in the ""IY 1960. by 
~.'.o;ma Power too <'Id a rt«>1Jrce v."h a temperature of 160"'C ( 111. AddltiotLal 
we:ts h•vo bcen drillod in tho 1970s Oy M.1~ma, American Thormal Rosourc••. 
ond Gulf Oil Conop•ny but oc• cithcr abondoned or idle. Tborc "'" ovcr 32,000 
a<r<s of pma:e and na:e lands in thc KGRA. Tho BLM oflcrod 16 units an~ 
34,000 oer« 0 ¡ lodor•l lacods \or leose in June o! \975. Brd• wera rec:eived and 
aoccptcd on five traen conshting o( 10,000 acres. Currentl·¡thero ¡, littl• do· 
volopment octrvity in th>! aro-l. The low reoouroe temperature. tho hi~t¡ dfllling 
cost and t~ •• remotoness fron> rnajor marketo actas d<'tcrrcnts 10 near term do· 
vclopmont. 

Gla" Mountoin must be eonsidored •• a primo resooroo on lhe basis olthe lar!)fl 
nvrnbcr ni ~o;,,. ,1,nlicoriom .n tho "'" Wl1ilo not inchJ<Iod in the uses :moos
montthe re<ourco oOiliO bo lor~c whh tomporotur•• noar ~OO'C. Tile Glass 
.'.".oun:•in KG RA ccnsi.:s of 33,000 >eres, all USF S land•. The original KG AA 
al 15,000 """" wa. .stabli<l"led an extensivc gedogical ev<donce in t~e l.'.edicir.4 
~akc ""'· lE,OOO ocres wero a~ded an tho ~.,,¡, of o'·erlapping le"e opplica· 
tion•- Tr.ore ore n~morou• noncom~otitivo lcoso opplicotiono on lands o~jooor.t 
to tho KGRA. Bo<OLlSC of thc high industry interesl ¡ho USFS hlll ;iven lea¡ing 

o.,.elapment of G«>thermol Energy in Califomia ; 

ot Gia" Mountoin priority second only to Long Val ley, and hopos to havo'"' 
first biQck of le""" let in the 1919 80 trme pcriod. 

The La<Sen KGRA located ju;t seuth ol the NatioNll Park also could be largo 
with tompcrotures M>r 200"C. Ho,,·ever. tho two wells drillod at Kolley Kot 
Springs wero not succos•ful. Ao:ossmont and confrrmation dota on tho truc cx
tent al Lhc resource is lacking. The La"en KGAA con<ists of 19,000 acre-s: 
14,000 prívate and state; and 55,000 USFS. There havo been nonrompetitive 
tease applrcation• en 17,000 add"ioeol •crcs Outside tilO KGRA. There are no 
firm plons to procecd with th" lcasing ne<:o::.lfy for dcwlopment. 

Shallow e•olorotion wells drille<! In the Wendei-Ame<!ee orea did no1 in<!ica:e 
temperatur.s subotantially •- boiling; ho,·.-e'-er. tempera:uros at depth ate not 
yot known. The<e i1 sub>tantral indcstriol interest in 1hc area The KGRA con· 
01>1< el 17,000 acres with only 4,000 ac<e: ol federo! lond<. Nancompotitivo 
tease applicotian< havo bee~ filed on an additional 7,000 """''in the area. Tke 
EAR for th• ~>Ctentior lea<e .. le is in L.,., revlow procen. 

Arlditronor Pro<pecu 

The specilie areas discu"'od da not constitute tho e.tent of the >tato'• 9""ther• 
mal potential. lnstead it i• expe-cted tC.at futuro e~plorotion will e~paOO \he 
nare"s id!ntifiod resource ba.e con•iderably"' a rr=lt of: 

lll Now knowlod¡o ol th> """' of '" '''"dy ond<-'t•f•<d '''""' '"" 
in<rom• irs "''m>t•d >orym< '""""'"''· 

l2l T~o tom.,...>turo of on io;hOtof•od •Y't•m "''"" hi"'"'' r~oo e<tom., ... 

131 Tho d'"'''"' of o o• .. iou>ly unknown ""'"'-

In the li9ht of the limited extont of drillin~ that ho; occurred ou,.ido of tho 
main Geyscr< .:eam licld, the unccrtoi.oty on the curr<nl e<timate< is laro¡e. On 
the bo<i< of the numbor ol knol'>n <ite< in tho "'"" that were no¡ incl~ded in 
the obove discmSron tllere ¡,a hi~h probability ol swbstantial no..,- drsco•·eries. 
The:e known si:es includo other KGAAs, the Diobio rcqion ond numorou• ho¡ 
sprmgs thrO<Jghout tho m:o!JSJ which wcre not includro in L~o USGS assess· 
mer.t. 
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DEVELOPM~NT OF A TYPICAL GHJERATING Uti:IT AT THE GEYSERS 

The mowial lor the following >ection h" boen based upon a paper 
by F.J. Dan, Q.E. Hers:om, S.K. Kho aod L.R. Kr~mland of Pocific 
G•• >nd Ele<: trie Compo_ny in Pr~dim;s <>f r M Seccnd Unirod 
N~tions Symposium on 1/>e DevtJ!opmenr and U.e o! G~rl>ermal 
fleso<Jrce• IPB 262 503). 

Sir.ce 195B Pacilic G>S arKl EIOCtric Com~ny IPG!'.E) and ;, steom S<>ppliero 
hO'·e been de-,.lcping the lint commcrcial geothermal projec: lor the production 
ol elcclric powor in !he Unitcd States. Locawd at Tho Gey>ero in northern 
California. thi> projcct is the largo,¡ ~eothcrrnal in<lollation in the v.Ofld 

Planni~ ond Purch3>ing 

Now Unir F'lonnlll!f' Wilon tho PG&E system re~uiroment for a ncw geoü>crmal 
generating un11 haS l>oon establi•ned, and lito steom <uppliorS h.oc con!irmO<I the 
a-;ailabi\ity ol <uHicienl stcam rescn:es 10 WPport the planned f~illlY, a final 
sit< is •elcc:ed by the >:eam <UPplie< and PG&E from among >rveral 3\<ernali,e<. 
The thcrmodYMmic cycle i< chOS»n, ancla prolimin>rv 'Y"""' de<ign is e<tOb· 
list-.od durin~ this pl,.,e. 

The optimum ,;,e tor 3 new umt ;, 100.000 10 150,000 kW_ This is defivod 
lrom tilo "eonditl<l ocreagc that rr.u<l be dedicatcd lo a plant lora 3C·v~ar 
stoam >urply, and tilo l<n:,tc·d ~imnce lhot stoam can be tran>portcd h'tl 
ratint< v.ttl riepend upon thc monuíocturerS' oqu;prncnt de"~"'- The ovc.,ll sys
terro d.,ign criterio e<tablim 1he prcltminorv <~ecrlicotioos lor the maiar e<¡uip· 
mcnt, 11 is thon poziblt to .. timatt the capital ••pendtture re<tuired to build 
the gcnNotina plont and o,.ociated tran<mi"'M lac,litiel and ta oubmit a rapi
tol apr.ropriat,on ruquost fur rnanagen,cnt approval. 

Cesign ~nd E¡;<1i¡>mem P~rcl>3:ing: Thc lor<t item to be pu,chosod is the turhir..,_ 
~onorotor unit, This i; the 10!9'" <ir.gle equi~men: e,pendtu.rt and it al><> Ccter
"''""' "'' detoilod desir¡n ol thc plarn. Bco>u•e of tM leao times neco;s:ory to 
de•i~n and fobrioa\e the turbir.e-~eo.rator and rema,ning equiprncnt, tho ardor 
rr.ust be placed about 3 y .. ,. befo re the turo:.,. gMerotor ¡, nt<',jed lor inst•l
lation. W"~in ,.,,.eral months of roceiving the arder, the turbine-generator oup-

D~tlopment ol Geothe<ma! E~ergy in C31ilomio "' 
plier. will lurni<h <ufficient do<iqn datJ ta ollow PG&E la prooec>d wo, _, 10 <•!P· 
port1<t9 '4Utpment Uo<ign and <pecificotion•, ar.d to Uevise the me<h.1 nical and 
electrical >CI>emotie<_ The majcr item, that are ordcrod alte' purcha,ng the 
tmbtn • .generaror are \he main and •nilíary power-<v.:em tran<lormors ci<cuit 
brea'""· tran;rni.,ion towcrs, submlion oqu•pment, tho conden<er and.a5<oci· 
atod _noncondcnsible gO< rcmovol sv•tem, con~on•atclcirculatin~ wotcr pump$, 
auxrltary coalmg woter symm pumps, coaling tol',ef. ond all of tMc nece<"'ry 
control!, iMtrumentatioo, and valveo. 

Fin~/ Oosign: Drawing Pre;:m"tian- When the optimum powcr cyclo hO> been 
des,gned,_aM with the outlino dimension1 01 the rnajor equtpment ttam• known 
ond. t~e hn:rl ~hemoUc> a_var1oble.- de:>ilod oite, burlding, and eq~ipme.'O\ 1.-ryaut 
de<,gn c.:rn beqm. H.e burtdmy '''~ afKI arra"S"men: depends 00 the si:e and 
conli!luWion of the 'Y"<m• to be h_Ou<ed. When these buildin~ ond eq~'pment 
l~y~uto and t.h• equipment vendor< detailed drawtng• .uc availoblo, thc ftnal 
CtO<I, mochantcal, and electrical conmuction dra·"ings are mado. 

Mechanicol Engineering 
• 

~ typicol _svst;m diogram lora new 110.0CO kW genoroling unit ot The Gevw• 
ts st.own tn Ftguro 3.2. Stcam entero the \Urbine ¡¡ approximatoiY 333" tO 355"F 
f"":"179'C) and} 14 psio. The steom, ran~os lrom dry s:owra1«1 (J38"FI :o dry 
wnh Obo~t 17 F of ~per~e31 1355 Fl at tho wrbtno inlet, depondong on tho 
actual urHt ond locoMn. Tho <toom cxponds in thc turbina, convcrt•ng the ther· 
mal and .P'""'-''" e~ergy of the steam to mechanical cnergy, which " conV<Irtod 
\0 ele.:trocal en-;rgy tn the.~enerotor. Stum exh~""' lrom the tutbine at a p,.,. 
<>Jre of appro.-ma,.ly 4 mche> of mercury ab<olu:e onda :<aturatiM tempera tu re 
ol 125"F ond "_conden«d in a direct-contoct co.odonoer lacatcd ltelow the \Uf· 
b1r.e. flere coo'tng wotor io spray«d diroctlY into tho cond~n<ing stcam. 

From the cor>den.er, the 120"F mixture ot cooling woter and cor>densa1e h 
pumpcd to the we:-cooling t~wcr and coaled to 80"F. Tne cooling ,.,,<r-<toam 
con_d"'""" Cydo i< o~mpletcd as the cool.ng water flows from thc cooling tower 
bas.n lo the condenso< under \he drtv<ng force of wa.ity jelev'lion drtlerertenl 
and cOO<Jen,.r .oper~ting •acuum head. 

Th~ wator cvoporatod in tr.e cooling tower io made up by """"' condenmo, 
The cvcle has a M\ >IJrplu, ol condcn,.,\c under all conditians and no outsido 
WU<C~ of water ;, <equtrod. Exce" condcns:ote is reinjcctcd into 1he geoth<r· 
mal "">m formaticn by t!>e >team ptod~ter. 

Ncncondensible ~"'"' entcrintl v.ith tile stcam, pdmarily carhon dio>ide, nltfo· 
~"-". ammontJ, metMne, hydtOtlon, and hvdragen sulfide, are canttnuou;fy ro· 
moved frcm \he cor>denser by S<eam jet eje<:to" ,..hich rec¡uire abou1 ~% 0 ¡ tM 
total incoming <team for ope•at>on. PG&E i< conduc\Ín;J an exten<ive pra<¡rom 
lo dev"lop proce•><s by which \he malodorou, hvdrogen •ulfide con be remov<O 
from !hose noncondenoible g"01 beloro venting to 1ho otmo<phoro, 

App~cximately 2 mi!lion POOJrKIS of """"' per hour, total, lrom 15 "'C!Is are 
<cqulfe<llor a plaM wllh a gro" rating of 114,000 kW, Power rec¡uired for 
Plant o~cration lpumps, coolittg toV>er fans, ond •o on) "about 4% ol gro" 
ar 4'?00 ~W. givintl a net pow.r output of 110,000 ~W. A typical cyclo h<ot 
'"" '' between 21,CCO ar>d n.cco BtutkWh. This ;, hi(lh compar<<f lo thal of 
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Ow•lopman< of Geothermol Enorgy in Cah!orni• 

modern fos;il-fuclcd ond nuclear po'""' plam• becau« of the much lo"-· •• ,.m 
tcmporoturo availablo in thi• r«ource. ltowovcr. LJoin~ the doy geothermol steom 
d.rectly •• a working fldd gi•« !he moot thermodynamically eflicient cycle at 
The Gev"'"· 

Tho turbirte bock proS<ure m•intotned on tl10 condcn,er ;, a f.·nction of tho con· 
densing tcm~cratur• ol the ""m and thi• in tum i< detcrmined hy the coolifl\1-
water tempera:ure. lower back pro..., re$. achie-1ed wit~ lower cccling v..ater 
tomperature, could increosa the power oulput oi1M turbine. Ho;·.O\·er, the 
cool1ng water temporat~re ¡, determinod by tlw an1biem wet butb tcmpc¡:,¡ure 
and by the efficocy ol the couling tower in appro>ching it. A closer approach 
impro,eo the thermod•¡namio el!iciency of the 'YO\em. ~ut the cooling 1ower 
c<m i<>erea,., markodty"" tho e~itin~ cocling-water temperot~re appr03cM< the 
de<ign w•'t-bu!k temperat~ro. Thi< hi~hor cooling·tower cos\ in turn inoroo,., 
the CO<t ol po""'· 

On the other hand. a hig!l ~k pr.mure woold reduce the cocling-tower ""''' 
but this would decr<a<e t~e turbine power output and thereby inoreO>e tho tur· 
b1ne genorato< cop<tOI cha,gc lor Oa<h I<Wh generatod. At Tho Gey'""· thc optl
m~-m b.:lck pre<OJre lar m1nimizing tho cost ol power ranges lrcm 3_5 te 5.0 
inche< Hg a!>.aluto, depending on the turbine d=gn. 

e;,;¡ Engineering 

Tr.~ geothermal power plan! structures consist mainly ol a turbine building. tur· 
bir.e podes :o l. and cocling tQwcr. Therc is no boilor or acce<IDry equipmcnt as 
1n a fo,il·luel plant. The turb•ne-goncrator pedestal ;, the lorg!>\ '"ucturol ele· 
ment of thc plant. Bosic desiun criteria for the pcd"""l aro: 

(1¡ A\i;o-.-ntc ~ine ali~nm>nt ""'" 1>< .,.:ntainad cp toa tola,.nco ol 
0.02!1 on<l1 '"'"" m.>oimum •'<umt<l \O»dir>¡ and ''"'''"""" <Ondo:oonl. 
wothin t~o '"'"'" doll"tion timoto im,oood by th• m.ncfoeM<c. 

¡:¡¡ T<>'lm-,.ion of V.b,.tion: Foundolion o.-nplot'"''O" muot k>o l<l> th"an 
uMy 10 t!'linomizo ~'• ofl><t ol ""t·ol-b;t•.-.;o lo<«<'-' roti!•"l .,."' on 

""""'"*"'PI''""·""' l"""""•on. ltl<l odj><tfll uou<lc<<>. 

!J} ~"ooan<o: Notu"l porind ot "bntion. of thl '""""'"on or '"Y""'· 
In th< tuM"'"""I moti< o< '"Y hiQh« modo "'''' <o bo •«"'" oy 
:~.o moeluno """"''""· mun 1>< ot ¡,.,. 20'11. ho~hO< o< lo~ o< <h•n nmmol 

"''""'"" """'""'~ ........ 
The 1Uitline-g,neral0r pedaml is a <nonolithic roinrorced cMcrr-to wuctutO con
,;.,;n~ of a áccp \OP Jcck •uppo<ted by slondcr columns cmbcJdM in J Hilf mo¡ 
f'mndation, "hich ro<ts on woathered hiKttUied bedrock. Tho concer."'r •its en 
top of th• mol loundation di:Cctly below the \urbine, surroundO<I by \he pedM
Idl colu11~l< . 

The ¡;o;;m•:rv of \he pedes:al io d01crmined by t.'le requi<Omen" of tho s<~ne<at
ing unit ~nd tM corKlen.,r. fcr o 110.000 kW uní1, the ,.,.,..,'!" size " abcu• 
~o , 00 ¡,,,, •nd ~O foet high. Beoou« of its oonfig~":;on. the pedwal is low
tunod; tho ••rtícal rcsonant froquenoy of lho ped"'IJI is beluw tl1o ru.,nintl speed 
ol the turbine-senorotor. 

The p<d.otal is computer-analyzed with thc ST!lUDL otr~cturol dy.o.mic• pro· 
grom. STRUDL "• lumpe<l nta" dynomio pro~rJnt ;~itoblo for Jnolyzing multi· 
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Gcothcrrnal Encr¡;y 

dogr .. ol -'"' W"em< In add,•.ion, PG&E l.os podormod dynam1c tests on 
a com¡>lr.tou pcdcotol I>Y forcod "ibration_ This corroiate< the octuol dynomic 
P"""''""'' el t"·" comploto<! Wwcturc with tho values obto1ncd lrom computer 
anolysi;. 

To moint>in :n0>1mum eoonomy, tM turbine buildin9 and the cooting towcr are 
orrongcd w11h tl1elf lon9 axos poro!lcl. or oltoroativcly in the lorrn ol a T, dopend· 
ing u pon the ,; te t<>;>ography. The T amngement is prcferrod. b..,ause the riS<f 

pipes in ¡he conden..,te pumpir.g syS1em can be laterally <uppo,.ed by the end 
wall ol the cooling lower. ar>d tho air movom•"·' on ¡he b;oad sidos ol the tower 
is not rc<lf·C!Od 

The turbine building hou<es the turblne gOnerator. an overhead traveling crane. 
tonr;len><r. cond.nute pumP> and other au•iliocy equipmen1. The equ1prnent 
·rn tllebuildong is •"•nged os compoctly '" possiblo to rrHnimi<e the size ol 
buildmg an~ tilo com. 

For a 110.000 kV/ genorating uni¡ ¡he building is ab01>t Bil ~ 1~0 t .. , an.d 115 
loet high. Four operating lovel> ore provi~ed: {l) basom"cm lovel lor condcnsate 
pumps and conCensor. 121 ~roun<i levol for auxiliary oquiprnm1 ond loydown. 
(31 m"<zaninc level lor ele<:1ricol cquipmem ond oontrols. and 141 operatong 
level lor ¡urbine -genorato r arnJ oUi.,. Lay-down •pace is pro~idod ., 1M oporat· 
ing lloor lor the original a>Scmbly ol the generating equ:pment and loro,.,,. 
hau!. 

S!ru;:tural dosign ol the mam otcel lraming ol the OOilding " bas.ed on !he sim· 
pie beam ar>d column basis. l"lith diogonal braCO< lor the transmi~Sion ol latero! 
torces to the reinlorced concreto loundation. Trial otud:es have proven th<ll 
thiS desi~n is mo'e econornocol thon tho ri(I"1J lro:ne tYP' ol buHd"1n~ Sci•mic 
ond wmd d"sign critorb are govcrnc<l by !he Uno!orm lluiiCing Code, pubiiShed 
by tne lntcrnotional Conlerence ol Building Offi;:ialo. ar>d adopto<! by the rogulo· 
tOry buildon~ •~thority_ Soi>mic d'-"Sign by the s;atic method is usod in 1ho onaly. 
i•• ot lh! build1ng. Hnwoc·cr, lo koOp up with curren! prauice. PG&( is analyz· 
1ng a typio•l building ~y the dynamic :eisrniC onalysi: method. 

The rool cons'~~• o! a >ln.IC'\Jral otee! decl;, desig~ed ¡g oct os a hor\rnn,al dia
phragm. that span• be!I\'Ce~ too! beams Hori,oo:al Lrac"' botwoen rool bc.1ms 
a1e thcrolorc not """""'Y- A•idc Ir o m the turOine gonerator pedo ~tal. the 
cpora:ing lloor coro<im of a gal•~aniled grating ora reinlorcod concme <la~ on 
o S!eel Ceck lorm. The lloor ¡, supported bY laterallY·Suppofled •:eel beams 
with weldcd S!uds pcnotrating tho deck. Tho tr•~•mi,.ion ol impact •hock and 
vib1atoon hom the turbine gonorator pcdcst•l 10 the oporoting floor i• roduccd 
by 1ho use ol heoring p.:tds rnanufoct~red from res.liMt motoflal with great com· 
prossive st<ongth. ~igh ~amping. and long servioe hfe. Th"'e pads ore placed in 
!he boam <<»t c<mr.cotion: a nacho<! lO the pr:doml. 

Tho LUilrlin~ i< enclo•od by metal siding and painted in a color schon1e choson . 
10 n,onimilo vis~al impoct. Th" natural hue< Llend unobtruoively with the terralfl 
in all ><a>On>. 

A 110,000 k',"l poNor plan! sito ~CC"P'"' about 6 acres. of whiCh tho roquircd 
l<vol arca ;, "bout 4 acre•. The arca betmon mucturcs ond l~undation pads for 
oq~1pmer.t is pa•·ed with os;>holtic concrete. This pro•·ideo par~ing ond maint .. 
naneo storag~ spaca. and red~ce• ¡¡,., holatds lrom !he surrour.ding vegeta1ion. 

Eiec<do•l Engineerin~ 

" · ,. e 3 3 11 should bo 
A single 11ne diagram lora lypical uni1 is '"""" Ln <gur · · . 
no'od t~at: (1) the main 9encr>10f conncetion; ato still modo with al~:':""'tv 
coble bus; and (2) a 2~00-,·olt a.1xi!iary pcwer sourco M., ~n added • PP 
largor pumps rated up 10 1500 hp Ln tho lürger unots. 

· FIGURE 3.3: TYPICAL SINGLE·LII\:E C!AGRAM 
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'""'"'"'"' 

Source: PB 262 503 
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Srmup powcr for lho >mollor grneroting uniu, up to ond including un:1 10, is 
provi~cd by o gonerotor broa~or. Tlw lorgor >i>e olthc later units ha< mado it 
ne~cssary t<> •"~bi>_<l, a ncw r.ourco ol >tartup power lor unit 11 and following 
um". becau;e orl "''""'' brca<e<> rated adequato lar 110JJ00 <W are nol avail· 
ab.'o. Thc <!.tnup <\'"cm connoc:. oach gcncrotin~ $Lte with a <cgulated 11 kV 
rlrmibution lino. Powor is s.:pplre¿ lruntthreo sourcc•s: one 7000·'< VA, 13.8 to 
22-kV tronuniosian symrn: \he ma:n '""'forme<, <upplicd by thc 220-kV transmis
s.'on <y<tern; a<>d a thrce-winding tran>lormer, at onit 12, which is a bJc~up source 
SUPPiyi"!) >tanup P<>""' lo< unit 1:2 and lar Olher <mits when unit 11 is running, 

T/1~ odditiotlal bonofic; of th,; separato d~<tribu:rotl system are: (1) conwuo. 
tion powcr is a.aila~lo at oach now •itc; l2l a stanUby scurce is ova1iable when 
regub tran<mi•Mn lin .. aro •hut down; (3) tne distrrbution tine can be usod 
!or et><!omor .. rvice (in thi< c...,, W'!Omers a•e monty ""'m supplier>l; and 
(4) the pote lino is availablo for communication and <upor>·isory <V<I<ms. 

Tho stortup transformer for a typical 110,000 kV unit has tho breai<Or on tho 
hi~h side. ;nd breakc,, en thc low sides are interlockod with tho brcaker< frcm 
the auxiliar,. uanslorrnerS. Tho s:artup tran<!Grmer is si>ed sueh tha< ¡¡ can re
pliCO, h e""' o! emergency, any one el the •u•Hiary uans!ormerl. 

In the futuro, when lho output of Thc Geyse" projoct is transmitted at both 
230 kV and 115 kV, tho presont plans lor <tartup power wilt apply only lo 
lhO"' uniu on the 230-~V <v>tem. The smaller uniu on the 1 15·~V system 
will hove thc gonerator br .. ker; the lar;er units will have the ;cporate s.artup 
wstom. 

Cc~trol Sy.,cm 

Tl>e Superviwry Control Sv.,em has t><een developed into a complete, compul~r· 
ba<•d 'Y""m to focilltoto monr~or~ng of oll uo11s by a single human operator. 
Tt1c 'I'S:em gi,•cs the uporotor an o'cralf •ummary of each unit'o oporation, ond 
<ignal; '"·Y ma:hmc;;on;_ The op<riltor may exen:ise cenain control fu~ctiMs 
oirer:tly thro"gh 'he Supervi«>rv Con/rol S\[SI<rn. 

!l<cacse the oporotor \ravels !rom unit to unrt, di•ploy consoleo aro locate~ •t 
'"eh unit, with tilo mo,ter >tatiOn dt unit> 5 and 6. From the most" mtion, 
oi~n.ol, ~'" transmiltod to tho F~lton Suhot,ion, 22 miles oway, whcrc rad.o 
coruau is maintained "''~ the o¡;erator. Thus, communiwtion is maintainod 
w~ilc tl'.c op<><a;cr is in tronsit b~twecn units_ 

Thr m"""' stotion coraoins two cotltoJe ray-tul>o di•Piays. ~iving un<! stato• 
and On o~arrr.< summory; a CMtrol consolo; a teletype events reccrder; ond a 
b.ockup annunci>tcr sy.:~m. From c:><:h senerating oite, o remoto sc:pervis<>ry 
annur,ci><or H>nsm;., unit sto;us, a=log, and aocum~lator in!orma~ion 10 the 
m•stor sta!lon. n.o"'"'"' S:>tion '"''""'''"" to oll renroto unia and to tho 
fulton Substotion Tit's ollows tho rovin, or>•r•tor to recoll !""" ,1ny unit tho 
full ~;<play of (0 alarm ~oints hom any other unit. 

An B. 'te•'!" el 20 ao~!og voluos is roc:orded hom """'~ unit. Th ... ir>el~d• pr«
'U"~· '"'"·P"'''""'· l•vols, volt•go<, currcn!S. ord '" on. Ono aooumc101or at 
coch stotiorr storcs l.lio,,·a\t·llOu; moler inlorr;ra;ion, which is roportod to tho 
PG&E PowOf Control Contor in S.n Fronc1<CO. Tho master station CMtfoh tho 

D...-elopmcnt ot Geothermal Ener!JY in California 

following func¡ions ~or o•ch unit: genorotor, power output, voltage re~u••<lon, 
moi11 breokor, ond main stoom vol>e. A futuro communication, link between 
\he Powec Control Center and the plann,•d Geys.ers Sub<tation ·mil ollow the 
diroc:t tramr.tittal el kilc•>ll and kil<>wall·hour da13, and may control loading 
o! the transrniuion linos asst>Ciatod with The Geysen Power Plant. 

Comlruction 

Consuuc:io.n On a r.:nLt sllrts during the dry "'"'"" al:er certilication o! the 
project is received. The cono\fuwon ol ' tVPical 110,000-~W plant requLr<S 
appr<>ximatcly 30 months. The wmk occurs in three major pha<e<: (1) •ito 
prop>ratiOn, 12) !o~ndot;on ond b"ild1ng construction, and 131 equipment instot. 
laticn. 

Th• connructioov>f a typical 110,000 ~W plaot, e~cluding transmi«ion tino 
and towers. «•quiro• about 4.000 yd' o( concrote, 270 ton< of roln!orcing stoel, 
ar1d 240 tons o! >tru«ural steel. Ex<•votion of a plont site is prirnarily a bal· 
oncod cut and fill opetdtÍOtl. The volume of excovated materiol ran~c' lrom 
70,000 to 150,000 yd'. 

Two 10 thrcc month< are roquired to cloar an~ grado the <ite_ This must be ac. 
compli,hed WrLng the dry •e.l<on w m;n;m,e •ite crosion. Exoovotion and ploce
mont Ol lo~ndotions require obout 6 months_ Concrete botch plan" ore sct up 
at each s:te a<>d removed alter tho turbino ped"'""' is comtructed. Structural 
stcel is .. ~cp fabric>ted in the San Francisco Bay areo. Bccauso skl\lod welden 
are not re3dily ovailable in the remoto Gcysers area, <tructural licld conncctions 
are boltod rother than wclded. Erection of the structural steel '"quire< obout 
3 month<. Tho erection of thc coaling lower overlor• tite strUcturJI steel wor~ 
and requires about 3 months to ccmplete. 

Eloctri<al and mochoni..,¡ equiprnent is dclivered to thO site abOul o year af:er 
sito proparation be<;ins. M.1¡or oquipm""' componcrrts are os.omblod dur;ng tho 
instJIIation ph.,o. The ~enorator otator i< :he lar~est •in~le p1eco o! equinmcnl, 
weiGfting at>out 140 tons for a 1 ; ü,OOO ~'.'/ u ni:_ Tronsporting the stotor up the 
lo" 16 to 20 miles o! "inding mtwntain roa~ t.ol<es about 48 hou". A i>f!¡O 
tomporary crane Í< in>talled at the site lo li!t lhe major t~rbinc1j<nerator con>• 
pononts 1nto pl;ce. Assembly on~ in,at!otion of tho plan\ cquiprncn(. piping, 
conduits, and cables ta~e obuul 12 month•. Te<ting and, iinally, commercial 
cperatio~ o! tho unit be~in obout 2 y<lrs ohor the mr: of site preparation. 
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Salton Trough Brine Productiori 

and Conversion Processes 

• 

SAL TON SEA CANOIDATE POWEFI CONVEFISION SYSTEMS 

The ma:.rial lor this S«tion has t>cen ba"'d upon a repon by 
Boohtol Corporaticn (UCRL 1375U. 

The Sy>tc:ns 

Boohtel Ccrporo:ion is participating in the goo:hermal Power Conversion Sys:em 
S!~d,es that aro boing conducted by the Lawrence U""rmore labo,atory. Th"'" 
""'"'" "udi .. will de~~elop comparotive perlormance and cost data lm the lead· 
ins candid>te cofll'ersion 'Y""'"' opero:ing !tom the Sal ton Sea hi;h temper.turo, 
hi9h >.:i1iniW (HT /HS) gfOthermal resouro.,_ 

Thc !ollow<r>g cri:eria ~re S<Jggosted lor use in ovaluating thcse power con"!f<ien 
sy11em.: 

• Lo"' bus b>r de<tric enorgy production cost (mrllsi,Whl 

"Hrgh rcflormancc a; mea<urcd hy s~ecilic output (nct ~W/Ib 
brine/hrl 

• Emirunmont•l •cccptol>il it y 

• Advoncod dcvelopmcmal '"'"' and minimol technical probloms 
• A-,oidoncc ol lrroat <"xthon~" loulin~ os wcll a< minimi>otion of 

corru>ion o1tLJI """lrn~ uf prnccS< cqurpmcnt 

• Prowntioo ol •olido prccipitotion lmm btrr•• rn the sy,tem_ 

Tabie ~. 1 list> the systoms unUor consi<forotron. T11oy havo hcon ptacod in pri
orily ordor, bosoU Oll a subjootio·e opproisal ol tho;r tec.'1nicol noeri,., A schem•· 
tic dia~ram i< ir.cludod os •n rllu'lfotion o! oac/1 candidate sy"em IFtgures 4.1 
throu¡¡h 4.91 

'" 
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TABLE 4.1: CANOIOAT€ POWEA CONVERSION SYSTEMS 
c.,.,,..,:.,., Sy>tom 

Multlltl~o Ft>..,IBin,·¡ 

Two.St>¡< f""' "''" S.Cru"'""~ 
To"l flo.-. 

' ' ' ' ' ' ' • • 

Mulfi.U}< fiatOIPire<t Cont>ot IBtcM<I potent.O pro"ul 

Four-St"ll" Fl>d"B'"''Y 
B1nory W•lh D·<e<l Conto<t Hoat E.ch•"'JOf! 
flyOrid- Fl.,h/Bin"Y 
Hybr.d-Ft.,O/Toto: Flow 
Fl01h/Duot Cvolo Bmory 

Sourco: UCAL 13/51• 

FIGURE 4.1: MULTISTAGE FLASH/BINAAY 
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flc.~<l~ 4.2: TWO-STAGE FLASHED-STEAM 

... ••• 
"" ''"" « 

'''"" "''"'"'" ,. .... ,. 
1'1 ~. 

.... ~ ....... , .. 
'""" 

'""" 
o X .~~'."1.\:::~. .. _.,.,. .. 

. ...,,. ,.. .. _ 

''"'"' "'""" ""' ""'"~' 

...... S. 1 Q 
""""~""'"' ¡ 

FIGURE 4.3: TOTAL FLOW 
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FIGURE 4.4: MULTISTAGE FLASH/OIRECT CONTACT 
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FIGURE 4.5: FOUR·STAGE FLASWBINARY 

"''""'"'y 

""" ,., ... 

..... 

L':::· 
e 

'" 

~ 
Ir: 

.. 

•u~• 



i . 
' • ·¡· • • 

'' : ;-; 
' 

·. 
• 
' .. 

• 

"' Goothermal En"w 

• 4.&: BINARY WITH DIRECT CONTACT HEAT EXCHANGER 
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FIGURE 4.7: HYBR!D-fLASH/BINARY 
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FIGURE 4.8: HVBRID-HASH!TOTAL FLOW 
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'"' Goothormol Encrw 

Moior Po"'"' Pl:mt Equipmen:: 
• (quipmont will be eilht< concep;uolly d,;igned le.g., the muhi· 

'"~" 11,,11 unil>) '"'"9 proct~rol éC<forrnance choracteri•lic> 
obt>inc.l !rom e•perioncc or in consubtion with wpplie" ol 
•imilar oquipment, cr will t>e oelectod from commercia\ly avail
oble ""''" (c.g., the coolmg tov.«rl. 

• Stondml Bechtol powc' plan! design practico will be followcd 
in the scloction and arra~ment of ptant equipment. 

• ~q~ipmcnt will be labricated and in>talled in accordance wi;h 
applic.1ble codo• on~ mndard< that ore •cceptO<J in thc powcr 
plant indumy. 

• Sate1Y "'~""'" woll be con•idered "' that the equipment con be 
opcrated safoly when normol indu•Uial prccaution; are cnlorced. 

• Thc plont> •.-rill be d<>l!;ned to minimile auxiliory powcr require
menl> "'"hoot ad~in9 e><ce»ively to pl~nt inve$tment Ct»l'-

• Tho high >alinity on<i noncondemoblc ga. content of the brine 
l"lill be comiderod whon doslg""'9 tho relotive cquipmcm. All 
veos•l• w•ll be of corbon "'"''a corrosion allowooce w•ll be 
odded to the walf thickncsses._ 

• Thc chuioo of h•ot tramfor wbo material• and typc will be re
lotod to the corrooivc an~ foulin~ effects of thc brine and non
condens.>ble 9""'!-- Titanium will be spect!iod for hea\ exchanger 
'"bir>y in comac\ V>ilh brine vapor. For sur!aco corxJense" wh<re 
gcothe<mal vapo" ore not prcsent. ~0: 10 cnppor-nicke\ will be 
srecilied lor the heat uansfer t"bing. 

• The ploms will be C<>igned lor 30-yoor h!e. 

Auxli1dry S'fSicms: The lolfowing •vstems will be included in •11 powcr conver
<ion '~"~m do>ign<. The IC\Iei ol do•ign dotoil will be ilmi;ed to that necossary 
:o wpport the cverall concop,ual dosi~~ a<td co>! 05Hmating work. 

• Turl;inc-gonorator auxiliorio• inclu:Je stop and control volvco, hy· 
droultc ond lube oil symm<. >Ool.ng •ystem, controls and prot«:· 
tion, ll<'""'ator coolins, and excitotion and vcltage control 

• Fire water 'VStom 

• Heoting ond vontilotion <ystem 

• lmtrurrn>nt a<td !<!I'<ÍCe air wpply 'V''"m 

• Crane !in turbine bdldir>;l 

• Coolin~ water treatment 

M~jar P¡p;n~: 

• Construetion matori•l lor major ptping (exctudin~ cooling watcrl 
will be corbon <tecl. 

• A corr<>$ÍCn aii<>Mr>ee ol >1. inch will be added to the pipe wall 
tirickne•<-

• CO<llin~ woter pipe motorial will be CMcrete. 

S.,iton Trough llrine Production and Converoion Procrm"' 

• M"'imum llow velocitics will be: 
U~uids- 10 !th 
Vapor<- 200 Hl• 

• Conmnt pipeline longth: 
Retnjection wclls- 2 miles from powor plant sito 
Moke\Jp wotcr supply - 2.5 miles lrom powcr plan! <tto. 

• All lar¡e pipe, except c:rculating cooling water, makeup water 
ond rei~joctton brirlo will be abovo ground ond supported on 
adju"oble pi~e rofl "ands. 

• Pipe imufation will be cakium <ilic.•ne with a waterprool jac~et. 

'" 

Ci•ii/S/ruCIIH~I: In the civil/structurol concoptuol do•ign, accoptod enginecring 
prac:tic"' and design standa<ds will bo loflowed to e•tablisll a technic:ally sound 
d"'i;¡n. 

Si le: 

• P""""tly used !or a.;ricultural pur¡m<e-<, t~.erefore only minimal 
clearing and grubbir>g. 

• Soil •uitoble for any lill requtromen!S on site. 

• With flat top<>qraphy only minimal general excavation af'd Qrading. 

• l'.'ater table, 5 IL 

• 1\llowoblo •o•I-Loorin~ pre,.uro, 1,500 psi. 

• All loundo.tion• <pread loo:mg type withoot piling. 

Struclur>l: 

• Turbine buildtng- Roctan~ulor structural steel with metal <i~mg 
and roo!. Floor slab ot ~rade. Reinforced concrete turbinc ped
.,tal wtth ole.ated OCCI,ss dock. 

• Control building - One story <teel frome wtth concrete block 
wolls. metal dec~ roo! with concrete fil! roof lincludc5 control 
room, ofl~e. swi,ch-gear room, battery room a <Id di"""t gcner
otorl. 

o Coolir.g tnwer - Roinfon:ed conorete b.:l<in. woodcn struc:urc, 
plastic lill. 

• O:ner structur.,- 60 ft square earth bonked firo-water pond 
with st~l lromc pumphouse. 

Omer F11<:ili:.'et: 

• Acto» roo~•. • "'"'"~" "''"m ond S<Ct<rity. 

Comr<>lt ~nd lnsuumentatian: Tr.o contrcl •00 in.,rum.,-,tation requiremontl 
wtll iodudo thc lollowing-

• ProviC• eflir.iont, relioOlo oporotion lrom a control control room 
to minimi,. operator requirement< and to ailow remole rootine 
""'"P ond <h~:down of :ho plant. 

• u,o indopcndcnt trip •ystem' and rodundont protoction systom• 
for personnel ac.d equipment '"'fety. 



"' Goothermal Enorw 

o .de a mini-computer lor da!a IO!l')lng and >eQuence el oven!< 
recordrn~. 

o Use a "Ji"\ out" annunciator system lor alarm monitorir.g. 

o Providc no extra ÍnS!rumentotion lor ••~crimontol te<ting 
ol preces"''· 

Elor:trit:ill Sf""""' The ele<!rical l'f"""'' will provide power to the IQCal utillty 
company', (Imperial lrrigotion Di<uictl exi.,ing 92 kV network during normal 
opcration. ond to thc plorn O<J>iliary load< durir.g normal opcration, >!ortup, and 
emergency conditi<ms. The lollovoing systems wili be included in all corn:eptuat 
deoigno; 

o Main Gcneration Sv>tcm- includes the main 13.8 kV ~cnerator 
unit. gcnorotor brc;ker and the main transformer which otcps up 
te the S2 kV 'll>tem. 

o Auxiliarv Electric Sy"cms- indud.,the amiliar; tramlormer 
ond '" supply bro••ker, tho 4.16 kV ond 480 V 'ubsystom•. a 
"""~by die<OI gonero:cr. battcrios and de <ystem•. a lighting sy•
tem, and a communioa:ion •vstem. 

• Plant-Utilitv Interface Sy11om- includes the owitchyard ond sup· 
pcm for the tronsmi,ion linc• to tho plant sito boundary. 

Pmdvetion a.~<J Rein¡cc:tíon \'le/1;: 

• Pmduotion well< wlll havo 10% inoh cosing' and will b• slant
drillod hom producticn woll ista"<ls to a nominal 6,000 ft dePth. _ 

• The ""11' wHI be natuc>lly !lcwir>g at an a"umod rato ol 800,000 
pounds por ~our. 

• Rein¡ootion well• will hávo 101> inch cosings and w<ll b< slont
~rille.;J lrom roiniection well istand< lo_ a nomi""l 6,000 lt de~th. 

• Tho putnpe<:! reinioction wcll llow will be O»umed to be 1,600,000 
pound< por hour. 

Production an<J ReiniectiM t:•e/1 1¡/.mdt: 

• Eoch 2 acre production well is!ond, located adjacont te tilo powor 
plo~t. vúll inoludo !he p;oduction wolls !to a ma.irr.um of 24, in· 
ctu~i~g 4 <pare<). cotd brine dur-o~ pi\ !for well "artup). col~ b:inc 
purnp, andan im.,l•:e<:! brit>< hcadet, .alves, and wellhcad equtpn.ent, 

o The reinjcotion i•land• wtll b" locatod two milo• fro'n tho powor 
pfa~t "'"· EO<:h 2 a<:re rcinjeetion well island will include the rein· 
jection wolls l<o a maxitnum of 12, i~cluding 2 <flare•l. an inS<Jiotod 
Lrone hooder ond wcllhead equipmrnt, 

Enwonmema/ Contidecati()tJ>: The followino¡ en"i<onmental laoto" wiil ~ 
roc.sidorod fot all SV'lem• and mOtigoting mea<urO< will be tak.en to preclud~ 
und<>irablo onvironmemol offect<: 

• Ae'lhctics - low, flat proltlo fcr olant. 

• Ground "-'•loe• s.;!.>sidcnco - rcinjection ~ow bolanced with pro
Guct•an flow, if """"""Y witt> scpplomcntary rivcr water. P.iver 
"'"'"' will be éeaerotod and ro:njectcd by • well which i• separata 
fr~m tho brir.e reinjoc"on wolls. 

Sahon Troush Orine Production and Con;e,.ion Proco<Ses 

• Con•urnptioe use of wa:er- cooling tower mokeup water 
and/or supplomento¡y rotnjcc¡ion wotor wi!l be rc<¡uircd. 

• Heot tejoction - cvaporotion lrcm the cooli~g rower will 
C.l<ry rejoctod heat to the o:mosphere. 

• Gos emi,.ion- noncondemable g;so; will be procc:sed loan 
environmontaliy acceptoble lc·Jel. 

• Liquid and salid emissiom- all dissolvod solids produced lrom 
the geothcrmal reservoir will be reinjoctod with the """"fluid 
dccp undcrground. CooHng water blowdown wilt be duora"d 
lor OXY<JOn removal boleto being pumped toa >e¡>ora:e reinjec
lion well. 

Standard Sy,om Cmeria 

"' 

Thi• ...,,;on specifie• powor plant aesign criteria that will be common to the 
calculation of heot and mo" Wlancoo for all conversion •ys:ems. 11 also do
scribes tho cornputor prcgrarn that will be used ~o ca!culate :he heat and rna<S 
ba!anceo and conmai~l5 11\at wilt be appiOed ro 1~""' c~lculotion5. 

Pl•nt Power 

Net powor outpu! is 50 MWe. 

Auxiliary povoer is colculated by program GEOTHM_ 

Miocellaneou< (MI itomi.edl auxiltary power requiroments are 
225 k.W. 

Flui<J Properti~s 

Brin e 

Thermodynamic properti., l>a..,d on Pit:cr and Silvestor "TMcmo· 
d•¡na:-nics of Geothermal Brine•," (1) wllic~ mcdol thoso of NaCI 
oolution•. 

Total dissolved solids (TDSI•re 20% by weigh! of brino. 

Noncor.don<Jble gas., ccnsist of CO,, 1.5% by weight of brine, 
plus trace amounts of H,S ond NH,. 

Dow.'ll\olo brino temporaturo is 515"F and downhcle pros"''" 
;, 777 psia. 

At pla<Jt si:e, •upplv brine is a mrxtum al ltquid ond vopor phme> 
•r 422"'F and 315 p•ia. 

Roinjection P'"'"''" is 315 o•ia a! tho plant •ito boundary. 

Poterlllal SCJimg cOnltlluonts are PbS, FeS, SiO,, and BaSO,. 
Ste;!m 

Thermodynamic ptoperties based on Keonan and Keyes, "Thermo· 
dynM:ic Proporttes of Steam" (2). 

Hydrccarbon Worl<mg Fluid 

S.!ec:ed from fluid> contained in "Fluid Th"'modynarnic Prop
orti0'5 lor Light Potroleum Svo:tm•" 13). 
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Geothorm"l Energy 

_ .nodynamic propertio, bascd on "FIYid Thermodynamie Prop
"""':0 lor Light Pe!to:rum Sy•temO {J). 

No~oondon<a~le Gases 

ThcrrnoUynomic proper!lcs ore moOc!ed using ideal 9"' relation· 
shf~s. 

Turbine G~nerotof 

St<am Turbine 

Expan•ion clfieiencies are 80% lor 1\igh pret<t:re exp¡nsion and 
75" lor lcw ptemue exp.onsicn. 

Mechanical efficier.cy is 99.5%. 

Hydmcortron Turbine 

Expansion clficimcy is 85%. 

r,~eohanical eff•cicncy ;, 99.5%. 
Total Flow Turl>ine 

P,...,.,-<I"V aehi<Vable engine efflCiency ;, 45%. 

Projectod on~i,._. clficiency is 70%. 

Genorator 

Sl>ed with •ufflolcnt copacity to supply 50 MWe net power plus 
auxil~ary elccttic pov,er requiromon:•-

G<nerotor clcCtfloal efficiency is 9~%. 

Heal E~changrn 

Hea¡ excllaflger sutiace crea determinO<! by calculatod heat transfer 
1 coolfioiorm t..scd on >f><-<:ifiod •llowonce for louling r .. is:ance, 

Allowablo ~r .. suro drops basod on o•erall co<t efloctiv!ness. 

Steam to \Vorking flUid l"cam on Shell sid~ and working fluid on 
tub~ oidcl. • 

Foulin9 1.10\0" ore 0.001 hr lt' "F/SLU for hyCrocarbon ond 
O. oros hr ft' "F/Bt~ lor s:eam. 

The pincll point tcmpcrature diff<rec.c• Í< 20"f. 
Hy~rocorbcns Condenser 

Fouling (ac\OrS are 0.001 hr ft' "F/Btu lor h-;drocarbon and 0.0005 
hr 1:' "F/Btu for cooling Water. 

T•rr,peroturo •rproach ¡, l5"F. 

Diroct Contact Conden«r 

Temperoture approach ;, lO"F. 

Surfoce Ccndenser 
Tomper~ture appro.ch is 1S"F, 

R~enoratcr (Vapor or. tu~e >ido and co~denso:c on ollell oidel 
fouling fo.otors are O.Q-~1 hr t:> "F/Btu lor ~oth tubo oiUe ond 
shcll •ido. 

Salten Trough Brino Produetion and C<>nvor<ion Procosses 

.ooling Srslcm 

Piping 

Climatic condotions !or rlitor.d are t..scd en da" !or Yuma, 
Amena, obtained lrom "halua\ed \'le>thcr Dota lor Cooling 
Equipmeht De<ign" (41. 

Mechanicol drolt c...-oporotive cooling tOIV€r< are used. 

Cc!l dimonsions aro 36 fcct long, 53 fcot wido, and 60 fect high. 

D"'ign wet bulb temperat~re is 79•F. 

The eoolif19 wwor aPproach i• B"F ¡¡t the de,;gn wet bulb 1em· 
pera:ure. 

The '"'" of ...-aporotion lo>< is 
0.95 • ooolono fol<l 

hr~ O!'"" bulh <•mp•-"'"" 

hfg • h"' of "pod•>•ioo 
The rate of drilt lou i• 0.00005 time< the flow rato of cocling 
""'"' into the tower. 
The number el cooling :ower cells •nd the tan hp are dett<minod 
from B..:htel Power Division criterio. 

Coohng 10,.., ""9"" 25"F. 
Mat-eup and blowdown flow rates aro bosed on three cycle• of con· 
ccntrotion. 

Afamo River iotho source of ma~eup wator and is 2.5 miles from 
plant site. 

Extra pumps for otan~by ~epend on reliability asse..,enL 

Pump efficiencies ore: 
vndor 10 hp 
!0-50 np 

""' 50 hp 

Seven percent drcp in pre=re betweon fla<h t<nk, and turbine 
inl<: con!fcl valve• {!or steam t~rt>ine only). 

PrCS$Ure drop< in w01er or brine fines are one foot of head por 
100 fcct of piping lcngth. 

f~o ~eot lo"''' in pipe<. 

(11 Sil'"""· L_f. on<t p,,,.,_ K S._ Th"'modv'WY'i<> o/ O~~m.>f B•~. L'""""" 
S"><l<¡ Lobo<ll<><Y, u~;,.,,::v of C•tofO<nol. LBL ... <SO (J"""'"' 1~161, 

111 Ku'-'"· J_H ..-.:1 K<V"· F'.G .. TM•modvn-""i< Prt>p<•o., of Sr~•m, :<ow Yoo<. Jolvo 
W.tcv & Sonr. tnc .. Fi"t EM.oo 119371. 

131 Sto<l'"tl• ~.C., F/u(d T~ormodynami< P'OP<'r;., lcu ¡_,.,o< Po~ol•~m St'""''· Ho""""· 
G,:t Pobl.,hioo Comp'"'' (1973¡, 

{41 f;uo< Cool,no Poo<lu<lf Compony, E>fiMu.,;d W•>thot D><> loe Caoling é:oulpm•nt 
O.>i!}'l. cndil•'d. 
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'"' Gocthormal En"(IY 

C0.\1P;,RIS(. ORINE PRODUCTION METHODS ANO POWER CONVER· 
SION f'ROCESStS 

Thc materi•l lcr the followin~ soction• har bocn ha>ed upon 
• /C~Or1 by o.G. Elltoll ol Environmental Ouality laboratory. 
Colilornia lr.slituto el Tt<:hnol~y IEOL Report No. 10). 

Most (but flot all) inveltigation$ ol gO<>Ihormal convefSion proce"e< hove agreed 
t'lat il wells producing <hy stoam ar~ found, ¡he uso el the otcam d~rl'<;tly in 
l~rbine• is the preltrred mrons of dcvclcping om<;hanical or ele<trical power. 
Where a geothermallicld prO<!ucc• hot water, how .. ,er. (which may panially 
llas.., to <lcam in the well). thi< <Jegree ol unan'rmity '" nctlound. 

As early as 1970 public prcsontations were made which arguf'd lor the super· 
imit·r ol con•ersion syol<rms which would ""' thc ptoduced secnhermol •·mer 
to heat a secondary working ~luid. used in a A~nkine cyclo (:hus binarv cycle). 
Sub.equent technicat paper> anotyzed <yStem performance and <e« •uperiemy. 
At the same time, howovcr. analy<e> were publi$hed whi<h concluded th" ~inary 
P'"""'''" had liato to elter. 

l'.'hil~ in ><>me of tho gocthermol h:oroturo thC superiority of the b1nary proceu. 
p;lrticutarly for loc•.-er temp<>r>turo rosource>. is token "'"'"''e<!· in 1he fQurhat 
"'""' gcolhermal !iclds wor!dwido. whO!o r·•t<nsive =mmerc1al ewloota!len has 
be¡¡un !'.'.'airokei. Corro Prieto. Ahu<><:l'lpan. QtokeL only diroct steam proce<> 
is use<i. 

While mo" C>isti~g ~eothormal wolls oto prcducod by s.eii·IIOI"I, ><>me have beon 
pumpod. This lar:cr mothod. v.-hi<h i• woll rn01<hcd ro IJinary proco""'· io cem
pO'eU wL!h oelf llew lllo.hin9l in tho lc.llnwing onolysis 1 hon a voriot)· of dirocr 
and •«ondary cor"o"i~n pte<r w·• ore wrnporcol. Thi< "'"' >ccompli•hod for 
V-"11• rwioJI ef rilo Sol ten Sea KGIIA. 1ilo ""'" onolysos wcro ol•o carriod our 
foro hypoti10iical ""'" of o~u•ily lliuh rooorvoir tumporeru<c l>ut cont•in1ng low 
;olinit·¡ brino. To un<lor>l<lrHI rhc u.-l.llivc offio;,cy uf rho 11.1rious productoon ar>d 
cen-.-cJSion procc·o:os lor t110 more cornttwnty.founol lower tomperororo reserc·o~rs. 

si.-n;lar caicuiOiiono were rc.rriod out for ono sucll llyp<J!hoticol case. 

Electric poy,<r gencration frorn ~oothcrrnot IJrino •cqtrircs. hr<t. brinqing ti>e ~-ot 
boicc te the 'crface and thon convcrring lMc twot ro dcctriC po...-or lthe torm 
or;ne role" ro t.'lc ho\ liquid which moy hlvo o compcsidon ranging lrem p~re 
water to 30% salt wlutionl. Tt>c vorious morhodo of obroining brinc flo.v frum 
rhc "•11 lall in the c•re90ry DI brir.c production, ond the \IO'Iem meti;Ods ol 
comortrng lhe hcot 10 elt·ctric pawor bll in thc catc-:¡cry of conlterSicn pr<>eC<SCI. 
T.'1e 1•\lcr <an •1!0 be r<icrred to as cycles. but prt>eess ;, • more occu<ale term 
bocau<e thc brine flowo only once tll!Ou9h IM convcrsion equiprnent and doe• 
not und<r~o • cycric c~ongc. 

Tvte btine prml~cticm morhods will be com~rod wh~ rc,pec:r to available p<>w<r 
"'rhe wellhcad: <elf llowing lbrine lilre<! by steam hom voporizotion el tOe· 
br;~el. and pump<-d (brine lihod by a mec:hanicat pump and kopt in L~e liquid 
Sl4:d. Fi.-e CDl1v<>r<iOn proc:O<ses will be eompared with rospect to ~raction of 
avoila~le pcwer convertcd to oloc"ie powu: llaslt ste>m h:com turbinO< epera"r.~ 
e~,.,, lrom !la'-~ •a¡;or<»tion ol the brind. dual s:cam UIJSh steom with 
:wo-~haso e.pan~ers lo r~·,er t~o flaslt vapori.otion mec:hanicaf energy). total 

Salten Trou~h Brino Productíon ond Convor<ion ProceiS•• '" 
1 ¡•,·¡o--phooc e<ponder. onlyl, binary (hea• tronsl•f!•d lrom \he bo J 
· ow ' ,,. 11 ") •nd fiO<h binar" lhoot ttansfcrred lrom llaoh•w .-com 
oecondarv wor,Lng Ulu, ' 
10 a S<cond•ry wer<ing fluid). 

I'RODUCTIOtl: METHODS 

~:otho-d of Calcufotion 

TMe mo:.'>od of calctMtion for sell llowing is summarized b<lcw. Gi~n the res
- .,,

10
i1- temperature, brine concentrar ion. a 'Id well dt'¡lth. o flow rato " "'!"""' 

.-.el the wotl bottom pre....,re is calculated lrom the dra....,jown pr""':'re .octor, 
~~ docr•••• 1n well bottcm preuure b<lcw resef'<Oir pr~re por unn llo·" rato 
(a number avai!oble hom mea1Urement or lrom !O<e"-'0" t~ocry). 

. No 1 :1'-elocation of the lla<h II:Vtl whero t/1."presSIJre in lhe wdl roaohes >Otu· 
ra·~c~ ;, ulcul>ted taking into ><oo>unl !Me hydro,.atic prenure d•ff.erence ~~ 
rt.~ :ric:ion prcssurc drop fcr givon we!l dilmoter. TM llow cond~t•ons at 
inwva:s be:ween :he llzslt fe; el and the wellho~d _aro thcn calcula,e<i by bal· 
ar.dn~ pr"""-''" force against hydrou>tic an<J fflo!lon :~rc~s o~d momenoum 

1 chango O he ,._.,_,¡¡ ;, the romperoture. pre>>ure, ond qu1hty (,roctoon ol _toto 
llow i~ t~e vapor phase) ot the wellhoad. The enorgy ovaila~le lrom_ an ","e 

· · of it mass of the wolthcl><l prcduct (alter uognatoon e '"" 
trop•c o•pan,.on un · ¡0 rhen cal 
flow at con.,ant pres<urelto .ame spocilicd rojoctLon tempcro~ure_ - _. 
culared., rhe specific •vailable wollhead poy,or. Finally, multoply1ng the spec•f•c 
a

11
ailable wellhcad pov.er by the llcw roto givos tho total ""'''"~lo wellhead 

po.-.·or 

The mcrhod ef calculorion for pumpin~ ;.,ummarizod bofow. Th_e type el pum;> 
"""~l'd is one dri,on by a orcam turl>in• u•in~ hoat !l~m the bro.ne llow:~g .up 
tho ;;oll 111 Su eh a puonp ;s clt>ractcmoU by • coohn¡ l•ctor_ ~.hl~h " • " 
"duct10n in v.ellhea~ temporal~ro pcr unit o_f p~mp P'"'":rc "."'· "e ~'-•, P~":~ 
pres:u·o riso '"'luirod to m,int:tln saiL.ratcd loquld ot the .-.elll>cod '· ca.cu a .. 
tJktn'). ioro account thc c)rawdown prcscurc ot the burtom ond th• liyd~O.,~JC 
and fricliun P'"""'" drops in tbc well. Tbc wcllho>•l rom~c"'t~re "t •_n _, · 
culorod from rho coolillg focror, lile •oquitcd V>OII~coJ prcs:.:re "''"''_lc~l"·'~· 
ond tho rrocedure is rcpoateú un:il the corrcct wellhc'-'.1 tomperaturo " =~ · 
The SjJ;,_,\Iic o·,aHoble wcllhNd pov1.r and totol ovool ,bl e wollf¡<o.d powor nre 

ti.on colcula:ed. 

The thormvdynarnic pr<>pertio> ol puro woter and """m ore "'-"" lram the 
Stc><O TaOies {21. The rhormud·,n•mic proponic< of brin~ ond ol __ ""m'" 
equ"<lobrn .. m wL!h brine are calculatcd by u~Lng ~;oto lor b:on~•~.;·~~ct; ~~e b 
rtis>ol·.ed ,.,, consim of KCI. CaCI1• and tl:lCI '" lh~ ';"" · 1·~¡ Th ~Y e 
-•" ''""ic•l e' sorne ,cothermal brin"' in the Solton ••• ... ea - · e a e\1 ... · ·~ · · · ~a· A No to "'ethO<I> e! ca!cufat1on are detrved m ~ .. opon • · · 

! 
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"' Goothermal Ener¡y 

thorclore, ... o~ v~luc< a<e u~ lor thcse quanHtie. (cxrep¡Jor <me exarnple 
which w1ll be pre<cnlcd el highcr drawdovm prc.,urel. Table 4.2 lim the wcll 
con,.ants arJorMd. Thc depth i; 1,500 m lmoso gcotr>ermal wclls hove dcpths 
botwcen 1,000 or1d 2,000 rol. The 1r1Sidc diamctcr of the c.,ing is 0.25 m, a 
typic;¡l ;·al~e lor pradudon wtlls. Calc~latiuns are also maCe lor a steppcd 
diamct.r v4:U wilh 1he c"'rng diame:cr doublod to 0.5 m obovt' the Hash lewl. 

Rcoorvoir tcmpcrotures rar.gc irom ISO"C, about thelowe;t tcmpcrature conoi,;. 
Clt~ lco11blc lor 900thC!mOI clectric power ~c11crotion, to 300"C. abou1 tite high· 
"'' tom~er<ture cncounlered. The '"'"'"'OII '"""'"" " assumed 10 be that due 
to the r.ormal hyd<os:atio preswre ol 2o"C grouru:l wat<>r at 1,500 m dcpth, 
na:oely 14.7 I.:Pa {me<¡apa:;cal>! or 2,130 p•i. The d<a":dov.n P'<'S"''" iac1or 
asO<Jmed is 25 kPa {3.6 p<~) por kg/s, the ,·alue measured lo< a ty~ical well 
(No. 1 110 in tilo Saltan Sea orca (4). Tho brine cone<ntra!IM varios from 
wo (puro woterl to 30%. tho lorge" u5Ually oncountc<ed. 

The vo!umo of noncondor.<11!>1e gasos in ~eothermal "'elis is uO<Jolly not 10<!10 
enou;h to affer:t the flo-" cond<1ions. In co~<Sion pr<><;e<<es thc pr.,..r.:e ol 
non<onden.,ble• aller:ts the abifity to achieve vac~um condensing b~t does not 
otherwioe grootly affect the powor output. Th<relore. noncondonsobl<' are 
o<Sumcd aO<ent lo< ~ur~o<es al calouloting wcllllow and power output. Thc 
problem ol condcn•i"g limilalion• due to nMcondcn»ble< will be con<idcrod 
scpara:ely. 

The •~in iriction coellicient, which ;, the rot•o of wolt •ho~r to dynamic prossure 
{uoing the two·pllO<e mixtur• donoity) ;. a;,umed to be 0.01)8, obout twice tho 
value \or •mootl> pi~e, 1h" vatuo giveo tho boot agreemcnt with dato for a pO<tic· 
ul~r woll {No. 1 liD). The valuc of slip vcl<>eity botween !he pha.es thot giv" 
the bes: agrnmcnt with the s.>me data is zeta. Heo< tran•fer out ot the well ;, 
=mod to bo zoro, a valid ~pproximation 8! the la,ge \fow ra:o; o! in1erosL 

Tito converoiún proco" rejcction temporoture for calcula<ing available po.ver i• 
mumcd to be 45'C, a typícal powor plant conden•ing tempcrature. Th' cool~ng 
factor tor pumping (!he rcduction in wollhcad tcmperoture per unit ot pump 
pr=rre risc duo to vaporizing the worl<ing fluid to drive tlle pum~l is anumed 
tO be 4'C per MPa (5•F per 100 psi)_ Thh factor i• \he lowcst projec<ed in 
Refercnce (1) ond hall thc f;lctor predicted there for early pump>. 

TABlE 4.2: WEll CONSTANTS 

l)opth 

D'"'"'" (ooo~tont d•'"'"" wen: 
D•>ot"" lttopped "''"''"' wolll 

R<><r.Oor t.,,,..,.t,,. 

R"'"'" "''""" 
o""'"'""""""" fmor 
S"no concootr"•M [Atlo,.nco 131 

NoocoO!kn"b'" 
s••n t "'''"' ,,.u ";"" t 
InterpOlo,.'"" vol<>:•<V 

1,500 m 
025 m 

0.50 m hrn too to fiO<h 1"'' or · 

750 "'· "'"''"'"r ;, '""· '"'' 0_25 m !rom lher• to bottom 
tso' to Jllo·c 
14.1 .,p, !1,130 p>i) 

2S kP• (J 6 o~) ¡><r >g/• 

oto 30 .. 
o 
0.~ 

o 
(conti~u .. 

S.lton TrouiJh Brino Produotion ond Conve.-sion Proconc• 

A8lE 4.2: (continucd) 

fl"t r""'f" Out of well 
Con'"''"'' procon "'""''"" 
""'""""" Pomo «>Olin~ foctor for '"""¡>«! 
... n 

Hlect of Stepped Oiometer 

o 

··e P<r MPo (5 "r .,r tOQ o•il 

'"' 

With scll flowin~. the volume of "oam 1ncrca<cs rapi~ly noor \he top of 1he wcl( 
duo to \he com~incd e\fccts of incr.:.::n] quolity and decre»ing prossu1e. Thc 
upper pan of lite wcll acts, thcrefore, as a thr,.t, and lite ~roa ot lite to~ of 
the ~11 i• a dominalir>g factor in SOtting the flow rato. Furthcrmore. the sonir: 
voloclty 1n two-phoso mixture> is refati,..ly low, 100 to 200 m/s at typkal well· 
he'd conditl~n.•- Consoquontly: tito wellhood flow con oaSIIy reoc~ •onic vclocity. 
Al thot cond•t•on !l1e well " Slld 10 be chol<cd l>ocau•c any furthet reduction 
tn pr"'"''" OUtSide !he top of !he V>cll casing will cause no further d""'"''" in 
pro~"' inside the ca•bg ar\d no.increa,. in flow ra:e. Choking i• !hown bolh 
hP•rtn·.entally and !heoreBcafly tn Fi.,..,re 4.10, which pre..,nts the llo.v rate 
of .'he No. 1 110 wc_ll (4) as a function of wcllhcad pressuro. BasM on the colcu· 
lalton mothod dcscrtbod above, the wellheaO 1'""'""., zero flow i• 3 4 MPa 
(493 P•il, an<t •• tite welll>e<ld ¡>IOSSYre" reducM tho flow rato rises toa mo<i· 
mum of b4 kg/s at a wellhcad preSSYre of 0.64 MPa (93 p.,¡, 

At :hat conCition !he vel<>eit•¡ of tite llow fc:rving the :o~ of the casing ;, oquaf 
to <he SOn le ""locity of 170m/sin the two-pha<e mi<turc. Any further reduC· 
l1on of P'"""'" (out>ide thc ton of the cosingl ~ivos no hi~her flow rote. Tite 
measured flow rote (daohed curve! from Figure 10 of Roforoncc {4) show• tho 
<.1me bchavior. alth011gh with o hir¡hcr peak llow tate and highcr zero-llow pros
SYre tlt.an predrc:ed by the theory. 

The maximum ovo'lablc total powcr at lhe wcHhcad occurs ¡~st bcfore chokin~ 
V>hcn the •·olocity ;, aho"t hall ol sanie. Figure 4.1 l •he..,, tho variatiolt 0 ¡ 
Mach numbcr {rotio ol llo•v .clccity to •onic vclocity) botwccn the wol~head ond 
lhe fla!h lovel for the well co-nstan" of hblo 4,2 with 150•c rcso=ir tcmpOr>· 
turt and >eco brin• concenuation (purc walor). Fe' tho ccnstant diameler ......,!( 
~~~ lla~., fc"."l i• o\ o dcpt~ af 87 m Jor a flo'u rltc al 55 1;!)/s, tho fk•w ra:e 
~,-~,,~ ti.e h•ghost total J,·ailanle power at <he v.ollhead Tho Mach numb•r for 
lh" Hov¡ rate, shown by the sol id curve,"'" '"Pidly \o 0.1 in Ute first 10m 
obo:•• \he fla<h lc"VOI, rise• more ofowly to 0.3 in \he ne•t 60 rn, and incroasc• 
<Op<dly "' 0.5 in the fast 17m to the wellh<>d. JI the flow roto¡. j~crcosed 
ano1her :>% to 56 \;!)/$ the Moch OOmber increo,., to 1 at tho wellhead. 

lf the diometer of the co,ing i< dO·.Jbfod betwcen the w•llhcJd and the fla!h leve( 
a hiuhor flow '"'" {121 kgl•l can b" oa"i"•ll•olorc chokin~ occurs_ Tho 1.,1.,¡ 
av••la~le w<llhoo~ power peaks at 1\6 kg/• wilh the flash fcvcl at 30~ m· the 
voriation of ~1:><:1\ number with d"f>\h lot that eond.rion is !hOwn by the' da!hcd 
tlJf'lre i~ Figure 4.11. 

11 tne <nlarsor! cosing e.tonds only par¡ w'y to the ll.,h fevol 1ho elfoct on total 
ao01loblo '"ll'tood nowe< is th't shown in Figuro 4. \2. Tho to<al ovoi!ab'o well· 
hoad P~W" is 3.2 MW a\ tho pe¡\;-power flow rato ol 55 1<!)1• for the constan! 
d:ametet welf. 
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.·IGURE 4.11: VARIATlON OF MACH NUM!lER WITH OEPTH 
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FIGURE 4.12: EFFECT OF ENLARGED CASING DIAMETER ANO DEPTH 
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Goothormal Eoergy 

lf the v.o .... oameter i< doubled 10 0.5 m bet;, .. n the wellhead and the flash 
lovel, tho pook powor llow raw is inoreased to 116 ¡,g/s and tho ovoilot>le rower 
is ~O<Jbied 10 6.3 r,:\'1. Tlwre is no gain lrorn e< lending the eniO<~ed casing 
belc"' lho fla1h t.-.. el el 300m; and rf the onlorged casrn¡; doe< not reach the 
llo!h kJel tho powor is roduced in propor!ion. 

1! the cosing diamctor is tripled to 0.75 m between the v;ellhead ond the llnll 
lt.·e!, the upper curve in Figure 4.12 sllov.s tila: the pe•k-power !low rote is 
incrc•ICd to 179 kg/s, the lio<h lcvel is lowered to 5()0 m, or>tl the il\lai!able 
powor "incrooscd ro 9.3 MW, almost thrcc times tho availa~lc power wLth con· 
nant diamotor. 

Al higher '"'ervoir ternporoturos the.flash lwels are doepor, approaching the 
Uottom ol tho wcll ot 300'C -osorvoir wmporature. For this rooson. the stopped
diametor ""'"'ore ort><trar~ly calculoted lor cnlarged CO<ing ex lending only te 
7~0 m (h•l! way ;o the bonoml it the fla.tl IO'iel i< belcw that depth. Table 
4.13 yi""" thiflao!", 1~1< ot the pcak-powor flow ra1e1 and the cnlaryed ca"ng 
depths lor the stepped diameter wolls. 

TABLE 4.3; FLASH LEVELS !N STEPPED DIAMETER I'.'ELLS AT PEAK· 
POWER FLDW RATES 

R<u,oi< Orioo P.,piliof D<pth of O 5 m Pu• A .. itoOio 
1om"""'"'• eo .... "'"""" f\OL' lo"l D~«rc.~ .. 

·~· t'C) . "' ,., ,_, IMW) 

E;O " ~ '"" ' "" " '"" ,. " '" " •• '" " = " \,400 '" " "" '" 000 000 ' >OO '" "" "" '" '" ~ = ''" " ~ ~ t.210 '" " 
Scurce: EQL Repmt ,, " 
EH0<1 of Flcw Rote on A"ailablo Wellhead Power 

The spedfio avail•blo wdlhead power for 150'C ,.sorvoir temporoture and >ero 
b-rine con<eMration ;¡ plo1te<! al a lunction ol tlow rate in Figyre 4.13. Al ftow 
rotos below 10 kgls tho well is .ell flowing wilh liquid at me wellhead. \he ... ell 
boing pumred by the differerce in dom"y botween tho hot water im1ce and the 
cold ~round wator ouuido. TilO •pocillO 0\•ailable wellhead power ;, fi2 J/y (62 
'\'/ por ks/s). As the llow r~te ;, in-c;reasod with seU llowing (da.tled curv"' in 
Figure 4.13) the 'P""i!oo iiVoilable ""'linead power decre•ses duo to loction and 
dueto unrc<:overod kinotic enorgy (assumed lo" exoopt for tho porticn·recovored 
as heat in stagnatOon ol tho flow nt the wcllhoad). Thc oonstont d¡amctor woll 
choke• at 56 kg/s with the <peoific availoble wellheaO po1vor reducl:d to 55 J/g. 
The <te¡¡pod diameter ""'' chokos a\ 121 k!lfs wit.~ th1 specifio a.t•ilablo well· 
head pcwer roduced to 47 J/g. 

Saltan Trough Brin• Prcduction a<od Convoroion Proce» 

FIGURE 4.13: COrt.PARISDN DF SPECIFIC AVAILAOLE I'IELLHEAO POWER 
WITH SELF FLOWING AII:O PU.\tPING FOR 150"C llESERVOIR 

TEMPERA TU RE AII:D PURE WATER 
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The _'l>ocilio available wellhead power with pumping "<11own b"( the solid cur.re 
<n_ F Jg<Jre 4. 13. Tho weeific availablo wellhead power deoreases more rapidly 
"''h pumpin~ than wilh •elf flowing beca,,< of tilo lo""' in con,•ortin9 the heot 
of ,t,e ~rine to mochanioal purr.~ing po"or lphysioally, tho powor lan ;, reiectod 
from th• Con<!ensor on tt.e OYrfoce where the steam lrom tho down-,.ell t~rbine 
d<i>ing \he pump i• cor.densod). Thu'- \he lo<ses in the pump and turbine are 
greate' than the friction and kinetk onorgy lo!SI!s with sell flowing, unlll tho 
self-flowing woll approaoh"' choking condillon;. 



'" , . . - 31 d ¡1 ¡, no<e"ary to locote thc pump 
A< :he flo<; '"'" w1th pumpong "mc~o 0 

• · let pre>S~re to remain above 
at incr~o<ir>g depth• onth~ well 1:'¡; ~.;."~~¡:~"9 case al thc pump locatod o\ 
satura: 1on. As shown m Lgure - • 1 ration '""'~'" occurS" a now ra\O 
tl1c boltom wlth inlct pro«u r~l 0~11" 0~~?~~=•~ poworp at that cond,tion i• almo<t 
el 570 kgh. The 'flCCdiC avao 3 be lod almo•t 10 ~s·c 10 drive tlle pump. 
zeto becau,. the wo\1 lloo1 "'"" • ceo 1 • Thi• ¡, an imp,.cücol limitinn oas.e •hOwn only lor comp e,en= 

, -1 blo wellhead power> ltho Fi~ure 4.13 ""1"'" 
Figure 4. 1~ prooenu the tola',""" .• 01 'low rote lor 150"C reS<I\Ioir tempera· 
multiplie<! by flow roto! a< a .uncuon • 
t~re and zero brino concentration. 

FIGURE 4.14: 
COMP:..RISON. OF TOTAL AVAILAliL~ WELLHEAO POWER 

WITH SELF FLOWING ANO PUMPING 
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Salten Troush Brine Produotion and Cor.,.,r>ion Pro.-·-

For .el! flowing ot con51Jnt d¡Ometer thc totol avoiioble wcllheo '"' '""hes 
a maximum of 3.2 MW at 55 kgl~ The poV>er drop< to 3.1 M\'1 wh"n the well 
i; c~.oked at 56 l;g/• (the in<;rca><d llo" rato is not enough to compenoa:e for 
tlle increa>ed friction ond kinetic energy lo<<e<L For 5111f flowing with steeped 
diamO!Cf [0_5 m diameter to 300m dcptll and 0.25 m di,tmetor lrom there !O 
the bottom) tho total availoble wellhead power reacho• a maximum of 6.3 M\'1 
at 116 ~gis and drops to 5. 7 MW when !he How is ciloked at 121 l;g/s. 

For pumpin~. the total >vailo~le wcHhead powor incroa<o• more >lowly with flow 
ra:e than lar scll flowin~ bccouse of ti1e more ro¡.oid ~ccrc.,e '" •pe<if•c avoiloblo 
wellh .. d po..,er. The total av>ilable wcllhe~~ power re~es a maximum of 7.6 
MW at a flow rote of 210 kg/< a~d thM de<r<''"' with furthor in<tei$0! in flcw 
rote becouso the pump·loop lo>«S incfc;)Sc f;):!ot than tho flo·,-¡ roto. At 210 
kgl> tho pumping power (volume llow rate timO< pump pro>sure ri<ol. shown by 
<lle lower curve in Figure 4.14, ;, 1.3 MW; the pump mu>t be ata dcpth of 
600 m for saturation inlet prossure (arod >t a dcpth 20 to 100m lewcr lar proc:· 
Fcal inlet pre,urc!l. 

The specif•c ""ailable wellheo<l power ter 300"C re<ei\IOÍr temperature ond •ero 
brine concentration ;, pfotted •• a lunctio,, el flow rato in fi¡¡ure 4.15. 

FIGURE 4.15: CO~PARISQ:'-l OF SPECIFIC AVAILA!ILE WELLH[AD POI'IER 
WITH SELF FLOWif!G ANO PU~tPING FOR 300"C RES[RVOIR 

TEMPERATUR~ AND PUR~ WATER 
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T, """ore about five 11m o• Nghor than for IOO"C rosorvo1r INTWO<aturo, 
tl>e ~oriation with llow rote is similar. Al thistemperature, the "'11-flowing "'"" 
delive" vapOr to the su doce at all flow ratos. The specilic available wellhe<>d power 
vor~o> l•om 317 Jlg 1lllow flow rote to 25~ J/g at chol;ing with conuant diameter 
and to 210 J/g., choking with <tcppe<l diameter (0.5 diametor to 750 m deptlt). 

l'litlt pumping. a P'"'''"" ri>O of 3 MPa(440 o•il i> requir..-d a; >ero flow to 
provrde >oturo!IOn prc,ure Ol tbe wollhood, <lrHI ti•• spocific av.;iloblc wellhcad 
powtr is alrcady reduc.d te 290 J/g. \'1oth incrrasing llow rate the spccific 
O'loilable ,.,oflhcad powor cccre<I'Cs mere rapidly thon with ..,;¡ flowing le~ce¡>l 
neor chokingl and drop< to 230 J/g in thc limiting ca<c with tho pump ot the 
bottom al mu,ation itllct p!OSSure. The alm>lute dccrea<e io s~.c.ific ""ailable 
p<>WEf Yvith flow rato ;, ~ut the $0me as at \50"C reoervoir temperature, bu\ 
tJ,c rolati•o docreo"' is le" b.c.ause of the highor availoblo power. 

The total ovaila~le wollhead power with 300'C '""'"'oir tem~eroture ond tero 
brin o concentratoon is presentod in Figure 4. 16. W1\h solf !iowir>g the constan\· 
d•>motcr wcll proviUrs ~O MVI •wailoble ~m,or ond the <tepped-diamo<er well 
61 r.W. Pumpin~ gi,os the same total availoLio wollhood powor as "1! llowing 
ot """""l\1 diameter il <he pumping power i1 1.' f,WI and tt-.e pump ;, at 1,200 
moter< dopth, but even the limiting co:e of o 3.4 I.~W pump a\ the b<>ttom q;_,,. 
le" ovaitaLie wellhcod pawor than •elf rtowing w11h enlar~ed co•ing to 750 m. 

FIGURE 4.16: C0-"11PARISON OF TOTAL AVAILABLE 1\'ELLHEAD POWER 
WITH SELF FLOWING At--.:D PU~:PING FOR JOO"c RESERVO IR 

TEMPERATURE ANO PURE WATER 
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Tho re"-Jit$ for 30% brino concontra!ion "'" 5hown in F1~urc. ' through 4.20. 
The main ditf<ren<e com~ared with pure waw is lowor speoific availa~lo power 
~ue to tho low" enthalpy of the brino. In additicn. tho highcr dcnsity of tt-.o 
brine reduce> the poak-powor and dwkin9 flow rotes with >elf flov.ing at low 
n::¡ervoir temperature. With 150'C rescrvoir tcmp~roturo and 301(, brino con
centration (Fi~re 4.18) thc total a>ailabfo wol\head p<>wer with pumping can 
be six times a> great os for solf flowing at constont diometer and almo>~ twico 
a. great a• for ..,;¡ flowing with stepped diamoter. 

FIGURE 4.17: COMPARISON OF SPECIFIC AVAILABLE WELLHEAD 
POWER WtTH SELf FLOWING ANO PUMPING fOR 150'C 

RESERVOIR TEMPERATUAE AJ\:0 30% BRIN E 
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FIGURE 4,18: COMPARISON Of TOTAL AVAILABLE WELLHEAO POI'IER 
WITH SELF FLOWING ANO PUMPING fOR 150"C 

RESERVOIR TEMPERATURE Ar--!D 30% BRINE 
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"' Goothormol Encr!)'/ 

Hcwcvcr, ron tornpmature high-salinity uoothcrm•l '""'"'""'ore knawn to 
"""' At 30o·c and 30% lJrin" 1Fi9urc 4.201 oven a 5 MW purnp otthc bol\om 
ol !he well gives only h·.-ico •• much wellhe>c! power as <ell llowing wiUt con· 
staM dbmcter and ne<;¡ligrbly more power than self llowrng with stepped dram,wr. 

FIGURE 4.19: COMPARISON OF SPECIFIC AVAILABLE WELLHEAD 
POWER WIHl SElf fLOWING ANO PUMPING FOR 300'C 

RESERVOIR TEMPERATURE ANO 30% ORINE 
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FIGURE 4.20: COMPARISON OF TOTAL AVAILA9LE 1'/ELLHEAD POWER 
WITit SELF FLOI".'ING ANO PUri:PING FOR JOO'C 

RESERVOIR TEMPERATURE ANO 30% BRIN E 
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Scuroe: EOL Rcport No. 10 

Solton Trou~h Orine ProdLlotinn ond Convcrsion Prooo'"'' 

Compan«>n of A.ailoblc \Vellhcad Pcwer lor Sclf Flowin~ ond 1 ·'l 

Thc l>est cho1oO ol How ralo for >elf Howinq is tlw flow rato that 9'""' mo.i
mum toral availablo wellhc>d pm>Cr, assumill'j ¡rn,re are no goins clsovJhere from 
min~ lowcr flow rote. The lle<t flow rmc for pumpin~. how..,cr, will be at leoS! 
•li~htly bclow 1110 pc.lk-powcr flow rote l>ocO<l'C rc<hJcc<1 pLJmp powcr and dc~llt 
ro<uiL Perh•p• thc largcst pum~ thot """ bo iMt>lle<l in a 0.25 m diametor cas
inq would provide 1.0 MI'/ pumping power, and a more rcalistic si>e would bo 
0.5 Ml'llthe te" pum~ deocribeQ i11 ~cfcrcnce {l) i• desi~ncd fm 0.1 M'tl pump· 
ing )X>WOf in a 0.22 m diamctcr casing). Tho flow tole$ at pump1n9 powcrs lvolume 
llcw rara x pre»ure riso) of 0.5 and 1.0 1.11'1 are. rher~lore. adop\ed as r"J)r...,nrirl~ 
tho flow rote< for ncar-torm ;md a~vonood pumpin~ systems. re<¡Joctivcfy. 

Figure 4.11 compare• the t<>tal wellhead ovailoble power for salf flowin~ at peak· 
power flow rate in oonmn1 diamelcr and Slepped diameter wells l<la"'e<.l ""rveol 
wrlh tho to\ol ovailoble wclllwaJ powor for pumpinu with 0.6 onrl T.O MW pumpin~ 
power (Wiid curves) as a funclion of reservo ir tempera tu ro lor :ero brine oonamua· 
ticn. 

FIGURE 4.21: COMPAAISON OF TOTAL AVAILABLE WELLHEAO POI~ER 
FOR SELF FLOI".'ING IAT PEAKSI ANO PUMPING (AT FIXEO 

PUMPING PO'.VEAS) AS A FUNCTION OF RESEAVOIA 
TEMPERATUAE FOR PUAE WATER 
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Gnotherrnal [norgy 

With !<>lo .• ving tho to:<!l av•ilat>le ,.,.llhe3d power increase• by o lactor ol 10 
"from l~O"C 10 300"C ro,;ervoir temperoture. and the power with "opped diameter 
i< J·uioc thot with <O""""' doomotcr. 'Nith pum~i~g thc total ova1loble wollhead 
power ri>.<;< only I>Oit as much " with self llowing, ond the a.ailoble pawor with 
a 1.0 1.1'// pump is only 40% more thon with • O S /,:W pump. Compare<! with 
sell Howiny Ol conS!>n1 diamcter. the 1.0 MI"/ pump provides higher powers o\ 
rewrvoir tempero tu res belaw 270'C and the O 5 MW p-ump provides higher powers 
at rcoervuir tompcraiUw• below 240·c. P<Jmpin~ prevido¡ little or no gain avor 
sell llowiny wi:h stoppcd diomcter at any tcmpcrJtLJre. 

figure 4.22 prescn1S \he same com~~risoo• with 30% brine concentration. Tho 
main doffcrer.ce is tllat with >elf t:owing tho total availoble power inorcase• by 
• factor of 20, '""""d ot ID, lrom 150,C to 300"C '"'""'oir tomporature. wlloro
•• \~o factor ol increase with pumping is a~out the ""me •• with pure water. 
The tesuh i• that at low temperawre< pumpiog pro•.-ide• o greo1er in<:rease in 
total ovaHab!e wellheod po,·,er, ovcr sol! Howieg, wi:~ brine than with puro v.-ator. 
Howevcr. no low·tcmperoture, high·.,linily goothcrmol rcsourccs "'" known. 

FIGURE 4.Z2: COMPARISON OF TOTAL AVA'ILABLE 1"/ELLHEAO PD\\'ER 
FOR SELF FLOWING fAT PEAK S! ANO PUMPING fAT FIXEO PUMPING PQW. 
ERS) AS A fUNCTIOIJ OF RESERVOIR TE/.~PERATURE fOR lO% SRINE 
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Solton Trounh [)riue Production and Convcnion Proc.,•• '"' 
The rcsults !or pumping, a\thouWl calculated lor a turbioe-<lriv.n ~ . ~ LJiing 
ccoling oJ the woll llow, are ai>O volid foro pump driven by mcchan•cal. h":· 
dr>ul 1c, or eloc!rlc powcr lrom the •urlocc. In \hose e"'''· \he power.Jo drovc 
th• pump ;, takon lrom tho Mnvoroion proco" output, and \ho rcoulun~ reduc
tion in ne\ outpu\ is about \he same as th• reduction in avoilable welll1c11d powcr 
eolculatOO here, lor equal elliciencv al conversion al h~at lo purr.ping pcwer. 

For example, at 200'C re•e,..,oir temper>ture t~e tlow roto with 1_.0 MW pump
ing power i• 175 kg/s. the pump prc,.ure rl<e "5.0 ~;Pa 1700 ~SIL •~d !he 
wellhead tempe:awre;. 180'C fduo to the ••sume~ 4 e por MPa ~oolmg). The 
wellhead available power i• 17M\'/, 11 !he pump "externolly drwen, the well· 
head tempcrature is 200'C anC the wctlheod ovoilablo p~wer is incre~wl \o 22 
MW. The pump prosouro riS<J ¡, incrca<ed 10% by \he hogher s;l\ura\Lon pressure. 
requirong 1.1 MW pumping poNer. 11 the pu~w ofliciency i• 0.5_and tloeavail· 
able wel!head po.·1er ¡, co~vertcd to pump-dnvo po.wer. at 0.5 efl1ooency, the. 
amounl al avoilable wollhead ~ower uwl ter pumpmg '' 1.1/fO_S x 0.5) equalmg 
4.4 MW. Thi• leaves 17.G MW ol a.oilable wellhead power, oboot tho J:tme a• 
with the pump driven by coolin~ of tho well llow. 

Tl>a compari~n• betwe<!n.>ell tlowing and pumping are not •ignilicantly olfected 
il ~~· dral"ldcwo ~re<sYre or ><Oiic ,.,..,ll·bottom pro= re i• chan~ed. Figure 4.23 
show< now tlle curve• in fjg;,¡r< 4.21 chang• il tho dra·.,down pro•<uro foctor ¡, 
increo.od by, factor al tour. The wellheorl power< aro cut in hall, bu\ \ho 
r•lotionship betw'"n !<>lf·Howing and pumping lo nearly the same. 

FIGURE 4.23: COMPARISON OF TOTAL AVAILABLE WELLHEAO POWER 
FOR SELF FLOWING AND PUMPING WITH FOUR-FOLO 

INCREASE IN DRAWDOWN PRESSURE 
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Geothermal Energy 

H'IO llo" • in Fi~ure 4 23 rango lrom 60 k9/< to 110 kg.h, Therdore Figure 
4.23 at;o ''~plie< !O a wcll ;·,ith ""ic bol!om-holc pro'"''" reduced to bc:ween 
7.f> ond 10.0 :t.?o, vatu .. :hat are only 51 to 68% ot the h·{tiro<lltic pr .. >ure 
ol groun<l ""'"' OS<Umed in thc prO\Iiou< calculation._ 

The comp;rri,on; bct.vccn ""1! flowing and pumping c"'t con,idoroble doubt on 
the volue ol pumping. Above 225"C, pum~•ng irn:rco<es to<>l a.·ailable wellhead 
DO\"-"' by almo" a foctor ol two compared with <ell llowing al connant diam
ctcr, ond lhcre is no incrca« comporod with ""~pcd diarMlor. Atlower tem
porotur.,, purr.¡Jin~ inoroa<es totol ovoiloblc powcr by grca:er thon a factor of 
two only wrth lli~h brrne conccntrotions tnat aro not cnoounrorcd at those tem· 
perdture<. 

Thc poS<oble value of p~mping in prwenting Hnllin~ and r.sulting $Cale depo<it 
in the wcll remams, but i< doe< not appeor that pumping ;, ol <ignilicant •alue 
on an ener~y l!a•i•. 

CONVERSION PROCESSES 

Welihead Conclotiono 

For thc compori,on o! c~n•·crsion rruce'"''· lcur •··•liMad condition• are cho•on 
thot "" roprc..,ottati"e o\ tioo cxl!crnc< calculoted in thc preoiou> <e<:tion. The 
ouumr:d welihead C<>fldition< are gi"cn in Tablc 4.4 and al•<> indocated on the 
ourv .. of total ovoilable wellhead powct in Figures 4.21 atld 4.22. 

Tho lrr>t well~ocad C<>ndition ;, for «lf llowing ot l5o"C re•crvoir temper3turc 
with '""' brinc wncentrotion and >lcppcd diamctor. The 150'C rcscrvoir t<'m
pcraturc reprc,.nts the low end of \he tcmperaturc ror.ge lor geothermal electric 
p<¡wer gencrotron. ~\ost brines ot that tempcrntute ha•·• """ conccn<ration below 
5% ond C3n, :herefore, b<! represen:od by pure water for power caloulation<. Tho 
<te~pC<l ói3mcw require< enlargif>\1 the casing only to JúO m depth. 

The second wollhood condition is lor pumping ot 150"C reservoir icmperoture 
and zcro bri•.c conccntrotion with 0.5 M'.'.' pumping power. The purr.ping Pro· 
vidt"S saturoted loquid 01 t.'>e wollheo<l without ""'or. arod the 0.5 MI'.' ~umpin~ 
po;ver ;, a practic~l goal. 

The Hlird wellncod condition is lor «11 !lowing ot 300"C res<rvoir tomperoture 
witlr zoro br;nc concontrotion ond comtant di.1moter. Tho 300'C reservoir tom· 
~""'"'" ropre•cnts \loo upper on<l olthe tempcroture range availablc in geo
thormal re><r'JOi"- Sorne br;.,.,, at 1~01 tempcroturc haJe low >Oit co~ccntrations 
afld can be rcpre<en1ed by ~ur~ water lor ¡:ower calculation•. A constor>t diam
ctor provid"' high llow ra:e of\d ot<pped diameter is not needed. 

Tho fo,rth wollhead condrtion is tho oame •• tho thrrd e><cept that 30% bn'no 
concentration is assumed. 

Saltan Trou~lo lldne Production and Conver<iO<l Procesv 183 

TABLE 4.4: l'o'ELL11[AD COr"o:DITIONS fOR CONVt:RSION PRu~.$S 
CALCULA TIONS 

r'"'""''"''· ·e a.,,,,,. 
P'"'"''· MP• 
Pmowro. P>i 

flow ""· Ogl> 
SPt<ili< '""'"'' 

...... _J/g 

To<>l '"'"'"'' pow.,, Mw 

t5Q'c Ro'"''"'' Tomo""'""·. 
Soll F lowins, Pumpod, 0.5 M\"1 

St<ppod Pumping 

D""''"'- Powor. 
P"" Wot" Pu" l"lot" 

'" 0.01 
0.16 

" "' 

"' • 0.33 

" "' .. 
•• 

Source' EQL Repon No. 10 

Fl•<h S1oam Proce<< 

. 300'c "''"""'' TomPt"'""· 
S.rl flowins. Sol! Flowin0. 

Co""'"' '"""'"' 
Di"'""'· Di'"'"" 
p"'' "'""' 3():¡¡ Boino 

'" "' 0.21 0.12 
2.23 1.25 

"' "' '" '" 
"' "' .. " 

Tho mo•t commMiy used con·¡crsion proco" !or Power gcneration from brine 
i• <loe IIO<h stoam P'""""· Fr,uro 4.24 •how• o llaoh >teJm pro"'"' with one 
''"J•· The flow lea"ing the welihoaó cr.t<r, a lla.h v.-1porizer wheoethe D'"""'" 
"<educed. ca~•ing por\ ol the bdno 10 vopcme. Tho mi•'"'" o! hrino and steam 
tr-en ente" a <eporatar w!'IO<e the btine and s:e3m are ~rated. The brine flov.~ 
toa reinjection well or othec <>ispoSill area. The steam flo.•.-s 10 a turbino for ~'""""' 
gcnemion and ;, then condon«d in o condonsor. Tho condens.:lte is pumped to 
atmp,¡¡heric pre<su<o lor di>¡>O'''I or lor u>e in 1ho coolinl towcr. Tho llow 
lrom • pumped well comr<ts entirely ol liquid {dc•ignotod L in tha ~iagrom), and 
tha llow lrom a..,¡¡ flowing v.·ell consim ol bo1h liqui<l {L) and !l(ts IG), the 
'l-'' phase beinq <team. Wi<n two Ph-ase .-.~ll!'lead flow the liasll vaoorizer may 
be amotled ar.d tho wcllhea<: flow fed dircctly to tha O<potator at v.ellhead pre•· 
>uro. The flasll vapo<izer. il used. consim of what,.,er provrdes tho pr..,sure 
~rop hetwcen thc wcllhcad and tilo •cparator; u'"oll·¡ on o<ilice ot tho soparator 
onlot is u>c"<J. 

Thc '"f'oOratcr is any con,·entional typo sm:h a• a cyclone separotor. 1'/ith high 
brrno conce.,trations the steam line 10 1he :.,rbino may incl~cle ..:rubbe" 10 re
m<>.'l! en..-aincd ~111~ Thc condon::<r is usually o con1oct ccMen«r ,·,herom 
'"''"''' from tito oouling to,.,or is <praycd dioe<tly into thc con<Jonsing stcom. 
The co11donse< pumping may be oCCompiÍ~1cd by olc"VOting th" conaon"'r obov" 
~'0und lcvel or by ~•ing o mechanical purnp. Any noncondomoblos ¡, ti>o "e:>m 
must 1>11 oumped Irom the ccnden"'r 10 atmosplwo by memon":ol f"J"'<'' or bV 
<Ioom e;e<:tors u"ng steam 1hat would otnor.-.i<e dri-.e the tuobino. 

A lt.,h !1oom p•c-cc,. with two ""9« is >hown in Figure ~-25_ Thc bnne from 
tho fi,.Hta<;e "'~"""' flows te tho scccnd-,.o~o ll•sh vopori'"' whooe tho pros
sure olthe br<ne '' roduccd to thot of tho steam loa•ing tho lirst-stooo stoa•n tur. 
bone. The re..,Uing m•m and briM mix:ure is sopar atOO in the S<cond-mge oopa· 
r>tor. The steam !tom the <e<:ond·•:ago sepora:or jcins the steam leaving the lim
OIOS•turt>ineand !lo_., to :.,. second·stagc 'Wrbine. 
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FIGURE 4.24: FLASH STEAM PROCESS 1'\'ITH ONE STAGE 
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FIGURE 4.25: FLASH STEAM PROCESS VIITH TWO STAGES 

rl ~ 
"'""' 

'" 

~ ' 

' 
,., --· '" 

'" ,., _, 
""""" ¡n .. ~,. 

'" --· '""'"" ....... '"' 
. 

' ' ...... , .. -....... M .. ,., .. ' ......... 
Source: EOL Repon No. 10 

------------------- . ----·-

~ 
' •. 

"' '¡ l?l: €~ . 
-o 

" • 
• ~ 

• 
• 

'· ~ " s~ 
• • 

~: • 
¡ 

• ' • • • • • ; • • 
' ~ • 

~' ,, 
' • 

' • • 
• • . 

~ 

' 1 
• • ' l 1 ~ ! : r 

!.i= • . . -r 
• ' 

• 
• "" ' • ¡ 

• 
• • 

""' 

' ~ 

-· 

¡,1, 
' 
~ 

' ' 

' 

o 
e , 
m 
> 

" 



'" Gcothermal Energy 

To minin .•• moi,h.orc in thc •ocond-oto~ wrbinc,thc rno,.lu<e lca•inB thc f~rs\
s:agc turbino is scparatcd an~ odd.O to tho brine leaving the second-stage ..,.,. 
arotor. 11 the prcssuro in the lee<>n~-Sla;e <l'~"'"'"' i< belcw a<mo<phe<ic, a 
pump (or elcvation obove ground lcvcl) is rvquired lor removal ol the se~oroted 
brinc. · 

A flash "carn proce<s with three Sl09<'S;. shown in Figure 4 26. The ~oucm 
is the samc as· lor th~ h'/O-<to;o pro<:""- lhe gain ochiO\Ied with multi-staging 
¡, tha! thc brino loaving the lo<Ht,1ge sepO!ator is rejoctcd at lowcr temperatures 
"' the nLJmbor ol s·,a~os is 'rncrea•ed. rcsult'urg 'tn moro ol the Lr'rnc cncrgy bc'rng 
con•·ened to tur~ine output powcr. 

Dual Steam Proce" 

When Lrino, or a brine and mam mixturo, 1< fla;h vapori>ed, mecbanical work 
¡5 a,ail..t>le lrom the exr~nsion el the vapo:i:ing mixture. That work is net 
utilizt'd in the lb<M otc~m ,.,..,cm; the '"erk ~"" into >ec<lera"r>g ¡he llew and 
is di"i~otcd as l'oot wh"n tho flow io <loccloroted by fric,ion anrl impact. 1t i• 
posi1hlo te rep~ooo tito Hosh voporizer with o two·phase oxpanJer thot providcs 
the >ame pro=•• d<op but extraets '''"' cf the ovailal>le work as shah pewor. 

Fi~ure 4.27 shows a •ingie·mgo prO<ess u<ing a tv1e phas.e expaMer. The pro
cess" thc sorno os tho one 1n Fi¡.urc "..2'. cxcept lh>t a "''o·ph"c •"fl'l 11 r1« 
roplacco tho flosh vapomcr. Thc two phos.e expon<Jer previdos shall power that 
can be uUld to gencrO\e additicnal ele<tnC power. Al the .ame <eparator pre'" 
"''"., in the ffaYl otum proce<s, the exh,.s\ Jrom tho two·ph .. e cxpamler ha• 
lower quality than tho exhau5t from tilO lla•h l'apori•or, an<l tho •te•m turbine 
powor ·,., thoroforo, rcduccd. But '~"' sum ol tho otoorn turbino power and two
pha,. exponder P"""'' is alwoys greater than for thc flaYl steam procoss no 
ma::or how low the two·~ha,. expander olfjciency. Thc flash I'IPctiler can be 
con•idored " the limitinJ ca,. cf a t.vc·pha,. expomfor with >ere elficiency. 

F!\JUR~ 4.27: DUAL STEAM PROCESS \"IlTH ONE STAGE 
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Sir-ce two typc• el cxpandero ore bein9 "'''d in coml•inat.on, thc , -"" ol 
figuro 4.27 "doi1~natod as o dual stoant proccss. Thc dual stoam proco" wa> 
li"' propo<e<l by Laird fSJ. 

A dual 1:oam procc" with two """"' i• Y,uwn in Figure 4.28. A• in the ca,. 
of the flash >leam proce5>, thc ga~n ach"1owd w"llh multi>taying is that the brin. 
leaving the last stage s.eparator i• rejected at lowor tcmperature• a• the number 
el ·~• i• increa"ld. 

The liquid lea•ing the la,t-sto~c soparator is still at; hi¡jlor to,;,pcra:urc ae.d 
prossure than ti>' co<ldenser, and oddlliOnal me<:hanical werk j¡ available lrcm 
expanding that l<luid throogh an additional !wo·pha<e expan<lor te the con<Jrn..,. 
~nditions. ~ >ingle-sta<¡a dual steam process with on exhaust liQuid expon<Jor 
IS shown '" F•gurc 4.29. The odócd expo,.der i• Ylown exl1au51in~ into a s.epa· 
~aror attl10 condon~er pross<Jro, wiln tho oxhaust steom !lowing to the condomer 
lnlet and the exhoust liquid flowing to tho conden<Cr cxit. Thio avcids pre~lems 
of brine con:amination ol the condon,.r ;¡nd <:oolifl!l <ystem. 

With the oxhauot liquld expan<le<, all of rt1e wellho:>.J flow ;, rcjc•ctod ot con· 
den••n~ temperaturo. The prcc"' extf11Cts all el the """'lable enon¡y trom ¡he 
wellhead fl?w, within tho limi.,tien> of mechanical ellicienci ... using onlv ene 
s;eam l<irb•n. an<J rwo two-ph(ls.e expa<ldorS. How...,er, lrom tho "andpci,, of 
hnut.ng tM volumo llow rote in the two·pha>e exponders moro uages may O., 
demod. A lwo-"a~c dual •team procoss with an oxhou5tliqui<l oxpander ¡5 
shown in Figure 4.30. 

F!GUR~ 4.28: CUAL STEAM PROCESS WITH TWO ST AGES _, 
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S.hon Tro~¡¡h Brine Produotion ond C<ln•enion Prooe<.e1 1S9 

Total flow Proce<> 

A<lcther method of expandin~ tilo entire wellhead llow lo condcnsing tempera· 
ture aOO extrocting tho •••ilable work is the to:al flow proccss (6). In the total 
flow procosl, •hown in Figure 4.31, thc entiro wot:heo:J flow expands rhro~gh 
one or moro two-phase O>panders to the condon<cr comlitions. ~.ulti,tag;n~ of 
\he two·pha<e expanders may be u>ed lor mechanical reawns, but rhermody· 
n.arnkally all o! the recov~rable energy con be obtair.ed in 1 >ir>gle >too¡e . 

FIGURE 4.31: TOTAL FLOW PROCESS 
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Oinary Process 

The bin>ry cmwc,.ion proceS1 use, the wellhead flow •• a heat >Ource lar a 
"'P""'" clc•ed-locp power cyclo, UsuaHy •n orgonic working fluid cpcra!ing 
in a RJnkinc cyclc io con,idorcU. Figure 4.32 sllows' b;nary proco.,. The well· 
head flow, il it "two-ph""'· ente" o separa<or. ac.d tilO stcom lc•vin~ the sepa· 
ra:or entefS the Sleam he>t exc~nger whero thc stearn ;, condcn,.d by hcat 
tran•!er <o the organic workinq flukl The cor.don"'te then joins the brine 
leovin¡ thc ,.porator and flow< throut¡h the líquid heot e,chan~er whcre ¡he 
liquid is coolod by furthcr hc>t oxchangc 10 tl1c orgJnic working fluid. The 
liquid thcn flow• 10 disposal, through a pump if ne<:es,.rv. Ir tho wollhe.,,J flow 
is •if1<Jie pha,.,, as with a ~~mpod well, then no ,;e¡>ara:cr or steom he31 excha.,.er 
is ~'ed. 

The organic working Huid flow• from the cold cnd to the hot ond of the liquid 
heat «x<:hanger aoo thcn through the S<eam heat "' ch•ogor, if u<e<L n-.e or!l"nic 
fluid then e•pands thrcu<¡h the turbi....,, ;, conden=l by t.eat tronsf•r to at.T>Oo
pho:e or to a co<>ling fluid, and ;, pumped b.c~ to the hcat exchor>gcr inlct. 

A singfe->tage binary procc» can cool all of the brine !O condon<ln~ tcmp'orature 
plus <eme minímum /100! exchanger temperoture dilteronu, and multi$!a;¡1ng io 
no: neodod. 
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fla>h Binary Proceu 

High salt conccntrations may """'e fouling ol t~e liquid heat cxchanger in the 
binory proce,_ Thc hoot in lile ~rino con "ill bo row,cn·d. ilow"ver, Ly flo:h 
vapori•ing \he br~ne and u>ing tho stcam in a ,,,;., of "cam hedt e<changers. 
Such o Ha>h binary prccc« w11h one "'90 is <!Jown 1n Figure 4.33. Thc well
heod flcw, alter pmsible a<lditional vaporiuuon in a tia>!> vapcrizor, is separoted, 
and the stcam is u$0'd ro heot thc organic wor~i"9 fluid. The separate<l brine 
lloW< ro the reiniccricn well or other <li•pc..,l si te. The heat e~changer in Figure 
4.33 i• l>orh a •tea m and lit¡<Jid heot exch:ln~or. Aft<r the "ea m condemr,; in tho 
li"tpart al the hoat exchangcr tho conden>elto (which is puro water! io caotod Py 
lurthor hcat uamfer ta tito arganic warking flutd. 

A flos.h bin3!y procc" with twa "age• i• shawn in Figme 4.34. The """m 
entonng thc fim·<taga hco\ excha(l!ler ¡, canden«>d, and <he canden..,te io coofed 
"' an intcrmcdiate tomperaturo. The canMn..,tc io titen 1hraWed to •a:uratian f""'""" {the mochonical work lmt is nouligiblol. Tito brine !rom \M fi"t->tago 
s.:roroJor flow• Hl tilO oucand stogo flosh ••parizot where the rr«•ure of the 
htiM is <t•duced to tltot al tho liqui(JioavirtU the frroHto~e hcat cxchonger. Tha. 
re<ulting "'"m and brinc mixture is scpora\cd in the second·.,age sc~orator. 
Thc "cam fram the socond·•ta~e scparator jaim the liquid lcavi(l!l tl\e first·stago 
h~•t oxchanger •nd llawo 10 the second·>lag<o r.eat excl\an;er. Tlle brir.e !tom 
tl:c s.econd·>ta<¡e <eparatO< llaws to di<;>os..:tl, through a pump if ne<e>s..:try. The 
liquid leavir.g the •ocand·stage heJ\ excl1an9"' flow> to di>pos..:tl or i< w>e<J in the 
cooling tawer. 

S,lton Trough Brino Production ond Convonion Proce•sc• '" 
<iGURE 4.33: FLASH BINARY PROCESS WITH ONE ST AGE 
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"' Geothermal Energy 

Mc<hod kuloting Powor Out¡>Ut 

The met~od ol calculaticn lor flash """'" anJ du21 <!e;!rn i< 5llmmariled bclcw. 
Tlw quoc.titio• opooifoed aro wel<head tomporotu<e, qualltV, and brine concentra· 
tion; numbor of stago•: s!Oom conúensin~ tomre,oture; ''"""' wr~ino and two· 
phaso oxpando•r off[o¡enciOI; <lispo<.OI and condonser pump cffic'•enci": and <ele<· 
tion ol oplional o•h"ust liquid expander. Thc calculotion proceduro f<r<t assi~n• 
inílial <;"~'"""'te the 1c~rbi11e inlet tempera"""" ir, ead> ""9"- The ll~oh va¡>or
iret, '" two-pha<c ex~andor exit coM11'ono are then colculated <toge by otage 
togothet with tho <!com turLino exit condotiom, """"' turbine ~owor cutput, 
ond any twu ¡ohose exponrlor powor output, Thc powc" lor oll of thc slages · 
aro addod to ~i,c the total doctrio powor output. Thc oalculations aro thon 
roPeated with Other 'urbino inlot tem¡mo1!Ho< until th~ optimum tomperatur"' 
coue<por<lmg to ma.imum total o~!put power •re fo~nd, using a SJOnd•rd mulli· 
variato <eareh routme. 

Tlle mothod ol calculation lor total flow is "mply to multiply tilO wcllhoad 
av>ilable power by the a"umod two-pha<e e•pander emcieney to ob!ain the 
ourput power. The mothod of calcula\Lon (or binary ~nd !la'"~ binory i< <um· 
marized bclow. The quan\Lti<"< specifred aro wellheai tomperature, quality, aM 
brine concentrotion; numl>or of $tag<~; or,anic workin~ fluid conden1ing tempera· 
turo; dispo<ol pump effroior>cy; tcrr.porattJfO diffomc.ce bctwo•n !he water or 
<l<Om and tho otyanrc fluid atlhc inlots and exi:s o! the heat exch;ngers; and 
<electron ot a fiquid Meat e><ehanger lo give a binarv, in<tOOd of ll•sh binorv, ·-· 
Tho losses in !Me or1o~ic cycla aro lumpcd togotocr in a cycle eff<oicncy factor 
which i• tlw rotio of octual to iJeal ~owor ouwut, the ideal powcr output boing 
lhe oulpul of o sc,ie< ol Cornot cycfcs rocoiving heot along lhe temperature 
OJ""' G! tho orn~ic ll~id as it p<<>et"ed' th<OYQh the heat exchongor< and reject· 
ifl\j heot at the corodenoin<¡ tcmporature O( the Of\j>nk !luid_ The c~lt offi<:iency 
f..,lor i< choocn to re!•e<l lurbine ond pump losses and tho effeCI of any heat 
roiection abovo the cor.Joos'rng tcmpcraturo. 

The calcu!atÍ"" proocd~ro lor binory and !Iom bi,.ry prrx.....-. fim ""igns an 
initial ~r~= to the in!et temperatu<e of the fir<:-<!age heal e<ehanger. The tern
peratures at the inlets of the cther heal excha"9"" (if moro than o~ <l•ge is 
u<eJ) are thon co!culatcd. lo¡;cthcr with tho orgoriic working !luid llow rale. to 
so! tho tcmporature údl<rcncos ~etween tho or<]anrc working fluid ond brinc at 
thc inlet< ond oxit< ol the hoat oxchangors to tho spccified tompe<ature Cilter
ence. H.e ideal pm''"' output of the crganic cyc:e i< thcn calc-~laler;l. The miel 
l<'fllpero:ure of tho fim-1lago Meo\ e<changer i< varied ond lhe calculation< rep
pco:ed until üte optim~m tomporaturo corrospor.Ging to moximum powor out
pul is founc. Tho mmhOd! of colcl'lation •ummarizeO above are Cerivod in 
EOL Rc~o<t No. \0_ Hble 4.5 P'"""" the constanu usod in the corworsion 
pcocc" colculotions. 

TABLE 4.5: CONVERStON PRQCESS CONSTANTS 

Sto>m Pmcot<O> 
ÓL"m oond,noio¡ torr.pmlo" 
~t"m '"''""' oU.ciemY 

1 """"""" ......... ., '""''"''" 

45"C 

"' ••• (cOnlinued) 

S.lton Trou~lt Brine Production ond Convufiion Prooc""' 

fABLE 4.5: (continued) 

Pumo eflici....,., 
D•tOO!II P"'""" 

S'"''Y Proc<»" 
Org,.tio llu',d oond<n>in¡ l<mP<rmro 
Or¡onic WO<krn~ llu;d 
P,.,..,,. ol or .. nic ""'~¡,. """'., 
"'" "'"'"9<'' e,.,, •""''"'' t"'o' 

Temp.,turo MI"'"'" bo:ween 
Wite< and or,nic wor~mg lluuj il 
inle" O"d ""' ol ""' .,<han!JO'I 

W•to• d,...,.., "'""~ <II<O<<r>ey 
o;.,o,.l "''""" 

Source: EQL Report No. 10 

0.> 
D.t -~Po 11 otm) 

4.14 MP• lilaO ,..;1 

"' 10"C !ll"h bino<r or bln.,y w;t¡, 
oelf.llowi"'j wolll 

20"C (bono..,. wiV. oo.,...o ,.,u¡ 
O.> 
O. t MPo (\ ><m) 

The rc<Uta of. the co~ver;ion proce>S colculotion< ore e.pre«ed as !he power 
n¡covery froctro~. whrch "tho ratio ol oclual o~tput powor to availobl<> well
head power. 

Fi\111'" 4.35 compareo the power recovery fra:tion of the dilfere~l oonversion 
P<a<:e>>e< for 1SO"'C re<ervoir temperat~re and ..,11 flowin;; the flow ¡0 the con· 
""'"on proce""' "Wator aM stoam ol 11~'C ond 0.07 qualitv (T>blo 4.4). Tho 
power recovory fracttons oro plottcd "a fu.octJon of lhc numbcr of stagos. 

T~e highest power r~o~ry frac,.on is oblained with t11e dual «eom prrxe" 
u~ng •n exh3u1t hqutd e~ponder. Tho P<>W<t ,eco.ory froclion varios fram 0.66 
W•th_ono >tage tO 0.70 wrlh four stage~ Tho rea>an for the increaoc is tbat the 
~rtron o; the output powor produced by tbe more cfliden< stoom turbines 
rncrease, .rom 6D% wnh onc sta]e to SO% with tour uoye~ 

The P"'.""' prcd~ced by !M dual >te..-n sv•«m without an exhau" liquid ex·_ 
P•nder "only >lr,h~fy fes~ The po·.ver r<e<Nery froctiun varios from 0.52 with 
ene sla<;e lo 0.69 wrth four stage<. 

Th; .total flow proccss ha, • power reoovcry traction ol 0.6. equol to lhe ossumod 
efftc•ency ol the ''-"0-p~ase expa.-,dcr~ Th<! total flo,, proce" gives slightly less 
P<>wer \han l~e $Íngle-u•ge du>l stoam prrxe<S beNU<e lMe taller ge~~~rales 35% 
el '" pnwot rn the O<<Umed more-efficiont steam :urbino. 

The powcr r~covery lraotion al lile flo¡h •toar.> proce<S ;, noxt hr8host. vorying 
from ? 42 wrth or.e s:a~e tO 0.53 with tour "•>•~ Thu~ lho dual 11oom and 
:ota~ ·.lo.-, pro~e<"Se< _g;..e 50% more powor t~•n :he 11om """m prrx...,, ., claimod 
or .o.al lfow 1n flererer">Ce (6), but only when comparod with a 1lngle.1 to~e flash 
.team ¡>roce,.. Compared wilh a llash "oom proocs< of throo or mo<o stogcs rhe 
ot•l flcw proco" gives the somo <>t less powe< lat the ao<:umod 60% officien~y 
>1 two-pha,. oxpanders), and lhe dual >lCi>m proce" gives only about 10% maro 
>Ower. 

' 
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,,35: COMPARISON OF POWER RECOVERY FRACTIONS FOR 
1so"C RESERVO! A TEU.PERATURE, SElF FLOWING, 
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The power re<ovory fraotion tor the binary pre>ce<s, which i• indcpcnde~t al 
the numbor al swgc•, is 0.42, tho same as lar the ;i~gle-.tago lla>h """"' proc= 
Tlle ¡0,. .. ¡ outpul p<>we<;, frcm the flosh binary pmcess. The PO>''"' reccvery 
lr;¡c¡ion , .• ,;., rrom only 0.18 with ane "":!<' to 0.39 with tour otages. 

Thc rooson lar Hto incre"'" in pMW recovory lroctian with number of •tono• 
in tho case ol thc• Haoh Sleam ond ¡~,h hinary proco»e> is tho reducúan in 
brino dis.cha!go ¡omperature ond, in li>e case ol lile fla<-~ binary proceu. tilo 
benor m~tchit>g al tomporor~res en r~e tWO oides el tne he>t c•ohan~er. 

Fi~ure ~.36 compores tho pow<r rocovery froctions lor 15o"C rcsorvoir tempera· 
t~rc wr.cn pumping "us.crl; rho flow ro rho convmioo proooS>CS is ••rurot<·d 
liquid., 137"C. The ~ual mom procoss.cs givo e• .. ntially thc ;ome pcwor fl>-

Solton Trough Brine Productio•> ami Convo,.ion Prce• '" 
eovery fracrions as in the prcviou• co .. with twc-phos.c wellhead llcw. Tho 
~wer recevety fraction lor the tot•l llow prO<=; is still 0.6. The flash ste<m 
~'"''"'"' givet about la% le:o power thon with the two·phosc W<llheo~ flow. The 
binary prr>ec" givos o po\Mlr rocovory fraction of 0.45, and tho flash binory 
ran1es from 0.13 ro 0.37 . 

FIGURE 4.36: COMPAR!SON OF POWER RECOVEI\Y FRACTIO.\IS FOR 
150"C RESERVOIR TEMPERATURE. PUMPEO, PURE WATER 
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Fi~ure 4.37 comporeo the powor rocovery troc:lions for wlf·llowin\J puro water 
a¡ ~oo·c resen•oir tom;>erawr~. The ffo"' to th~ con,-~,,;on prccc.,., i• "'"'"' 
and s:eam ot 21B"'C ond 0.21 quafily. A~"in, the duol s<Com proccsso> gi"' 0.64 
to 0.7 ~m·...,r reco~•ry fra<Mn, and :he total flow proco!S giv•• O 6. Thc powor 
rocovery frocrions of the flash otoom procc" ore clooor 10 tho<O of th< d<J>I 
rtoom ond 101"1 llow processcs ar this highor tompcrotur<, r•n~;ng lrom 0.47 
with one staB• ro 0.66 with tour stogeL The POwer for the binary proco" is 
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Geothormal Energy 

h-~<IE 4.37: COf.fPARISON OF POI"IER RECOVERY FRACTIONS FOR 
300""C RESERVOIR TErt.PERATURE. SELF FLOWING. 
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•lightly highor th>n that ol the single·stago Ho:h steom proco:s but is lower fvr 
two or moro "'9"' of flooloing. The flash ~inary proce<s ogain t:os tho lowest 
powcr recovcry froction ranging from 0.29 wnh one st.-_¡e to 0.50 with four 
!tages. 

Figuro 4.36 compatos the COliVOrSion proces<es !or self·fiOw1ng 30% ~rine at 
300"C reservoir tompcmture; the flow 10 th• conversion proco''"'' is brme and 
ucom at 202'C ond O. 12 qual1tV. The ofl,ct oltM high br"me conccnlfiLtion ·,. 
srnotl. thc powor recovery fr..:tions being e•sentrally tho "'me as lor puro water. 

To iftu•trate the ~001 excltangor tefl".~etaturo d\«ribulion< "on the biN'Y pmc"'<CS. 
Figu<e 4.39 shcW'I how the temp~roturc• '"ry olong tho two sides of tho heat 
e.changcr lor voflou• water inlct conditionl 01 300"C resef\'oir tempero:uro with 

'" 
FIGURE 4.38: COMPARISON OF POI'IER RECOVERY FRACTIO:'-IS FOR 

300"C RESERVOIR TEI~PERATURE. SELf FLOWING. 
30% ORINE 

• 
' 

Source: EQL Report No. 10 

PUre :''''"'· Tho bo!lom cu"'e ~.ows tho tomperaturc '''"' of the i10but>ne •• 
heat "addcd. The i<Obutane P'"'"''" is abme crit10al. but tho tempcraturc 
•1111 fo:lows an S·Cut>:e <nolo;¡ou< t<> thc ~oiling rogion >l foe;et pressures. The 
~>shod c~r.-e sh_ows thc temperatures on lho water sid~ with Me""'-'" ol flash· 
ong. afld the otJ•r-step oourvo lhows <he wator·side temporatures with tour stagcs 
ul fla~'w>g; tl\0 ho~her fonaf tom~era!u¡e ol !he isobutano aM bencr motching 
Of tho temoor>tures accounts for the hlgher power rcco~erv lractmn of thc tour· 
nage •vstom. 

Bocause of thc ~onstant wotor·side tomporaturo• d~ring condensinv. tho tom~ora· 
tur~ d•lferonce "al1vay> lowe<: at the end> ol the ilcat e.chongers •nd con be 
101 toa tow vo11uo such., •.he lo"C SpKilied ·,n tho cofculations wi:h "oarn pre-
::ent. 1_1 a pum~ed woll is used. hOw"""'• wllh no fla>hing ot tho w3tor. the 
wa:or-sode temp<rature follows a strainht lino trorn tho inlet 10 the o~itand 
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FICl. •. 39; HEAT EXCHANGCR TEI>'.PERATURES fOR FLASH STEAM 
lliNAAY PROCESS WJTH 300"C RESERVOIR TEMPERATUAE, 
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intersccu the ioobutan< curvo unl«• a temporature differcnce al at lc.,t 20'C 
is •pr·c'dicd al tilo miel .tnd exit. Thi¡ is thc '"'"on lor ,pccilying a lar9et tem· 
pcr~turc Joflcrencc of 2o"C lar b1nary with o pumped wcll (Table 4.51. 

C<lmpari<cn ol Ccndem<r Heat Outpun 

Tho nmount o( pnwcr ~ont•rotc<f por ur1it al condcnser hcat rcjoctian i< •mror
tant "'a moaswo al tho coaling wa<or consucr.ption ond caoling 10~.cr cost lar 
gho:n plao·. s.zo. Fisurcs 4.40 ond 4.41 com;we !he rati<n al powcr, cu1put 1~ 
condcnser hcot rcjection !or oeiHiowinO poro wotor at 150" ond 300 e rmor<o_ll 
tcrnP<rowros, rcspe<:tively. lho fta<h """m ond duol >tcam ~roccssc~ ha•·e r.tJ_o• 
of rowor oumut to condon<cr hcot roj...ction ol 9 to 10% ot \he 150 e ro<erJOJr 
tcmpcroture and 21 ¡o 24% o\ tite Joo'e ,. .. rvoir tem~ra\uro. The totol. How 
procou ho' le<o la-Jorable rotio• of B% ot 150"e and 18% at Joo'e .• The bm•'Y 
and fl><h binary procc'"'' hove still lowet ra,iol ol Sto G% ~~ 150 e ond 15 to 
17%"' 3DO'e. 

Salton Trou~lt Brin<> Production ~nd eonvOr<ion Procos"'' 

FIGURE 4.40: eOII.PARISON OF POWER OUTPUTS PEA UNIT eorlDENSER 
HEAT REJEeTION FOR IW'e AESERVOIR TEMPERA TU RE. 

SELF FLOWING, PURE WATER 
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FIGURE 4.41: COMPARISON OF POWER OUTPUTS PER UNIT eONDENSER 
HEAT REJECTION FOR JOO'e RESERVOIR TEMPERATURE, 

SELF FLOWING, PURE WATER 
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Com~"'""" ol Steam Condensin~ Tomperatur"' 

11 tbc wcllheod llow contains o lo:ge amount ol nonco~d<n>OUic ga:cs, it may 
not l!e possiLio to use vacuum condcming in tho conversion proce<s_ At rhe 
lea>!, vocuum pUmps or steam ejeotorl will tte requirOd, and they will consume 
»>W<t. A compari><>n ol conversion proces"" with Mm:ondonsobles prosent 
wi:l lavo< binaty processos. t>ocouse it is possiblc to tronsfer hNII lrorn tho well
hcad IIOw and cuol the brinc to any desire<J tempe,.ture withour rc~~cing the 
pressure. The conver<ion proccs>es c:.n be oomp;ued en !he basis o: lowen 
stoam con<:cnsing tcmper¡¡ture. •• a meas"'" ol lov.e" pressure roquired and el 
pumping roquircmont lor nuncondcn..,blcs. 

Figure 4.42 compares the low•" steam condcnsing temperaturcs of tho! v.rious 
COflversion proces<eslor tSO"C rc,.,rvoir tempe<a:ure and sell !lowing. T~e low· 
en neam oondonsing tempcroturo lor l~e bir.ary proc= ;, 114'C lthe '"llhcad 
'""'l•erotuce) ond for th" fl"'lt >lOom, dual mam. and total flow ptoco""' ar 
45'C lthe wnvcrsion ~rocoss rojecllon tcmpc>alurel. The lowe>! >!<Om con
dons;ng tomperoturc for ll••h binory ;, t IO'C with one <1age but '"" ü>an 100"C 
lo< two stages or more, requ;ring pumping ol nonconden>3blos. 

Thc low<" Slcarn con~on"r\9 tempcr>ture> ore compared for 300"C re•ervo;r 
t<m¡Joroturo in ~i~u>e 4.43. Heco, tla•h bina<y ;, more lo,orable with rosPO>t 
10 ccndens'mg pre•<Ure \han ar the fower temper4:ure, requ'oring be'.ow·a\mO>
pt".ere cc<>densing only with more than three stagn 

FIGURE 4.42: COMPARISQN OF LO\'IEST STEAM CONOENSI:O..:G TEM· 
PERATURES FOR 150"C RESERVOIR TEMPERATURE, 
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FIGURE 4.43: C0~1PARISON OF LOW~ST STEAM CONDEN~ING TErt.PERA 

TURES FOR 300'C RESERVO! A TEMPERATU~E ' • 
SELF FLOWING. PURE WATER • 

•• 
...,., """'"" ,,..., .. ,.., 

""'"' '"" """'"' 
' •• ""' "'" 

' ' ¡ ... 
• 
1 

"""' .,..,, 
... 

1 T 
¡ -·-~·-• 

""'" """'· """" """· ... ""' ...... 
·:.----------,e----------¿,----------~. 

'"'"'"" """ 
Source: EOL Report No. 10 

Two-Phaso E.pander Volurne Flows 

lwo--pf\350 ex pondo" !or <he dv•l otcam or !otalllow proceSS<> aro likel 
1 

be 
~re_ bu!~ y mochones fcr givo~ •olume throughput !han stcam !urbines \h

0 

""OCI!y ol !M two-ph;><c llow is loss than thot ol the stoom ffow on 
0 

;, 0 

:~rbone, artd the lroction of tite maohine ero;, scction !hot con be dovot:~'~ 
_ ow area m4y bo less lhan in a .,eom r~rbine. 0 
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FIGUA~ ~ «: EXIT VOLUME FL0\'1 FROM LAST TWO-PHASE EXPANDER 
FÓR \SO"C R~SERVOIR TEMPERATURE, SELf FLOI'IING, 
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fiGURE 4.45: EXlT VOLUME FLOW FROM LAST TWO-PHASE EXPA~DER 
FOR JOO"C RESERVOIR TEI.tPERATURE, SELF FLOWING, 
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Salten Tr0u9h Brine Production ond ConvcrSron Prooc""' 

The reason !or U•e lcwer volume ílows in lhe dual mam proces>es is the lact 
'"" mo>l el •no noam is Mondled by th• steam turbinos. Thc roo<on for the 
deoreoso in la<t-sta~e volurno flow <11th incrcosing numbor ol ""~" is thot the 
last sto9e •tarts with sa:uratod liquid at 3 lower tcmperature. 11 an e>ll:lust 
liquid exp<ln<;!er is u>Cd L'te exit volume flow may be higher, •• in Figure 4.45, 
dueto the lower expander exit pressure: but lho volume tlow may be tho <ame 
or cvon loss, as in Figuro 4.44, if the rcop_tlmilotion ot stog• tomper•turos for 
ma.imum power le•ds "' a <ullioiontly lower inlot tcmperat~re to the oxhaust 
•• p<ln<!er . 

Compari•on with Other Studie< 

The <esults presented here agree wLth p•evious caleulations lor flash stoam on<;! 
flas~ b;nary proceues (7) ard for c~e bin01y proce1• 18). Compan<ans w<th tho 
cakulotiom of Rcforonce (7) are prcsentOd 1n Tolrlc 4.6. Tho wollhood condi
tions as<umed in Roforoncc 171 co<respond toa rc,.;<vOif tcrnpcMu<e uf about 
321J"'C. Thc ;team turbine etriciencie< a<sumed ore sli<¡!ltly towet than uocd hore 
>nd decreo<e with numbcr cr s10<¡e< bceauw no moist~re removal is ••wmed 
between stagoo U1ing the conmnt< from Relorc"co (7). tho powor recovery 
lroction• cob,lote<f l>y the mothod ~S<d ilere aro wWrin O.OJ ot the voluc< dc<J· 
lated in Rclerencc (1] for one·, twn-, vnd three-sto~e flash ""am <nd !01 tw<>
and thrce sta;;e flash binacy. 

Comparisons with the colculotio"' of R<•foronoe (8) are P<e'>ented in Table 4.7. 
Refe<ence 18) prescnts result< for both 011 I>Gbu"n~ cyde and oo advoncod cycle 
~en oto<! •• ti\ e H-H cyc'.e. The aisumpticns r~arding hcat nehanger tem¡>er>t~rG 
difleronc~ and turbine efficicncy '"" not given. and Ihe valuos a:sumed ~uo ate 
the ene• in Tablo 4.5. The ro•ufts are hi~l>er thon tho Reforcnco (8) '"'"'" for 
i"lbutone but agroc within 0.04 with the rosuh: for tho H-H cycl~. 

TABLE 4.6: COMPARISON WtTH FLASH STEAM AND FLASH BINARY 
CALCULATIONS OF RHERENCE (7) 

~<llhood oondltlono: 

On•·•t•'e fluh """" 

1\oo·U••• fl•oh ••••~ 

~'''"'''"" flooh •••-= 
1\ro·ota¡• fln~ blnory 

~ ....... ,. u .. ~ u,.,. 
Source: EOL Report No. 10 

ll~"C oe..,or~t~« 

0,17! ~~>IHy 
0.17 b<!n• <On<ontr>t(on 

¡a·c (n•••l 
4&"c (hob~'-'"'l 

0.613 (1 ·"~·) 

0.66) (1 ·····-•) 
0.6~7 (l •<•sos) 

Reforcn<of71 Pcoscot Hothod 

o.•9 c.u. 
O. SS O.H 
o. 61 0.6J 
O.l7 0.36 

o. u 0.42 
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TABLE 4.7: COM?AfliSON WITH CALCULATtm:s OF REFERENCE (8) 

Condcn•ing Tcrnporaturo: 43"C 

•··n~••d Cond!«ono PO~oc ••<o•«! fuottoo 

7ae.r~h•ro Qu>li<y. ldno Cono. Rofeconc•l81 {Toblo 4.51 '"""' HHhod ., 
l•ohuto.oo II~H Proeo10 hobuoono 

m o 0.10 0.66 0.6~ o. u 
m o 0.18 o. 5~ o. 71 O.t-6 

"' 0.06) 0.1~ o. 46 o.~~ 0.57 

>M o. ~01 o. )0 (l. )9 o.n 0.50 

Sourco: EQL Rcport No. 10 

Summorv 

Tho rolative ranking ot the conver>ion ¡>roce"'" with re>;>e<:t to p01.0r ou:put 
¡, tl>e umc lor alt o! the wcllhood conditiom ton<idcrod: dual steam "ith ex· 
h>U<t expandor the hl~hest; dual """'" without cxhaus\ -.pandcr sl1ghtly lowor; 
total flow stightly lowcr tllon Single stagc duo\ mam. flash """m sub.,antially 
lower with or.e S!09". bu\ oqua1 to or hig.hcr than 1o:at How ond within 10% 
of dual S!eam willl three or tour sta!l"'; binary higher than sir>gle-sta!;<' flos.~. 
bu\ fower thon twO·,age flosh "com: and !la>h l>inory lowest. with no more 
than 50% powor rccovory fr~cliOn oven ""h fowr ""H"· 

The ranking with re<pect to lowest s:eam cond..,¡ong ~ressure and noncondensable 
pumping requ iroment. however. is bino.-y be<t. wilh highest prc«ure and no non· 
condensaiJic purnp"1ng roqu·.,crnont; fiJ'h bona.-y ne<t, w"llh condensing presswres 
ronging lrom abovc atmos¡>horic to -25% o! atmospheric; and Hash stoam. dual 
<team,.,.; !Otal flow worS! with condensing prossures -JQ"¡ of a:mospheric. 

Conclu•ions 

The conclusions ol thi• <!udv are; 

111 The flow rote l;om • sclt·flowir.g w.ll can be substaMiatry 
incrooocd by increa,r.g w"ll bore diomotcr at and above 
thc 11oshing lmtol. 

121 Self·Howing stepped diamotor wells proviCe mor" wellhead 
powcr thon pumped wolls lfot equal production :ene d1· 
•mot<·r>) " """'IY all rc>crvoir tondit;On>. 

(31 Multi-stogc flash steam w•wms u>On9 swam turbinos prevido 
more ou\put pcwer than binary >v.,ems at a11 reservoir 
t<mporawres. using rcasona~lc valu'"' lor com¡><>nent per· 
forn,,ncc. 

(4) Total llow machín<•. ~••d alone. offer no performance ad· 
vantoge as ccmpored 10 multi·S1a~ direct lta>h "••m. unleu 
efficioncy ol rotal tlow dovices can be increased a~ove cur· 
ront ¡¡rojection<. 

(51 Two pha•o expanden in combinotion with •team turbinOI 
oro;·ide the hi~hest outcut!>O"Mr. 

S31ton Trough Brine Produc\Jon and Comcnion Proco,.os 

Thtl<> conclusiom r<:>ult from theoretical ca1cu1ations ol sy<wm ptrfom1once. 
Th<Y do not inc1ude tho cffec!S of exccssivc noncomlen~•b!e ~" content •n tho 
reservoir fluid. comid<ratiom of ..,_,l1ng •nd corro<ion. or cost and en91ne<ring 
cttaracteristics of !he va<iou• production and con,.rsion methods. H veril•~. · 
however. tho concept of stepping well diamcter may provide a vory "gnif1can: 
coS! sooing 1n the dovolopment o! a ~eothermol field. Tlle oo:culotion; indicoto 
tha! flow por well might be increosod l>"; a factor of two. thus poiiÍaps ttal;ing 
oom of well drillinq for a given l~et oí pewer. 

Do10iled onginoe11ng 5tUdiC< are now sugge<ti~g that binory CMvorsion sysWms 
may be quito ~~~ensive. owing to the farge hoat exchangors. pumps and other 
plumblfi<J <equirod. 11 !he con of a binary system exceeds that ol ~ dircct •teom 
<\JUem. and oHers no porlormance odVOntage, as SU!l'Jeslod by thosa calculations, 
tho binary syS!em may bo of valuo onty in vcry 5peci,ol circum>tonoos. 
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Heber, Valles Caldera and 

Raft River Comparison Studies 

• 
The material lar thc followin;¡ section> hos t.e<n bo,.d upon o 
<opart by 11. Hoit andE. l.. Gharmk; al Holt!Procon fcr Electric 
Powe< Resea~ch ln,titu<o, lnc. IPB 251 845). 

n,;, <tudy con,;,., ol \I"IC """''""'M al thc technical, economk ond cn·Jiron
mernal le.,rbrlitv of a 75 to 50 .'.\We plant in the Heb<r orea ol the Imperial 
V"llcy, Colifornio onú 1110 Vdle• Caldera mea ol N•·w Mcxico, u<ing threc >tato· 
al thc-art pov•or coovc,.ion option.: the llashed >too m, binary ar.d hybrid. 

Al;o induded i• a parallol rechnical and e<:onomic lnot environmentall study al 
the Rah f!iccr, ld,<ho, rc>orvoir. V>hioh is token ta be roprcoontativc ul a low 
temperoturc, 149"C 1300"Fl. roscrvoi'- By •electing ~ah River"' a representa· 
tive <itc in additioo lo \he a:her •it.,.,, the dcyelopmont ol the capital ond op. 
u01in9 ces" "'ociatcd wilh thl<oO difforont praoo«o• at lhroc roseNoir tempera· 
tucos i• aocampli•hod_ VaHos Cat<lora" tl>Oug~t \o Oo l~e hott<st ro•orv;;>Lr: 
250"C ISOO"Fl; follo,·;ed Oy Het>cr: 182"C l360"F\; and ¡hen by Rah Rr.e,; 
1~9·c 1300"Fl. 

T~e e<ooomic ;Jnalyú '"'ulting lrom thit wcr~ provid.., in•i911\ •• to the rela
tiV< mo<i" of flo>hed stoom and ~inary cyc\es wÍth nrying r..,ervoir lem;>etalu<es 
and provic!cs usolul inlormalion relating powcr gcMration com lo <L·>Or.oir tom· 
peratute. 

SELECTION OF PLANT SIZE 

11 ;, cloar t~•t geothormal po.·••r plan" carne in relatively •mall ,;,.,as com. 
pared w;th foo.il fu¡,l or nuclear plan,., At The Goy.orS, fe< in,ance, a module 
is 110 MWe Of"ld at Cerro Prieto the inilíal installatian is 75 ~.~We ltwa 37.5 :.t;'.'.'e 
neam turbin.,). The moin ~eason lar thi, is on e<:onomrc one. As •ingle plan" 
<Jr" larger."<he ca>t el <ollec:ion ar.d reinjootian olthe fluid• incrOOsc> as more 
wells (Lath productl@ ae.d rcinioctionl a10 rcquircd. Also, the fluid t<Jnsmi•· 
>ion rnergy l<><<es t>c<:ome greatcr, 

Hcbe<. Vollcs Col<lora and flolt fliv" Compori•o" S1udies '"' 
.oth<r '""'on ;, • tcc.'-.nteol/eco.~ornic anO- For •••<tiple, no hyCroeor. 

PJnsion turl>ines llJve bour\ l>uilt oven Ln ¡¡,, CO tn 70 MWc '"''U"· allho""" ,1\eLo 
appco< to t>c no scrioos lcchnical problem< a"ociated wilh .calin~ up <>i<ting LIO· 
•i'l"'· Or for thal momr, if copocity <houfd rcally turn out to ,,., ;¡ limi:ing f.c:· 
tor, multoplc un<\5 '"•Y Oe rn<tollod an J cammun •hall al ,o me econarni" pcmlty. 

In ci:her tM 25 r.W/e ar 50 MWe si:., of a binary cyclc plan\, oo• is alreody 
dooling wÍth multiple unia of maj~r oquipmcnc For cxomp!e, thc p<"lim 1oory 
CQUiprr,cnt <olcc:Jon at Heber prov•dc< lor e~qht hot w.llerl"ar~ing fluid c•
~hon¡¡er bundiO<. eight canden«lr bundiO<, eighl hyd<o<:.trt>on pumfl', tl11ce cool· 
rng w'"'" pump• and 10 ta 12 cell• in the coolin~ towor. A 15 M'.~e unit wauld 
have obou: ano holf ol \he OLJmbor al thcsc unill. S1nco indivÍLILJ.ll c•chon~ero, 
<on.den••"· pum~•. ""~ caolín.~ Lower cclls ate alrcJdy os largO " are rcadily 
...,arlable commerc•ally, thero" no aclvanto!ll' in terms of domooura\lng tochnic;ll 
and oporatron•l fea<iWili'Y 1>; build1 f"!J ,, plan\ lom¡er than ?5 MWo Sin<o 000 ¡, 
al,o doolinQ with multiplo wclls. both r•o<iuctian and in¡oction, tho somo M~u· 
mont hald, true lor Lhe tield imtallation . 

Moreave<, hom a lcchnical anO opera1ion.1l ""núpoint, thcre is fittle ¡u<tificJ· 
tlon for ~uild1n~. e.g., a 60 ~IWe exp.1nsion tUrbine instood ora 30 :VtWo l~rbine. 
Onoe su<ce<<lul doononm>tion al a 30 Ml'.'e turb<ne h., been demon<l<ateQ >eal
rng up lrom thi• •i•e by a lactar cf twa •hauld be no problcm. ' 

Finally, • lot le" mcney woul<l We roquited lo build Lhe smaller plontlin the 
ran¡¡e of 60 lO 70 percent ol ihe co" ol the lorge~ plant! a <a"•ing in the Case 
of llcbor Ol cightlo ten mLIIion dolla,.. ' 

tt •PI>''" that Lhe decision "'ould '"'1 on ecooornic lac:o,._ fir<t of all 0 
majo< olljocti'" al the demonmation prc~ram is 1~ Ocrnonmale cconomic viabil· 
itv of rowor pmduCLion fro•n law "'''""Y mc<lium tcm¡wroturc hot w.1101 res
"""'"· ~'.oreovo<, if the demonwation plan\ could not gene<atc electrícity eoo
nomically, there wotJid be little incen1ive to keep Lt operat.r>g beyood a ro05on· 
ablo Mt pefi~d without •ubsid1áng tM oper>tion. 

By cont<a". Oil economic ®crotian would be scll-supponing, would provido 
reali<tic <<rlt do,., and wauld encoutago r>pid de,·ofopment, no\ Oflly al the res· 
•rvoir O<l Wllich the plnnt io locoted but al•o othe< '"'"rvoiro. 

Baoed an dota p<esented in lhe oconomic ar.alv•i•, tt>o """al pcwer frcm a 
25 MWe binary pla.~t o\ Hebcr as comnared too 50 MWe rbnt hoo llcen •<~imoted. 
Tho boso e,.,, o•timoto lot Ll>~ co" af pawcr at Hobor i< ~hout 35.2 1 nillsi~Wh. 
Tho cor¡e•pOnJing ligu<e lo.r 25 MWe is 42.3 mills/~l'lh, an <nc<ease al about 20%. 
The a"umption• uoed in making thi• colculotion are a• folfom: 

lll Power pl•nt '"'''' ca<t i< 61% of' !iO .Y.Wo pl•nr. 

m P""''' "'"'' •·- ;, '""''"''· 
IJI Po"'" pl•nt '"''"""'""" pror><>n;on•l to ""'"1. 

1>1 l'o"" ol•or. ""'"· '"'"'"'" •M "'"""'"•ou< <Onl oro 
"'""""'""'' '" <.>pit>l_ 

1>1 T,,,,.,,.¡.., '"'"aro'""'""'· 

161 On•-h•H "'"'·'V w,lh "'clrill,~. 

111 S..r!'" in<toU>t•on i1 too:. of 1 50 M\'/o '"'''""· 

,, 

1 

1 
¡ 
1 
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,, Goothermol Encrgy 

¡, •"' '''"" «>'1 ~ ""''""'· 
¡g¡ Vl<il "'''"""'"" ;, poopm"oo>l 10 numbor ol "'"' 

1101 fwiO "'""""'"" i> '"''''"'"onolto ''"''"· 

From tho foroo¡.oin~. it ;, <pparontthot thore is a wong economic incentive to 
budd a 50 t.1Wo unit. f.l.oreovcr. the largor unit wtll also more neorly oomply 
witb the obJ"''"'" ol pro.,ding the utility ind""'Y with reltablo economic data_ 
For these rea•ons, a 50 M\'le plant wa• ..-loe<ed '' the pr<ferred sile. 

HEAT REJECTION OPTIONS 

Heat rejocti01l por kWh from a ge<>thermal paw"r plont is higher thon tha< lrom 
o fos;ol fuol or nucloar powcr plant bccauso the thermol e~fióency is lm•er. For 
e'Omp'e. tilO thermat ~lficicncy of thc Hcbcr hinary cycle plant " about \3%, 
as comp.red with a typical fo,.il luel plant al 34%, ond heat rojec:ion per k\'ih 
lrom the ge<>thermal unit is about 3.44 time< ~.at of the fo<siHoeled ptant. 
Thus. it ~ecomc• orrarent that the methcd and CO<l ol heat r<iection i> rela
¡i,ely a more "n~ortan! con<ido,tion in tho design el goothormol poNer plan" 
thon in either f=iHueled or n~clear pl;mt<. 

Morco•·er, beoouse tho hcat source ;, 110<lf ot a 1<>1"1 tcmperatu<e, the cfhciencv 
is very '""'itive to tbo heat rc¡cction tomperature, In the rango of tcmpcroture 
of interO'!t, the not wo<k pror:luced ;, rcughly propottional tC the t<mperoture 
difierern:e between the hea< "'urce and the heat <ink. Thero ore three prc,·en 
heat rojee>ion optron• ¡r,ailable: "'" coofing, •ir cooling, and • combination. 

Typically, wet-cooling 1ower< can reduce the tempcroture of tho reciroufated 
cooling water to wllhin 6'C (10'F) of the pr.,.aiiLng v10t·bulb tompemure, which 
i< typicalfy at least ll'C 120'FI leos than t11e prevailin~ d¡y-bulb temperature 

Drv-<ooling 'Y""''" for hoat roicction u<c finn<d heat exchanger !~bes lo trans
fer thc heat from the proee>s fluid to the a:moophere. The minimum 1empera
ture at which these 'Y"cms can di«ipate heot is typically 14'C (25'FI higher 
thJn t~e dry·b~lb tempcraturo of tho air. 

The third ccmbination system i< kno1vn a< tne wtt·drv C<>Oiing sy.:em. A.. in 
tho air ccolcd sy<1om, the prccc<> <l!cam is cooled ~y the pa.,age o! a1r through 
l¡an~; of e•tonoeJ surface exchangcr tubco. As rc~c~ired. wator "SP'8VCd into 
the oir flow. cooling !M air flow by e.•opo,.1ion of the water to a tempcra:ure 
oppreaching tt1e v.ot-bulb temperoture. This !ype of unit is e•pensi•e and i< 
u•u•lly u<od wl>cn cooling water i> o: a promiu·n and where dry·bu!b tempero
tu res ore cxce.,ive. Ncrthorn A frica ond thc Middle East prcvide such enviren· 
ments. 

Fi"t con>idcr • binary rlant at Hcbe;. One might deoign an air-coo:ed >y<tem 
lur ~O"C 110G'Fl dry-bulb which wouló ollow a 54'C (130"Fl condcnsinr¡ tom
peratur<, "oompored toa wc1 ~ulb tcmporot~r• of 21"C (80'F) anda condcr.•· 
ing temporoture el 43'C l110"F) for a wo1 tower. n.o iostallod "'" o! t~e "''" 
tower, including pump• ar.d CCt1d•n•er, i< abcu: S-4,000,0JO, os Compa<cd to L~e 
inmllod cmt ot a dry tower ol abou: $13,000,000. Thelo55 in Cycleeffici<ncy 
is oboct 1 0%, ano lho par>S<tic pow<r roqui romonts incr'"" a~out 5 MWe. Thus, 
lora given plant si•e. power o~tP<Jt is reduced about ZO% or.d eo<t• increa<ed 

Hcber, Valles Cofdero and Rofl Rivor Compamon Studics ,, 
abOut 2~ T~e net offect i• a 50% increa<e in \he uni1 con per ~ T~us, 
if the plant com $500/kW witM wot eoolin~. 1t will coot at loost S75UikW Y<lth 
dry cooliro¡¡. 

A oimifar'analy<i< wa• made for a H"'he<l steam ;ystem. In thi< c01e, a circulat
ing-water <v"om is rcquired 1o transfer hoot from ¡he condcn:or to tho "" cco~or. 
Thc numbers come out a!Jou1 thc somo-a reduction 1n cyclc off.ciency, :1n in· 
crea"' in POI .. itlc pcwor consumpticn, and a •harp incrcase in in.,alfed co<t per 
kW. Tho onalys.~ wa• no' furtM< conoidorod t>ecau,. it appe 0,. cb.Oo~• tha1 
air coof1ng i• not • •iable alternativo to wet Coofing, and neit~.er ore combina-
tion coolcr¡ ;ince thay ore """n more co5tly than air coolor<. 

FLASHED STEAr,\ PROCESS 

Three factors strongly affect the proc"" dosign of flashed 5team geethormal 
plant<. TMy are a. folfoM: 

!\ 1 n., ''"'""""'' ood <ompo,,t,on ol th, """'""''' "'"•· 
121 TOo <''-"<!0"":" of [ho ""''b\o Oo<! ~"'· 

lll Tno '"• •nd ''" choro<t.,ilt•"' of tt>e '"'.,.-,., "'"''"'' lor 
uro"'''""'"'"""'''"""'-

The initiaf •empera<ure of the reservoir fluid determines bolh the ~~anH1V of 
SIO>m v.ttich can be fla•hed :rom it and the templlroture of the re<dting steam. 
Oi.,olved oolids •i•o a!fect the amount of otoarn lla•l1ed. Fla<h calculation• 
"'"'"done w11h a computcr program l'.h;ch 1ake; llti• ctlcct into aocount. Of 
the geothermal fJ<Id• under coo•ideration, tho moot concentrO<ed brine oxi>ts 
•• Heber, about 15.000 pan> por million. ln thi< case. 1)-.e stoam flash io reduud 
'Pproximl!efy 3% by the dOssolved •olids. 

11 i< usu•IIY practica! lo fiJSh tho reduced l1quid a oecond time, using the ,_..,. 
ondocy st .. m in lower o:~ el thc :urbino. TheOrotica!fy, it ;, poo.sibf" 10 flash 
tM tm~e an infinito number o! 11m"' extracting mere ene¡gy e>eh t1me thi5 i• 
done. Hnw•'ler, moro lhan two otoges oppcar to be imp¡actiCOI. 

A prelimi""ry anaty<is was mado of a triple--flash sy<tem versuo dual-flash lor 
V•lles Cal~cra cond.tiono, based on 3-inch Hg bock pres<~re. Thc •lightly more 
•ftioient triple tla$h rcquired a four-flow m.1ch;nc (11"10 soporat, ""'~~,¡ with at 
l<~st six admi,.ion valvc•. The duol·fl"h rtquirod a two-flow m>ehine (•ingle 
Cosing) with onfy wo •dmi,;sioo .alves. Turbine-r;0$1 d1fferentiof would be ap
p•e•ima:ely S4,000,000 in !aYer of dual-flash, plus odditional •a•ing• on the 
turbine pedostal and the hcat «icction oquipment. 

Plants wi:h fow innial <tcam temporalure ore very sonsilrve to the condcn,ing 
P'"'~'" or the <tearn. The coohnq towor sjze ~'"' e<trmatcd to prevido a cold
w•1or r<onpera1ure within 10 do;roos or thr de>ign w•l-bulb tomporoture in eoch 
area. The o,·orall eH;ciency of tho plan1 ;, •ignificantfy improvod if the !empera· 
'"'" of tC.e cooling water;, fow. In oll coses i: ·..-as 055umed tilO! adcqu>to mako· 
u~ woter will be avoilaUie to pormit the operotion of wet-cooling towers. The 
fl••hod "eam plan¡ prcd~co• adequate quantiti<>< of condcnsato whic~ c..m t>e 



'" 
u<ed for coo. -""""' makeup water. \'lhere wate. supplie< aro shcrt, t~is ~011-
don,.te is a v>:uolM CM•modi1V whioh would P"'mit o llnhed·•toom plan\ lo 
uperate wi>Ore ut!lor type< ol ptonts could not. 

Steam Turbine< 

A smvey wos modu ol four domostic anO two J,1pone.c ccmpon10< rl_•oug~t cap· 
~ble ol providtn9 turhincs lor rhis sc¡yice. 01 the domeurc cn;r,pontes only ene, 
General Eloeuic CompGlly e•pr<s"'d intor"'\ in producing go<>,nermal """m 
turbmes in rhc 25 10 ~O ¡,1We ronge. 01 thc IWO Japanu•e companies, ¡.:iau
bish1 otld Kowaoo~i. tho long hnos ol communiCOJions to their en~inocring d~
pa<tmenu made it impr>Ctlcal to carry 0~1 a coopera:i~ ltud"l: Accordirl'}ly, 
turb;ne srudies wcre conduele<! mainly wnh the General ElcctfiC Company. 

Geoth"mal wrbincs operatc un~er dlllorcnt cond'1tion> trom conYor\!lonal powtr 
plant turb•nes. E•perieoce .,¡,h Tho Gey;er• g0<1thermal p_lants ir>dicat"'. th>t. 
dopo.its larm on the turbino buckets. su~!•.<tlng ohe mach~nes '·" more ~obra!l."" 
t11an tho•e in com"ntional "·rlice. Accord1ngly. General -lectroc "'"' e•tra r1g1d 
bucht> which 310 not ovada~le in all "'"'· thc two largo•t boing 42.7 cm l\6.8"'1 
and 50 S tm (20"1 \cong. Tlo..., blado lengths dO<ermine the annular opening ol 
¡he la<l stage. ,-,mich in tum determines the maximum "um llow per case .. Al 
•onic volocity cannot be e•ceeded in the '""·Slogo buckots, tho •toam llow on 
pounds por hour is a lunction. not oniY of lhe annulor arca. but "'"' of the ~on· 
densing prtuu!e. Accordongly. turbine• for the llas.~ed·o<eam proce" are ava•l· 
able conly in di>erete si"''· 

Another turtJine gonerator c~oracteristio wh1ch C!\tm into the proce" design is 
.,.,-erall o(ficiom;y. T~is is c•lcula<Od as the ratiO ot :he generator out;mt to the 
heat energy thooroticolly availoble. For initial >team cMditions abe:·• 310 kPo 
(45 psiol. overall olficiency is abo,Jt 70%. Below.310 kPa. theelfoc1ency talls 
olf progre.,ively to abOOJt63% at 110 kPa (\6 psral. 

Proce"' FIOIV 

H"Le lir>l >IOP in the design was 10 pcrlrnm a seri., o! t.-.o-step dirtct·fiMh cal· 
wlations for oach of thc brincc< under comidoration. Tho•e wece done ., • r'LUffi· 

bor o! prirna'Y and secondory ><eam pro<~uros rhosen in rciJtion to Hrc initial 
~rine tomp<,ature. The result was a m•trix givino¡ the •.mount el P."mary and 
the amoum ol ;econdary >Ioom producod M e...:h comtunauo" ol !or>\· and OfC· 

on6·s.,~o pr.,surc-s. 

The second ""P w•• to calculato :he approximoto stoam llows to produce 
55 .'1,\"le !lfO<S lrom eoth ol the steam·llas.h caleulations derWed above. !his 
wos done by ~irst calculaúng the theorotical ste•m rotes Jor caoh ••P•~sron lrom 
a ranu' ol ,,.i,,l "''•'m conditiún' to ;c"?"l con~onoinr; D~"""'"'· These :;-:r• 
con•mte~ to "aotual"' "oam rates by drv1d.n~ them ~V est•maw! turbroe ~··~ 
ciencies. lt was tllon pO>Srblc to oalculate !or coc:~ im:•al o<><l iinal cond•:•on 
the pnmary and socondary """"' flow> lrom 1.000 pounds o! br;..,o an~ t~ro r .. 
>ultont •lectrical g"MrotiOr'L. Fona'ly. by dividino 55 MWo by this ''"'·foguro. o 
factor lor <mth brino ond st<am llo"~ is o~tainod. For oach pl:mt. tho~ calcu'>" 
tiOII was perlormed in tabular lorm ror a large matrix ol primary stoam ... c. 
condary ,,.,m and condonsin~ p;c .. suru•. 

Heber. Valle• Caldera and Ralt Ri>or Compariron Studics ., 
.rbine Selection 

Usic.g tho prelim1nary calculotion> as o gu1de, GE tu,bine tpcc1al"" S<lectod lor 
each c.»o¡ a number el cperatrng con<lotiDf's "'hith appoared mO>I bvorable. For 
eac~ o! the>e they made turbine "'lecticns lor "ttich price< wero then do,·eloped. 

The priccs for these preliminary selcctions w"re lhen evaluated in relation to 
referente brir\e coots and prob.:!ble condenser and coolir.g ter.""' costs. The ro· 
..,lts, while not rigoro~s, onabled a fairly optimum seleetion to bo m•de in oach 

"""· 
These •electioos ""'re then recalculated by GE using more relir.ed methods. Ac· 
tual buc~et solections were mode and elt•oiencies calculatod lor "'!;O·IO·sta!)e 

e'pansion. From thl> thero wao obtoinod lor ooch ca<c a oood turbine selcctlon 
with faidy aa:urato "'timatos of both "eam tlows and heat rcjecticn. 

Once turbine con~iguration ond exhau<l steam !lo"" were e>'<hlis.~ed. it was 
possitle to in<estigne COr\den•er ond cooling towor po<sibilirie<. Thi• w., done 
wi:h the cocperation oltha lngersoii·Rond Company v.hich has turniohed mo>t 
ol the steam conolense" at Tho Govsors plar.t. 

Sofore pretiminary condentcr design• could bogin. however, sorne initial d•citions 
h:d to b¡! made. porticula<ly with respoct to mater~al• Oecausc of tha o•poctod 
C01 and H,S contonr ot the cand1d>1e brir.cs and in det.ronce to exper~enco at 
Tho Geyse". the lcllowing st.>inless stotl se!ection1 were made for ¡11 cases: 

Sloo" 
N.,.,.,.J<I<d int«nol1 

W<lded '""'""' 
Tube >"t<U 
Tub<> 

·cr"' 
• • Cled <V> "'"" sido only 

,,. 
J 16 l. 

"" Jt6 L 
l\6 •• 

"" 
The ~esignc" were ~iven thc optio" ol tubo drarnetors lrom 1!1 mrn ll> inl ro 
25.4 mm(\ inl with' '"be wollthickMSS of 0.7 mm (22 B'tiG). Fcr staonleu 
l:.:bei of these dimensior,,. waur vcloci!IOO o! 7 to 9 foot per =ond •re L=!!y 
•••d in p~b!:c utility power plant<. An overa~o L'alue o! B leet por letond ""' 
s~locted. A<Summg that ~n Amortop continuous mochanicol clea"mg •vstom 
"""'Id be ~1ed with the cooling water. a cmoder..er cleonlim:S> foctor el 0.85 
,.,., o.:sed foral! e"'". 

A coloi-v..ltcr torrpc<Jture compot:blo with thc hoat 'ink do.uactOri.,ics y,,. es· 
Ublioned. The conden>er ~i9ner woo givon latit~d~ with re<~~~ to tt'Le ri><> 
and •llcr.-"td to use ave"~ pu~tic ut,li:y cri:eria lor tt'Le coot of cooling '"'""' 
inml!ation •nd op<ration. n.o oesult in each caso Y"'' reoscmble condonsor so· 
kctoon. r•tr>er :han on o~tomizod ene. 



Gcothormal Encrgy 

Othor Eq<>ip,,._.ot 

Caolong Tawe": Wood coolong towcr< of public utility quality w<ro •pcdfiod 
for all ,,,.,_ Cooling-wator flow, oold water tomperaturo af>d ran¡¡e were detor· 
miroc<l by condcr.scr ••l<<:tion. 

V•r·pvm f'unw<: Bccatrsc ol the Y•• content antiCipatcd for cae~ of the candi· 
dote brines. the rcrno,•l ol nonccndcnsablc ga«s hom the ca~dcn••" is • l"'k 
in o<dcr of magnitude latgcr than in convcntional P"t>li_c ut~lity powcr plan\1: 
Furthcr, thc poor initial ""m condrtions ma~o mam 101 e¡ectoro uneconomrcal 
in thcse applicotions. Vacuum pump• wore •i•cd to accommodato the expected 
"'" flcw from the brinc plus the amo~nt of air norrnally acc~mulatO<I throu~ 
J.ea<age. \'lhere cold-water tom¡o<ratures aro suthci.,.,tly low, the use el prec:on

dcnse" """ -,n\OC•tigatcd. 

TliE BINARY PROCESS 

Thc b 1no1y pr<>CC>' lar produc.~~ oloctric onorgy lrom ºoothormat re<e .. oi' fi<Jid 
mvolves the tran•ler ol heat to a ,uonda.-y, on ploot workong fluLd The working 
fluid ;, e~pandcd throug~ a turbintt to produce P<>'""'· The ex¡WOtled ga• io th~~ 
conden<ed 1n a t>ot\CfY el <hell and tube condense". 

Tilo working ttuid is continuolly rccirculated from the turbme 10 tho heat wurce. 
The fluid is pumpe<! 1<> the she:t sidc of a bal\ery of <hell and tulle e>ehanger> 
at an elevatod premr,e. Hydrothcrmal re<of\/Oir f~oid floM from tt>c production 
wclls thrmo;¡h the tube>. lloat " tronsforrcd from the reSO"-'Oir Huid to the work
ing fluid_ Oporation may be elther in tMe sut>critical or supetcritical rcgion. The 
'?"'f'l reservoir fl~id is pump.ed from the plan\ 1<> injection W<IIS. 

Conve<>ion Study Basi• 

The toa<i< u<ed in developing the binarv procn• de>ign for the throe plan\ >itn 
is defincd below: 

111 ["h ploot "ti>Od lor • "" ourour of >O""''- Tho {l<n"oror will b< 
,¡,.d ,,.,h "'"''""' c•pmrv to pr<>.,d• lor ;n-plont olo<tric O<IMI 

"' 
'" 
'" 

'" 

'"""""""""· 
Hy<!totorbon '"'"'"' <•Pond<t oll''''""" ood ''""""' '"''''"'" "' 
"'"""'d to"' 8S on<l 981., '"P"""Iy. '"''''"<Y ol oho ...-or>'nq 
""'d cioculoOLon '"""P" •num<d to oe 80"-

?,.,.u,. drop '""'" th< Of>t"h"9 nu;d '"""oir fluid""" '"""'f<" 
oM hydrocorbon condomm ""'""'td to b< 340 >Po (50 01'1 ond 

21 '"• 13 ""'· '"'""''"'''· 
0.1\gn .. tu« ol "' _.,.,_buf~ ond orv WL~ ""'"''""'" '" b""d on 
,,.,.,.,., .. ,.,. ...., ..... """"' t'l'o ol '"" '"'" d•""' '"' '"'""'"' montht. 

Opml•nQ lfu,d prmuret '" 10 •~ '""" thoo ""'''""'"' P"""" 
oo ""''' ''' '"''~" in1o ''" orocm 'Y"''"'-

T!>t minomum '""'"'"'"'" d.llortnet '""""" """''""!l llu- O ond ,.,. 
'""" 1luid in""""'""'"'~~'" "'ll "'e'c us'n_ 

The ~timlfy purposc of Phc above condot;ons ond Bssump1ion• w., lo establisM 
a uniform ba;e of com~"ioon for all three plant ,;,.,, 
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,.'""""" of the opora1i<>g fluid aod oporating condiciono w"' do1ermint 
exh si te by a computer progrom, ovolua<ing ¡he thermodynamic "roperiiOl of 
voriou< sy>tems. T~e emphlSis was 10 mmimize tloe re,.f\/Oir ll~id flo"' require· 

"'"""· 
S.loction el Working FT~<d 

LigMt aliphatoo hydroc:arb<>ns (such ., propone, i<obutane and isopentone) appear 
10 be the beot cand•d.te •~orking f~uid• lor most ge<>thermal opplicaticn>. They 
h;rve looora~le thermodynamic propertoe<, are thcrmally stable, nonoorrcsive, and 
;rvailablo in la<ge quontities a! rc"'onable prices lolJoul 50 con" per gollon). 

11-.e Freons r.'laY al;o be usod. liowever. they ofl., no advantar¡e in thetm<>dy
namic properti", are expen<ive (abrnJl SS per gallonl, and are thcrmolly un,able. 
Hú only advontago h thot thoy ore nonllamrnolJio. 

A number of other candidato fluid; have been sugges:cd, including ~11 of the 
obviou• gas"' such •• ommcni•. su~fur dio•iCe. carbon d1oxido and loght aliphatic 
olel,n,_ Nene appoor to off"r od;-aotagos over tha light oliphatic hydrocorbons_ 

Another virtue of the oliphatiC> is that thoit thermodynamoc and ~hysical prop
""'"aro ve.-y Mil known, and t~eir properti" m•v be occurately prodicted. 
Accordingly, tllele stud1es wore limlted 10 the ~se ollig~t hvdrocarbon• ond 
111e f~u1d composition wa. toilored to tho reservoir. 

THE HYBRIO PROCESS 

A hyb<id power plant i< a combination ol tw<> proce<s.e<, tho flas~ed ""'"' proe· 
"'' ood the binary power cvclc pr<>ee<s. R<=rvoir fluid ¡, !lo<he<l to produce 
•toam ot a rolatively hig~ prc<•ure, wt>ich i• u<eJ to drive o tutbine-genoraror. 
Th, re;or;-oir fluid is then usod to heat 1he WQfking fluid whith driv" o second 
l:l r t>ineif<!ne r a tar. 

Tho Flashod Steam Seotlon 

lhe d.,ign ola hybrid plant ltart> with fixing the pressure at which tho steam 
;, llasil!d from the resef\lcir fluid Hi~h·pressure steam is desirable becau<e :he 
hi>~ prc.,~ro will impro-;e 1urbine effiCienov ond reduce the turOine lile and 
tost. Tho pressurc tl>at "cho.en olieca the r<lative mes of the two pora of 
tho plant, •• well as the quantity el """'oir fluid roquire<l by tOe plant. For 
eoch plant, se·.eral dofferent otoam·flasl"o P'""'"'"' were investog>ged to doterrr.in• 
tl>e mo-a eflicient gonerating condition lor the ptont. 

Tha Sinary Seotion 

The fiashing of tile stcam lrorn 1he re<orvoir fluid ro><Uitl in cooling thc II<Oid. 
The binory portoon of the plont mus; utili'c the Midual hoot in the ro<Of\loir 
fluid 8ocauoe thc hi~h tcmP<rature emholpy in tho brino wo< uso~ to produce 
""'"'· thO binary portien of tMe plant must n.,e a tc••.er thermodynamic efli
ciency tilln a binary plan< which recave" all of tho ent~olpy trom thc brine. 
Each •oc!icn ol tho pl•nt i• colculowd by moki~g on cn;nolpy bolonce on the 
reser;oit fluid al the stearn flash dr~m and si<ing the inC~Vid~ol portions of tho 

' ' . 



•• 



'" Geothermol EneriJY 

plont b.SL'!J ~n thc cncr~·¡ ovoilahlc lor oonvor~ion 1nto clcotric powcr. lt wa> 
a«umed that m1n1mum br~ne oa~"•mpl<On, con<Í<IM! wLih low hydrocartlon cir
culoHOn repr,Y.onted thc mon O'ConomicJI operoting condttion for the plont. For 
exJ-, ""'"' llo•h pres•urc that wa• comidered, tt>o quoc.hty el "''"''oir Huid and 
IM raro of hydrocorhon circula\IOn wore caltulotcd. The r~la\Lve ;izcl ol ¡he 
mom fl"'h <ccrion ond tl>c bmary loction ol thc plan¡ wero e¡tabli<hcd at rhe 
condwon wherc both llow tates were minimizod. 

HEBER CONVERSION PLANTS 

Tho R ... ,...oir 

The He~er geothermal ,.servo iris located in the southern pan olthe Imperial 
Vollcv atan clevotion thar "e lose to '"" lovel. Summcrtimc tcnrporatU!E'I vary up 
ro 49•c ll:w"F); onc pcre<nt of thc time du<in9 tho summor month< !he wot-Oulb 
:.ompcra:~ro rcaclles <>r e•cceé> 27'C (SO'f). This , . ..,, buib temperoturo was u<ed 

• !01 design. Thc area is level and ~.,....,ted mainly te ogric~lture. The plant oite is 
boun~ed by ittigation d•tches which will «Jpply makeup ""'"'te the plan t. Rcads 
and powcr linos ate closc to tho site. 

Tho '"'"'"e ir fluid ha< a total cliS$Oived <olids content el 15,000 ppm. The bollom 
hele tompcraturo is 182"C (36D'F). Analysis ind><atos tl'tat illhcrc is no heat ,.,._ 
chorge, tho lcmperature oltt.e rosetvcir wlll decline about 20'C 135'F) overo 25· 
year period ata w<taincd product1on rote el 200 Ml'lo. This tomP<roturo drep el 
the ro<ervo:t fluid ne<essitatcs a plan\ design in v.hich the circulation systems in 
the plant can be e•panded 10 maintoin a constan: pcwer ~rocfuction rate. 

Thu< roe, nlinimal quantLtio¡ of non<Mdomable gJ>'" t-.o•·c ~ctn ebservotl in \he 
rtsorvoir Huid. Analy<os \1\at <'"'" petformed M the r<'<erveir fl~ids <!irJ not as· 
certaLn if noncondc=bl• 9"''-" wcro ~"'"'"'· For tlle porp0$e al thi< stud~ it 
w3S e-;timat!!d that the ner>eon<!e<.sablc gases would co:uiu el &SO ~g./hr 
(1,~00 lb/t.r) ol caebon dio<iCc. HydroiJCn suliLde v.as assumcd to be pll>sen\ 
in the gas •n tho rango of 100 to 1,000 ppm. 

Tl>e EPRI-s¡>Onsere<! 1\eat exct-.an!)'!t te<:< showed tM\ the salts ~rescnt in the 
Huid torm scale ot a neglig;bte rato at temperaturcs above 132"C l270'F) !;.ut be· 
tow that torr.porotu<e fouling occuts at an 1ncreosod rate. From their data !he 
tollov~ng tuiiO·<idc louhng factor< were ""'matod which wcrc used in tho de<ign 
of brine·working fluid heat •~cllangers: 

T'"'"""'""· "e 
116-\32 
\31-80 

~" 

...... ,., •••• "f 

J>D-2/il 
270-t)fi 
116· HS 

f""''"" fo<tor 
0,0001 
0.001l 

·= 
Thosc tacters are tentativO in that the t«ults of 1 22-day te<t ha>e been extrap
otorod to prcdict a louling lactot suital>ie tor uno yeor\ operation. Furtt.or \«!S 
<!>colO be conducted ovor a per1od o¡ '""'ral mo~ths to conlirm the<e fi~ur"" 

Tho e•ch>f'lgOr :o<ts wcro condco:Nl u<ing utani"m. 90% cuprenitkel and mild 
>tecl e>changor tubos. l<c cettos;on was o~sof\·c~ on the tnonium tubo< atter 
5GO hours el e<posure; somo corr"sion e<currod 10 the cupron;ckol tu~cs altor 
~00 hou" test;ng; and ~light pLtting and surface decarboni,.tion were ooservod 
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on the c"l•on stocl wbos alter SCO hour< el to;M<f 1t is poss,blo thot tire ,t,ght 
corro<1M ni the stcol tubes had occu'<ed prior to the te<: progrom. Cho,rM 
has ind•cato~ '-""\ corrosion during their te<t wotk w•< negligi~lo. Accord.n;ly, 
L~e u"' el ""'' in •11 eq~ipmenl e•pooed to brine or tloshcd steam wos speoiliod, 
e<cept swarn turbtne< and surloce COMcnscr< os noted olla''"· further corrasion 
tem with thc Heber brine should be <onductod belora J linal dccision ¡,modo 
Of\ plant materials. 

fla.hed Steam Plan\ 

A pracoss flaw sheet of tho tlashod steam ~lanr is shown in Figure 5.\ (page 
The hot roservoir fluid en ter< tho plan¡ al a How rate ol 4.54 M kg/\1r 
(10.01 M lblhrL Split inta t"c p.orallet trains, tMe brine passes tt.rou!Jh tho eco· 
trol valvo• into Mo 110".11 Cru<n; o\ an ab<oluto pre.,ura el 314 kP~ 154.3 psia). 

The liro;t-staL]<llla;l> ~reduces 392.000 kg/hr [!l64,000 lh/hr) el primary >toam 
which ~....,. through 3 s:eom wparotar beforo rcoching tho tutbine 11 a pressure 
ot 370 kPo 153.7 poia) and • tomP<raturo el 14 l'C l2ll6'F). 

T~e l1quid lrom tOe first ,¡age flo:h drums flowo to tho socond-sta~o flash d;uml 
where its pro,.ure is roduced ta 151 kPa (21.9 psioL Tho re<ul..,nt llash pro· 
duo<!$ 263,000 k<¡/hr 15SO.OOO lb/ltrl ot secondary stcam whioh tl...ttn thrcugh 
a <toam scparotor lo 1 lewer sta¡¡o el !he turbine ata prossure of 160 kPa 
(21 7 poia) anda tompora:ure of 112"C [233'FI. 

The :.econdl'y-tlash dtumo floar en t..,e Hno, their pr .. wro "aryin9 with turbino· 
<tage prossure and ~>ith demand. The llashed Hquid IIOW'I lrom the soccnd-stago 
tia~~ drum• to the wction of the inject;on pump• which teturn tho liquid to 
tho reservOit. liquid lcvcl i: n>Oio!ained in tito soc.ond-stago tla:h drurr\S by a 
control .olvo on the pump d1:chorge. 

The turhine goneralor ¡, opeta\ed "'a base-load unir under load control. The 
opera10r ossigno a lood to !he gonerator, and the turbino mu>t ocoopt that load 
at con•tant s~eed_ Thc turbine govorno, Jetccts chan~os in lood a~d Jdjo<o; ad
misston valve• on b<l\11 the ;>mnary and 5econd3ti stoam ltne< te <.:>tL<fy tr<e ao
:i~nrr-.enr. A separare emerr¡ency tdp rr-.ochani>m on 11>e wrbine <l>•h wiil el,.. 
err.orr¡ency stop nlv., on batb primary and sccondary stNm l.n05 if tmbir.o 
•P<Od exct·eds 3,600 rpm by a givcn percento~o. 

hhau" ste:tm from tho turbine po5<cs diroctly inta a surl•c• oondcnser, wheto 
a~~ pre,.uro ot 13.5 ~Pa 44" Hgl ¡, obtained undcr d<"<i~n cooling-wat<r 
conditi~ns. !he condonsate ¡, pumpOd to tho !uction el tho ir>jcctien pumps . 
The condensa:e ¡, addoJ ta tho roduced b;ino te moko th" replomshment volumo 
!ub,.antiolly equat to tho votume of tres~ brir.o <lehvered to tho plant. A\rerage 
temporoture ol this llow i• 103"C l21rF). 

Coaling w>tor lrom an induced draft cooling tower entor< ;he condon;cr at 
35'C 195'1'1 ond returns to the towcr at 49"C ll20.FI. Tl1<• hot cool1n~ water 
tem;>oraturo gi·.-•• a minlmum condenser approoch of 2. J"C 15'FJ. 

During the turbbe selec1ion preces>. Cther ccmbinalions ol primary ~nd ,..,. 
Mdary •:o•m p<essurc" wote tned, bur were lo" attractivo economicoily. Higher 
prossuros u<od more brtno per kilowat\ of paw<f <;<r,eratod, Lower prossut<'< 
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.ncrcasod ••houst mom flow OOOl'~h to roquirc a four-flow t.Hbinc w1 ' 
c:r;ing< anda jump in turt>ine co<: alon' ol ollOUI S3.000,COO_ Tho contcJnplotcd 
rodue<ion in Orine produc.tion labout3.5%1 would not iu•t~ly the incrc::sod copi· 
tal expon••- The primory and socondary ""m conditions selcctcd give the ~reat
es\ power OUlpu: po.siblo lrom General Eloctric's l>r9"<t double·llo'"· single-case 

Mbine "¡~ a 4-inch t>ac~ "'"'"'"· 

Nonccndensable g><e< and air lea'a;e are removed lrom the svstcm bv si• large 
oocuum pump; operating in parallel. The g<l<e< ore diSchargeC ¡o a "ack which 
is do>igned lar dispeml of the hydrogen <ullidc prc<ent. 

A summary ol P'"i"""' desi~n dato ;, a< loliowS: 

~ ........ ""'" 
""""'''"' ........ ,...,..,,., .... 
"" ·~-
R., ... ,,,"""'"'' ;wo 

....... ,/ .. "'·" "'"'''"'' 
...... w. 
> ....... 

...!,l MWo 

"·' ,.~. 
" .. "" ... , 

l'lhen r<e<ervoir tom¡:crotu"; doclioe wi:h depletion. init1al electri"l output c~n 
be m"r.<ained by incro,.ing hot·Wat" How. Thcorctically. a pl'nt dcoi~nod for 
the depletion condition of 16:r'C I3<5'FI would roquire 37% more hot wa10r 
tllan one <;:"':gned for lile ini:iat cor.CL!ion. Howrwer, cpera:ion of the b~~·case 
plam witll 16:r'C h<:>t wa1er m>uld req~ire •!tered oteam cooditions to m>intain 
proportiMal ftO"-'> through the turbine "ages. Thi> woufd rcwlt in a 63% in· 
creo<cd How Of hot water. lnitial Ond final o¡lerotong ccndition< are compared" 
bclow: 

l!!!!!.!.!. L!;l& 

""''""'' ,.,. ' ""''"' ' .. M ki/h< "·" "',.,,.,, '''·'"'"·'··· .. ,~ .. """ "'·' ••• >1> •• <P• ........ "'·' .... , , ........ , 
Pdmny """' now "' M''"' ... M <</ko '"' "' ... , .. , ''"·""'"'' 
'""'"' """ 1<9 .• kP• .... '·~· 
""""" "'·'"'"' ......... , 

'·"~'"' "''"' n ... "' "' lo,¡ /hr 
... M k</Or 

""' .. ,.,,.,, U< .. M lb<fOrl ..... _,,., 
IO>C(,lPf too e 1"' n ............. 

Binaty Ploot 

A pm<O'JS llow <heet o! the b•narv p!ont is shown in Figuro 52 whlch lollow>. 
Thos flow ohe<t pr•sen" tho h .. l and materiol bolanccs lar tho initi•l reso"'oir 
cond;tloos. 
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Liquid i<obutane is prehootc<l and ""porizcd by exohango wirh the , "" toa 
P'"""'" of 4,137 ~Pa IGOO psia) onda tempcr>turo of 149'C 1300"Fi. The 
<uPOrCr'ltical vapor dmc> an .,pan•ion turb'1ne. The clfluont vapor from the 
turbino r.ondensor flows roan occum~laror ond is P<H1\pod back throu~h the 
brino exchangor compl<tmg tho circui:. A sumntory of :he pcrtin•nt dosign data 
is a. follows: 

, ....... . 
C.o.on<o• ...... , 

p..rr.>"•< .,.,, 
c..: .• , ......... . 

Rooo<>oor fluo<!oot Owh 

'·"',., ,,,., , •. '" .. 1>•1••1 

'·"' .. ,.,_,, ,._ '" ... "'''"'' 
"-" .. .,. .... ,.,., 
~ .. -~. 
SO.OO >dWo 

" •• 11" "'' 

The magnitude of tho above flow rcquircmen!< makes the u<o ol parallcl flow 
poths "'"""Y or deúrable in vorious sedans al the procm. Con"'Guently, 
plant ~e•ign include< the lollowing parallcl mearr.s: 

"'•'"'"' nuldJo ...... h n..¡• •••'"'•••" 
"'•""' ""'' ........ .. ..... ., .. ""'' .... ~.,., ... 
"'•'"''' """ """'"'"" .. ~ .. 

p,,,,,, ...... ~. 
' • 
• 
• 
' 

Thc he>~ c•chongef> are fi•ed tubo dcsign with •ingle-pos< llow on both shell 
¡nd '"be Slde_ The re>ervoir fluid i< on the tube ><de_ All """' conmuction is 
sp,ciliod and looling f.ctors are>< <taicd. The ovcrall ¡,an<IN """ is a~out 
2SO Bw/lhrJifi')("F). Thi< relativoly hio;h rote comt>ined wi\lt t11e oconomy in· 
t;erent in li<ed·tube <h.et a .. ign rorul" in a signilicant rcductÍOII in tho costal 
heat tr~Sier equiproent for this se"ico as com~ared to larmer cstimates. 

lt i< antidp>ted tha< the exchangers will be cle<>ncd either me<:hanicolly or chem· 
ically on<:<> pe. year during on annual turnaro~nd. 1-!o prwision h" Leen made 
for pormonent inotallation for ct~aning. 

E<POMer quntations wore receiV<d lrom four vendo". Thrco woro for a.ial 
llow d"i~ns, and an• (Rotollowl prepared a r;¡dial rn-llow desian. The Rota
flow o!fering wos used, but furthor cvalua!;ons ol e'ponder ofloring• are ncc.,
sary befare a lmol selec"on is modo. 

Th• eio;llt isob~tane pumps are multistogo verticol ccnuiluopf ¡>Jmps, 1.750 hp 
ea<h, Theso pumps, os well "'cooling·to.,·er pumps and the ce>oling towor lan• 
ore electricallv dri·.-en. 

Primary proce>S co~trof is ba•ed on the premiso thot plan! output wilf VJfY wllh 
dcmond. Conseque~tly, a lood control w'llh monuol set po'rnt ;, includod lar tho 
geno., lar. controllrng tire isobtrtane flow roto ta the turbinc. Rosorvorr fluid 
flow roto is controllcd by thc ternpcr.l<urc ol the isol!utanc ,,,or. Ad¡ustmonl 
of isobutano ond r"'ervoir fluid ftow rateo to e;¡ch porallel trJin al hydrocorbon/re,_. 
ervoir fluid heat e~chonge" is m;¡nual, AdjuSiment ol the i<Obutono VJpor ar1d 

• 
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cooling wotN !low '"'"' to coch cofldon>or is oloo manual. Pl:~nt tlesi9n previdos 
for omur~unoy ovcr>pced s~utdown of the tur!Jio.e. 

P!Oiiminory licld >ludies indicato that thc wcll·fluid tcmporature at H•ber will 
decrca"' a> 1~ r=rvolf is uscd. ror thc depleted condotion, 1 mixture of 65% 
isobutane atld 35% propane appears optimum, requiring a minimum incre""' in 
re-servoir-fluid flow <ateto produce 50 MWo ol nct power. A comparison cf OP· 
era:ing condotion> lor the ba>e ca,. 1100% isol>utanel and rhc doploted caoe 
fottom; 

......... ""'" "·~ .... 
Workl•rli•IO l!o~ '"'' 

""""'• "" .. '"~""'''"' ..... ,~ ....... .. 

.... c ... 

'·'"''''"' ....... ,,,, 
jO.I<! M lbolh<l 09. 9'0 M >boll>rl 

•·""''''"' ...... ,,,, 
¡•,10\M<bo/h<l (1\.0liMibo/>rl 

<>,000 rn'l>r ... >oom'l•• 

""·"''"'"' '"'·''' '""'" .... ~.ti> pu•) ••• >Po 11>0 ••'•1 

The inctca:e in requircá flow ratos for ,.,ervoir fluid an~ working fluid ,.,u 
noce.,itatc futuro chan9o>< to tho pfant equipmont_ The numt>or of brine-work
ing fluid <>cha«qcrs. hydrooarbon condon<cr<, workin] !!uid c~roulation pumD<, 
cooling w"for circulation pum~s. aM cool•nQ tower cclls m•y incroo<e. Tl<e tur· 
bine-expandor is de«gned to oper•tc undcr \he condllions of the d•pletcd case 
with a minimum chan!l" in pam. 

The required deii!i" pressure for accumulotors. working fluid <ido of the work· 
ing fluid COJ>den .. ,. ond the oa<e of tl>e turl>ne "ill increa..,. The d.,i;n P'"'" 
"""'' for the equipment furnished in thl base C>S< h..,.e been up ratod to meet 
t'lis oMdllion. 

Piping " si10wtl for the boso co<o (major linesl will handlc the incroascd flow 
req.,iromcnts. Addllional p<p1ng, inwumcntation ond electrical moterial li.o, 
switch ge•rl v.llf be requircd for the new cquipment. 

Thu•. the plant ;, wmeo·1hat o·.-er¡ized for the beginninQ conditions but may b-e 
econOm<COtfy ••panded 10 accommodato the dep:eted tc .. rvoir condouon•. 

Hybrid Pfant 

f>obutane wa< ch<><en a< thc working fluid in t~e binary .. ction of the hybrid 
plant. Tho binory section i• d<:<ig~cd to ¡¡cncratc 52 .'.1Wo, and the stcam·!losh 
unit wlll gonoroto 10 ~.'.Wc Thc two gcno"Mg units in thc hybrid plant wHI 
produce a totol not pow<r of 50 M\'le. Tho proce" flow diagram, figure 5.3, 
shows tho foltowing operati11g condnions. 

~ .. .,.,,, n .. • no• >.J" .,,., ''·"" '""'••l 
c ........ '"' ... ' "-' .... . 
........ -~··· ,_, ...... 
Coo:loo <OWo< n<> ...L.lW_.o 

NO<'"''>"' SO. O'"'"'' 

~ ........ ll.tdl•··· ·~· .... ''" , •• , 



n.c,o oondL!ion< worc cho<cn ohor ha•iM con,.dorc~ fla;hing temperatures be· 
tween 160"C (320'fl ond 171'C 1340'FI in combination with i•obu:ane e•pander 
inlet cendition< rangi~~ lrorn 400 te 600 P>ia at torn;>erotur.., betwHn 12TC 
(260"FI and l~g·c (300"FI. Tho '"lecled opera;,ng COndil!Qns op::milo lht 
powor genorated per "'11 Huid flew rote. 

Wa:er <cal oacuum pump< were ;elocted 10 rcmove noncondcnsoble gaseo horn 
t~e •urf~ce condcn1ors Lecauso thc ,,..1-w"or cendcn>e• • large part ol lhe en
tfOinCd wotor vapor. Mo•t ol thc cooling towcr blowdown will be uscd •• •col 
water. TM noncondemoblc go.co will be pumped into thc liare oystern. The 
liare stock is dO<i¡;ncd lo' di•pcrlol ol l.'>e h"ldrogcn s.,¡llidc pre•em. The blew· 
do'"m and '"'1 water will be purnl>«d inte the cffluem re>el\loir fluid te 0\lcid 
conumina:i.-.gthe environment. 

The basic prccess control• oro ¡he manual sct poin¡ lood ccnt<ols at tho twc 
tutbine gene.ator uni!S One el tho tv.·o controlo will '"'"' the other. Sinco 
bOlh unit> depend on \he samc sourcc o! rescrvoir fluid but havo difieren\ ro· 
sponse log>. thc overrióe will prcwnt both cootmls hom ligh:ing eaoh otller. 

An iscbutano vapor :emperoturo con:rof rcgulateo tho llew el <eoorvoir fluid 
throu¡¡h \he ir.obutone exchanv&rs. A stcam separator level cor\trcl ro¡¡ulat"' tho 
1\ow el IOSCI\IOir fluid to the plant. All ¡he parallel f:ow adjus:ments are manual. 
The i!Obuune circulation rato will c!>anse occordiog 10 lood pre-ss~r• changtl-

l'.'hen tho r•scrvo;r temperoturc declino. below design condi!ions. operation ol 
lhe convo,.ion plant mu:t bo mod<lied to rn•intain tM power output of tho 
planl. Tt1• ''"'"' fla;h pro,.uro mu" be lowcred and the brine rote inoreasod 
lo rnointoin o 5UI1ablc llow ol stoam 10 thO \urbine. 

In the binary pOrtlon el the plont, the WO!~:ng fluid would t>e char:ged from 
pure isobu:ane te a mixture ol isobutane ar.d pro~ane. Addit1onat 11ea\ «· 
c.~angoors and condensero <my be rt<tuiro~ to main:ain \he pc"er outpul o! thio 
.. otion el lh~ plont. 

The brino rato to the plant mu>t Ue incre>«d to mee\ tho>e addoO rcquiremont~ 
Thc cxoct rote o! incrc.,.c will dcpond oo \he c;>pab1h1y ol the turb•ne• to >d· 
jost to tho now condiliOn•. 1t ;, c<limotod 11101 tilO brino rote will incroaso SO 
te 60% o·;er the l1fe of !he plom. 

Re10rvoir Fadliti"' 

The 'Yil~rn• d'-""elo~ed fot tho prO<foction el geothermal hct water. and the dil
posol ef tho spent wate< '"'" b01ed on promises ~1 forth ~y Cheoren Oil Com· 
panv. de>olcpm of tho Hcl>et fiold. The prcte<s b•sco ostablished ~y Chowon 
includo; 

P,pr:Juclion: 

fl) Dueetlon•l drilling el oll prod~cticn wells required lera 
50 MWe pov.er plont willl>e concentratod '" an area of 
obc~! oM acre. 

(2) PrO<fuction '"-"'11> will be pumP<d ot a rate el 1~0~1 
295 m'/hr (1.300 gpml. 

"' 
'" 

lnier:tion: 

'" 

'" '" ,,, 

'" 
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Two altemate sond !eporotors wifl be p;evi~cd, ooch sizcd for 
a 1-mir.~:• <eoidencl o! lhe total flow. 

An aotoma:•c t>ypass ef the power plant V>ill l>e prc;ide<! >end· 
ing he: ¡¡eot~rmal wa:er d11ectly lo 1~ injectien "f'lem. 

Spcnt wotcr injewon is macte !hrough wclb dr~llod " tluee 
i<land; un11orrnl"l •paced on onc quadront el the circucn· 
!crence ot tl1e re•&rvou ha·11~9 a ratJ;us el obeut 3,048 m 
110,000 lt). its center ot \he power plan t. In 1he oorr.plete 
d0\1!lopment ola gec:hermal unit at Heber, thru addi· 
tional 50 ~-~We planto will t>e b~ilt. lnje<;ticn isfaruls lor 
eoch of :hose plantl wil! be lccated similarly in C<le of lhe 
otl><r threo Quadrana o! the circle aroun<l tMo pcwer plants. 

lnjeotlon rate per woll is 590 m'/hr (2,600 gpml. 
Prcssure requirod ot on in¡CCltOO well lte•d ca11 in<rea<e to 

2.86\ kPa (415 psiol. 
lnjeCllM pump• delivcr •pent woter to inje.;1ion wcll islands 

01 approxom.:ely 1,482 ;_p, 1215 psial. A boo<tor purnp 
at eoch island an be used 10 ;oise the pre«uro lo about 
2.861 kPa [415 psial. 

Automa:ic oomrols are prcvided at the injection V-"OIIo te reg· 
ul•te 1he flow of l1<¡uid 10 e>Ch well. 

Pcor:Jucrion Svm:ms; In the de<i~n ol th< product;on piping oystcms in tho 
fl"hed steom symm the l1nes ore ,;,.o ¡o occommodow tl1" lorgor llow ottcnd· 
ing oporo1ion whon thc geothorrnol water temperature d•cl~nes to 163'C 1325"Fl. 
Each ,.,0¡¡ i1 provided \vith a dcwn·hole pump rated al 2'95 m'/hr 11.300 gprnl 
and 2,069 kPa (300 P"l he3d. 

Down·hcle pumps are ""'¡;cal •hoft-driven centrifugalo 1> cllered by Peerleu 
Pump Co. !lewl set!lng will be abcut 400 le<l. The hurin!!' will be • •pe<;ial 
Tetlon tvP• sui!Oble for 11igh ternporature. The putnp tubing w1ll be llusl1ed 
w"M liltored protluct lor hJIJ<ication of l~ne-,h•ft b•ariogo. 

To ma;ntoin 3 chock on tho oporo110n, oactl welt is piooid"d wilh temperaturo. 
prcssurc an<l flow recorder•. Disci>Orge prossuce ¡, controllod by a pressura CM· 

trol val;oo on a lioe whicl1 rocycle< hot wom b•ck to tM well. 

The total hot w>ter produce<! is ;ttorn.a:ely P"''"d thtC<Jgh one ot tl"lo <.:~nd '"P" 
arato"· •och >i:od to p•cvide \-minute rcsidonce ond a volccity el ahcut. 7 leot 
per ¡o<ood. Any ;and entrained in 1he c¡eo!hermal WJlor lrom !he well• " ex· 
pcctcd 10 dtcp out in the "'POfO!<Jr. The elfic10ncy of »nd sep>rotlon i• mMI· 
to<oó tJy """'""ring thc sand canten< nl1hc water cnwrin~ on~ loov1nq tho <>nd 
"P"Jtor. Tl'i' ;, "•ohioocd by •imultonoously pO<<ing ~~uol flow slip >1roomo ol 
water ontcring ond \oa·•ing tho «Poroto< !llrcwgh <«t f11t0rs le< • gt·:on t1mc ond 
measuring the s.>.od t<ap~od on 1ho hiten- Periodic.lly, sond oollc-;:tod in" ••P•· 
tatcr is fluUted COI ¡hrc"rjl nczzles en ¡he bottom ol 1M sepo<ator te a <.1nd 
ci•po<.11 bJ1in. 

Sho~ld the pew<'r ptont be unoble 10 use lhe t~tal. hot·w3ler llo:v•. a bypa" with 
an automotic pre>sure control \'>loe P"''"' w•t•r d•rcctly 10 th• •n¡<eliOO systom~ 
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Thi¡ ovoids obrupt changts in t~e o~erotion of \~o productlon welh and previdos 
limo lur pro<luctivn cciiu>lmcnt or orderly •hutdown, 

Tite productlon ~'P"'~ sy<lom for thc hybrid procc" ot Hebcr is the .ame as 
lhat for tho fl•shcd-stcam proceso. Thc following table summam" the produc· 
tion flow and wc!l rcquiremonu lor th< threc prO<:t><$M at Heber. 

. '"'' 
''"'·'' """' ... "''''"' 7.< M k<f"• ,. 

¡10.0"' "''"·• '" '"' ,.., •• ¡ " 
~ ... 'Y '·'"''•'"' '·''"''•'"' " " ... '" '"'~>•lA• "·'M.,,,.,\ 
H,><~• l.'" .... , •. . ... "'.,,., ,. 

" ¡;. "' ""''"" "'·' .. "''"'' 
lnjccrion Systcms: lhe geothermal water lrom the powcr plant ¡, pumpo<l book 
to thO rt$CNOir th,ou9l1 inj<·ction wells Two injootion pumps are prOV~dcd for 
tho total Jlow v.Nch. lor the ll.d>ed """'" '""«>'. vO<ic• fmm about 4.5 M k~r 
(100M IU.'hr) inLiiJIIy to 7.~M kqlilr (16.3M lb/hr)wl>on tho BOOthormol hot· 
water tcn>perawre ~eclines to 163"C (325"FI. Thc in¡cotion pump< have a dis· 
charge prt$sure of obout 1.~10 kPa(235 psia) aod dclivcr thc •Fent water 10 thG 
larthe<t injcction w•ll island ot abou1 1.4!!2 kPo 1215 p!•a). At each istand a 
boO"lter pump can be u!ed 10 raise the pr.....,re \o the ma.imum 2.!!61 kPa 
1415 psia)OT thc well hcod lor injectionat 590 m'lhr 12.600 gpm). Un<ler ini· 
tial lield mn<litions only 7 ,..¡,,ore requirO<J al full injoction ro«. or all of thl 
10 wcll• could tle uscd al on Ol'<rao¡e '"'" ol 422 m 1/hr 11,860 gpm). To give 
lle>ibility. promion is modo to bypa<S thc booster pump and in¡ect water ot 
1.~81 u·. (215 psia] prcssurc provid,d by tn¡ection pumps. 

A• roquired by Imperio! Cournv. \he inject:on lin•s from tho powcr plant to the 
injCCiion wclls are underground and are "-'ltably r~otcd and wrapped. Al each 
• ,.11. !he l.od line is providod vvith a Ho.-·-control vol,e, temperature and pres· 
sure roco•dors anda llow-controller recorder. 

The injoction piping systcm lor the h1·brid prooo" is tho '"'"'" as that for the 
Ho•hed·"eam process Tr.e follo,...-ing t>~le wmma:izt$ the injectiGn well require
monts for the 'hroe procos<e< at Hober. 

""·"· ... ,. .. 
~ '""'' '"'"'" "'""''""" "•1 ..... c •••.•.•• 

........ "'"" 1 .. 

• 
• 

• 
" 

The following facilities dro provtd~d for ••eh of the convct,ion plants. 

• 
Heber, Valles Catdora and Ralt Fliver Comp.od!.On Stu; '" 

Bvtldings: TM moin control building is 15 by 23m 150 by 75ft) •~d contoin• 
tM' control room, •wittil geor. I•Li>oratory and sMp. Tlw comprt"m build101~ is 
7.5 by 7.5 m 125 by 25ft) ond contains 1ho oír com¡l!oOSOe> ond dryors The 
coolrng lo•vor treatrnent builoJing is 4.6 by 7.5 m (15 by 25 hl and contoins tho 
chemical mixing ,.,,..¡, and inioction pumps. 

Fire ProtecriM: T~c binarv and hybrid plants use tho cooling tower W.in "'a 
lo¡o·woter reservoir. An electric pump. a diese\ purnp and o jockey purop are 
provided olong with autornatic conuols 10 >tart the rnoin pump• in case the lire· 
""'"' pre.sure drops Each plant is provided with • IJre V> Oler loop around tt•o 
plan\ with hydront> and lire monito". Only local lire protection iacili11es oro 
providod lor the lioshO<J-s:oam planl. 

Fla•e S~Sicm: The binary and hy~rid plants aro providod wilh a llore system 
lhat contain. a knock·<~<Jt drum, wator seal. anda 1251oot lloro stock. 

lnslttJ~nmion: In addit,on lo the controls and inwuments ID< the ptping alld 
inmumetttation. each plant and each field facihty is ¡>rovido<l with > dat~ logging 
sv•am Which wiil monitor ;nd ro<:ord all pe"i~ent voriablos. The system wj¡l 
be instolled so thot at • la1er dato 1vhen multo~le plants hove been inmlled al 
tho e<•sorvoir. a sin9lo computo• can be imtatlod to contr~l all thc plana. 

8/ow·Down 0/Sposal: All pl•ots ore designed to di<pos¡, ol contammated Proc· 
.,, water such a< cooiing tow.r blow down by di><:h>r¡;ing t~o fluid into tho '11" 
"cultur•l dratns. No treatmenl la<;ilitoos tor the wastevvoter are planned. 

VALLES CALDERA CONVERSION I'LANTS 

lho Resorvoir 

The Valles Caldera hy~rotho"">l reservoir ¡, locawd in the nortl1eastorn corner 
of Sondovol Coun:v. New Mo•ico. The reservolf i• locatod in mountatncu• ter· 
rain atan elcvotion ol about 2.750 moters (9.000 lectl. At thi< elcvation. at· 
mo:phoric pre<sure is 72.4 kPJ 110.5 psio) . 

Air ttmperatur .. a: :hesite range lrom 32'C (90"F) in "'mmertime to "'low as 
-40'C (-40"Fl in t~e win""t'mo. One perccnt of the time dunn~ ''"·" •umrr.<r 
mcnt~< lhe wet·hulb :emperoturo in t~e area e•ceeds a temperaturc of \ÍC 
162.FI. This temperatme w" uso<! for de<ign. 

lho arca i• qutle rough. wit~ tho ~oothormal well• locotod along the valley• era· 
ated b·; Sulfur Crook and Redondo Cleel<. Aoe<"' \o the orea is r.,tricted. and 
ro.>ds 10 tMe ''le aro indic.,od tobo d•rt . 

Tho ovailability o! "'ter at the 1ite i• re.,octO<J by re9ulation• of water righu 
"'d«<llbed in the Prolirninary Environrnenlal As'""""'"'· The XSO$Spenl suy· 
gom lh>t water r.~i9Jt b<> obtainable lrom Santa Ctora Creek located in th• 
nmthw•ot corner ol Sa~doval Countv. a di"a~ce ol appmxtm>toly 18 miles. 
ll10:e ore no road< nor eloctric power in :he area, and it would be nece,.arv to 
bllr\g \he wo:or ltc.e over a 3,000-motor 110.000 loot] mointain pass. Th" <ost 
ol thi1 installatoon has be<n <"imotcd tobo in tho ••nl)O ol 7.5 to 10 million 
dollan. 



'" Gooth•rmal Energy 

Condon.,to lrom th' ,¡e,rn fl"lh or hvbrid plo.ots co"ld po.,ibly be u;od '' coo¡. 
ing tower mo~.oup, pwvidHtG li>Jt <u!J,idonco would not be • problem and pro
vidod tlrat ~o-m~<sion todo so could bo obta~ned lro;n the State ol Now Mc•ico. 
11 h" been ""umed that water would he available atthc plont sito, and ~trmotc• 
do not rnclude tiro cost of obtaininy a suitoble source of water. 

lnlormation lurni<hed by the Elccnic Powcr Rcsearch lnshtutc rogording the 
Vallo; Cald-.a rc~rvoir !luid was interpreted"' follows: 

To,.l ~.,o~ .. ~ >ol•d• 
s.t.ea ¡s.o,¡ 

aou- "ol• ""'fl<'""'" 
N.,_o,.blt pwt 

>.=~""' 
<00 "Pffi 
:l6ll'C t>tXJ"Fj 

'•• 
1'/ells are .. 11 prodwcin¡J. providrn~ ~Wil-head fluid at tne toll"!"ing c<>ll<litions: 

T.mp<'i\U,. 

""""'' Flo~ "" 

T~•"' data woro usod •• a c!"sio" basis. 

\82'C (Jfin'F) 
t,OJ4 W• 1>50 P'il 
\ \J,400 ••'hr (250.000 lblh<l 

!'!o ioforrno«on was "v>il>blv on tho oorrooivo chorocter"tlc< of mi< fluid_ Tlloro. 
!010, rt wa< '"""'"q th;,t it< proportio• would he sirr.rlar to fluid lrom tho Hvbor 
"''""'Orr. Corbon "ocl i< omumd lo Lo a suitaiJie material for piping ond vo.,olo. 

The SiO, pre<cnt in the floid may c>u<o •cale to lorm on the heat-exchangor 
tu~e; of 1ho brna¡y ond hybrid plonts. TO<ts sho~ld bo pcrformcd 10 dotormine 
the tomfH'rolure levol at whkh scalc lormatron ooru1< 11 <cale lormation il 
oho.-m to occur, 1hon tho binary and hybrid plan!> could be designO<! to use 
flashed "••m lor lteating. Becauw the louling charac1eri"ics ol 1he reSefVOir 
!luid vme not known. tho Hober louling !aotm> were u"'d for the Valle~ C.ld· 
era binary and hybrid plan,.. 

Sorne nonc<mdensable gases O<Cur in the ltashed steam. but the conocntrotion 
o! gos in tM '""-"fVOir fluid ¡,no\ known. A hígh ~cnco~tration ol noncondcn•· 
a~lo 4"''" ncc«•itotc• a mojor invostmont in vacuum pump< lor the llo•hed·stoom 
and hybrid p!ont<. lt wa< ""umcd 1hat the quon1ity of noncondensable 9""" 
""""Id be 1ho sorne •• lor 1-!cbrr: i.o .• 680 kg/hr 11,500 lb/hr)_ 1'/hen acour•to 
o~alyse< of the noncon<lcns;,IJio 9''"' are avoilable, thi• assumption must be re
vic•.-,,d and suhoblc oquipmcnt prcvided 10 remove the g""'· 

S.milarl·¡, thc quanrity el l.ydro~cr• 5ullide pre>et.l in tho nonconden<aiJic 9""" 
wos oosumcd tn IJo in thc '""90 lrom 100 to 1,000 ppm_ Thi< quantity of gJS 
oan be >O!oly d"P"""'I by u<ing o vcnt otock of odc~uote height. lt thc qLJ.1nti
tie< of hydro,on <ullrde proocn1 in l110 rc5crvort fluid p'eclude t~>e use o! o ven\ 
s:ace,, the11 • <ullur-rcmov•l unit, suc~ as a 5tretlord plant, ,hould be added to 
t~c po·Ner plant. 

The powcr converoion uni" ond rosef'loir piprng ore Cesign;d on t~e basi• tnat 
somo Gcgr><lation ol the '"''"'oir (luid will oocu' rn 1~0 Irte of the plan1. 11 the 
~a"·~-~olc "mper.:ure of 1ho r ... rvoi¡ docli""'· more H~id mu<t be suppliOO 10 
tho plant to m~intain • <0<1>101!1 powrr ou1pu1. Ccn«quen11y. more well< mu<t 
be driiiO<I and operat•d. Tho ploM and r ... rvoir sy<tOm> are desi~ned for • 1~'{. 
increaso in !Ion whioh corresponds 10 a ~reose m 1oe dm,n-nGie t<mpem~ro 
of <C"c !35"F . 

Hobor. Valles C"lderl and Ralt River CompariS<>n S1uó· 

fiO>hed-Stoom Plon\ 

figure 5.4 is a proom llow J,ogrom al thc V"""' C.oldoro llashodsto<m riJnt 
The hot '"""'"" llurd cntors thc plan\ ato llow rato ol 1 .BM kg/hr (396M lb/hr). 
Tho britle and ""'"pe" rn1o two parollel flf<Ht>(;e flash drun" 01 a pres<u<e ol 
1 055 <Po 1153 ~sial. The first stage drum produce• 324,770 kg/hr (716.000 iblhrl 
oÍ ~rimary s:co;n wbich P"""' throu~h a morn <Oparator bo!ore roachi.ng the 
1urbine generator a1 a pre«me o( 1 ,055 kP~ >nd a tcmperature ol 1 62 C (360"Fl. 

The liquid hom the fi;st stage llosh drums llcws 10 ü·.e second <tage lra<h drum• 
whe~ Í\5 pr=ure is reduce<l 10 232 kPa (33.7 psia). The r'-"ullant fla<h pro· 
duces 169,192 kg/hr (373,000 lb/hr) of ut:ondary S\e;>m wt>ich llaw• tr.rou¡¡h 
a stearn "'porotcr lO a lo\\er stago of the turbine-gene<a1or through o "'parale 
,.1 0¡ admission vo!,·e<. The "eam roach6 the turbine ata P'"""'" of na kPa 
(33.0 psial onda tcmpera:ure ol 125"C 1251'Fl. The socondary fla;h dru_ms 
float on tho line, 1Mir P''-""""' varying wi1h 1urb.ne "aqe pre;sure and "'"h 
domand. 

The llashed liqurd flows from tho <econd SIOgo flo>h drums lo the •uction of 
tho injocliM p~mps wh.oh roturn tho liqui<l to the rosorvorr. Liqoid lo•cl i< 
n>oinratnod in the <ocond-<tage ll.,.h drum< Uy a control valva on the pump d"
chorgo. 

The 1urbtne gonorator i< oporatod as a haoe-lood unit undcr load control. Tho 
operotor o«ign< a load to the genormor, ami 1he turbino must accopt thot load 
at oonst>r.1 •roed. The t~rbino governor C.otects d1ang"< in load and odjum ad· 
r.>:;sion valve< en bolh the prrmary ond •ocondary steam line• 10 ,;.,:isly tC.e as
signmen<. A sepor>te emcrgency trip mochanisrn on lhe tur!Jinc st'.alt will clo>o 
eme!Jl'noy <tO~ vol"'' on bo1h primary oM socondary 51oam lines if turbine 
speO<I ••c.._.~, 3.600 rpm by a given porccnta<]O. 

hMau•t ""'m lrom \he turbine pa,... diroc11y in1o a surlaoc condenset, "here 
a back pre•<Ure o! 10.1 I.Pa (~" Hg) is o~toinetl under d"'ign cool;ng ""'"' 
conditions. The ""m oondensa<e is pumptd 10 1he suotion ol L~o i~jcction 
~>Jmps lor Cispo<al. The tondenute is odde<l to 1t-.e rO<IuO!d brino to ma•e the 
r<plcnishment volume 'ub<!antially equal to the volume of !reoh ~rino Cclilrered 
to tho plant. A>e<'')O tempo<Jture ol 1Mis flow is IOJ"C (218"FI. 

Nonconden..,blo gose< from tho reservoir fluid and air loakage a:c rcmo·•ed from 
tt.o condcnser b•¡ l\"10 largo vaouum pumps in porJIIel. The cxhac<t ga• is di<
<hargod into a vertical oraok wh;th ¡, dcsigncd to disperse the hydrogon •~lliJo 
contaminont_ 

' A summary of pertrnent desi~n dota for the fla•hod-oteom ¡1lant i• as follows: 

R<"""" lluiJ '"'· '·~ <Whr llb/~r) 1 B 13 HSJ 

e'"'"'"'' o"'""'· "·~'~• %_a 
Purr.oin] ""''· MWo \.9 
Coolin, 'owor ""''· M'll• 1.1 
N<t outJM. M•Ve 01.0 

Re<trvoir !<oid/n<r ;.wn, O¡ (tbl 34 !ICI 
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Heber, Valle> Caldera ond Rah Rrvor Com~rioon St~dies 

Bino.y Plant 

The :es<n.·oir fluid a< Valles Caldera II<>W> ""urally lrom tho woll, produoing 
rwo phases at the surlace in the lollowing proportions, by ""'ight: 15.3% •tcam 
and B4 7% ho! water. 

Beca~se of thc two-phosc flow, the hcot e<changcr •ection of thl< plan! dillm 
lrom thc Hoh<r and Ralt Rivcr binmy plan,, Soparotion ol tho """'" and hot 
wot<r i> performed in a hori•ontol >Cparator pr<>vidin~ a n>inOmurn of 1-minuw 
liquid reSidence time. The """m leaving the scparator po<>os throu<Jil a •ccond· 
sto~e s.eparator !or removal olentrained condtn<o:o cnrouw to ¡¡ hydroc.ort\on· 
stoam heat exchanger. Condcr.satc leovmg the exchon(JOr i> mi•cU with tho hot 
water frorn tito ooporator. ond thiS mi•o~ wcorn ;, usc<l l<l prolloot the hydro· 
corbon meam. No,conden>oble 9'""' aro continuo<Jsly blc<l olf from tho CM· 
don•atc di<eharge streano ond dischorgod into the flor" sySlcrn. 

The Valles Caldera procc" flow d1og"rn ¡Fi~~'' 5 51 pro•idc., m.110riJI ond hoat 
bal,nco detoils. lsopentone [optimized ptocess) ¡, u•od lor t~c o¡>oroting fluid 
in the binJ<y process plarll. The i>opcntone " pumped lrom tho accumulotor 
throu~h the hydrocarbon·reservo" fluid oxchon!l"r and throush tilo hydrocO<bOn· 
stoom e-<cha~ger. 

The hea:cd isopentane on a subcritical condition is used to dri•o tho o•pan•ion 
turbo~e. A generotor output of approxim•tely SG ~\We i< r<Quirod to providu 
for in·plant electric po ... er con•umption and produ01 a net O~t~ut of 50 Ml'le. 

Tem run on ~eo:~<rmal "'"'rvoir flu1d' at some tocations hove shc;•.n an in· 
crea"' in depo-;ition ol .olids w~en the fluid ¡, oooled. In tho >b<ence ol spo· 
cifLc te>t data en lhe '""'rvoir flwd at Val\"' Caldara, lhc louling fae:o" ob· 
,.rvcd witn the Heber '""'"'oír ftuLd were u<od. The hydrocorbo-n·r ... rvoir !luid 
heat exchan!l"rS are a.,;gned with four units in <erin 10 facilitate cfeaning. 

A summary of :.'le pcninent design data for tt>e binary ~lant is <'$ follow>' 

Rosmo" n..,id . .\1 k9i'hr l1t>lhrl 
hooen;ono. M k!Jihr (tt>lhrl 
Ge ... ra<or ""'"'"'- :.l'.~• 
Pumpmg w<>r~. "IV• 
Cooti.g towor wor•. MWt 

Hybrid Pfant 

\.19 12 621 
2.1014.621 ., ,, 
'' ro.o 
24 1521 

t•ob<Jtane was cho-;cn"' the working fluid in the ba<e·c .. e binory power cvcle 
of tC.~ hybfld ~lont. The binary por11on of thO plant will generato 24 MWe. and 
the """m unit ;·~H general< 32 MW•. Tha two genera:ing units in tho hybrid 
plant will produce a tot.:ll net power ol 50 MWe. 

The p:oce<S flow diagram. Figure 5.6. 5hows the plant operating conditions. 
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FIGURE 5.6: HYBRIO POWER PLANT -VALLES CALDERA 
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FIGURE 5.5: BINARY POWER PLANT -VALLES CALDERA 
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Tne rel•tive '''"" ol the •tc~m ond binory sec1ion; of 1he plan: wcre cho~.en af: 
ter Mvirig ~oo;Ode<ed a """m temr><rature o! 181'C 1360"F) in ~ombination wJth 
isobuta~e c•pander inlu cond•tioos ranging hom 2.]58 :o::.237 Va 1400 !O 
600 p•ia) "' tcmperoM<'lO t>etwecn 13rc 12SO"f) and 160 C IJ?O"F)_ 

Tho •clccted opeming conditions repre.ent a CM1promi•e t>etwecn thoso provid
ing ma.imum po·.ver Q<neration par woll !luid l\ow rote and lhí><e.'equiri~g • 
ml~imum i¡obutanc circulation rato. Thc nonconden;ablo 9"'"' wdl M d••DO'':"d 
in the liare •v<tcm. Wamwo\er w1ll t>e pumped into <he elfluent '"'""'o" !lUid 
to avoid contaminating lhC onvironmcnt. A summary o! the pertinent design 
data tor the hybrid pl"nt·is •• folioW<; 

R'"""'' ""'" ""· M kg/hr t:D/n<J 
f,<O.,otOt OVIPot. M'/10 
Pvmpin~ wool<. MW< 
Coolino '"'"' wurk, MW< 
Not pow<r, MWo 

Ro<t"o" llu.alnor ~wo, >s I•OI 

\ 36 l:l.Ol 

'"" 0.0 

' ' 50.0 

27.2 iDO) 

Tho 'Y"'m' devolo;>:d lor prooucrion and injeer;on or geothermal Huid at Valle• 
Caldera, Ne" Moxko. ate ba•od en conventio.ool vertical dr~llmg of the wetl•., 
a •p•cing of 30 acres pcr wcll. 8>=11 on sr:;uare plo:s. the d••tance betwoen wello 
¡1 ap;>roximawly 349 mt!ters !1.145 l<'t't). The proouctlon well; m thos f1eld "'" 
self·llowir.g, and the fluid al th• well head i• a mixtu<e cf •team and ~thermal 
water. 

The pre<:eding descriplion of the productioo sche:-ne al Heber, California app_lies 
tor the me<l part to Valles Caldera, except :ha! 'peciol ltow meter< are requored 
¡.,. \he moasuromont ot two-phase flow. Atso, t~.e temo..-al o! ,.nd, if any, •n 
the geOlhetmat flui<l io ochicoed in the ftr.ot-<t><;e """'" separator ol tho powtr 
plan l. 

The geothermal fluid llow and rhe number ~: wctts reouired for lhe.thr"". prO<· 
es<es ovaluatod al Vallei Caldera lor in11ial and f1nal condo!IMS ate l"ted •n the 
fullowing toblc. 

p,.,, .. 
'"•- of WoOo J!.!.:¡•l;oO Flo-

l"''''j ""' 

•->?""'"'"' ,,0\4 M 1<¡10• 

" " T\••0 •4 "''"'"·"'M \bo/h•\ "·"'M ;o,/ho) 

,. ..... \,<0? M ><lb '·"'M <ol'• " " ll,"7 M lbo/>.rl "·'""' n.,J>..t 

,.,,,,. '·"''"'"''"' '·'"M ><lh' " " 
"·'" 1.< "'"'' ''·'""'"'"'' 

The •chomc for injcction o! •pont gcothermal !luid ot Valle• Catder• '' basicolly 
the <ame ., that ar H"bor. Howcvcr. ¡he di>l>ncc fr~m the power planr lO tho 
"""'"'' edgo ol the injection field ;, 1,524 motors (5.000 feetl i~stead o! 3,0.:B 
me1ets (10,000 foell u,.d by Chevmn at Htbcc, •~d lhe woll< are •paced a\ 30 
acr., pcr wcll. lnjoction well requirement• are <ummanze:! in t~.e ~ab;e on the 
lollowin9 page. 

He!>et, Vall., Caldera and Raft River Comp;Jti"'n Stu 

' ' 
' ' 
' ' 

RAFT RIVER CONVERSION PLANTS 

Thc A ah Ri"cr hydrolhermal '"'"'"o;r is foco!Od 1n ,oulh oontral ldoho, approxi
mately 40 moles sout.'leaot of a~rley. Tho area 1"'' along tho Rah Ri,or Vallcy 
ot •n olevatton of about 1.400 meter; (4,SOO lcet). At this cfevation tho atmos· 
phcrio proo•ure "S2 kPa (12 p•ia). 

Air temperature• at the <ile rOn!;<' from 3B'C (IOO'F) in •ummortimo to •• 1ow 
i1 -34'C I-30"F) in the wintertime. The wet·bulb temperaturc in the orea 
rooches or c•cced• a ma<imum or 18"C [65'F) o"" porccnt o! the time durinq 
t~o summer months_ Thi• torr.peratu."e w•• used for dO<i~n. 

The ''"' i• rugsed with mountoin• raaching to about J,OOO mete" (9,800 feetl 
olevotiO<l. U.S. Higllway JO i< a throe-ta"" hi9hway wt>ich comes closu to tM 
!;<'cthermal pbnt <ile. 1'/ater !o• makeup to tlle coohng towor wilt be taken 
from the Raft River or lrom •urface v.ells. 

Production we!ls and injec:i011 well; hove been allocated 30 aaes o( ground ore• 
P!f wtll. lniectioo wetts will be located on the cooter areas ol tho goothermal 
•nomaly. 

The Aaft Aiver ,.,ervoir !luid has th• following gor.eral ch>ra<:Wiotia; total 
dissolved "'lid<, 2,000 ppm: bottom-hole temperature. 149"C 1300'F). Tho 
foHowing noncondensable 9""' are p'e«nt in the fluid: 

'" C. [STPI per ~'"'o! Bw>o ~" 

"· 0.53 " 
"' O.> o.' 
"· 32.0 BI.B 

' O.> o'~ 

" 0., u 

" ;o 14.0 

" -'1. 
oupro•. 39_ 1 or.orox. 100 

rhc goothcrmal produc:ng wells m~st be pumped to ochieve hi~h production 
ratos. lt ha> been a.somed th<t tho d,fferontial pro.,ure reouirod lo produco 
:he wotls i> 2,003 ~Po[300 pml imG th31 the pre.,ure reQu•red ro injeot tho 
>rin• w.ll incre"c to 2.758 kPa [4G0 ps,.¡ at the well he•d. The ,.me p~mping 
·ale of 295 m'lhr (1.300 ;pm/well) "' at H•be: ha' t>Nn u«"d. 

The ccrrcsion and foolir.~ ch.-actemtic> o! the fl•h RiYer , ... rvoir fluid wo"' 
101 kno..,n. Tllerefore, it w:¡;¡ •"umed tha! the truid would ha•e the "me ch~r· 
oc:"i"ic; 2< '"·• Heber rose~;oir fluid. The use o!,..,¡ was specified in alf ¡ho 
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cquipm~nl cxpo;o~ to tilo ro:orvo<r fluid or fta<hod <10om, e"ept lito •teom tur
hinH ond wrfaco condoo'o", where <tainlo" ltOCI is u;ed. 

A proce<< flow diogrom Of the fl,he<!ot<On'l plont is shown in Figure 5.7. The 
~.ot <O>er<Oif fluid ente" tho plant at a llow rote of 7.39 M kg/hr 1\6.3 M lb/hr). 
Thc brinc 1\ow• rn!O ohc frr<t-mgc flosh drums ot a rre,;ur< of 1!JO l<.Pa 142 psia). 
Tilo lirst-mgo fla•h produce• 241,000 kg/hr 1532.000 lb/hr] of Prirnnry sto•m 
which po«c> through • <lcam oeparator befo<o rcoching thc turbinc goncrator at 
a pre"ure al 28~ Va 141.2 p<ial anda tempomure of 132"C 1270'FI. 

Uquid ftom 1he lim-uage flaY> dcums flaws to the second-SiaiJI' flash drum; 
whore i15 pre5suro ;, re<!uced to 114 kPa ( 16 6 Pl'i•L 1M r._..utta~t llosl\ P'O· 
duce• 391,900 kg/hr (864,000 lb/hr) o1 •econd>'V ""'m which flo,.-. through 
a <10om soporalor 10 o lov,or .tage of lhe 1u1:,ino goM•ator through • separate 
se~ of adm,sion voiYoS. The stcom roocho• ll1c turbine at a P'"""'" t>f 112 kPa 
(113,3 psial anda wmpcraturo ol to:rc ("1a"Fl. The seco.odory !l"h drum• 
floot on the line, thoir P'O<>Ure varying with turbine stoge pre,.uro and with 
demand_ 

Ex~au" <teom from the tu1bine pa,,,,,. dire<:tly in1o a surfoco cooden,..r, whe1e 
a b•ck pros~"'" ol 6.77 kPa (2" 1-lg) is obtaioed under dcsign cootin; water 
cond11ions. Th" ;tcam cOndonsate is pumpod 10 th< suc<ion lino o( the injection 
pmnp, for diSposal. The condcn;ato is addod to the reduced brine \o make th' 
roplcni:fomcnt volllmo suh<t•ntiolly e~"'' to 1hc volume ol fresh brine dolovered 
to thc plarot. Averogc tcmperaturo of this llow is 9U'C (2CB"FI. 

Th• cooling-wolcr tem¡>orature was e!nabli>hed at 5.5'C llO"FI >boYe the desi~n 
wet b.Jt~ tempcratuTC. This is the rninimum practica! cooling tOW<r approach 
and rosults in ao expor.•iw 1owe'. Ho"·"'er, a pa<am<<ric ""dy in which cold
v.mr ternporoture was rai...,d stightly. 1. re I3'F t .r.otca>ed 1he c~t o1 thc c<m
dcnser moce thon it rodu<ed the CO<t of tho cooling towcr. Similody, another 
>tudy in "hicfl tho <ondcnsong pre<ourc WJ< roi•cd sligt,tly to 15 kPa (2.2" Hg) 
p!Odllced a \oss ul cflicicrocy ond an incwosc in briM cor.sllmption. The pro<
FJ<Ciive coolirlg towcr <.Jpit>l cm\ SO<ing w.1< more than o!l"t by irlc<Oa"d brrn• 
co•ts and increa<O<! coulmg towor fan t.orsc~ower. 

Turt..ino sdec1ion w;n di!!iCtJit lm the plant. With tM timitations on buc<u 
sim menúoned .. rlier, 55 Ml'ie of ou1PU1 could t>e cbtaincd only "'ilh a iour
How, two cose mochino. The maximum cuiP<'I •ttainoble "ith a two-llow tur
ll!ne was about 38 Ml'.'c. 

Nooc<onden;>'llv ~"' llow h;os boen o$tim,tod Jt 405 k~lhr ID03 lb/lo<) bD>cd en 
a bcinc onalysis lllcsc Q:O>os oro rcmoYc~ from ¡~.e condcnsor with vaouurn 
pump~ 8ecau>o of rhc low cor.densing prmurc, 13 8 kPa (2'" H91. two mges 
•re req"ired. lhcro are fout large lrr•Hta9" putnps and two mMium·•ize seconO· 
sta¡¡e pumps. A uack ¡, providod lrn tho di•p•r.al ol Che noncondenublc ,.,.._ 

A surr.rnary el portrnenl do<ign data for the plant is shown on tilo pa;¡e fo!low· 
lng tho ~roces• llo.v diagram. 
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Heber, Valles Coldcra ond Ralt Ri,cr Comporiscn Studie< 39 

Th• produoliOn and injection pipin~ 1chcrr.e; a<O gc~crally the 'Jmo M at Vol lO> 
Caldera. At Roft Ri,·cr only in1t1al f"ld cond1t10ns are con•id<red, •ince any Jo· 
clin~ in the re•e.-voir temper>t~<e would result in an excesme incroo'O in ploM 
•nd operating c<><;ts, Flows o<>d Mil !eQUircments aro oummorized in the lollcw· 
in; table. 

P•><••• 

Flo•h•' "''"' 1,< MOIIh' (lb.> M :>o/brl " 
at .. •y S. O M "•'"' (\l. O Mlbo/hr) ' 
~ybrl' i, <M ••1"< [Ll.' M lbo/hr] " 

ECQ:-¡Qr:.IC FEASIEIILITY 

Copi,.l Cmu 

Capit31 co•t estimaM for tho threo H't.er conoe'lion optlon< and l~r ono Hcber 
f1el~ in>tollotlon a<o pre>entod in Toble< 5.1, 52, 5.3 ond 5.4. Those •"imoto• 
a•o made on the b>''S that o •ingle contrae! would l>o lot lor ¿osisn. procurcmont 
and ocn¡truction and. therelore, ropre<ent tho installod C<Ht rea~y lor ope•ation. 

M,~jor equiprr.ent cos" (i.e., pr..,ute ''"""'''· heat e.chan90rs, pumpS, cooting 
tower, turbine a~d generotor) were b.....:l on >endor quototion<. Construction 
items (i.e .. concrete, piping, strucwral, instruments, p.ointmg, electrical, in•ula
tion, paving. roods, lencing and build.n>"l ''"'" b.:l<ed on ll:Otcrial take<offs and 
1976 unit prioes of such mawiaf<. lndirect fiold co;a and home ollice ••rvicos 
ore ba.ed upon cxpe¡ic~cc in building foc1111ie• of similar size and complcxi¡y, 

T~ e•tim.,,., includc a contin~enC\' ol 6% ond an osoolotion of 10% .. The lattor 
figuro is e<pocted 10 t>e •uffici•nt to oover incto»o• in lobor, material• and Oth" 
co>t• "hioh may oocur betw~n the lirst qu3fter of 1976 and the complction ol 
tho propase<! plcnt in eorly 1980 • 

Th~ P"""'' pi'~'""''' lor each proc.-ss at Heber are,, lollows. Th""' co;u ex· 
eludo the co>t olland and any cm!> incurred by the owner a"ocl3ted wíth de· 
•i~n and comtruction. 

f'""'" """' B'""' 
Hvbtid 

"' '" 
~· 

Tho cou el the surface iMtollatior> lor the bin•ry plont at Hober is .,.timoted to 
t>e 57,800.000. Thi• cmt includos ~O• down holo Pum¡», tho injectiO<t puml>'. 
prOd~Cllo.o piping, injoction piping ond rolated innallotion•- n.e con of com· 
pi"O<I production an~ inje<tion wolto is e>cludod. Tito cost is ba>ed O-O ond·of· 
nm cM<ht;ons ond "· thcrofore, scmc"hat lligher thon would actually bo in• 
currod ;11 tno start. 

Toble s_s Pre-5onts capital com lor the powcr plonts and transmi,.ion instolla· 
tiono 01 c"'h site. 
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~""'""flora""·.\! l.~r (11>/hrt 
c;.....,.,ot oJ;pcl. r.<••• 
Pum,;ng ""''· ""'• 
Co<>r,og '•'''" """'· ''No 
N01 powtr. , .. ,.,., 

Ro"""" fl"'d·o" kWh, kg 1101 

7.4 (16.31 ... 
" ' .. 
'"' 15{) 13311 

Becausc of tM lcw "'"'"'oir tempctOl<JtO, a rnix;ure of 5Q'j¡ isobuoane aod 50'
prcpane ,._.., u<e<:~ for •.,. c;¡erating fluid in tire bioary procc" plan! at Aalt 
River, fd.;ho. A senorotor ou¡put of ·~~ro,.imately 68 MWo is roquired to pro
vide for in-plant olectr'rc powerconsumprioo '"d produce a not output ol 50 MWe. 

Tho Ro!t Rivor mucoss flow drogrom (Fi9uro 5.8) sMws motorial and heat bal• 
once dotorls for rho plont. ThiS plont is chaTJot<ri>eQ by tho high c'rrculation 
ro1e ol preceS> ll~rds required to prOduce 50 /,tWe o/ power. Ten p>roilel hydr<> 
carbon cirruloticn pumps are ooeded 10 meet tire proce« tlow roquiremu.U. In 
other rcspects. the pbnt i< •'milar \O the Het>er binary pllnt. A ,ummary el 
pertinent desrgn d>ta lo< tllc plant is as follov.~: 

R""'O" llo;d "'"· 1-0 koJhr (lb/hrl 
Hvd•oc"bon ''";a""· M koJh• llb.'hrl 
Gon(•r,,OP OUipLI, MW• 
Pumpr<>O "ork, MW• 
Cix>I,M !Ow" >v<>e<, P,t-.. 

N<! OCW<r, MW• 

A<,.,..oir Plu;dln<! <1.,.,, kg (1~1 

Hybrid Plan! 

S.O (11.01 
4,0 110 Di 
67 .> 
tU 

" ro.o 
100 0~1 

A mixlure ol 50 mal% propano and 50% i<obupane was choson "the working 
(luid m tbo binory power cycle ol the hybri<1 plant becauso of the low tempera
ture of the ros.o,-,oir fluiO. The bi.,ory <oction "designed to gonera:e 57 M\'{e, 
an~ !he ,reom fla"" unit will generate 9 Ml'le. The selocted design con<1"i0!1> 
cptimite the pcwer gencratod per ""11 fluiO !IoN ta<e. 

Tho rro-::es; llcw Oiagrom !F•gure 5.9) <hcw• the plont op«r.ting conditio~. Thil 
plont, l•ke u-.e Linory ~Ion:,;, ch.;ractori>ed by hi~h fl¡¡w roto< of the proce" 
lluid<. A summory of tllis rortinent Omign dota lor the plant is "' lollow;. 

R""n.o" ¡¡,;o""· ·-' <oihr llb/M 
Geno•"O' "'"""'· "W• 
f'tpm .... """"· "'·'• 
C<.oloog !O.•" w>Pk, M':Co 

,_;., """'"· MO'ie 

R""""'' lloiO/n" <Wh, <o l'bl 

5.~1\191 ... 
'" " wo 
108 !1JBJ 

At Aaft Ri•·oc, tho p•oduction and ,njeoticn wol~< are Ocilled •t a <P>Cing of 30 
ocr.-s per well. The pro<lmtion wells are ..,!f.flowing, but dc .... n·ho:e pum~' are 
U<od to booot the llow !O ¡he dO';i~n r~ta el 1 :lOO ""- ""' ···-" 
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H~ber, V11101 Cald~" and Rah River Com¡>ari•on StuC "' TABL~ ~.1: CAPITAL COSTS-HEBER BINARY PLANT 

TABLE 5.2: CAPITAL COSTS-HEBER fLASHED-sTEAM PLANT 

= ' ,,, • ' 
1 ,, .. <.,._, ·-~·-· .. •• '"' ..... ~. ""'" <Jj,CO> ">:. ""' 
"" •... ' ......... >.-!Oo,= •• 7<>0,""' 

"" ·~··"'"'""" "" ..... l,lj..',OOO 1,1)2,JOO 

"" ... , .. 
'"' , ..... , '''"' 1' 8oO. <»:¡ 1,000,000 

"" '""'"" • O...ro<or J,TOO,OOO J,lOO,ooo 

"" ..... 
'"' ••• HJ,""" 1 jj,OO> ,.,., >oo.ooo OO.O,ro.l 

" ' 
1 ::: c ...... ·~···"'"' OB¡,<>:» 28),>00 
1 ::~ ........ '"''" 

1,280,000 ),211.1,~ 1 ,;~ .......... , ... 
1 ~¡~ '"'"""""'"' 411,000 •¡:,na ..... . ...... 
1 :;:: '''''"• r ..... 1,600,000 1,ÓOO,>.>l 

1 ::: 'r\u-b!oo ~ ""'"""' ~ ' 81>'>' 000 200,WO r.o&o,<>:<l 
::~ ..... 

' '"' ., .... 
1->6,000 •>~>.= 

"" • 

'1f 1::: c-.. ~ ~.~ 210,<:0:> 

1 ;: ..... '"'"'· ....... t,l-o,= ··= 1,01>0,000 

··~· .. ·· ..... '"'·""" ---'"···-~· w.= -.~ ''·""" ........ jO,«:: 

1 ;;;; ...... , ·-~-- ó~.ooo • 
1 ;;: ~ ........ 

~"- ""·""" 
,,j,O>O 2)),000 

1 ;:;; ............. ·-·· ··= '"'·""" 200,000 ... ~ ..... =·= 2"1,000 

' ' 

~ ~ ' .. JW.«<> 
··~· ............... ''·""' ·:>0,>0<1 

>oR<~oO ··~· 1:>0,::00 . 
·····-~· '"'·= ··= 1 ::;: •. ~ .. , ··= 

1:::.: ····~·· !1'..0,000 '''·= • 1,Jli,OOO 

1 ~::-: '"'""H ¡. ... ''·""" =·= =·= 
1 :~~ ....... ·-"· ··~". 11>0,= ··= ,,,""" 
1 ;~ ... ~ .... '"'·""' =·= 

' ' ' ' ' • ' ' ' 
. 

• 
' ' " ' ' • ' 

• • ::;::;;;-
' ' ' • 

' ' ' 1 
-;;-.: 

' ' . ' .. '" . 
¡ ........ , ..... ., ..... 

707 ·""' ¡.,. ...• <••"""""' :,ÓOo>,J.n 

t.••""- 2,6<>:l,ro> 

1"" ........ - ...... ,, NJ,O>O 

¡.,,. ·- • """"''' .. , , • ""'>. ""' 

""'"''".. . , • "'" • 000 

• ' 

Source: PB 261 &:5 so~rce: PI! 261 645 



Genthormal Enorqy H•ber, Valles Caldera anO Ratr Aivcr Compari<on St~¿ '" 
TABLE 53: CAPITAL COSTS-HEElER HYBAID PLANT TABLE 5.4: CAPITAL COSTS-HEBER BINAIW FIELO INSTALLATION 

' 
1 "" '''"""' , .. , •. "'"' 

~-= '"·= "" ..... ~ ...... ,, 
"" "''' .......... ~.a~.= ~.llj,, 

' ' .. ' ' 
' ~:.':~:.: ,, ' ... "" ''""" """" 70,000 ;o,ooo 

"" '''"""""~" "" ""' '""'''" 
''"' ..... 1,1)~.= l,l)j,Of>O 

'": ~::~_:: •. ::·. "" ' . l,6oo,OCll l,l,oo,oc.o 

"" ' ' ),000,000 j • 00;}. OCo:l 

1100 T '"" 

"" .............. 
"" ... ,. '·'"·""' '·"'·""' "" . ...... 
"" ... , .• , "'"' 
"" <··~· .. •· 

"" """ . '"""' .,u~ •. '"' ot<. 196,000 "'·""" ~e·"" 
'"' , .... "" ...... ··= 1,000 

"" "'-~ ==--
11~ 

' ·~ 
~~~~ ~-'-"_: ............ ,. 

1 'S:H ~9.o:x> ' "" '"~·~·· •... , 
"" , .... -... )tl,<nl ' 
"" ....... , "·= 10,000 

1;::: '"''"'' l,,lT,OOO 701,00> ~-·~a.o:x> .......... 
f" 

))),000 ))),o:x> 
"" ..... , ........ ~ ... m.= ~-= 1"""' ... ~ ..•. :.<•.= :.<' ,<>:><) 

"'" ll.= jj,"->0 

~· ~ 
' 

lj,C<>O 
¡; ·""" i ;:: ..... ''''"· ..... ,. Bi'i.,()Q(l 2o,roo 1,¡e:,oo, 

'""'""' ..... 1 :~: '"'"·-~· 2S:,ooo ,~ •. = lj,OOO Cjj,OOO 1:::: ........ 
COo,[}.)Q 1;:~ '"'"~·· 1~.= Ó)J,OOO 

1 ~:~ '"·'""" ¡ .. lO,""'l 10,00--; . ............ 
··~"· 

2lT,oo:) 
"¡ ·""" ... ~ .... 

' ' ' ' . 
' 

' ' 1 • ' ' ' 1 ' 
' ' ' 

' • ' ... • 
• . ! ' ·' 

1 "" • . ' 

"' .. 
' ' 1 

' " 1 
1' " .. . ~-

' 
. ¡,._.,..._ 1 

loO.,'" _,..,H,ol ~-= ... . ,. . .,_ .. , 
J ' ¡.;.o • "" 

Eo<LL""" J.~.= 

1'"'' ,,,., , '" ........... '"·"'-" 1""' .... =«· ..... ~ ~""·""' 

' ~ 
.... , .. , .. 7><,= 

' 

So~rc•: PB 261 ~5 S<><:rce: PB 261 a-:s 
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TABLE 5.5: POWER PLANT AfJO TRANS~liSSION CAPITAL COSTS 
(AII Fig~'"' in S K, En;mated) 

Hot>" 

8'""' 
Fl»h<·d 5t"m 
H,-t,.,d 

V.:¡., Coldo" 

a'""' 
Fio>hot1 Srum 
Hyt"'d 

R•lt R;,_., .. 
6.o.-y 
"'"'"d St.,m 
Hy .. •d 

So-urce: PB 251 845 

2B.50~ 

¡r .. ~oo 
J5 600 

26.500 
28,100 
37.600 

32,300 
35.900 
39.BOO 

UiOO 
1,900 
1 ,900 

'~ 
3,000 
3,600 

Plant cmts ""'"" o<tirnated ftorn 1~0 Heber C'timates by protating the coot dtlfet• 
en= in eac!t ca:egoty ol work ..,d cae~ piece ol equipment. The<e dillerencs< 
"'"" •djuste<l to tellect local condi<ions. E.:•mate. ol "an<miuion com a"ume 
t'>at a\ Hcber the PO"'-CI is :rar»m:t<cd toa load ccnte1 a\ El Cen!fo; >t Valles 
Calder> the po"~' is mn<mtttod 10 Lo; Atamos (o~""' 20 :mle<); and at Rat¡ 
Rt''"' the power i< tranStniucd lo Burlev (40 rntl<'). Estimam ol sudace innal· 
lotio~• are ,hown in Table 5.6. 1t wos expoctod that powcr plant copítal cOstl 
at Valle< Caldera would be lowcr t11an ot Heber becau<e the rc;crvoir is hott•r. 
Howcvor, thoy >ro <omowhot hi~hor "' all cases, anri~~t>bl; to tho high cost ol 
constructlon in tite ••• a. 11 theso .amo plants wore butlt ot Heber, inmllod co<ts 
v,culd be 15 to 20~ lowor, 

Toblc &.6 prc~>.•n" ''" c••timate ol the tnitlal Oilpotal rcquir<mcn" to dcvelop tho 
throe '"'""'"'" lor eoch ol tMo throc pmccsses at each "'"· The cstimotc< Ín· 
cluCe the co<t ol producin~ woll<. injcction wcll;, dry hoi" and ""lace in>talla
tiDn<. The "''' of tho "cbor I'OIIs of S30{),0é'O eacr, '' fairly dos.e to well com 
in the rc!atlvoty eosv dflllin~ chJ<Ootorist•cs of thc lmpeflal V•lley. The cost ol 
the Valles Caldera wcll• of S700.000 eaoh is much hi;her becousc of lar more 
dtffioult drilling condition< (young volcanic formations, dee;> wells, remoto loca· 
tiono). In th" co<e. tl"le well co•n are nothing more than ed~cated 9'"'"'..-.. SÓr>Ct 
t.Oere was no ac:uol data. T~e Ctnt of Ral: River ...,¡¡, of 5600,000 Í$ el""' to 
"'"""¡ publ,.lwd drilling coo:s lor the area. 

In each """'· it w.,; as<umod t~at o~out 20% of the develo~meM ,....,u, wiil be 
dry hole<. Again, thi• ligure ;, an oducated guos• and co~ld e .. ity be low lor 1 
young volcanic format:on like Valles Caldeta. Totol C"loll ces<> vary from a low 
of S5 9 million for thc Hobor binary process toa high o~ S2~.2 militen lor 1~• 
Ralt Rivor Hashcd <toa m plan\. Tho "'rfoce installatiM oo>a (oncluding dQwn·hole 
pump; fcr Hcbor and Roft Rivcr) vary from a low o! S5.9 miliion al Hobor to a 
high of S lB millio'• at Rolt Rivor. , 

Toblo 57 prosent< e«ima•.cs of field operallng and maintenancc cost> for the 
nmo có<c'<. 
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"' Goothermal Enorgy 

TAilLE 5 .. ~: EST!MATED POI"IER PLAII:T LABOR COST 
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u.oe•n •• '" 
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ood G&A """""· 

Soun:e: PB 251 845 

Con ol Goo\horm•l Po-Ner 

In e<timatin9 tho cost o! goothcrmal rowor dolivorcd to a utility load, it was 
aosumod thot, privotcly o8ned prod""" would .ell t~ormol oncrgy toan l.ovestor
owncd pdlic utllity who woul~ ""'" '"'~ opc"to thc rowor pl.mt and t<ans· 
rl'liS>ion linos. Thu<. there ore throe oloments ot cost to be conoideced. 

(1) PrO<IO<e<'. <ellono P'•c• ol '"'"'"' "'"" to tho ""'"'· 

(:11 Th• ""'"v'• «><t ol 11<0<"1-"'I.,"'""'Y-

lll Tno ut•l•til "'"'''""'on <ol1 to • '""" "'"'"· 

™"" ;, a minirnum >Oihng pricc bclow ,.,¡,;en 3 produe<r would not rctúle an 
adequo<e rewrn on lm inve,ment on~/or an adequate ;,ccntive 10 co~t"'"" an 
c><ploro!lon P'"~'""' and thcrolore would not ente< iMo o controct to sell thor· 
mol enorgy. Ther. "ol•o a moúnum price whrch o u!llity con o!fcrd te pay 
for thc thormol onorgy. 

The Pro~INT>: Th<: protMm to be oddret:led is t"M>·Iotd in SC<>P". The Hro: ••· 
pect ;, to <-<timatc thc cost ol ~•oth<!rmal power lor three PIOC<1"'' <' :he thr .. 
>i:cs. T'"' "'"mates mun be made on a cor.si>tent basis so that compariions a:c 
valid. The >ocond ospeo: i< to exploro vo11ous luel·pricrng matogies O".d to ovol. 
ua:e the ofkot of theso stratcgrcs on the cc>t oí geothormal power. Thc approach 
to oach ol the>c pwblems is '" lorth in >ucceeCrng '"otionL 

111 lho 9"0'~'<al Ond g<""""""'' mol~- "'«! 1u<ez<1lultv in oil ond 9>1 

l•o'OIIt•O<I '" OOt '"'"'""'V'"''"' O< moy "0U•IO """' ><IOOtO<oon tn 
"""'''"' '" • geoco ... .,,o '""'o""""'" 

121 D"lling !<CMOIO!N •1 >00'1 tho ""''· O>eopt foc tho effo<t ol to<rp•"· 
'"" OM '"' u•oblems moclotod "''" d"llln¡ thcough ru<k '""" thon 
'"~"'"""'' loomllion. 

131 "'' ""~ 1" moy b• '""'0""'"" lo'""'" ond Outh "' 10lol In""'""'' 
ond lntotniiiOool '""'-'" lh•ouoh W<ll·«"b"<hed '""''"'"' '"""""''· 
""""' fi"Othorm>t '""!N mu1t bo <Oid to • ""''"',no ,;11 bulld ti>o 
.,_., pl>Ot '" th< ""'""'-"1 f e<o. Thu1, tho ~rod"'" <.on g<t no loeomo 
fr'""' • IOO.,.,m., '""'""" '""''' , ... """"" Ol>nt ;, built 0<14 -""l'g. 

1<1 Th< ut•lltv .;,., hove'"'"''""""" "'" tho "1<"nlr w;Jt fumllh thermol 
'""0'1' lor on '"'nde<l P"<IO<f of timo lnv"'olry 31) ,.,,,.¡ 

"' l•tl• 1~ tho g<oiCormol """" not ~011 """''''"d. onl•ko od ond i" 
'"'"'""' ""'"' theoe" '"'"om tho I"Oblom of own«>h.p, 

'" 

Thus, the risk focto" "" drfferent t..l!woon exploration and dovelopmcnt 0 ~ oil 
and Q>S on the o_na hond and goothermal rcscr.·oirs on thc olher hond. but !he 
~me COst·Of servoce appro>eh used in the oil iMustry ma•¡ t>e u<ed for estima t. 
>ng the cost ol luel. 

A oomputer progtlm Wil< develope<! which calculates tno c<>St o( goolherm•l 
POI'.'e' delrvcmd to • load center. The fif>t clement ot this "'"' ¡, tho colcula· 
tron of the "'llmg prroe olener~y (i.e .. tlle fucl cost) to the uttli¡y, 

Estimat.'on M Fue! Co<t: In os¡imating tlle scllrng price of fuel toa utility, the 
COst·o( "'"''"" oppro~ch wa._ ~sed. 1 n this onproach the copi t>l invc•tmont and 
Oper~trc.g c_om OlSOCrated WtL~ the developmcnt ol the lield are <1t•mo.od Then 
a <ellong P'''" for the thermol •~•·'9'>" which will gi~o t~e producer a retum 00 
~nve•:.m~nt commensurate wítll the rr>k> is .. :imo:ed. The following procedure 
"bu11t tnto :he program to ~etetmine the cost ol fuel lor a part•cular ca<..<: 

111 11"""'"" ll•qui,.m•m'- To, omoont oO <l<e~ro"l po.v<r domod ond 
tOo""""" <O"'"" o" p<0<01¡ u<d"•d "'" dotocmine tht omo""' of ooo· 
"'"'"'' Flulol """"'" at > '"''" ""· A J,nuwl"''' o' "" """"'' <hél· 
"te<hti<> wlll lnd'"'" '"' '"""'"' "'""b" of "'"""'""" ,,.¡ in1oooloo 
"'"'· '"' '"'" tovout •nd '"• rooui<Od coll"""" >nd "'""""""" o•orno. 
W<oh '"'' oolom'>t.oo, ;/" "'"'"" <Om :n,OIIOd "· "' b<•n~'"i 11'< f .. ld 
int~ P'o.du<tion "" '""" Oo ottomottd. 

11! C>t>rr.l m..,,~,- T"• ''"'"' '""''"'"'"' for • g<o""'rmol o•oi••:1 ;, 
"" """'"'" <OQW«S Ov '"' <><oj""1 O.,.-""''" o"'"'" oo inoO<""*"' ;1 
.. _tod fo< '"' P""""' 01 ''"' '"""i;ot•~n. lt" >uumod lh•t nono 
ol '"'" rundo "' """'"'d bv bo"owlo.g. Tho componontt ol "" .,0;10¡ 
ic.,.ttmont '" "fotlow.; 



''" Goothermo! E""'!IY 

The .,;tim;.:< ol ,m, held $1oll pOrtien el the ope<at,ng a~d ma;nto~ance cooa i< 
ohown i~ Tab'e 5.8. Tho annua\ coot ol the lield •tal! ind~~ing s.a'aries, bonolil<. 
hold c!lice b"rdon and G&A ;, "'\rm.3ted to be 5253,000. This cost h15 becn con· 
•idered to be a constan\ 101 oll cai<!'S. 

T ABLE 5.8: ESTI~ATED FIELD ST AFF CCST IALL FIELDSI 

""· " "" ~" ,.,,-,o, .!2ll. ""o"" f0M6<T" 

mocO O><"" TO .. ' ..... '·'"' 
'""'"'""' '·"'' '·"'' 

"""""""'' ""''U><<>IT .. <C .. UI.T '· '" ..... 
'""''"'"'" 
-~ '·'" ..... 
OHJ~o<A-CCO '·"' ..... 
~••"-•>=• c•<o><n ' ' '·"' '" 
P>OOUC""" ••or•uo ' ' '·'" '" 

"·. "· '" 
., ... """'" ~ 

'"""..o>'""'"""' "·'" ,,_ ... 
-;;;:;::;¡;-;--................... w ............. ,_ .... "" ....... . 

Sourre: PB 261 e45 

Producing woll moi~tenance costo aru ~timated lrom suggc•:ions made 
ron lor Hel>er a< lollov.~: 

111 f_.ch pr.odu"no ~tll i< 4dM<d on« pcr Y"'" 4 ooLt of 
$10,000 

1~1 ~:ojoo '""'"''"' "''11 wook "<Ion< once O''«Y loe.• Y'"' lo< 
<ach wtll oto toLt ol $80.000 

l:ll Two of LhO ""'""1 wolh wm '" •bondoo<d tly tht tnd of 
th• o•oJ•tt" • '"" ol $;0,000 P<• wdl. 

by Ch.-v-

Tne annuol cost for the Hcbcr bino.-y ""''" is S3S8,QI}()_ Cmt< lor all other cases 
wen> prorote~ by the nurr.ber ol wello. 

l\1 E'.Ki> ;nj"""" '"" "uomu11t<d ante por V'" >1 o <O<t ot 
S?> 1)00_ 

m "'·•ior '"""'"' ....,¡, wo.O ,, <1-o"o "'"" "'"' 1wo ''"' fo< u<h 
w<ll" • '•" "' sao.ooc. 

Heber, Valleo Coldora and Rah Rivet Comporison St~di• 

\JI Q .. injoc:""" -11 ,.;n"" "'"'""'""' bv .... '"" ol lhO O< OÍ«< •. 
1 <'>'' or $50.000. 

Com for all other cose• woro prorat<d by the number ol wells. 

"' 

Annual surlacc in•t~llatron mointcnance {labor and malerials] ;, c•lc"!ated at 
4% ol thc initlal capital co>t lor Heber ond Ra!t Aiver, whcro t~e wclls ore 
purnped, and 2% ot Vol loo Colderl, whcre they aro not. Down-hol" """"~'are 
f1gu:cd ot $1,000 per y"Jr por wcll. 

The coot of pumping cleotricity w" fig~rcd at 2.0 ccm$ por kWh. For the 
~urn;>«< wells ¡h,; cost repr .. ents obout one-third of the total operat<ng and 
maintenance e•pen ... 

T~t>l t:eld oporating and <Nintcnanre expense"""' from S1,040,000 per yeor 
fo< tO.e Vall .. Caldo,. bif>3ty plan: to a high ol S4,1111,000 lor thl Rah Ri,·er 
~as.h p!anL The rnonlhly opera~ng and maintenanre cos:S (oxcluding po-r) per 
v.ell •re in the rango ol SG.OOO. nearly t.vice as high as would bo expectod for 
!typical oil weiL 

Pc"er Plant Operating and Maintenance Com 

Tab!e 5_9 presents estomotes of power plan! operating and mointcnonce con. 

for the nine '"'"'· 

TABlE 5.9: ESTIMA TED PLANT OPERATING ANO MAINTENANCE COST 
(AII FigLlfO> 1n S K/yr) 

. . . . . " .......... ... v ..... .:. .. ,.,_ .... ·"'" ·~ ... 
• •• ·- '". H, .. ., ·- • •• ....... . ..... '"" ....... 

'--""" '"' "' "' "' "' "' "' "' m m 
,,. .... ._. •• ~ m '" 

., 
"' ~ '" -.. ,.,. ... 

""'"'"''' Ceo""'-- "' ~ "' ... ~ •• ~ '" m 
... '"" 
··="'•'• 
"·~·"·~"' • • • • • • • " • 
To"'' ·= '-"' 1 ·'"" 

1,005 L, LlO '·'" '·"' '·'"" '·'"" 

Tablo 5.10 ¡, an estimo te of thc cost ol powor plont labor, inclutling _,¡,.;.,, bene
lits, field office burJon and G&A expense. Lobor cost is a constont lor oll coso•. 

Annuol rnaontonac.co ccm oro lisuroo:l •• ni of tho initial ploM co>t. Coolinq 
water ma~e~p !or Hobor i< purcha!Cd ot S3.50 por ocre-loo!. Cooling wot<r 
trea::ren: c~emicals a<e es~motod 10 cos1 $20,1)1}() per month at Hobcr, ~,..,.; 
on !r.>~eriol lm~otoon Oio:ricl'< e•penses ot '"""El Centro plont. The total cost 
of c~olb; "'""r and chemic•l• 1< e•wm•ted to be $25.3,000 for tilO Heber ~;n..-y 
p~on:. Com lor all o:nor ., .. , "" prorated by coofing t"""'r duty. TOIOI op
eroting and rnainWtL.nce cost.s are obout 3 rnifl5{k\'lh lor all plaM!.. 



'" 

"' 

'" 

,,, 

'"' 
,,, 

Goo~hermal Energy 

hol"'"'"" '"" Lond Acqu;,,,,.,., C•"" Th" """'""" '"" 
mono• ""'"'in p..,ut .~ <••OI'o'<i<al ot<to«h. t•pl~l 
. ' '' ., •••.••• ,.,..,, '"" """'' ,.,, '"'"'"" ... m '"'' " '" . ~--· ·- . ""!>''"'"" "" "'"'""" ol '" <•o•o--""" 9""""'"' 01 

,. .. ,. 
, 0,._ Smce tho '""""" w-11 ""'""'"' '"if''""''' IO<Qt\o 
, 0ppl; mmo thon ""' pow" plon1, onl; • poooortoonol '"''"" 

ol '"" '"""' ir "''i""d LO"' o•ot•<' """" '""''J"'"""· 
Th"o cml\ '"' '"'"'"'d pdor 10 lho f.old ''"'"""""' "".'"· 

WoU [ko<1in•J Co•-": He <011> o(> O"llong 0'00'"'" lo'""""' 

''' "'"'"'''' '""""'""" '"d ¡,¡,u.on w<ll< "' cor,L"""'."''' 
o.rbu'l•d du.,nO rh< PrO•J'-'"- lh• r;roQ""" <ulmon"" '" !ho 

'"""" ol tht ""'"' ploot. -
Woolono Coo"tol: WO<~<<>u <'0"'' ;, "Qui"d "ol tho ""'"~ 

ol rhe "'""" pl..,r. Ttle .,,..,..., cop,¡ol ;, <ulh<"nl ~o 1'01 

ooe moolb ·, o'"""""' and ;, "'"'"'" >< 1.h• "'m'""'"" ol 
tl" O'OÍ001. , 

(d) C.,.tol Arld•toon,: An ,..,.,,.,..,1 >'>nJol .. illono '"'' >1 """"'d 
to p•o••d• ><ld•<•onol ,..., in""' loeld :o"""' tl>o '"':'" ~~ 
, rl<olinono ,.,,,.,.;,, TvP<<>I d«1"" '"" >nd o<01«11"" on· 

"""". ''"'"' """¡""""' '""'' \0 '"' ;., •• , "''"'"' '"'" 
bJt rl·l~uucd "'"'' '"" "" Ido ol tM p<ojoct. 

Tr., "''"' in••"'"'"" '""" '"""' '" ""''"" to '"'"'" > '""'" com· 
monou••" w"h 1l>< '"''¡"'"'""in • ''"""'"'"'' ""'""· lo oo<ounl lo< 
"" timo "'"' ol mon,y, lho ""'"·'""d CJ',h·llow method tl u«d 10 Oot<O· 
"""' lho '"""'' ""'""' """'"'"""" 
E•P<·"" _ St""' ''""' ol '""""'" "' incu,ed rlu""' '"' 00<'"'"" ol 
o o<orl""•ng gootO<O,.,.L h<ld. T""' loll into IWO '''""" "'" .. ,..n<tl 
•nd book """"'"'· '"' boo• ''""""' >t< not d<dut:Od l<om "'" "''": 
""bYta•• us<d on d<l<l'""'""l ''" "''"'' ""om• 101 ''"'"' and "'

10 
'"' 

<om• "'"· ,,, 

'"' 

C»h h.,..,,,, 
Rov•"• rovm•~'- ~o¡otw ?"'"""" "' tv;u<.>lf¡ 11.~~ 

o! the 9'"" """""· 
Ovm•ong hl"'""'- Anou>l "'~"'"·' """"'"' '"''"~' 

l•bo,, "'"""""""· '""P""· o!•lot'e<. etc. 
~c.o) h"""'"'' , 
o'"'"'''"oo'- o,,,.,.,;.,,on lm '" r·"'Po""' " "''"!"•" 

bl' tho '""' ul·tho• '""'d'~" mo:ooo;l loo o '" ''~' ol ,, ''"' o.,. ... ;,;an ta• boo'""'"' '"'""'""col· 

'"'"'~by 10• '"'" ot '"' '"" "·•·" "'~''"" O•" '"' 
loto ol th• p.oi«t 

'""""'"'' 01illl"'l r,,..,.,- T....,• """'"'. "' ""'':"'"; 
on '""V'" iN:.>no<L Son<o mOl\ ol "'' dnllmo¡ ''""""'. 
o«:U> b<lo<O ony ,,,,,., ioc...,. io p>odJ<od b; the P<O,· 

'" , 1 , .,...,,...~ '"" 100 "'"""""' "" "" '"""'191' ol 
th;; d<duwon chov.l-.c" 10 "·' c•d·' ol , .. p<Ojt<l Al· 
lhou')h ""' "'"""'"" ¡,""""'"'in"" in 1ke "'' indu~ 
"'· 1""' 11 1nmo """"""" to ~'-""" ".,m >l•o L< 
..,,l,b1o to tho goolt.oo""' lndui1'Y· 

Oero1e1•oo Alto'""" - Th•l rlodu" 1<1e "P''""· >lmil" \O 

"'"'"'"'""· ;, "''""'"' to"' nc. ot ,·ot< '""""· 
How•"'· il ''" not t>Coo '"''" app:o"OI<IO gooti'Ormol 

111 """'"'· 
T4>c< _ '''"'"'· '"" .nd la<>l•""' wi11 b< o••d ~y tko o>ojoct. Tr.t fod 

or>1 '"" ""' '""'"" ..... "' •• :. "''"'"'"' \Q """'' """'' ""'0""· ... 
A''"'"' in••""""' '" '""'' ol tOllo""'""'""''""''"' '"""' '""0 

'" 

Haber, Valles Caldera ond Ro!t River Ccmporison St"dio• 

u•. The «<0•1" bc>«d oo tht 1>"1' .. •. d<l"'l<i•bl• "'"" ol '"' .. o¡· 
«t. Th< "'" >nd locol .. ~ "'""""' """'"~<"'<""Y <;lm!lftl ..,. 
ca<d•"" to "''"'"'o~ tr.e rul "'""""'· Th"" jud!l"d 10 b< • lo•<· 
'"'" ol 100 "''""" Ooorlo«d by .,,¡ O<W<<tY. Th,t, '"'" """ '" 

"'""'' • "'"'""'' ol '"' ~""' "''""" Htoy '" ""'""" '" oll 
"'"""' "' of 1ü'ó in th" >tudy, 

AMuid CA!O flow- Tho '"" tl<tW '' 1k0 "'" '""""" minu< "'" >nd 
""""'"' oot '"''""'"! dop"""i""· S•nco '""' ",·,o'"'·'""''""'"' 
•Jd""'"· thl>" •l•o '""""'" trom "" '"" llow. Tn< cosh llow" 
then d•10oun"d" tho ""'"" '"' ol "''"'" ta • wmnt wooco "tho 00· 
9lnnino ol pow" pl>e.t ""''"'""'· Tho '"""'' "'" """"' '' ad¡c"ed 
i"'"'"'' """' th< '"'" ol,.. ~'"""""" mh """' "'"''' lh• <•P'"' 
in,,.tm.nt >t "" "'" ol ,..., pl>nt opor>tioot. lO< ul« "''""' thon 

""""""' ''" '"'' ot '""''"""' '"' -· pLanc 

'" 

Any of t~e pa<ame!on in tl>e program """ ~ e"'ilv aloerod to allcw .. n<iti·;ity 
studie<. 

E>ti<rution of Poover Cor..re,ion a.o<J Tra,,mi.,ion Com: The balance of tho 
p<ogtOm c•kulote• the po·.ver con,,ion an<J transmbion cmts toa load contor, 
uM~ o ntotho~ <>! cconomic an•lvm u<o~ by ru~lic "'""'"'· 8y thi< mothod, 
\he dolivorotJ pow<r ccst is the sum at tho oM<~Y cost, the ulllitv'• tixod dl0f90>, 
\he oporaling ontJ maintononce cos¡, ontJ 1ho olocmcal tran•miss•on cost. Tho 
f¡xed chOr9'• are each e<prossed as a porccn1a9e of the 1nve<1ed copita!. They .,., 

(t) llorum"" ln=tm""'- C"'""' ,.,;,.¡ ,.QUil<mtnu "' ~~ tho 
""'Jt ol 11 lo 11%. 

(2) I•<O•no r .. - Ihe ""'"od """ "'" '"' <X;><ctod '"""'' '"" 
"'" ""'lit< o! ,,.,. "'""' plont indu~ino "'"'"'""'lo<; .... ,. 
mont '" etodot >od iPl<t<t! dodu<"0<0'""' <<><""" \hOm 10 • 
unilo<m '"""'' •,.,,1i,.d" ""'""· An lnler«t "" of 'l'l. 11 u,.d 
wllh • >0•50 O<b<leou'" ro,;o. 

(ll O.p"cioth;n -m, deo'w"'"" ""'"" ¡1 olt<n """''""by th• 
""'Qht l•n< ""'"'"· bu: lor o<onont" '"''''" 1h• ''"''"~ '""" 
m;thoJ "''""""' ""d. T.oo "'''""' '"' "" ""''"' m"Md. buL 
th• bOlo"" ""' cOe t<nk•"'l !und •n«hooJ ¡,. tOO"" ol "'"'"1. 

(41 Ad V>iomro TOA - T"" """"""lo< th• """"' ~IOO"tv '''" >~ 
"'o"m '"" A t;"pl"l "'"• ;, 1.>~ o!"~;,., <o>~. 

!51 A .:m;,;,,,,;,. and (;.,~"'E,,.,,- lh11 ;, '''"""' 1" el <>O· 
ltll con. 

(SI lnMon<<- Tho1 il ty~i<>IIV 0 1~ ol <.>¡oitol e<><t. 

n,, opet~ting ond m•imonance co:a will vary dcpcm!ing on type and l<>C>tion 
ol pl>nt. Tho tran•mi,.,ion ""'" '"' divi~od into fi•ed ch.,~e' and aperating 
com. Tho t .. ed charge• are caiculated in thc somo m•nncr "' thc pcwer r>lont 
l«ed chaq¡c•. 

Tho pro1,;m give< the annu'l deii'JOrcd power co" ond >l<o USO'S !he load l>otor 
!typica:ly ~5%1 Jnd t!te p:ant :izo lo determino thc unit powcr cost lmills.'kWn], 
Also included ;, a wintout oi tho yoarly casit IIOW> !or rne goolherrnal !icld. 



'" Geothermal Ener~y 

IJg•e Caso t!osul¡•: Thc firot ta<k " to comparo dclivorcd poo\'Of t<>SU for tt-.e 
nino tJo>e '""'· Thcso comp•rison; should b< dono en a consist<nt basi• in or· 
dcr ro obtoin goo<i rolotivc valuos, bu! may not roprosom bCI1 absoluto valuos. 
Thoso ca<CS "'" bJ>cd on tho followmg asoumptions: 

~ro¡ocr lrle, vr 
("''""tion rmr, K S 
tom '""'"' p,ymoc.t 
Produre<'> PCF "" ol '"'"'"• '!f. 

uo.H" "'' "' '""'"·"' 
D<olotron. '1\ 

Wd<o ofl ot "·U"'J•blo d"l<mq "'""",.· '4 
W"to·Otl of e"'-hOI< <•P<"'"• % 

The producer'< capit>l com and o;¡erating ond moinlenance (O&MI '""'· t<>
golher wilh tho utilitv'• eopiral <<><« ar>d O&M '"'"· were takeo lor each '""' 
from Tables S.S. 5.6, 5.7 and 5.S. Other inpYt data v"''" ta'-en es the typocal 
values roponcd in the precedrng section. The ,.,ults ore tai>Yia<ed in Table 5.11. 

T~e Heber binary eMe sha"'~ the lo;·.-e•t fucl co•t al the three Heber """" 
(16.69 mill•lkWh) and the lowm pa=r co" 135 22 mill•/kl'."h). The flashed· 
""'m con"' Hober is about 2.9 mBI• hi¡¡her than the Hober binary. whi:e the 
hy!Jrid ;, abo"t 5.3 mili• hi~hor than the Hebcr binary. • 

Al Vollc·s Coldero. the binary co" is again tho lowest IJ3.E9 milis) by a larger 
margin {5.85 mitlsl over \he n,hed steom. Tho hybrid cost is the highcst of 
tite tltroo (42.99 milis). 

Al Raft Ri•cr. the bin>ry cost is lowest {55.17 milis) by a subotantiol mar¡;in 
lobout 15 mili•) o•e< the ot~er two. 

Fuol <"""are low at Hel>er (15.69 mili<l for the binary ene. reflectmg the re\ .. 
tiv<:ly hi\tl woll prot:luc".lv"oty and !he <Oia~vely low coot ot dritling. Binary fue! 
cos" at Vol'"' Caldera a<c slightly le'"'"' tha~ a: HU>er. even thou9h »011 ccst> 
are much higher (5700.000 """"' $300.0001. and well prcductit•ity is much 
1"''""'; i.e •• 113.000 I:!JI'hr (250.000 lt>/hr) ;·ef5t•s 295.000 kg/hr (650.000 lt>/hrl. 
Thc>e increa= ~re offset U> a larg< extent by the de<.rea1<d brine requirements 
ol 1.19 ~.1 kg/hr vof5US 3.1 M kg!hr 12.52 M lt>/hr versus 6.9 M lb!hrl. 

Ralt River oom are high in oll oou~ts. <etlcotin9 tho low temperature el the 
,...,rvoir '" compared to thc cthors 

Utillly fi>ed chargos plus Q&M e<penses va<y from a lillle 0'"' lB milis {H<bef 
b1naryl t~ a littlc ooor 20 milis {Roft Rivor b1naryl. This vori,:tion is not n~arly 
., ~'"' "' tho voriot10n in lucl cost for th" bost c•so<. 15.0 milis to 32.6 mtlls. 
Fue! co<t O<prc,.od a< e/M !Hu cxtroctod is 1n the ronge o! GO'IM Btu 01 He· 
tm. Íl>eroa01 n~ to about 80e/~.\ ~tu"' Valles Caldera. or over Sl.OO/M Btu al 
Ra\t River. 

Hybrid oy<toms werc diminated hom lurthcr c~nsideratiot1 since hybrid '"'" 
wrue hi9h<r than thc othcn. lt s~o~ld be notod in pHsing tha:. althou~h the 
hybrid fuel CO<t wos lcw ot the ü""" sites. the powor plant was the me." e•· 
pensive. One '"""'" for thl' hi¡;h·oO>t powcr plant os that .epara_te turb.M·g<n· 
erotor installoticns v.ere prc.-ided ter both the H"'h·Steam •••d brnary s.ecuot1s 

'" 
of the plant. 11 11 w.:re possinle ro put bo:h turbincs onda single <¡oncraror on 
one shalt. the copital cost "ould be reduced con•i~cro~ly. This pro•pect re· 
0"''"' rurth<r •tudy. 

Aa!t River com "r" important as M icd'cation o( c¡y.ts which moy be e>pecto~ 
in devolop1n~ low·tcmpcroture rcse,....oirs. lt is cleor tllat suoll rcsorvoif5 mu•t be 
highly ~roductive tO be oconomic power sourcos. 

Hebec V! Valles Caldera: Thc bes: case a: Vol k• Caldera i; about 1.5 m1ll< lower 
than the best ca:o ot Heber. Cost projections.: Valle• C•ldcro are mere opecu· 
lative than ot Hebcr. For one rhing. tnere wa; no reliable data on ficld d""eloP· 
rr.ent costs, and thase C<><ts could either be highcr or lower thon Htimotod by a 
substantial margin. OptimistlC ""ump:ions were probobly nudo relotive to the 
costo! providing ccoling warer. Loe scating and coue<ion tendenci"' ol the brine. 
ond the not1condensable content of the b:me. Any one ora ccmbinoticr> could 
le.ld te "'bstantial incre""" in PO·""'' p!ont ""''· VallO> Caldero power coots 
"'"'" probably under>tated and the '"'' of PO''""' atthat rese,.eir i• likely re 
be grea,er thon projoctod. For thlS a11d othe< reascns attcntion w,. Jocused on 
the Heber resorvcir. 

Sen<itiv/¡y An3/y;/s; Thc power "''" prosente<J '" Table 5. T 1 are cxpeCted to 
givo goo<l reloti•e val~•• betwecn tesctvo"' and betwecn ptocc""'· Out are not 
neces:arily volid in ob<olute scnse. Accord;ngly, a study woo modo ot thc oftcct 
al chJn!l"< in key vorioblos ""'"'"9 ioto me economic model. TIJO•• carnpori· 
'""' woro limirod lO lile Hobo' l>inary ~!ant ond ore ta~ulotod in Toblo 5.12. 

C"o 2 mom01 tl>ot l•<ld c.JP"•I .,; ope""'·i cam '"" a"r""'""'d 
b{ 20"!1. Tho <ll«r i< ta '"'"" '"' !ctl C<l<t fram 16.7 10 tJ 5 min1 ••d 
"" P<'"" cott J.om Jó 2 10 32.0 m di< 

C.>O J ouum .. ''"' r.eM ""''~ •nd "'"""'"" '""' wero uodoro<timotod 
lw 2~ in ""'ich cm t_.l '''"" and """"' "''" '"'"""' 1w 3.2 mdl<. 
fn ''" 4. it "'" mumed tllot no"""' ,.;n be dtll"' duton~ 11"10 I,Jo o! 
tho orojoc~ '""''"" "docin, !"" '"" W o.a mili. 
ln <0,., S ond 6.. tho "'"""'""'""o' """n wu v"iod dawn 10 1011. 
1'\d Ul> :!011.. TM '"""'""el"'"'" «do= fuol CO>t 3 """'· "'d tho 
ni¡fl..- "" of roturn '"'"'"" ruer co>t w J ó mar,. 

In..,,. 1. tho efl«l ot elimioot.ng bo<h deP:et,on >nd in<>.r>giote "'"'" 
off,, to ;,.m,. J"ol eou 1w 4 1 mi!l>. 

In cm a. tho '"'"o! el'minot'"O d•ole,on i< <o inc"'" the tutt con 
Oy 1 m•tl. 

In""' 9. '"' tffocr of l•lim'"''·"9 tb.e '"''"Q>bl• v.IÍte·~ff ;, to inet'""' 
futl con"" 2.2 mili>. 

In '"" 10 "'d 1 l. tho •ff«t of '"'"'"' proiect '''' to 20 "'" or in· 
'"";"~toJO'"";,"'"'"'''"''"' plu> 04 mm'" tho '"" inHonoo. 
'""""""O:¡ """ '" th• '"ood '""'"" 
In<>:" 12oM 13. "'' etf•« ol tedu<,no tho powor "''"' n<o of "'"" 
10 IO'Ii 0-'d IOCIOO!i~ ir lO 14"< wOI e .. mi,.d. In the l.r$1 in>tonoo. tno 
olio« 11 <O"""'" th• pow" "'"" "' 2 5 mofl>. •od in tho !O<Ond ;"'"""· 
to '"""'" POW<r Co>< by 2 G mili<. 

Frcm the !orogcing. it is apporen< <h•t th• ~rMootion of powor COI.ts moy vary 
widoly de;>ending en the pJrticular ser of "''~mption• entoring into the colcul•· 
IIOn: 
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TABLE 5.12: SENSITIVITY ANALYSIS-GEOTHEA.\IAL POWER COST (BASIS: HEIJEI! BINAR Y) 
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1 
2~' Goothermol (norgy 

Sha[t ~Jcaring woar ha< boe_n minimized by pu.~ping filtorod "'"'"' frcm th& •u;-. 
lace down thc bv"nng tuhtng, thcrc~·¡ rrotocttng :loe boarin;< frorn contocl wllh 
thc wtll lluid. Swtablc rno·.ori;¡l< oro O'Jotlable lar fabricatioo ol thc bcwls, irn· 
pell~" ond pum¡> booring<. VariO'-" diffitultie> were cxpe¡ioncod by Che>tcn at 
Hebor u<ing 1hc ""'" IYPI' ol pump •nd IOived more or IC>< <ucoo<iully. 

Othc' pump< l1avc l>t•cn propo<ed "hich would el11n1nate the <ho!t lubr~cotion 
problcm. Tl•c di!fCICnl technicol o¡¡~re,_l>c< are a< follows: 

A down-holt tvrb<"" P""'P >nO t•ch>ogor. F ""' "'"' i> "'""'"•O '"' 
'""'"'' ""'' tOo w•l1 """'· '"" tho '""" proeu<OU ir ,.pand<O in lh• 
"'":"' 1o run>p ''' "''"' '" '"' '"'1""· 
A dovo~·Ool< oump op<rolod b' • "'"""hoto''""'' motor. 
A oo=-Oolo t>Umpand M"'"""'""'"" dró"n t> """ pum!>"d ltom 
"" •url.co. 

lmprovcmcnt< in 1ho ""'e-o( the dft are noedod •• well •• new dcvelopment<. 
Fcr 1hesc rc><M<, dowo·hole pumptng is a teohnical weakr.05S. 

The dcp<>siti<>'> ol <ealo an neot "'"hangor tul>e$ ocows "hen goothwnal !luid• 
are cocled 10 1heir <aluration point_ A •orie< al , .. ., ""'" per!ormed a: the 
Het>er tooen.·air in 1076 te meo•ure \he effoc\ of soalo depo•i1ian on heat .,,. 
chongor pc¡lormonco. Tlw ro•ults o( tht''" M\5 ind:cotod that stolc derooition 
da"' o<cur an tne tul>os. TM omount al ¡col e tormed du!lng tloc tem w" "nall, 
b<J1 it ''"' sufhciont to •how tha1 the raJe o! J~rmotion inoreased •• the "mpefa
ture af 1he brine w>< rcduced. The '"'" voriod in length, bu\ the Ion>"'' onel 
w" 22 ~ays, •nd 1ho dJto frem th" reld!t,.IY short-ronfiO te>\ were "'trapolated 
to prodict performanco ovcr o yoa1. Furtl10r extendt•U duration ltt•at oxchange~ 
tem oppcar ju.<tilied to establi<h the raJe of dcpa<ition of >eale a< a tunctio~ O! 

1emper>rvrc .rJCI t<me. 1 
'""""'" 
Each ol the !}I'Othermal !luod5 d.Jfcr lmm one or101her tn s.alonotv. pH ar>d con 
centrotion ~~ amen• and callen<. Even do!rcrent well• 111 t!>e <omo re>ewD<r catt 
prc.ducc llwd; witlt difforenl chcmtoól propertioo. Tloo ccrro<ive oh.lraotori•tic; 
of t•ocl• t<~crvo11 •houltJ ho c~J;ol>l"hcd bolore 1110 finol motcrials ootcotlor> lor 1 
t.'le plant Ukos placo. Tem sho~ld be canduot"l !ora >uffocient l,ngth d time 
¡o ident<!y it o>idalion, '""'' corrosion, or ~ittmg coufd bO expected in l~e 1 
plant Oiflerenl m•teriolo <hOul<l be tomd 10 eotablish wh>l dog"e of corro<ion 
protcction woul~ ¡,., roocdcd, Corrcy.100 work coulof n•o" ~><pcditonusly bo «Jr~ 
ried on concumntly y,lth scole dcpositoOfl '""'- 1 
Hydrogon Sultide Dispo>ol 

Moot ~cothormol fi<M• contoin corlmn dto•ide olort~ with small qu1nt<t1cS of 
bydroqon oulflde. lhe a.-nount of hvdrGg<m <ull•d< con >ary l1om traoe amount> 
10 <•gnil'ocont percentao;e> ~"'ich O'<ee-d ollow¡¡~le timi" ~'" atm<>s¡¡t.eru: dispOS.I. 
11 tt.e !luid is floshOd to p<Od.JCe <apor, th<>< gos.s will b• rcleo<ed ar.d m~ot bo 
remo,cd fmm tito sy5lc·m- Mo51 ~roc""os thJt oro do<ig.-.ed !Ú abso'~ hydrojen 
•~lf<fl< will o'•O oWorb tho co•t.>on dto,ido. Aro c>ccpticn is tilo Strettord ~roo· 
e<$ whioh will do \ho job, Lüt 1his P'"""'' is complex and equipmcr.t i• costi¡i" . • 

Hcbor, Vatios Caldero ond Roft R"or Com~arirm\ Stud•' 

SUMMARY OF CONCLUSIOilS 

1\ is f<a<i!Jic lo procecd wllil tno do•i~n, cOO\truction oM opcration of o 50 MWo 
l1ydrothe<mal po'"'"' piJrtl wi;h ro><onobio expcctottm\ uf <uccc.,, but not wi,h· 
out sorne technical ond econnmit: risks. The ri<k is ge>ter thJn til;lt whioh • 
utilitv mi~hl norm•lly 1oke, but is a<:ccptabl~., a "hnt..,r a-kind" '""'arch ond 
Qovolopmcnl undertaking. 

01 the o¡eotherm•l re<ervoir5 01udied in detail, demcn.:ration planu appeor tO !>e 
tc<hnically and en,ironmentally fe0$ible 31 H•bor, California; Vall"' C.ldora, Now 
Mo<ko; and Raft River, ldaho; ond economically feasiblo al 1-leber ond Valle• 
Cal Jora. 

H<Dlr is 11lo O..t all-aro<Old choice for :he dcm<>nstra~icn ,;._, becau<e the char· 
octeristlc< of the ~•othermal !luid containe<! in that '"'ctvoir are moro ¡epr050n· 
totive ol other hyJrvthermal reseuroe' 111 1ho Unitcd Sto tos. 

The binary cycle appears ta !>e tho bo<t choice o! convcr5ion tochnology lar tho 
demonwotion pi,nl. porticul<riY a1 1-lebet bocou5e it has brooder opplicotien tO 
moderaw tomperoture roserval!;. !50" to 200"C, and w;ll givc utiltt<CS at lc"t 
ene ep110n lor tho developmen! of tllis to•ourco ¡ype oftcr the tcchrtolouv 1>0< 
l>:cn demon<trated en • commercial sco!e. 

Optimilotion •:udt<s are not yot comeleto, but it <~pea" tl>at a wcrking fluid 
mixture," oppmd te a puro fl<tiJ, will he nccded to optirni>O binory cyclo op· 
eration, with the mi< dopendong upon ... arking tornporoturc•-

For economic reason•. the caeaC<Iy of the powet plan\ •hO!.IId bo apprcximatefy 
50 ~.IWo. 

There appeor te be no overridtn9 envira~rncntal conmair.U; howcvor, prcsent 
data •nd anol¡'licd techn"tqu"' are nat adcquato to lelly evalultO ooisonicitv. <ub
sidenco and hydrogeology, Tho impact in coch cose i< '-"limated 10 be smoll. 
ond thc <"imalcs are thou'lhl 10 be can;orvat<vo. 

A cmr.mercial;izc demanw>ti011 plam \\;th 8 '""'arch ar>d dovclapmcnt mienta· 
ticn d~rin~ the _,;(y lite of the plont, ~ollowod by commcrctol o¡>oration alter 
dci,u¡;~<rlg i• comploto, ;, noedod lo rosolvo tho problcms al 1echnelogy adopta· 
1iart ,_,d optimi'"tion, hoat exchan~or •nd IUrbHlO scolo·up, mawnol5. anrt so.lo 
CQ<l"OI. lt is •l•o needod 10 •·erity re<•tvoir performance modoli"!jtcc~nlq~e• 
""d <O study geotechnical <nvircnmenta( a•pec" of !}I'Olhormol pro.!uction. 

Dry cool1n~ on~ we1dry coolin~ would impose" severo co>~ penalty 1f u<ed. 

GEOTECHNICAL ENVIROIJMENTAL AS?ECTS OF GEOTHER.\1AL I'OWER 
GENERATION AT HEBER 

Tht mo:orial for \hi5 s.ection ha< bocn bosed upon a 1e¡¡art by 
G•onomi.o. lnc. (PB 2e0 64B) for Holt/~rocon, work >pOnr<tred 
by Eloctric Power Reseorch fnstiluto, lnc. 



"" 
TI"' lrnpcriol V,lllcy is on """ ol hi~11 IC!Jionol hootllow, intcn<ive crustal de 
iom,n:ron, hioh '"'''"ioity nn<l <uiJ<idence and nurncrou< ~oolhe:rnal onomalro>. 
h ;, one ol tho m"'1 <•i•mrcolly aoti,·e a<ea> in the Uni:cd Slate>- TM ><drnwnu 
ot tilo Hcbcr Aoomaly are d<iminantly QuotcrMr¡ dciLlÍC s:or.ds aod shaiC> dorivcd 
fro<:1 Color.do Rivcr wuccc• oml pcr,illto a dcpth ol 2.5 O;m 18,203 ltl. ne 
l>l<ornenl al Hclicr •1 01 a dt•p¡h ol appro•imately 7 ~m 122,9G7 lt). A 9eolo~ic 
map ol tho S<olton T rouo¡h is •ho,.,., in Figufe 5. 10. 

FIGURE 5.10; GENERAL GEOLOGIC MAP OF THE iri.PERIAL VAL LEY 11) 
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Hober, Vall•• Caldera Md Ratt Rivcr Comp><ison Studics '" 
no Imperio! Foult separates brack:,¡, central vallcy wotors r"'m fro:/1cr w::lo" tu 
the oast ~nd t~us e•plar"' >Omo o~ the ineomple:e gmund wat<r mi•ing_ Oeep 
cloy ueposits separote shaii0\'1 and deep ~rouM wot<r svotcms and tcnct to mJ~e 
thc control •·olloy woto" ooltior ond more 5to;¡nant tllOn o»tern or wc•tem """'""· 
lt ha< also been notcd thot artcsron watc" ox"t only eost ol the Alomo R"er. 

The flow rote of Imperial Valley welh is varbblc and depend• on the locatron 
and deptll of the well. Many shailow wolls at co<torn and we<tern vol ley margins 
hove flowe<l greater t~an 0.063 m'/see 1 !_000 gpm) whcrea• con !rol valley shal
low ''ells ha•.e produce<! only a h3ction ol t!Íis. T~rs is partly why the ext..,<ive 
irriga110n 'Y"'"' wo• medod in t~o lm~rial Valley. Dccp wetls in the control 
val ley, howcver, llow as woll or bottor than deop well• at the vatloy n1arg;ns. 
Adoquote sampling of ü1ese wells is not yet avarlable, however, to clearly eotab
lis.~ a pattern . 

With re~ard to chcmical con<titwent,, the principal lmpori>l Valley woters con t>e 
COIOlJOfiled as: 

8"'"-'~" "'""' "hkn ltrOn<lv ro10mbto C~lorodo Rioor "'"'"' """' 

Sh>llow ""'"' """ "''"" ~h,ch "''""""'-" mo" '""" '"" '"hor 
'" '""""'"· 
D••• ""''' "'""" ""'i<l> tone :o oo m<>'< <Jlioo 1>.1 ,..,mb~ tl<.>•nfloo 
'"''" ;n <on'< o<1io . 

Hydro1!mm•J """ wl•i<l\ t<nd1 10 "" '''""" ,;,,<>, pH, m.:•l "1" 
>M <OJinrty. 

H,<>er>•ho>O QO!OC"""'' >.o in" "h'(h oon,.On Un<J>U>Uy hioh "''"'''" 
ond "' con!.nod lo tho Si11oo autt<l. 

The geotr.ermol brin"' of 1M !mperia! Vatley de not difler grea<ly lrom deep 
watetS in the arco e<eep' for the •ddrtiun uf metal sol!< and :ne dissclution of 
O<ltbonotc•. The •holiow ground water •t Hebor is vwly dilforent lrom the 
doeper hydrotherma! v-aten. which is probably due tn tho Dr•'"nce ol tl1e clay 
cap roe~. 

Geo:hormol water! are produced ata dopth al 6GO ta \,nao"'"'"" (\.966 to 
G,232 l!at) .. ,i:h sodium chlori~e being the domir,ant dim>lvod con"ituent. 
Tah\c 5.13 prescnts cC.emicat anat;·SCs data lrom !We geothermal wclt•. The pH 
of these woterS varios from 5.8 ta 7.4. Stlico eoncentrations ate low or.ou~h to 
o.oid 'coling at tho woll bore and ""lace pi~e<. Triol producliOn and iniection 
opcr;tions at H•~•r hove not :/1own any corr<><ion or scafing problcrns to dale. 

lt has bcon e<timatod that bor-.·.-.en 50 to 60 prodtJc;n~ wolts and 20 to 30 in· 
jectron wol'o will be roquire<l loe a 200 MWo not cloc"'citv plont al Heber. A 
d'"'dopment ol tll:, ""~'" could alter tlle undcrgroc~d water flow pottern 
Howe.er, coo•idering :he ellee:ive hydrolcgic scpora,on bct;.cen the geothormal 
••••n.oir and tl\o shollow ground "'""''Y"""' al Hc~er. the only li~ely chan¡;"' 
oro tho ,Ji,ersion ol doop \'lote' from athor ar"' ,md inctoased solinrty of dO<p 
.¡qu;fe:o throu~h <.olt "·'"'"' roinioction The projccted cxtont ol such cl\ango• io 
mln<>r. 



'" Gcothermal En"qy 

Only t ol hydrogcn <~llid~ havo beon rer ·med !ro m well< aM th~ amount , 
of cthe~ M~oandcnuble gau:. m the Heber geott'.ermal v/Oler ¡, miaimal How
.. ,.,,,_ '"'' " not thc ca;e "'ith l_hc noncondcnwble 9"'"' at the Cerro Pri."to, 
Me."'" goothormol l.mllty, wh•ch contain< CO and H S conccntrat'on• 0¡ 
1,000 and 300 ppm_ '"'P<'ctivcly. ' ' 1 

TABLE 5.13: -tHEMICAL QU,\UTY OF WATER, HEBER GEOTHERMAL 
RESERVOIR, IMPERIAL VALLEY, CALIFORNIA 

'"'"""''"' _,, " '"''"' " ""'" " c.'- ,._ 
" J.c. J"""'"' " -·· ..... ,_ 

"'""' 
1<,100 ''·"' ,._,. .. .... "·'" <T-"l 

"o' "' '" '" '" u .. • .. ' "' • ··~ 
, ' , . .. ~ ,_,,. . .... • ~ '" "' 

,_,., 
" Jo¡ '" ... l,OU ,_ .. , - , . , ' ... "' " •.ooo " '·' ,.. , ·"" . ·'" "• '" '" '· ,. '·'" ,., '" ,, 

l<o • • - -~ " • - -- " ' ' .. , ••• • •• • . ' .. ' '·' " ' ' ' , , .. ' " " 
, 

" " •• ••• • •• " .. ' ... 
o ' ' ' o.o o.o 0.0 • . ... O.> • o.' 0.0 '·' o.' o , ' ' o.• .. - '·' ' • • ,, - " " • 

" o,or " • 
" " " o.' " - • -.. - -• - - -" "' " - ' .. ••• ••• 

""'"""' '"· "' -~ 
Scurte: PB 2GO 846 

Scismidty and Sub<idence 

T/le U.S. Coa.t.and Goodetic Survoy. ;n COO>·"''ion with the USGS, ha< d...,0¡. 
oped an """"'"" pro~ram to mor>uot gr<><md motion tiH<>UI1! tlle lmp~riol 

Valley, This program ca!ls lor ''ian!)Uiation an<! l.-ehn1 s~rveys thr~ •. ,.•out the 
valley •••rv '"''" vean and more lre<;uently il geotMrmal production t.c:cornes a 
reality in the vottw. In addítion. a privote lovelinq su,.·e·¡ w" comple;ed ~y 
Chevmn Oil Company •n the Kebcr arco. The 1974-lg/5 survcy m<""'"" the 
re!ative ele<a:icn thange in the Ke~r orca lor a porioC ol ono year. 

A$ Sl'tCd prcvio~•ly, the Imperial Valloy i• charoctcri•eO by a ~i<;h lcvel ol seis
mtc acti•·i¡y 3nd a large omount ol woin release. Sinco 1000. 12 oarthquJkcs 
ha-ve regi>te~ed great<r than Ma>nitude 6 on the Richter Scole. A IMIJC concen
tration ol seismic evcnts h., occurred in the Satton Tro~¡¡h atong lo~lt> olthe 
San Andreas Synom. Smallcr •hocks :1nd e>rtMquake swarm• are al•o very com· 
mM lor laults in the S•n AnJrco, 5yst~m. The lmponal V•ilcy loult systcm ;, 
moving right laterally at the cumulativo rote ol appro>imately 8 O centimcws 
per year (3.1 irteh" per yearl. This ;, a 2{1-year overage and is by no means oc
curring ot J cor>sunt rate. 

EarthQuakcs ooourring along the S,1n /lnrJreos !ault ,Y'lem tvpically h:1ve local 
de¡llhs ol 5 '" B kilo.-:><t<fS (3 to 5 milo,). which ;, oppro•imately the b050ment· 
sedimo:nt '"'"'lxe. A limiting é<p:h lor /lypoc:en:ers in tho vatl@y is about 12 
to 15 kilo.-neter< (G to 9 miles! becouse at depths g<e.Jter than tl1is. sulficier.tiy 
high t•mperMurc~ cause tho •ocks to move plostic.,lly in re•Pon<e to "'""· In 
t.~e goo,p"'"'"l aro» of the -.lloy this limi«ng depth is lower . 

Severo! stuCies hiiVe ohovm that there io a correlation b<tween micrwarthqua<e 
acHvity and goothermal onomoli.,_ In the lmpcri•l Vailey, the correlotion io un· 
usuoliy high. H•gh level• ol microearthQuake activity are fotlnd ot 5atton !luttc>. 
Nortll !lrawley ~nd Eas: lie<a. To dot~. it io unkncwn v.hc!her such a relotion· 
,_~¡p •t•o c•i'ts at Heb<r. In •nv case, sevef31 r~mork< can 1><> made abcut earth· 
quoke• in thc valley's ¡¡eothormal oreas: 

S!>ock> "' gen .. ~l, >molloc '"mago"""" •nd m~« hoqoont In 'l""'~"m•l 
,,.., <hon Olt"l "'" •n "" '>1 ... l"'OO•C "'"or>g . 
foua• tol>!rd tn th• m;« .. ><thqu01<ol moy ,.,.,, "'""''"'" fo>< <t«vl>tong 
b<•OO<. At tloo So'•on Bune>. for ''"'"P''· it ''"' "'"""d th'l CO, woth 
be''".,.,,.,;,'"'' q"'"''""' ol g» '"" ''"' "'""""''" ;., "-' l930o. 
["'"""''"!O<~ d•P"'• .,, u<u~l' ¡h>lto..-.o in SIO<'lh.,ma< "'" thon in 
""" Out>itlo, imot>i~ '"" mietoe>rll"!•"'" oro «l>lod "'9"0"'em>al poO<· 
""'- Al1o, !he omp'"""" of """q"''" •""'" .. "'""'"'' "'"" •PP<>" to 

""'"''"" '"" "'"'"''· 
The poosibiti:y ol uiggering eor:h~uakes by geo1hermal proCuction and rcinjec
tion io ol <Omc concem. Altho~<th c•i"ing proCucin9 ticld• >t tM GoyserS. Col· 
ilornio and W,.irokoi, Now z,.;and hovo long bcon ossocillctl wit~ oarth~uOk< 
activitv, produotion hos not been hompcred hy o>rtllqualoo orocl no '><oe<ot,-on< 
h•eo bc<m ~rawn be: • .,.en g<othermal producticn and earthquake octivity. Re
gior.ol ""-'ton<e~ the '""" fiold ond tho rock propcrties ot lloher are vootly d<l· 
fercnt lrom th~•• orea< thJt ho·,e exporienccd oorthq~oko• ~ue to !luid io[ectlon 
lrar.> oil fiold ortd wa"c injcc"on wolls. 

In tl1" Ho~er atoa !C.e elf«:t th>< production miQI>t h"'" on eartl1quotoo octivity 
moy Mly bo spoculated. 1\'ithdrawol ol lluids moy altor tho dcep grcuM wotet 
pattorn aod porhap' own \he ,~doce llow roto, The efloo:t of tMso oltoraticnt 
on tho tectonio "'"" r~imo i< unknown. Anv Ottempt to determino tho"' 
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df..:u, .and !he effec" ~~ fluid r<inj,-ctio~. wiff noquire ,..,.Naf yoats ol contin· 
ucus <Co<miC ,nrl goodouc monitorin9 rh,in¡ wi1ÍC~ back 9r0 und sci>mic"1 ond 
1ho fe>cotion ot oc:ivc fnult< mu>l be cstablishcd. ' Y 

Tho lm¡>erial Vafley ;, an """ of high regional"'''" reltO>e and the Het>er area 
¡, port

1
ol th" high bclt. TilO HelJor rcq,on could O<~oc\ bctwocn G4 ;;nd 25G 

eouiYOCntl.t"gn.tu<lc ~ corthq"'~"' ovcry 30 ve•"- The wne anrounl ot moin 
wO<J~d t.e. relca"'d by ,O 10 40 :.'.agni1ude 4. 2 10 10 ."ol.>gnitude S, or O.ZS 10 
2.0 •. 1ognr1<Jdc 6 earthquakc<, or by ""'"míe croeping. 

Adcqu~le da" do not ex"\ on the local "'"" p>ttem and ¡Oc wcngth of 1he 
lormatron at Hel>c~ lo allow predictíon• re~arding po:osible 0njewon-induce<l ,.; .. 
m,onv .. Hovocw:r .. rt •PP"'." unli~ely tha1 injcction of wa.te bríne will •igniti· 
ca11tlv '"''"''"' '""m'~"Y rn tho H(·bor oreo; 110 loults hove r•oeo doteoted os yet 
uodor _Hobor ond the tncroa,._ ro ~ore pre•;,uro oround injoction wells w<ll not trc 
MC"':" .. blocou•e of !he rolau,·ely high permo~bihty o! tho Het>er rescr;oir. 11 
a. "'a¡or cart~quok• occurs, it will most likoty occu• along 0 ne of tire majar •c-
1"" loult< '" thc oroo. Tiro lccotion of !he more oct¡vo foults wilh rc<~eot ta 
\he prop<><ed pl>nt loca,ion is as follows: 

F .olt 

lmper'"l 
Browley 
S•~ Aodrot• 
(l., o o" 
S•n Jocinoo 

!>"""oro to "'""' Si<O 
km lmr) 

" 1691 
23 IH ll 
38 113.&1 
27 1\V.Bl 

6 S 14.0] 

Th~ Imperial CouMy and the L"' Angeles Caunty building codes rocommend a 
dos,gn acce"ierotfl>n al O Z~ 9 lor an ''"' cloo<~fiod., Zano 3 lh1gh •oi<mic haz· 
ardl. Ar;cord1ng 10 tho•c codos, 1~10 Ht•bcr arco" clo,.itiod "' Zono 3. Haw
"""'· the U .S. Dep>r•.mem al t~.e Army publi<:o•.ion &ismi~ D"'ign of Euildinr¡s 
dehM$ Hober ·~ • Clo« 4 l~•tromely ha<ardou•lare. and ,ccammonC• that 
boJildLn¡r< _be de,gn"d ~oran accefer;tio" ot 0.315 g This de,ign is 50% more 
camerv~trvo /""" that roqulrod ~y the lm~erial Co~nty rcgulatlons. Due to \he 
P•O"~'·Y_ o. th...., lault• 10 1be proposed plan1 s:te, 1he more ccn<erva11ve do
SLgr. """''' ol 0.315 g soem to 00 justifíed_ 

Hobo<, Vallo• Coldera ¡md Roft River Compori•on Studieo 265 

A1 thi> :ime. roliable "'timat<"< al [<Hure ""bsidence in thc ., .. of thc- --"" geo
t.nermol rooervoir co.,not he rn<!dO until the "'''"'oír h~S be<tn crperated for a pe· 
ri01f uf time and tC.e corr.~ponJin~ land Suf'VOY rosull' <tu~ied, ~ilthout this in· 
formauon. r"'ults from computor mod,ls >re considoroJ to he ttle ne.t bol! 
sourco of inJormation availob!e. provided ttut the input rescrvoir poramotors 
proporly rcpr..,enl 1~< r...,rvoir. 

There ato o1hcr rr.ean< lor estimatíng futuro $UbS<donco. Onc wch motlrod has 
boon dO"IOfoped by Geomma (21 and Oy Aagha,-en ;nd 1\:rller (3). In operating 
'h& Heber ,.,ervoir, the rote ol (~;¡Í~ 1njection a~d fluid production will be t~e 
••me ond tirO o'orbur~on prcoouro h<• hoen a"urncri to bó fi•od. G•onomics (41 
ha< i~dica1ed in tha po" 1ha! \Me rcsoNOir pressure Crop due lO the production 
ol water lora 200 /,\','lo plan1 willl>c en th< arder ot 6 8 lo 20.4 atm {lOO 10 
300 p>ia) araun~ the well boros. Away lrom t~e woll•. the pre<Sure drop -~11 
bo mucl1 smollor. An ovorage P'"'"'" Jrop lor tM cntiro re<ervoir should 00 
leu than 6 a at:n (100 ~i>L 

Tho O"Vero'l net pmCuoti,.. :hioknc<' ol the reservoir ha. Men o<>umed to be 
73·1 rn 12,408 lt). Usin~ tlreso dota, tire contpoctiM wos "'llnrot<•l a1 0.12 m 
(0.4 ltl. A,suming tho rooervoir M< the .t>ap" of o cylin~<ical di..: ol com:ant 
L'ricklless witn it• ••is vert;cal a!>d without comidoring the variation ol draw· 
down P'"""'"' with re$pect 10 timo o' lar any 1¡me lag in •ul>sidence. the •ul>
•idcnco r..-., boen ostlmotod to ~· 0.21 m 10.7 lt). 

Considering 1ho gro<S ""urr.p:ion< th•t h3\'0 tocen u.od, the<e values are al be<t 
cnlv an incticotiM el the pa<s,blo true mO')nitude and $hO<Jld be con•:dorod to 
be comervativo. The true avorogo valuo i> prabably lo"- The sub,iCenoo pD"si
biliW ;, minim31 over ma<t ol the reservair, bu\ looali>ed subSidencc around tho 
prO<luci~g welh con be significan<. 

Roforonce• 

111 R•nd~l. w .. "An An•',.,'' ol L'IO Su""''' ... S'"-""" ono:J s,.,,;g,aptry o! 0>o s.tron 
S<• G<olhorm'' Aoomo'v, lmoor,.: V•llov. C.Mornio," Ph.D. [),,,.rt>r.on. Uni""'" 
ol Cot,fomi•. Ri""ide f[}oOI•m"'-''· 19741. 
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of P,uo/n"n To<hno/"f>" (Ju,., !97JI. 

lll Ra<¡'-''""· R. a.od "'""· F G., ",l<•<l<em"i<>l An••v•i• o< S.."" Como•co""." e-· 
rion cf Co•,;<·Groincd S.di""'"" l. Chillmg•mn, G.V. ond Woll. K H. eO!., Oooolo .. 
m<nU '" S..d•monrology !S A, [¡,.,;., Sclenllhc PuOI,¡hing Co., New Ya< k. pp 403 

"'~:· 1!9/ól. 
141 Go<>nom•C!. !no., FNtibMiN StoW lo: • Low s,Jini,. Htdror1w,..,¡ {kmot"'"''"" 

p¡,r, R.,,cvoit [ng,n"''"~ Repo". Ph>" 1/, ¡ubtnined ro EL«<r"=ol Po~ot Ro""'" 
'""""" for Ho't/Procon IAO"' 2J, 1916]. 

' 

' 

1 

1 



-· 

Materials and 
Scale Management Studies 

CONCRETE POLYMER MAlERIALS 

e;•·wochomicol """' due to hi~h-swl!aro-containing ""'' prescnt in many por" 
o1 tbe ~'O'!Orn natos may r<>t<ict the use ol carbon olool pipe in the develcpment 
o mod1um l~pcrature !l<'<)thormal , ... rvoif5_ Duroble oM low-coot 

1 
ir. . 

tems ,.,oth monrmum thermal lo""' ore "'"'ntiol. P P .g ~ 

Concrele polymer material> ore a serios ol com~osite material> which have 
"rength a.od durabollty character•súcs lar superior ro thO>< ol oortland cement 
concrete. A¡ 1 '""-'lt, two ol tlle«" ma10riat._ polym~r i"'>J«gnot~d concrete and 

Matetials and Scate Manlgement Studies • ., 
.,olymor concreto, a<e b~inning ro be urrt.,ro throughout the wodd in op~lic.:~
"ons where ponlond comcnt conrlot be usod or wherc scvore marnten.1nce prob
loms occur. Rcr.e11t resuh< lrom loboratory and fiold te't' indicate thotthe 
oompo•it., n1ay be applicable tu many paru of geothermal proces..,., 

Polymor impr"'Jrlatl'<l concrete (PICI consim of a preca" portlar.d comen¡ con
creto in1prcgrwod w1th a monomer •Y•ien1 thal" >UI"'"tuently polymcrited 1n 
•itu. Tho polyn,or tend< to l1ll tho porou< voiJ •olume of t11e concreto, which 
re•ulurn signrlicont irnprovernent< in stre~tl1 and durobility propertic<. Poly
mer concrete (PCI con•im of an aggr"'lote mixcd wrth a monomer er resin tl\ot 
i• wb.equently polymcrized in place. The tothni<;u., uscd lor mixing and place
ment ore •imitar to those u«d lor ponlond cement concrete. Alter curing, a 
hi~tr mongth 1>10.000 1"'), duroble moteriol ;, oroduced A thirrl typo of mate· 
rial, a lurther dovclopment of PIC, ;, al•o bein¡ applicd. Th" i< o proca" con
crete that ha• beeo pa,!iallv impr.-gnated to • finite depth wittr a monomer thot 
is wb<equcntiV pelymerized. 

The leooibillly ol u•ing C.OI1Crote polymer cornpn<it" a< material< of Cofl<truction 
lor handlin9 hot brrne and otcam was dcmonmated in 1972 (4). A• p;rt of this 
work the concrete liner en a vertical tube evoporator at the Ollice el Satine 
Water De,.,lting Facihty in Frccpon, T exa• wos paniolly impr"'Jn•tcd to a dtpth 
ol appro<;motoly O 25 in. The resul;s rrom thosc !<'<" ir.dicotod thot the com
PO<ite< haJ lon~·tcrm "ability in seowater at 177•c and in acid wlutions Basod 
upon thc<c '""Jits, a ro>eorch progrom to d'-vclop the compo<ites lor USE'" geo
thermal oy5tems wa• started in Apnl 19H. 

High temperatore PC sy;tems h3Ye been lormulatod, ar.d laboratory and licld 
tcm pcrfmmcd in brine, llashing bnne, and """"' at tomperatures up to 240'C. 
R"olt• are availot>lc lrom ficiU o<~O<UJC< ol up to 12 months in lour geothermal 
enviror.ment<. Tcm at two othcr "'"' havo recontly bee11 <lat\ed. The rerulu 
lrom thcse >ludre< are •ummariled belo-.-.-. 

Polymor lmpr"!!rr>r~d Concroro{P/C): Tire concrete polymcr cornpositc that has 
yielded the g<eatest impro\·emenu in <uuctural and dutab1hty propcrtie< " PJC. 
¡.¡¡¡¡¡, quoli:y PIC can be modo from concrete• with a varicty ol compo5ition<. 
For be<t result<, the use of •tondord.-;.-oig~t concrete contoinin~ a goorl quality 
'Q'¡cogatc is rcco1nmenOoO. Tiro lollow'"'l ¡>roe"''"~ cyde hes been u1od to 
procfuce >POcimcn• wit.'l oornprc.,ivc •trcngth< as higl! a< 32,000 (41; (1) oven 
dry to con"'"' weight at 150'C; 121 "'''CUO!o to o~pro•imotely 30 inchos H¡ and 
mamtain loe 30 minutes; (31 introduce monomor cnder vacuum and SIJbsequ.,.,tly 
pressudzo to 10 pSig, pressure scak for 60 minutes; (4) remo'c monomcr; (51 re
move and plac~ ,.ctron in water or, for largo '"'"On>, bock-frll 1mpregnatoc wllh 
wotor; ond (GI polymerile monomcr contoininQ chernical irlrtrotor 1n "'" wllh 
hot water. 

tr tho a~o-;e method is used 10 imp<.-gnate S>mples labricated from a concr-ete 
mix that produce• •pecimens l'>ith a compro,.ive •trongt~ ol 5,000 poi, com
pre"'"" <trength• >20,000 P" oro generolly ot>tained. Oosign val""' lor PIC 
thot covcr th< rango ot monomcr •Y<tOm5 u>od and m>ny typ., ol concrete have 
boen publ<5hed by Cowan (5). Th""' valuo1 oro •• lollow" cempre,.ion, 15,000 
p5i; direct ter.•ion, 1,000 ¡>5i; modu~u• ol n.Jpture, 1,300 o•i; "'""· 750 p•i; modu· 
lu1 of rupturc 6 < 10' p•i. and Poi!.lon'• tO<io 0.2. 

----
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Flamn. -•Y tom pattornod al¡er ASTI.\ D 635 63. Fl~mm¡,!;¡Ui<y o! Self-Sut>-
¡mrring Pta.,ic¡, have been perlo<med "" PIC o'>d on the polymcrs thcmsel•c• (4). 
The '"'"'~' indrootod that whilo the J><>lvmerl support ccmbustion acmrding to 
thcs test. thc compositios oro enhor •elf cxt-n¡u,.hin~ or do not burn at all. 

Equally signdicant improvomento in durab,lrty have bwn obtained. Resi""""" to 
obro:ion 0no C3VItotion are onhancod. The wotcr ab>D<!Hion i< rorluced to >99% · 
ard th .. '"'"''""" to auack by hot Orine, di<tillcd wator, acid•. and froellng and 
Jltawing is enormouoly improwd. 

PIC is ror,,:iv•ly rmpcrrncal>le to chlondcs onrl its potentiol ror provcntlng '"in
lr,crng """' cor rosion and sur lace ..:olrng h" beon demonot rated in testo p<rlcrmed 
by tho federal Hrghway Adminis:ration (6). A!w 267 daily <>h appl1oations. 
the ma.irnum chlofidc eo~ccnl'ation lound al a depth ol 1 inch was nogli91ble. 

Pan;,iiv hnoregnatcd Conclete· Partially ,mprogna:ed concrete is a variation ot 
PIC which is dosignccr tor durability rather :tan hi;;h stren¡;th. This permia a 
,..,¡ 0 gs in tho account al monomer a< comp•rod vmlt l~lly irnpregnate~ concrete. 
lo~orototV t<Sts hove lnd,c•tod thot o pe<>otration de~lh of 1 inch " adcquato 
to p"voMt ch~orido ponouotion into th• concrete. Good resi"enc• to abtasion 
and ocaling is atoo obt31ned. 

So•;ot,ll tcchniquos lar the r•artial intprognollon ol concrote hove boon util11,;d in 
laboratory and fiold tests. Two ur<>cCS<I". treotment of all surfacos and of ene 
sur!ace. havo been doswt.ed (7)18). The lormer can be occompli•hed by •imply 
soa~ing dr<ed concrete in tow v¡5Co>itV monomor< •~cM •• styrene or methyl 
motiloorylote. Th" dcpth ol ponctratoon vario. linoarly with the lo9ar•thm of the 
soak (,me (9). 

Fiel~ applied mOtllodS for ponotro•,ing hori>ontal and vertical concrote surlaces 
te dcp\lts up to 2 inc!'o' t>avo Leen tostcó (101(111. Thc mo>t clf<•ctive mcthod 
lo1 ''""'"g a horitontal sutfacc ;, 10 place a thin lay<r lappoo<•mat~ly '/, "onch) 
ol dried "'c.d ovor the "'''"""prior te :he apptication ol mono<Nr. The a:rore
gate acts as a wick ror the rnonomcr. therelore. longer soak periods are possib_le 
w<thout ""'""'"" cvo~oration. Soa~ time> of ap¡>roximateiV 6 hOu¡; are requ~red 
to 9,. .• a penctroticn of 1 inch. Thi> me:hod has rcccntly hl:<'n u<ed 10 impr~;¡
na:e lull-sile br<<lgos in four <tates ( 1 01 ar.d 10 ropa ir a highiY deteriorated spill· 
wa·{ •1 a dorn in ld"lto i 111. 

The walls ola wat"'·ou!let tunnel at the ldabo dam thot werc damaged by c>vi· 
totion/ere•ion were al so repaired by panial impregoation. In thiS work tl1e mon· 
omcr wa< cont'inoct in " pro.,umed soa~ chambor thot w>' attochod lo :no tun· 
nol wall tiUring tilo i"'progno110n stop. Soa,1ng for 4 to 6 Mou!S was oequired.to 
pooduco 1 1 inch dopth ol peno=ooti<m. Polymorizotion ol 1he monom« was <n· 
itl0t«1 by heot,ng wi'h hot water 10 a temperaturebetwoen 65" and 100"C. Alter 

• more 1hon 1 ycor 1n .orvice. li1tle damoge to "'" imprcgnoted >urface w" aPPOf· 
en1. 

Po!vm<H C<Jncrete: PC oon••m of an aggn•gato mi•ea l">i(h a monomer »hiCh 
is subsc~,uently p~lymeri?OII in placo. The techn",ques "'"~ lor mi•ing o~d place· 
ment are similor te t~oso u sed for portland comen! ooncr<\0. and afte' cuun¡. a 
high·wongth durable mneri'l i< produc«J. The import~nt !'roceos ;·ariobl"' are 
monomer·lype. aggr<gate •iu distribution. and polymem.,oon method. Theso 
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and other tapies such as placem•nt ar-d lini>hing tcchniqu<i_ additiv ... and ,.retv 
r«¡uirements "'" gi_,,.., in Relorcnc"" (121 ond (13J. 

Dopend1ng upon t11e rnonomcr and ty[JC ond size o! lile aggr<'<J•te. spocimcn< can 
he producOd with compocssive '"""9th< up to 20.000 psi. Full strength;, at· 
U<ncd immediatcly alter the polymerilation reac:tion 1S complot«!. Dopending 
upon the concen(rOliOn• of promotc.· and 1n1tiotor ond the ombient tomper.ltciiO, 
thiS 11mc can varv from a few minutos to 4 hours. Other "tuctural proporiy 
val~•• include a !ensile splltllng S!rer.gth el 1.400 psi. modulu< of elasticity of 
5.3 ~ 10' psi. anda Poi•so~'• r~tio of 0.23. The eroop charac:e""ios ol PC ar• 
simrlar to chose of normal wei9M concrete. 

Products currently being made f1Cm PC indu<lo piling. pi~. curb<IOr\4$. acid 
S!oragc tanks, pump beds,. lacad .... gutters. ar.d san·.,ory b.,in•. 

High Temporoture Fcrmulatioou 

\'/cri< is being perlormed to <l""elop PC lormulatiom tha1 oon be U>Od as oon· 
1oiner moterials for hiqh tempcrotc.ro geothet~>>·11 fluid< Twn moomnw formu· 
lo1ions. 60 Wt% styrenc 40 wt% trimethylopropanc wmctllacrylate ITMPTMA) 
•ncl 50"'% styrene-33 wt% ~ry/oni:ril~-17 •~t% TMPTMA. show prcmise 
oher long corm te.:s. Both •Y<tcm< can be polymeri,od usong chcm10al ini!iato" 
and hcat or by cheonioal 1n1tiotors ;md ~rornowrs Th~ "yronc TMPTMA mixturo 
•PPeaos suitable lm tompctaturo< up 10 ap~roximatoly \SO"C whM the la:ter 
has g.veo qood resuh• up te appro~imately l40"C. 

Two othor monomor ¡y"em• hove been <lt•vcloped wh>Cil mav futthcr O<t<nd the 
opcrat,r.g tempera!uro range. but only fim.,cd tcsting hd< boon performcd. TM 
onwt el dooompos,:ior. ol polymer eontoining SO wt % styrcne 32.8 "'' % a<ry· 
lonitriie·9 wt % Tl!.PTMA C 2 wt % polypMnyleno mide is 262"C Tite use o! 
JO wt% stYICne 1n cortjuoc,on wlth 60 wt% tri,lllyl cvanur•t• and 10 wt% 
polyphenyleno o•ide produce• a polymer th•1 starts to decompose a1 2B6"C. 

The dorabilit•{ of PC te geothermal ll~id1 is higftly dePf'ndont upon the compoti· 
l1on ol thc oggrcgoto. ,",lotoriol< sutil os <¡uorll. silico. fly •<h. and ponland co· 
ment "" being inveotigatod. All of the aggrogat~• h>vc becn used in mat<rials 
"-hich have good <lurab<lo;y ot tcmperatur., ;-218"C. Above thiS temperatuce. 
only PC material< coniOini.,:¡ an oggregotc consisting of silico ono portlot'd ce· 
ment hove boen duroblo 10 brinc and stcom. 

Uboril/Ory Eva!,oarion<: Tests 10 measurc the mcchanical and chemical rcsistancc 
Proper:i., ol ccnc<Ote pclymor m>tcrials "'" bcing perform"<!. Thc '"'"are con· 
Cuct<d in autocl""' at eond<tion• sirnulating environmon1s in which !iold tosa 
•ra in progress or boin~ plannod. The lacih'Y con""' ot 10 outoclovos whoch 
wooo designod lor continuo~• nperat~on with bt~n< or s-..am at 220'C and 2 other 
Pr<ssure Vt"S«Is rateó ot 2SO"C. 

T..,11ng ol two PC formulallom. 60 v.t % •tvrenc·~O wt % TMPTMA ond SO wt % 
styrone-33 wt% ac<yiOnit,le·17 wt% TMPTMA. 1n • 25% conccntratlon of 
<ynthttic Imperial VaJiey brino o117ÍC was in progr= le< 631 day>.. The !orm· 
ulations consiOl ot !2 wt % ot the moncme< mi.rure aM 88 wt% ola 90 "'' % 
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sillCa '-''~<~· 1 O wl % portland tement ag:;rco¡a1e. Potym'<ization was initiatod ~<ing 
2% bento·rl pero,~tle by we1ght ol mo~omor an.ó hcalln9 to SO'C. 

The ros~lts o! compreS>i.e suength mco.utemena made on tho spec1mcns a< • 
lunotion ol :ome are gi,en in Toble 6.1. TM spedmen< ""'" exposed ¡0 25% 
brine 01 17TC. As noted, both series exl\ibited initial re<luction• in We!lllth, 
wobably duo to lho docom;><>sition of low molecular weighi frawom ol tM 
polymor. Sim¡¡or orend; hove boon no<ed for rnost of the systerns evaluoted to 
dale. S¡renQt!.s moO<urod a!ter oxposure for 466 day> were csoentially tho same 
"' thooe mc,..ured ahcr 63 ~oy>. Visual inspeeticn ahe< 631 days indicated no 
croc:~ing or Othcr signo of deteriora<ion. 

TABLE 6.1: COMPRESSIVE STRENGTH OF POLYMEA CONCRETE 

M..,....,, Svnom 
E.""'"'' Tomo !d.oy,l 

o 

PC N~. 1 1'(; N~. 2 
•. Comp.-"~·• S~•noVo !oo•l •. 
9,600 
•.<óO 
3,~00 

•.JI2 
4.JII 

.10.~00 
1.000 
S.IOJ 
1.161 
1,111 

'' '" "" ·~ 
N<Ol<O: PC No, 1. 6(1 wt '110 ~-V""'·40"" '110 TMPTMA. 

Sourc~: BNL 226B~ 

PC No 2. ~Owt% n;« .. ·J3 wt% •"VIon•t"l•· 
llwt%lMeTM.\. 

A~Qe<>'"• 00 w\ % ""d 10 W\ % po,ll•o;l "''""' 
SI>•O<m<n '"'· 0.11" d'"'"'" , 1.5" lono¡. · 
Stm•oth• ""'"''ed •• :>o' c. 

T""" in an envitonmont simulating the woll Melld condition• in N11and California 
!25% btine, 238"C) wote also eonductod. One .. mple consi"od 0 ¡ a ~onome• 
mixture eontaining 50 wt% stv••ne-33 wt% acryloni<ril.,..17 wt% TMPTMA. 
Alto< oxpo<w•e lm :>03 dayo, no dotorio,OIIon was apparcnt. 

Two <amples cantaincd 55 wt% styren.,..36 wt% ocrylonilrile 9 wt% TMPTMA 
and 5lw1% stytene·lS vil% acrylonilrile-13 wt% T~~PTI.:A, respectively, Al· 
te• <WOI<J'" lor 180 day<, noithet .. mple e.hibitt'd dote<ioralion. Comp..-ed to 
a control <trcng\11 of 16.9~0 p<i lile compre"i•o "'ength ol one al Ü><<o sam· 
pies w•• 16,2~0 psi. 

An <V•Iuaticn of spocimens at cOnditions simulating those at Rah Riv~r, Jda~o 
!400 ppm '"ine at lSO"CI and mooe ""'"'" lhon thoS< 21 Klomath Falls, Ooeson 
" alsa boing made. Two in.ch cubos and pro1otype soction• of 3.5 inch diamete• 
pi~o O<O boing tc<ted. A sectian ol PIP< w"h a bu•st pre,.uro of 400 psi alter 
expo•uro lor 140 days sha·.>ed <•idonce of attock. 

A seHOu• p•ablem os.ociatt'd with \he corwef>ion al¡he eno<gy eontMt of hy~et· 
salme geotherm•l SV"""'' to eloc!ric power i> poecopi:>>ion ol amorphous sil•c• 
and othot phasc< thot con u!tima:oly cauoo scaling ol<he pow<r plant e~uipn"•nt. 
The tato of polymotilotion of monamer'c Sihca is dependen! upon pH, tempera· 
ture, salinlly, silica cor.centration, lnd the p<osenee ol .olids. \llork a\ Law"""" 

MMorialo and Scole Mona~emont Studico 

Livetmore Labota\ory (14) hi< it>diea\l'd \hat a teductian ol pH le ••• """' tht 
rar15e 5.0 ¡o 1.6 re<ultt'd in complete elimination al seale aver tha temperatute 
ton¡;e nrt to IOS"C. 

Tests are in ptc~'"" to detormine lile fe.,ibility of using con.ctete polymet mat&
tials in high 1empo<atu<e·low pH environmen!<. Two tO>U are in P<OQ<css. 

Thtee <am~l•• al PC wero oxpos<d lo a pH 3 hydrochlor~c ac1d solution at 20"C 
for 300 doy o. No ev1dence of ottack on \110 PC wos opporent ond 'lile concret• 
eontml oxhibito~ only a •mall we1ght lo". The tomporature was thon raiS<d to 
90"C. hidence al attack on the conctete conlfol was immodialo at>d alter 40 
dav• a 21!1. weig~! lo« wos mcoos<:<ed. Tlle PC weight oemained constant. The 
three Pe somples were then e>po•ed to a pH 1 hydrochloric acid •olution at 
!JO" C. Aftef 21 da y<, the mncroto control hod a woi~l1l lo" of 19%. No evi<JOnco 
ol corrmion ol tl1o PC as dolem,neO hy weight chan~e and pH measurementl 
hao beon del<e!t'd aftc< oxposure 101 lOO days. A ta•t in pH 1 hydtochlotic ocid 
at 2oo"e was startod. Aftet 14 days in\"''· no attack was ""¡,j""'· 
A potenllol applicoliOn for PC i<"' a liner material for p1ping and proce" .o!Soh. 
Thorelore, '"'" hove been pcrlormod to delotminc 1hc cffect al lllOomól shock 
on the bonding botw<en PC and «eel. In ene >1udy a 0.5 inch thick PC line< 
contoinin9 60 wt % srvr...,e40 wt % TMPTMA wa• p!aced en tho in•ide al an 
e inch diameter o:eel pipo. The s~rfoco of the pipe w•• "'ndblo"ed pric• to 
appl,cation ol tOe ?C. The p1pe w., subioctod to 18 10mperatuto cycles be1ween 
o· and 100"c. 11 cyclo• frorn .srta 100"C. and 7 cyclcs fmm -57• !o 150'C, 
No e<acking of the PC ar loss ol bond wa$ appaten\, 

Fietd €~alu3tions: T"'ts havo been initiated at Tho GeyserS. Baca Wells, Klam.uh 
Fall<, Ralt Rivor, EoSI M....,, and o'!i\an~. The stotu• of each o! 1hose programo 
i< summari<O<I bclow. 

The Gev<l:f>' Tem are in poog<"'S to <!otermir.e tite dutabilitv o! PC when ••· 
posed in a weii-Me:K! chambo• to dry neom at 23!1·c. A preliminory '""' ,.,; .. 
was cornpleted in Septembor 1975 which in<!icatt'd that t~e matetials had hi9h 
urcngtn ond law pcrme•bi lit y al\cr e><pasure. fot ~O days ( 15). 

Bascd ~pon these data, a socond soties of >amples "'"' placed in to<t during Nov· 
ombc' 1975. T.-.'0 monome• ws<ems, 50 wt% styrcn.,..33 wt% ocoyloniuil.,.. 
17 wt % TMPH.\A ond SS wt% styrenc-36 wt % acrylonittile-9 wl% T~.:Pn1A 
wete te.,ed. Awregatc compositian ond polymeri2otiM methad aoe other vaoi· 
obles in thc "" series. 

Sampl.., h.-o beon ""aluated af:er exposure loe 90, !80, ac.d 365 days. All sam· 
plos contoining an •ggrog>te consistino¡ al 90 wt% sifica sa'ld-10 w1% ponland 
cement h•v• shown g~od <Jurab''''Y· Compo5'tes cont<ining otllot "Jgregato< 
lailed. Tno avCCJ'JO co,npto>Sive "'"nnth ol specimem oxpos.o<l to the '"''con· 
d<tions lo< 1 yea• "'' 4.200 psi. apprO<imately 50% ol 1he control but in lair 

· agreement with a •al u e of 4,90{) psi that was mea•ured aher a 90·d•y expa<UfO. 

Ba<:o 1'/ell<: A :e<t m ootormine r.'le duoabilitY o! Pe to flashing brine >",a tom· 
perature 0 ¡ appro•imatoly 161fC "'" pedormed ot Baca Wello, New Mexico. 
Tne totoi e<~o>u•e ti"'o was 160 doy•. The te" <otios consistod ol two mono· 
mer mi.,ut01, 60 wl % "ytene-40 wt % TMPTMA and 50 wt % Styr•ne·33 wt% 

" • 



a'rylo •-17 "" % TMPTMA, mixod wit~ an "''""Jato con'"""9 of 90 wt% 
S1hoa .an<J o_nrt 10 wt % ponlan<1 coment. Throe óilteront palymematian rneth
ods wore utol11oú. 

The <oodm~·ns wore _laund ta be in qaad condi<ian alter tho 180-<Jay t.,L Two 
,."'!''"' l'"o>htch contamod the 60 wt 't "V••nc-40 w1% TMPTMA mi•tute poi _ 
morou<ll u<or.:¡ be"lOyl pero•ide and Oimeth~l aniline. w~te sli;htly crock<d. Átt 
ol thc othet motcr~als WOto crock-lree. 

Tem porlorm_t><J an tho samplc•_ included dimensional "o!>ility, woight ch,ngo, 
water ab><>rptoan, and cornpr=•ve strcngth. LiWe il any chango; in the dimen
s-on> •nd ""''~ht were tlotectod. Comparod tO the control•. all al the umples 
conta•nrng JI y reno-TMPTMA ha<! mc.-.gth• "'hich ~>Ore esoentially unaflocted by 
the ••posurc. The_ <~mple< contain1n~ 5lyrene-ocrylonitrllo TMPTMA polymeri<ed 
by proroow" an~ •M,_,tors were also unollo<tod Tho othor son,ples c~ili!Jitod 
sl,ght <trrnglh roduotions ond incrcaseo in ol!<o•vt•on. Thcse 5tre~glh$ "'"'"in 
the Slfl'O ardor as II10SO ob:ai¡,e<f alter 180 day exposures 31 lhe Geysen lop
proximately 4,500 psi). 

Klam<J//) Fo//s: SampiO'I ol_e<tncre:e polym<r ma:orials ha-10 bccn c•pa"'<< to low 
leropcto.'urc ~Hothermal llu•~• a< Ktomotl1 Falls, Orcgon. Field te5ting was 
<tarted 1n Novembcr \fll5. Folty-Cight cylinclrico! spcdmons or PC ond PIC 
wcre placod mto wclls '' tcm~orature< ron~in~ betwcon 27' ond 99"C. Soonples 
""''" removed lor ••aluation aher cxposurc lar 90, ISO and J60 days. 

All ol the 'PO<:imens were lou<'l<l to be crocHr ... The resut" from compr""i>e 
str<ngth anol water absorption tests indicotc that bcth propertios ore in~eponóent 
ol tho r>posurc tompcroturc. The woter absotptions rema1nod conmnt through
out tl,o tost. Hcducti<>n< in 'omprc»i"c >trengtb rangir1g belwecn 14 to 18% 
wore Mtod lar samplcs c.posod lor 160 day<. Beyond that time, the strongUt< 
ocmoinod o"entially constant. 

Raft Ri•or: Concrete polymer t:--.aterials moy ha••c appliCOtion in m<'dium tem
poratu;e 9<0thcr:MI <ystorn• where pipinq with low-co•t. minimum thcrmol lo"es 
and dur.tf)ility to inlcrn"l •mi cxtemal cnvironmental conditions "esoontiol. ' 
Ge;ltt~orrllol ftu;d• ~ceting thiS rond•tion ltempcrature oppmximately 150'CI 
"'"' •n Ih< Ra.t R•vcr Valley <«JiOO ol ldal10 wt.ere tO'Iting of conorote polvmer 
ma,e:tal• has beo>n .:an<'d. 

In Me exporimcm, twenty 2 inch diametcr x 0.25 inch 1hick e<mcnt di..:• im-

~~·:~: ~~; ~~:: ht ~ ~r,;;,,~.'; ¡::~~;~~.~~ "%o ~ ~; ~ T ~~ :'u~~~~ n'. u "l~~ !~d 7 ~o d ~~·, , 1/~ id 
test, no d<•tooioration al tho PIC was apparont. Severo ottack. wa< noted on ,.,. 
erol mo¡atlic ,_,mples. 

Te<ti~ o! PC saoY.piO'I in ll•e Raft Ri>or ~lobilo co,osion, Do~o,,tion, and Cam· 
PDMnt Tc<l L,1l!o·oto'y wos mrted in Soptomb"' 1976. TI<• '"" condnions .,. 
as loltows: tomperaturc 135'C. now 200 gpm, and prc<suro 130 psi. Only 1he 
rcsult< lrom •amples ••PO"'<I lor 90 day• aro available. Tho•o da:a indicato 
lfen;ls simiiat to those obtainod in the Olhot lield tests; <light red~ct;ons in 
"'ength. di,.,nsionol <tobilnv. •nd constant wotor absorpti<tfL 

East MeSJJ ond Niland: Tc<l pro;rom• were initbtod in thc lm~ .. _, Valle·¡ o! 
C-JI•Iomia JI Ea.t Mc~1 and Nil.md At Eost Meso t.8 holtow cytindrical PC S3m
pl"' are l>omu e<po•od to llowing brine al a tom¡¡orature of a¡¡¡>tO<imatoly IGO'C. 
T~e test wa. stottod in Marclt 1~77. 

A total of 24 ·~~imen• ha'e ~n placed into tost in six envitonments at t.:•land. 
The sample> are loca:ed in 220"C brine a1 the inlot te th~ fint steam separator, 
tne brme and "'"""' eflluent from the lirSt >cparator, brinc ond steam elfluent 
lrom tho "'conJ steam scporator, and at the stoom/b,.ne intorloco in tho seoond 
•eparatot. The test wao "artod in Apnl 1977. Al the ume BNL 22684 was 
written. 1"'1 rewlto were not avoilable. 

Pctential Applicatia"' 

BoS<d upon tho te<t data obtained. sovotal potcntiol opplication• for concreto 
potymer moterial• in 9eothern1JI proce>Sos ate oppórent. The rcsul" lrom pre
liminary economk studic. inOicotc that large cost benefll< con be accrued by uso 
ol PC-hned carbon <1eel components a• rc;>locemcnts lar S1ainloss steel. untalum. 
and Has1oltov in con~en<ate piping sys;ems. roinjection lino-s, arn:l •team >epara
tOrS. u ... cf PC ot PtC tn COCI1ng to...-ers, ~""'e' hea<ing sySiems {18), and 10 
protee! concret< "'"fa<es also •ppear cast eii<Cti_.. 
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C:HEMISTRY OF SCALE FORMATION 

The material lor tha >.ection has been based upon a paper by 
H.L. Darnos and J. D. Rimstidt el Ore Oeposit> Reseorch Sec
tion, Pcnnsylvania Smo Univorslty, rro•entod at The Sctond 
Worl<<hop en Material• Prcblcm• IPB 251 349). 

Tho Fundamenul Equilibrium Reaction 

The basio reaction totltrOIIing •ilica •olubility io: 

- SiO, + 2H,O ______,_ H.,S•O,Iaq.) 

The validity of the stoichiometry ol thi< reactlon i< well <-<tabli>lted 1<>< sl"\lerol 
rea•on•. Many 51udies, indudin9 the mou recen! by Scward I1974L show that 
H..SiO. is the deminant ouucous ><lica spcciet and ionization el H,S,Q, is unim· 
pOrtant o< long as the pH is le" than 9 at 25"C. or not more than 2 pH unia 
above neutralny .t higher temperotur~•: consoquently H,SiO; i• a nogtig1ble 
•pccics in virtually all goothormal <elulions. {Beca~•• •ilica ;, not on ionic <el• 
ute. it is improba~le that electro"atic removot coukl be eflective.l Tl,ere i• 
olso no compto,i.-.g of Silica \O form >Oiuble alkali >ilicate> or polyme" al equil· 
ibrium unlc<> tho pH i• much obove thc normal ran9c, ., >ummamed by Fournier 
(19731. Funhermore, by correlating aglln" temperalure. the siloca <Oiubility 
••Pre"t:ed in !he complete equilibrium con.,ant el Morshall I1972L it was lound 
that thc cocflicicntlor H,O in reoction {1) is uncquivoca\ly 2 up to at lea<t 
360"C. The <'<luihbrium con>tlnt lor the solubility controlling reaction io: 

"' 
wllere K, " the equilibrium con>tant at a particular temperature, T, anda¡ ro-
presenu the activiw el the panicular reac,.nt, i. Thh me•n• that the conun
tration el •ilic• in solution, c"cntially •>~,s.o,. i• a linear lunction ol the prod· 

'" 
Ne•t consider the ml\gnitudes of each ol th .. e factOr> and thoir influence on 
equi1obrium •ilica concenuation. 

Depondence of So/ubility on rhe équilii:Jrium Conoranr: An incrcaso in the equil· 
ibrium con>tant, Kr. "ith tomperaturl cau,.. a concomitan! incre>SI in the 
octivity ol <ilico in •ot .. tion, all othcr lacto<> of product (3) remaining comt•nt. 
The rcsult ol the temperaturo ollect en the oquil,brium conmnt is s~own on 
Figure 6.1. At eac~ temperature. ••actly tho ,.me value ol Kr applies 10 each 
of the three Cul\res, the only dilterence bet..,eon them bein~ t~at ~sro, difiero 
ameng the t.eHd ph""'· 

FIGURE 6.1: 
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TEMPERATURE EFFECT ON EOUILIURIUM CO.ANT 

1 

-
• , . ,.. "" ,,. "" 

T•mperatu<O, •e 

Sou10e: PB 161 349 

Depcndenco of Solubrlirv on Source Rocks: Cleorly, oqui\ibrium cont<ant (2) 
tell> us that, 11 a lind temperature, the solubility ol oilica i¡' linear lunction 
o! •s.o,. In t~rn. •s.o, in the rcck< OOn!ributing sil'ca to tlle solution dopond• 
upon the <trucluro of thc oilica minor>l p<osont an~ al•o on i" grain ,;,e ond 
do~ree el dioorder. 11 t~e groin size ;, le" than 1 ¡.m. or if thc solid is Minllly 
di<Ordered, both o! which oecur in amorphou• sitico, for •~•mple, tlwn surl¡,r;e 
energy becom., impo"'nl and tho >olubillty io incr<,.cd. However, ouch SlJrloce 
energios are only tranoitory at temperoture< abcve about 300"C becauso ol 1110 
rapid rate o! recry<tallization. lt i< lor this re><on lhll the solubilily CUI\re f<>< 
•mcrphou< silica on Figure 6.1 is no\ valid above oppro~imately th\S tom¡'leroture. 

The ellect of as.o, ;, evident in the silica cencentrations in ""'"" dcrived frcm 
difieren\ type• ol rockl in the geothermal re$0niOil. \'lhere gla"y vo!can1c. er 
amorphous >ilica aro presont, lhen both •s.o, ond associated silico concenlration• 
ore tomparotively very high •• in Figure 6.1. lf volcanic• containing cri,.ob•lite 
are present, then the sclubility is lower but urll high. Loweu concontraliono 
are found whoro quam is tho dominan! >ilica mineral in tho rcservoir roc~;s. but 
\he ccncentration >till dependo on whether thi• quaru is tinc·g¡ained {lo" than 
1 ~m) or ha• a coa<>< grain si<<!, which cau,., the lowe<t wlubility among S\lic•
rilinoral•. 

DePff!denc~ of So/ubillly en Sllinitr." Tht! third lacta¡ whic:h ccntrals sitia 
ccncentration in product 131. beside• KT and 3;,o, ;, thc acti•ilv ol water, •nd 
here tho dependenco ¡, not line"· but on a'..,o· Figure 6.2 illumatos thio do-
pendonee lor quaru. 



QUARTZ SOLUBILITY 
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. to O 7 lawerS ,;¡;ca wlubilily by .~ut 
Note that • d..:roo<e In ~K,O lrom 1·0 . · . ¡ •• •olore the pro~ort•onal 

~• ¡0 , anu sohca monera · • e • r· 
hall ot ony tompcrature •"" . • . ~ caro b<! read lrom r1g-.¡re 

. ¡ •¡· ·--om~anuon" a parucular H-0 
do.:rease on ><> uu1 lty "" ~ • • . 6 1 ,;¡¡he'-'"'" ,.mperowre. 
Bl and appliOO to the otMr mir.crals el f,gure · . as •hown below. Tne type and concontration el ,olulcs pres<nt dctcrm•n• ~K¡ O 

NoCI c.c•, 
Moi.,•<Y 1%1 Mololo!Y l%1 

'H,O 
1.a 11•1 1.61151 

o; 

0.75 '6.21271 
l• 1221 

0.0 s.o 1361 
0.0 

•¡;¡ IHI 
0.0 

·s"""""" ~s·c. 
t lar ¡ow tcmperatures. thcy . 

Ai'hough <he valu<' al •K o givon he re are ••,•e ~"""O lor a p><Úru:or soluto 
' ¡ ,_:..., ol011o0. upto~uu . 00 ncnc"lly ct1ange on Y uy H,O ·. ¡ ·• ¡¡ , 0 a~prooch•ng . · 

• ~ 11 1ov.ard h;gher more •~•• H, ~ 
amccn!ratlon. an~ nor~• Y . •hermal (luid•. a K, O maY vary 
aecau"' high c~ncen•,,~(•on> occur lfl manv 9'0· ¡·· ''' \ %) "><-O woul;:j ~ 

"00000 m to•al d•=l~!d"' ~ w • - 1 ton•idera\>ly. At ~ • IJP 
0

•
7 

d ndi.-.g on tho ,peciiic wlu:"' pr,..r. · 
c~pectod 10 b~ ~etwecn 0.6 •nd · c:>e , 
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There aro somo ion¡¡ortom irrplications of lllio tabla and Figure 6.. Additive> 
usod !O lfy lO p1event sil1ca deposi·:,on mu>tlowor~ll oand decrcosc 1ho oqu1li· 
br~um solub.tity. In loot, oven <hose additiv•'> lhat m10¡11¡ "" up ,¡¡,,in a •olu
ble com~l€' mu11 bo us~d 1>< roo>Oc-abl" pll<l ·,, •udl h'¡¡¡h concent,,1<;,,.,. lowing 
10 thci' weok affinity lor ,j)ica), ;hat tM e!foct on au,o would i>o "'POCtcd 10 
ove,idc the comple.ing effect 10 give a net >Q!ubility deorease. Funhcrmore, 
ouch lan;e Quan1iüeo ol wa10r would have lo be uoaled t<> pr<>ent silica doposi· 
tion thot ac!daives are unli_ket·, to be «:OI>omically leas•ble. 

A ><"COnd implica1ion ol Figuro 6.2 h 1hat dolution ol a modorately concenltJ1od 
brme by cle>ner W:ltOr eflidently incroas•• >Uico oolubili:y due 10 1ho dopendenco 
en •'H,O· For e><omple, ilthe m,tial •H,O • 0.8 ond tho >olu110n ;, diluted by 
10% wLth clean d"tillatc, tho net incoea>e in di,.olved Sllica con l>e ;tlou1 2tl%, 
depen<ling on <he tt•mpt•rotu<e aná sal" disoolvod. Can'"lLIUOntly, >i!ico lo., Ion~ 
can be elfectivetv oolo•ded by diluling concon,atod qcolhcnn,l brine• to lnwor 
the dogree of sol¡ca 0>1urotion. 11 a down-hole pump wero operawd on oteam, 
the~ the """' ai>O wculd be a beneficial d1luont lor thi• purpo>e. 

Mmer<Jiogy of s;lic3 Sc~lt>: The silica phase 1ha1 W\11 prodpi1ate is con~tolled by 
lile d~ru ol supers.>¡uration a1 the !em¡¡cro1uoe ol dep.,..tion. For c.ample, il 
oupersawration ¡;,. bot,..oon t~e cri$1obali1e ond waru CUf\lOO ol F;gure 6.1, !hen 
any precipi1ation must be al quartl. Thi• fig<Jto also !how> th>< il1he water 
"''"" sa:_.ra1ed with 4uortz in the '"'""'"" at 225'C, then depending o~ 1hc kin
Ollcs of tt1e panL.:ulor •v>tcm, amorp~.ou< >iloc> could proc•pitare at ¡OO"C, or 
tristoboli:e ot IBO"C: hJfthermore. ll tM salullon wore sotura<OO in amorphous 
sli'oca, 1hen this is tho ¡thoso that would l>e O<Pe<:to.l to precip,tato at ony ¡om
perature. 11 ¡, atso c·,idont1hat dur~ng oooli~~. cri,tobalite could lorm eosily 
alter initlal mura!'•on in 1ho reoervoir with eit~er quar¡, or crMobalite, or, 11· 
tematively. aher dHution of an ammphOUHa1ura1N wlu1ion. 

Reliability of Solubility Data 

To prepare F;guro 6.1, tho wlubility da:a available lrom nine ><>urce. lin~ludod 
in the roference;), wore corrclaJer:t a.od :hese havo (leen te>t..-1 IOr consiotcrl<y 
against the oomplote cqu'ol',()riunt constan< 

14) Ke • KT - 21oglmolority al H,O). 

There is excellent ogreomont among tho« quam <IOl! th01 are baood on oquili· 
b(lc¡m 1ha1 hos been eOiablis.~od by braok<t'1ng lhrcu~h on ap~rooch lrom op¡¡o
oite dl:ee!iono: s•¡rth S(UdJCS ir>olude Mockemie •nd Go .. ll971) wi1h 4 4 P!>m 
oilica.: 20"C. Crerar ond Andorson {1971) lor <101~ 11 180" 1o ~o·c. pluo S<!\leral 
Other in,·,;:,g>tions a¡ lom;¡ero:~~ abo··• 250"C where oeoc1ion ratcs are mooe 
rapid. Tr.erelore, 1he quOI\l wn.·e seom: 1o bO well establi•hOO. The ~nstObohto 
cur,e is su~po"ed by lewcr data or.d has an ad<IM r¡oblcon becau"' a1 rougloly 
25Q"C. thore ;, a tran;i1ion in muc1ure from n to;l so thdt meascremenlS abovo 
ond bolow tho transi1ion ore no1 "'"'Y cortelatod. 

However, •he curw lor amarphou> >Jiica" lea" M'll known be<au<e at low tom
poroture<, reac:ion rates aro so •iow tha1 equil1brium •olubil:ties connot bo 
acni..,ed ac.d, obov~ a~ut 250"C, t!'.e •olid bf'gins ¡o ropidly recry,t¡¡llite ¡a a 
more >:OOie form during sorubili;y mea>urem.,t>. There<ore, t~i• OJrve is prob
ably no1 valid abcve 300"C dueto t.~e rate of t«:.-y>tallizo1icn. 
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Geothermal Energy 

SCALE DEPOSITION 

Tho motcrial ter this •ecti<>n h•s been bo.ed upon • p.>por b~h 
E.F. \"lo~l el Occ.don:al Re<earch Corporollon P""'"~'"d at' 0 
Socond WorO.<hop on Ma1errals Problom> IPII 261 3·•9). 

. h 1 ··onships botwoon brino compo>itinn, 
For good dd~n 10 preven< S<Oirng.t 0 re,•·',., be •do ovarla~le ThP composi-

' 0· .• ,, ond •colo donOS>tron '"""u m · • 
0 ~roco" com,r rur •· " , ,.,. 

0
·
0

A ~l·nts ""ics wit" oco· 

'
· db oeo•bermJ ~'""' "~" r;on ol br~ne; >orng IJfOccm Y , ' ¡ tho ohomioal corr.posrtron . • ,_ ">" 0 ¡ thc voryH>9 n:u~ro 0 . 

(ron Orlu tcmpc,o1uro uC,;au • 
0

, 
0 
.~ ••lid¡ in these bt>r'O< 

· 1 · h th"s e st Tho toto '""" v.u ~ 
of lile motcrr3 rn 1 O OOJ '"oo' Th lowc>t tem~01 .,urc geo:~.err.tol varios bo1woon 1,000 and 400,0 ~prn_ • 

.\1otonal• and Scalc Monogcrncnt Studio• 

'"' 
souroe whkh cJn be oconomically utilllod is unr.onain ,¡¡ ll"'<ont wloilo tlte uppor 
lomit of to·mp••r.ltlrro o! ueothormJI JoJJo•rto ,,; P'"'''ntly "'Pioitod is in tilo ncr~h· 
b01ho<>d ol 300'C. llecouse thcrc are <till aotivo volcanoo in the earth'• crust. <>no 
WO<..td ••Mct thot ultimo\ely hi,her tempcroturc >Our<es will be u>Cd. 

As hot brine i> dro<.•m trom ge>o:hcrmol "clls and flows lhrough tite prping '~''" 
1ems ol 9CQlhermol enorgy utilb:ion plan1S, therc will be prc<surc and lempera
ture cnan!)<'>, boiling with phase chonge'- and tutbulcnr;e in the liquid •tream_ In 
addi1icn, the brine will come in contact with •arious matoróal• ol construction. 
lhe rcsult i• that the ho; •al\ sol~tion will undotgo an intric.:rte cl\emkal •nd 
phy>ical time hi>t<>ry. In oorr.e '"'" scale doposition will wenwolly <llut Cown 
\he system, in other "'""'' tncre will be no dopo>ition, and in s:ill othe" the deo· 
o•ition will be so gt .. t the ~{""" woll be inoperable. The comple,ity and con
se<¡u<nt ~irriculty of detormining t.'le relationship botween b6ne chemistry, pr<>c· 
.., condirions, •M scale dopn<ition witl bo o'"mplrlied by somo exarnples 11). 

Elloot ol Btino Connituonts on Srlica D•pmitran 

Tho effoc1 of rho calcrum and m,1¡JM5ium contont el tho brrno on tho deposition 
of prodnminontly silrca dcpo'i" on 'cooled metal surfoco "shown in Table 6.2. 
This shaw¡ lhJt the additron of calciurn and magnesium to a brrr.e has more in· 
~uonce on tho dopo;ition of the so>le than l~e doubling of the silica contcnt. 
11 ;, kMwn thot silrco form• sil'"-''" deposirs wrth vorious cation<- lron ar>d alu· 
minum are l>oth kno"n to be si;ni:icont in this regar d. Thu< the nu~y al dop
osition lrom Geothermal bro.~e< ;, a eomplcx situolion be<:ouse al the inl!uence 
el voricus cation._ 

TAIILE 6.2: SILICA SCALE DEPOSITION 01-J A COOLED PROBE, LABORA· 
TORY IJATCH EXPERIMENT, SYNTHETIC IIRINES 
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Oifterone<ts Botween Synthetic anrl Real Brine• 

The deposit>on el <cale lrom <ynthet·C trines, Tabte 6.3 and Ea" 1.\esa brine, 
T •ble 6.4, wos >tmliorl u•ing the >eolrn9 le>t unit >hown in Frgure 6.4. T.oe do:>
osrtion al ><ole on tMe probe w•ll was meo•urcd by the heot tronsfor rate which 
in tur,, wos doterrnined by mea<urem<nl< of the tornr><<Olur" aM flow rote; ol 
the coolont ond brine as shown schotnaticolly in Frgure 6.5. For the ~¡nthetic 
~rino, t~e depo<r1ion wos predominotely >rlica. A rnothcrrMrcal modol, shown 
rn Fi~ure 6.G. w" dcri•ed assuming 1.00! the roto al dopoi'rtion depends on the 
dri•ing Jorco botween tho solu:io.o and the coolod surf;,co. As shown in Figure 
0.6, tho d•t• W<l'e correfatod qui:o w~ll using thio rnodol. 
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TABLE 6.3: DESCRIPTION OF SYNTHHIC GEOTHERMAL BRINE 

!~ ••• ,., ¡...._.¡ ....... ,., ...... ... " ... .. ''·'" "" • '·"' "' •• '" ,,,,,.,,, .. " "•"•'"•' " " "" ,, 
" ..... , 

"· " '""' • " ''"' "'"• '" ''""' S 10¡ '" ,,,,,,.,,, 
" ". 1 ~· ••••• "'"'"' ''""' ....... 

TABLE 6.4: TYI'ICAL BRIN E FROM EAST MESA WELL &1 
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FIGURE 6.4: SCHEMATIC OF SCALING TEST UJI.'IT 
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Mattriah and Scalo Mona9ement Studi•s 

FICURE 6.5: SCAUNG RATE MODEL 
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FIGURE 6.6: CORRELATION OF SCALE RESISTAII:CE TO HEAT TRANSFER 
FOR SYNTHETIC BRIN E TESTS 
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Al\" "'" .ym!.etic brino 1"'" thi< <ealing te>t unit was tokon to \he E•"' Mes.a 
Tm sito of thc U.S. Bureau of RcdamotJOn to Sludy the depo<ition lrom \he 
Lrino ol wcll G-1 Althou~h thc com~O>Ition of this brine i< sirnilor \0 thot ol 
thc >ynthetic hune. tho """'" were sul><tontiolly drflcrent. Calcite "'" found lo 
bothc prcdomrnant >r;Oic, onrl thc rote of dcposition '"' dcpcrtdcnt on procos<' 
oondotion< and relatrvcly indcpendent ol the driving force betwcon thc bulk solu· 
uon ond the cooled or heatod suflace. The brine hom E .. t Mesa ,.cll 6-1 flo·,•rod 
:hrough thc undcrground pipe to the test unit and then toan ei;ht inch dump 

hne •• >hown in Fi~ure 6.7. 

Thc wdl h.td pcrforation< tlwt coocred varinus <trata undorgrounrl. Scale deo· 
o"tirm wos ob>crwd "''"" ¡>Oinl"- Ono was in tho to" section ond the other 
w" in tilO¡; inch dump l.rw t.ctwoon tho to<t unit ond the ei~t>t inch durr.p line, 
Build up ol scale in tho e•it line was demon>trotod by t~e illCrcosing pressure 
~rop across the exit fine, Figure 6.B. which ind.c01cd tt·.at the •~il line wa< al<no5\ 
totolly pluggod alter thr<'" days of operoticn. 

A do<ro"" in hcat tran<fcr due tO <cate o~cration, Figure 6.9, again shows •hat 
thc deposition wa> sufliciont in throe doy< timo to be signilrcartt lrom an opcr· 
ationol ston<lpoint. In both coses the dcpo¡ition 'Oto "'"'constan\ wlwroas the 
synthctic brine doto follcws an cxpoten!ral curve, thu< demonstratiM the drfler· 
en<e in ¡he dopo<ition mochani>m. On tho othor hand, dopos;tion !rom thi$ 
bnne wos stJch 1hat the depO>iticn of sc.alo in the lO$\ unit cculd be kept al zero 
under ccrtain controllod condilicns., shown bclow. 

FIGURE 6.7: PLOT PLAN OF SCALING HST UNIT tNSTALLATION AT 
EAST MESA WELL 6-1 

S<>urcc: PB 261 349 

Mareriolo ond S<:.ale Man>;ernen• S1udi•• 

FIGURE 6.8: PRESSURE DROP ACROSS EX1T LINE FOR AUN 201 
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FIGURE 6.9: HEAT TRANSFER SCALE RESISTANCE FOR RUNS 300 
TO 302 

s~urce: PB 261 349 
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Geothormol Encrgy 

T ABLE 6.7'. PHYSICAL OESCRIP110N OF·SCALES 

E o" al 

""" 
s.m 010 R•m•"' ,. Loootoon Aot""'""'" 

bb« ,,..«ll"'"'ed 

'" ·- "'own bl><" ~-'"' ••• ..o<>Oed 

'"' probo brown bl><k 
"''""' olf 

'"" pmbo browo '"""'"'" '""'' <>~ly wOped off 
M probo "" frlm 

'"''" wl¡>ed oll 

"' probt dr><OI<"""'" h'• moto\· 

"" "'"'""'" ,,;,, wrr>« off 
"" ti;ht bl"k film 

"' probo lo~ 
~'"""h brown !rlm '""' wio<d off 

'"' probo bottom 
""'' .. ;p.d "" 

"'' ·- "" ''"' ""'' """""' ,.mllor 10 wt>on blu> 

'l>r l<o<h thr<< """'''" ''""'"' <tllpplng 
20411> "" "'"" ''" "'"' <OS'IV w;p«J off 

'"' probr 101' ''" '"'""•· oowd«"l 
""'' w;ped off 

"' 
p<obobottom """'"'" 0, "'"'' nul"l· 

u~ plut ,.., <r;>~llog 
,.. flouro 5.7 h•rd ... o«h•""V 

"' probo 
'''""' nrown block "''" ofl ,00 probo "''"011 woth 

"' """ "'''"" "'"" ·~"'""0"'11 
~rown bbelr "''" ofl wo\~ 

"' probo ''''" "''"'"" 
"'"''""""' "" 

fl>k <t off <<lt:J" V 

'" probo 

Sourco: rs 751 349 

Comple.itV o! the Oeposiu 

1 :-no of the scales <hO-'> tt.>< tho ..:ole from 
The x ray diUrowon pouern ° '0•

1 20 ~ ond 205 lwhlch wos ohernicolly 
1uns 300 ond 102 wJ< colcite, and 0

.'.'""' . ' or hous sco!e d!· 
show~ to be prodominotely an iton-srllc• d,'',", "t),·,','""'"~",,~;:: h~s not beon w~-

~oo ho.....,•er th~ x-ray 1 rae ~· • · - . 
pOS1t From run ~ · , • sits <ho'" thao slighl '·oriaucns '" 
~e"fully idontilied. Comparr;on> o! >cale dopo ',•e donosit Funhor· 

1 • s nd tions vory mo nature o " ~ · 
con9o>1tl<>n •'"d ~r 1>' 00"' :o 

0 
,· ferent for opparontly ol ight vari>tions .,neo 

moro. the mecltantsm mult ue ' . 
sotmtimes the doposit i1 unilorm ond somoum .. nodular. 

Reference 

.,,_,, 'F _, , 1 S•li<;.o"' S<itJ< C<>tii'OI ¡, Ototh«mdl 8tl"<<, OSI.' Fon .. .. ~.. . .. .. ~:~o.n 

S.~10rr.bor \91•. OS'' CoouKl No_ \4 _. · 

RopGtl, 

'" 
MATERIALS RESEARCH 

The ma'erial lor this ...:~ion ~as been b.,.,_ upcn • ~apor l>y 
p B NO<"dh Jr Tod StaH ~f the Corro.,on •n~ Elec\fomet-
oÍt~r{ly Ros~;,·oh (;;oup, Colic'go raris Motallurgy Re>carch Cer.ter, 

Mawial> ond Scale Mono~omcnt Studics 

U.S. Bureau el .'.lino; prep>.red lor ThoSccond \\lork<hop en 
Material> Problom< (P8 261 34~1. 

'"' 
An objectlvc ol the Bureau o! Mines' goothermal program is to evaluo~e the cor· 
rosion and scaling rcsi>~anu el commercially availat>le metal• and allcy< in ~eo. 
thermal brine environmen<L Thrs i> do~e in O<dcr to determine ~he best mote
rials lor conwuct:on ol plan(S dc<igned for the extraction ol m<nOral "alues, con
vcrsion ol cnorgy, ond thO desolinil>t•On of brine woterS. 

Corrosion Te&ls: 1hc ro,ults of loborotory corrosion te<tl have 1hown 11101 
1-lasreltoy C 276 ond E·Brite 26-1 woro t~e tnost corros¡on resistant in deoor•ted 
g.othermal btinos 1250,000 ppm TOSI undet well head COnditiOn1 1230•c. 450 
p<i)fl)_ Hew...,er, "'Ílh tho i<Jdit;on el IDO ppm o, te the brine<, tite behavior 
ol HaswHov C-276 dilfOtod mo,~odl V· The U bond stro>S corrooion spocimons 
dovcluped crocks v.-hich irtitioted, in noacly evory cJSe, ot nonrne:aliic indusions 
on the s~imon sucfocoL Tho•e ¡<>eluslons dissolved ;, the oxv~ena>ed brine 
le1ving a sizoble pit; thoy subsequentiV becan'lll enlarged and ted te a gro" det• 
riototiort o! the samplo s~flace. 

Tho weight·IOOS W:lples, otherwi>o uncorrodO<J, had tiny, block, dert<Jritic grow:hs 
;, isola\ed arcas or the s;,mple sudace- Examination <howed those lo be also 
at the "le< el incl~>ions whic~ wO!O partially d¡ssolvod lrom the sutrounding 
metal motr;x. The total attac~ of the Ha<telioy C·276 woi9bt-loo; and stro"
corro>ion sompleo ''"' conlmc-d to tho buundary of thcso inclusiono. Dls.cu»ions 
wi~h the monufocturer hove resultetJ in tite tontotive conc.lusion that the inclu· 
sionl were A~ O, lomwd du<in,r ¡,luminum de<>xidation ol ~he molten metal. 

Gos So/ubiti¡y: The solubil.ty of oxygcn has b''"" tneO<urod ;n "mple >odlum 
citloride brirtcs (up :o 5.4 .\1). rn a ,ynth.,ic gcuthermal brine 1ypical of tite con
contra:ed bri""' el 'he N•land, Califemla, arca, and in geo1hermal b,;,. obtained 
from Mesa 6·1 at the Bureau ol Reclam.,ion wcll-si:e on the Eost Mo<3 noar 
Holtville, California 121. Tite oolubilltY ol CO, h., boen meosu;ed in simple so
dium cf11or~dO brino• lup 10 2 ~~~ andina synthctic Niland, h1gh Slllinity bnne, 

The <ol~~ilitiel were obt3Íned lrom (!te solutlon lr<-e>ing pc;nt up to 310'C. 
Literorure dat• on rhe solub1hty of met!•one in water hos be'<~ corrcctcd. All 
solub 11 lty dato have bccn cor<el>ted, 1 Figuro 6. 11) 1n terrns al thc ~i!lrillution 
function. A, ond tho den1ity rotio (p1/p,l, whcre A~ N,/~ •• the ratio olthe mol 
!roc1ion, N, ol <Me di>solved gas in the liqu;d (1) and vapot M phases, and 
(p 1/p,l is the ratio ol thc den>iTlcs ol the two pMa;e;, Exl!apolation of the dat• 
to higiter tem~erot~« is roodily aocompli,hcd •inco A= 1 ond (p 1/p,) • 1 ot tito 
critico! tempcroturo of titO <elut:on ond, at hi;h tcmperaturc•. the curves are nearly 
r;neor. 

The C!C"·hatche<J orea rcpr,;cn" tM rOngc of volue> ob>orvcd fcr !he 1ior.cus 
•olutoom rong;n~ lrom puro water (the upper boundory) to t!>c most concentratod 
bnnes lthe IOwtr boundo<yl. lt can be seen that methane and oxygcn in pu<e 
w•~er hav~ "milar oolubillt<os. 1he oddition ol '"'t to th~ water leads ~o • ro
duclion in gas so!u~ility and is commanly l<ncwn as s.altin~·out. 
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fiGUHE 6.11: DISTRIEIUT!ON FUNCTION FOR PURE GASES IN WATER 
ANO BRINfS 

o -

-•o"---"--o,c--"---,;---"-_,, 

so~rce: PB 2B1 349 

In tho ca>e of o•ygen, the >Olting·o~t eftect on the di.,nbution lunotion i< 
sm•ll ot high temperaturos Out bocomes apprecio!>ly lorgcr at low tem~eraturcs 
whoro the don•ilV ratio lp¡IP,I is lor\J<'. Ga<es that hyd«>lyze, interacting mongly 
with wotor (such as tatbon dioxide), ha.e sub•tantially hi~hor .olubilitiH tr.atl 
either methane or oxygon. Fitting the sol«bility data to 

, \og A 

gave the coefficicn<o in Tablo 5.8 for oxygen, cortJon dioxide, and meth,tno. 
Sincc A m 1 at (p¡/p,l • 1, Bo wa• '''atO. 

The cod!icionto vory smi>Othly with the salt contcnt ol the solutions, Uous per
mltting ""Y int~rpolotion lor br~nos ol other comp~sition. Tho rolativo oHOr 
;, delint'<l boro •• th~ <tandord de'o'iotior. of the quotie~l ol the d1lt<rer>ee t>e
tween the expetimon<al and the fitted valun. 

Motorials or1d Scale Monogomont Stud10S '" 
TABLE 6.8: SOLU31LITY COEFFICIENTS 

'" '''"" .. " " '""' '"'"""" ., '• .. ' '" •• ' ·~· ' 
•• '''"" ~,,., _, . $01 -0.141 1 .OlS ·1. IS ' ' ~-' • N•OI -•.m -c.cu C.6•J -6.<1 .. ' 
l- ~··" -1.010 0.106 o. liS -l.,. u 
$.4" "'" 

_, .156 c. 198 -0.04$ -o. ¡o .., 
Hllo;;d Odno -1.107 0.1;9 -o. lSS 1 .1) ' .. Holt•lllo ~dno ·I.SQS O. 015 0.1)9 -0.16 ••• 
'· ~"•~• Olo•l<• 

""•"r -1 . l~J -0.090 o. lll • J.Só ' ' 0.5" "''' 
-1.10¡ o. 11 S ·O.IM l.68 ' ' LO ~ ••CI -1.$!0 O. t!S -o.•a• '.!S u ,_,. "'" ·!.JI) o. l'- J -o. 759 ).~S ' o hll•;;• bdno -1.611 0.096 o.on -Ll) ••• 

' ""'"'"' --- •LS7S -o.llo 0.!89 -1.)1 o.' ..... 
Sou1c"' PB 251 "' 
The solubility dot3 con be Han•formod i<'lo \he more fam'lior K .s 11/TI co
ordinates. whore K" tilo Henry\ low comt.mt and (1/TI is tho rceiprocal :em· 
~roture. This i• éone using the neam t>blos. :he density C~t~ lor the bn~e. 
and by <muming the vap.or and liquid phnes behavo id.ally. In this case. 

K " f • P><,oi'A 

Vl"here P is the partial press-~re cf the dis<Oived ga< in the vap.or phaso; N i< tho 
mol f¡acrion of the dis:;olved gao in \he liquid pha>o: PH,O is the vapor P"'''"'" 
ol water in oquilibcium with tno •olution; and z is the comprombil,ty factor for 
tho water vapor. 

The n•sui<S lor oxy~on. expres.W in this wav aro ~ivon in Fiqure 6.12. Tho 
curve< cn"espond 10 the following ;olution; 11) water. 121 low ""linity (15.000 
~pm·TOS) brine, 13) 0.9 M ltaCI, (~) 31 M NaCI. (5) hi;h-salinity (25.000 HlS) 
brino, an:i (6) 5.4M NaCI. T¡ ropresen" the froo:ing point ol water; T,. tho 
critic>l tempcrature Tho re<Jits for corbon diox.do ore givcn in Fig~ro 6.13 
The curvco ccrrcs~ond to: 111 wat<r. (21 O.Sm NaCI. 131 l.Om NaCI. (4) 2.0m 
NaCI. and (5) high- .. linitv brine. 

Tho tornporoiLHe depondence of tilo ""ltingout ooe!ficient is shown in Figu<e 
6.14 lor oxygon ortd carboo éio>ide. Tho b<hovjor of '""'" 9"'" d1lfors in :wo 
c:stinct w.ys. At h;~n temperotures. carbon dioxide ookbjlity is aHocted much 
mme mongly by 'ho prosonce ol di»~lved '"''" than oxygen. At low tompera· 
turos laraund 35"CJ the salting-out ol carbon dioxido goos thJou¡¡h o m>xima: 
thi• ¡, due perh•ps to hydrato lormation. At intermediate temperawre• the 
~>ses beh,.•e ,:mibrly. exh<biting minima in saldng·oot in the ,.me range ol tom· 
poro tu res oo the Henry"• law oon">n<• exhiblt maxima. 
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FIGURE 6.12: HENRY'S LAW CONSTANT FOR OXYGEN 
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FIGURE 6.13: HENRY'S LAW CONSTANT ~OR CARBON DIOXIDE 
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Mawials and Salo Man:>gem""t Stud,es 

fiGURE 6.14: SAL TING-OUT COEFFICIENT lMOL FRACTION BA~r:>) FOR 
OXYGEN ANO CARBON DIOXIDE IN SAINES 
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Field Swdy-Salton Seo- Geo\hormal Field 

A 500-hour te•ting series w» coflduc:ed d~ring the Spring of 1974 at the geo
:l:e;n,.l test site ol the San Diego G» ar.d Eroc,ic Compony. Th" serieo con
,;.,ed or twa ·~~erimental p>ekagco. Onc ~»Ckage containir.g carbon >~eel, 4130 
<toet. lncanot 625, and Hastcllcy C-276 "'"' installed into a 50 p;i, 150"C con
centra:ed br1ne line. The •<>con~ package containing \he >ame allcy; was installed 
into the 50 psi. 150'C se;¡aratcd ueom lino. In the brinc tcS1, the «mplcs were 
e>pc.rd tangential to, and no<rnal te tilo dircction of How. 

On camplotion al tha test. thc matoriols wero returncd to CPMRC for evaluation. 
In adOition to calculating the cof!osion '"'"'el the '"" mot.rials, the ,;ca!c whicll 
formed or. ooch material wos submltled for chcmical analysis, cha,ctcri>atian 
by pmton O>Cited x-rays IPEXI, and c<Ominotion by sconning elccttan micro
scopy. The corrosicn rato• moosuroo fcr the•o test< ore shown In Tabio 6.9 on 
the tollcwing pago. 

' 



Goothcrmal Enorw 

TABLE 6.9: CORROSION RATES (M•Is!Yead 

Carbon Steol 
I¡JJO Stccl 
1 nconol 625 
Hastellov C-276 

Saurce: PB 261 J.\9 

~r!ne 

"flT"" 

" o. ' 
0.6 

Steam 

" "' , 
0.0 

1-laslclloy C-276 and lnconel G]S showod liltle "isual ovidonce ol corrosion; their 
surlaoos '"11 C<hibnoó \he or'19-'"al mac:1>1.oe mar~·,ngs. On the oiher hand, the 
surl>cos ol 1he corbon """ an<l 4130 >toel w01e óull gray and had a mattcd fin· 
i$11. In oddition, the cat~un otoel sampl"' exhóitod sorne shallow ~itting Bulk 
chemical analyses of tho <O<Jios oro shown in Table fi,IO and indicate 1hat. silicon, 
iron and leod ore the principol metal ccnsti1~cn\!. 

TABLE 6.10: CHEMICAL Al': AL YSES OF THE SCALE FORMEO ON SAMPLES 
EX POSEO TO THE CO:-.ICErJTRATEO BRIN E 

Eloment w .. ¡ht P««nt E1<mtn< "'••lhl """'"' 

" OO>·OSJ ~·· 0.~7-6.51 

" O.l~1.20 - 4 42-7,21, 

" 051·6.01 ' 15,1~24.<0 
c. l.lB-1~.)0 '" 0.14-1.88 

Sourco' PS 261 349 

P•oton·excited x·ray analy>H of the ou!Otmos< ~000 A of the scalos yielded 
somowh~t c'offeren: resulto. PEX resullS indicated thatthe c>rbon steel ac.d 4130 
mel ,_,mpl.-s had túg~ i1on con<cntrations in 1ho surface region of the scalo. 
whoro., tho lnconel 6:?5 and Ho>telloy C-276 allnys •howed no detectable iron 
or o!hor alloying clomon" in the <urloce oegion of tho scolo. containing, in>tood, 
only tho sol1ds 'olublo it> tho ~rino. Th,; sug;cm that, for stools, the corrmion 
products cominually build <IP with the scalo. Tno oft·quotod opinion that a l•t· 
tic bit o! «;ale v.-.11 mhibittho corrosion proce" doo< not oppear to be true. 

S<:ann.ing etectmn mocroscopo studie> showed that !he «:ale on atl o! !he alloys 
was htghly poroos and wwld thcrofore not presenta barrier to dil!u,ion o! tho 
brint lo \he meto! sudaco. In !aot. SEM stud1es of the oarbon stool surtoce ofw 
romo"al ol the «ale shov"'d a rough, '"''"'"l'f corroded surlace; <ludios of the 
Hastdloy C-276 surfaco ,;.Oo"od o smoo:h, virtually ccrrcsion-lroe •urface. Tloio 
rosult ccrr•latos 01Cely with tho f'EX r.·sul" and >ubmntiotes tho ccnclusions 
obout lhe nonpro1ectiv~ """'" of goothormal brono scolo> on steel,, 

Fiold Study-Eo<t l.1o¡a Gootl>ormal Fiold 

~~ore "1Phisticated t.-st equipment w" do·•eloped oince :l>e crigbal field '""' 
at ti>r SOG&E site. This equipmon: con,;,, o~ a :.~ot<riars Tost facility (MTF! 
lo study materia!• in frve typ:caf prcc.w: ec.viron:ner.ts ola goctherrr.a! ruour~e 
roco·¡ory pl:n:. anda t.1obi:c Ct,omi5try L>t>cratory (1/.CL) !or cont1nuous onsito 

Moteri<lls and Sc;lc Monagement s~~dies '" 
,nalym ol the brine chemi,ry, lloth systoon> are locatod at thc Su1< ·A .. 
clamation\ EaUI.Ios:t Geothermal To<t facility in the lmJ>"ria! Valley of C•lilor
nia. 

Corrruion Tos/s: Tho fi<St 60-day serie: el conosion and 'cal1ng <t<O<Iio; "'~.eso 
6·1 on :be Eost Mo:o Fiold bOfl'" on July 22, 19)5. This 60tlay '"ric; wa< 10 
prcv1de four 15-rlay, two 30-doy, and ono GQ-day sot of '"mplo•. Tho <1<1Cm 
functooned <moothly until !he llf<t set of ono hundred, 15-doy s:tm~le< wa• re
moved and a~other sot instolled. O~ the 21st <!ay of !he series, howovor, !he 
<ystem hod 10 bo 5hut down dueto f•iluro ol !he well (~~= 6·1). Tho MTF 
was placee' inlo a standby modo do<ig<>ed fcr lhis type of interruption. 

The ti"' set of >3mple< wa< re1urred to the Colleqe Park r.~etolluf9Y ~esearch 
Center v.hcre they were photographod, and tho el<etrical rcsistance• of tho ocalo 
""'" measured. Ro>htonces rangod from 10' n (woll-btine >eal"'l to 10' n lste•m 
scalesl. All <ample• (with the exception of llw olum1numl woro thcn oleoned 
with a •olutioto of concentrated HCI onrl Sb,O,. The oluminum 5005 "mplcs 
had tobo c'eoned with concontra<ed KNO, and 3% lfF at 50"C. The HCI solu
tion had n~liQ1ble al!Ock on the base metals, "'hile the HN01-HF solu!ion a!
t>d<ed the aluminum hase metal at a roto ol 0.016 o;lmir._ 

Scme o! t~e scale< had te b<. mechanically removed after chemical uoatment. 
espocially 10 remove the «--le hom de.p pits. The <amples from the w•ll-brin< 
and flash<r 1fl (F11 brine loops elferve«:ed upon HCI immersicn, indicating car· 
bonote scale. a fact sullSoquen11y conlirmoJ loy •-roy dilfraction. Tho "'mples 
lrom the flas~cr #2 (F2)-brine and F1 steam loop• wcre covercd with vory thin, 
bfaok, silicote scalo thot ,.., dilf;cull lo tomovo. 

The c!oaned !ample• "'"" weighed, and Table 6.1 1 shows the ccrro<ion rotes ob
tained lor the 10 allov• '""ed- Qu,ing the 15-day test period !M overage chlo
ride conteM lor Fl wos 5,000 ppm and lor F2 .. ., 50 ppm. 

TASLE 6.11: FIFTHN·OAY MTF TEST AT SOR GEOTHERMAL WHL 
MESA 6-1 

'"""' '"" "" .. ' "" Y'" 
""'' •• , 1 • ll .. h.r 11 ,,.,h •• " '"" ~"'" "··~ ~· 1'" ""~ 

'"'"" "••1 ].0 , , ... '·' • •• 41Jl ""' ' .. ... .. , '·' ' .. 
1)0 ......... .... , . ' •• •• ·' •• 
'" ' '"'"''" .... 1 •• •• •• . ' . ' ,.,,,,. ~~-1 •• •• •• ·' ·' 1"1 ""~·--· " " " • • 1 t too 1 ,_,-O.ól "' •• • • • •• 
'"""'' "' •• •• . ' •• •• 
'""''"' ' . ' • •• •• . ' , .... , .. , t-176 • • •• • •• 
'so•""""' , ... ,., wfth '"'""' •l•<k •<oto '"" "'"" no<~. rU>Ovod. Se.olo 
•n•fyml., fo, 11. C•, Kn. "·'"-o ~1<> fo ood 11 u "'jo• <""'tlt•o•<•· 

So~roe: PB 261 349 
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Mrcro<eopk e.omino:icns !or pi:un~ and cre,ico corrosion showed that aiuminurn 
5005, carb<m stocl, omd 413é'l """' exlúoitod c~e•:ke corrosion unMr thc insul
atin~ wa,hor< usod in rnounting tho s.tmplo<. Type 316 stainle" stccl •nd Houel
loy S ••hibitod >On>O loc.:~lited brca<dovm in passivity, which was characterilOd 
by very •moll arca• of COr!O<Íon. Ho<telloy C-276 and E·Britc 26-1 showed verv 
li!lle evidt•nce of currosion. 

In geno,al, thc corrcsion ratos shown in Ta!>lc 6.11 are similor to those roC>Ortod 
in the 15·<1oy 1,1bur,twry ""dres in 3% <yntht•tic brincs. Thc couoSion rotes ob
••rvc~ lor carbon mcl, however, v.orc <mly one-cighth ol \hose oblaincd rn tho 
lol>ora:ory swdies and may hove beon due to «>me protection offored by the 
scole forrnt'<1 on tloc me:ol <udace. lt is not yot cleor why the ><:ale !rom the 
lowO!-.olinity well at tho East Mo"" Site " rnore protoctive than the >eole !ormod 
in the highor-.,!i~ity well ~• t~e Niland SDG&E site. 

Brino Chemimy: On-sitc clwmicol Maly,cs ol thc ~rine Ira m Mesa 6·1 hove 
deorly domon,«ated the dependence o! the brin~ chemistry on the operatir.g 
conr.!itions el lhe well; llow·rato. total cper>tin~ time. and well-enginuring 
chongo~ 

Mm 6-1 underwent cxten<i>e down·hclc repetlcra:ion in ~.~ay 1975. Studies 
;hcwf"d • sobStami•l chango in the t.rine chcmistry ol Me.o 6-1 a!ter reperiOJO· 
tion. Largo fiLrcll!"liM< rn tho chlori<IC and carbonotc concentroticns were mea,. 
urf"d. v.hrle the pH wos essentially unchan¡;ed 1 Table 6. 1 2)_ Chemieal equilibrium 
in the wcll wos ree<tobli,hed early in July 1975 and remained rclatively consta~<. 

TABLE 6.12: AVERAGE MONTHLY VALUES FOR MESA 6-1 

Dato e 1- (p,.¡ HCO,¡ (ppor) pH 
Apr1 1 1~75 15,020 "' 

,_, 
August 1975 1 1 ,906 '" ;.6 
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Volue< cbt~ined du¡ing June re!leoled the largo chemic>l inS1o~;tities <ubsequent 
to roperlo<otion. Tho valuo lor Augrrst refi<O<g tho eqrrili~rotron of tho woll 
clrorni<try allor 12 wooks of operation. Only con><nual. onsite determinatro.os 
r.;m aecuratoly re!lect the chcmkal dynamics el o geothormal weiL An•lysos 
b•¡ olomic obsor~tion are shown in hble 6.13 for Mo<a 5-1 brine before o~d 
aflor roperlorwon. Dack9rourrd corroctiono hove bcen mlóe for Ba. C•. Cu. and 
Pb 10 dotormine any effor in 1he adwrption r .. dings dueto brine--matdx imer· 
feronces_ All background roodings wore 1% or le". indicating tlrat r.c major 
intcdorontoo dueto thc ~rino compmilion woro p•esont. 

Tho data in Table. 6.12 al'ld 6.13. ~rtk".JI•dy tor the July-Augr.r$1 period; topre-
••nt only a nroliminary onalysis. Continuou• onorte on•lysis has al:c •hown tnot 
th<•ro i< variotio~ in lhe <heminry el a ~iven well for Cilferi~g llow ccnóition<.. 
TMis " illu,.ateC by Figure 6.15. which >nows th• variation in tem~~r~t~r•. pH. 
co;. crin~~.,. 6-1 (J~Iy 1975) ovor 1 7-day period ~~ring whicM the well tlow· 
rote was odjuS1cJ oach day. 

Material• and Scale Man"')emcllt Studics 

TABLE 6.13: COt\CENTRATION RA.NGES OF 11 ELEMCNl. ~EO-

THER~IAL WELL-BRIIJES FROM MtSA 6·1 (ppm) 

.. a ,soo <o 10,000 5.9SO <o 6. )10 ,, 
'" <o '" ;6; <o '" ' ;\o <O ,, ,,. <o "' " Jo; "' '"' ' '" <O <O •• " <o \o " <o " •• 3., <o " '" .. ' <o '·' " < , .., <o 3 .• 

"' ' <o , ·' " •• .. < ' .. < ' .; " LO 

FIGURE 6.15: VARIA.TIONS IN BRINE CHEMISTRY CAUSE O BY CHANGING 
OPERATI~JG CONDITIONS OF MESA 6·1 
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Goothermal Etl"r¡Jy 

Proc.-..s pip1ng ~>ed !or t~ew lield tem "'"' mild >!ed. Both general corrosicn 
and romc >hallow rining wa$ ob•erv•"<l. No sovere corrosio., was obsorvcd during 
1ho 1wo yea" of tn1crm"tent field tcm. Fa•lur., [perforationsJ of :ho reinjec· 
tion line were a<t<ib<Jte<J te out~de allaok where the line carne in direct contara 
with the wil cr te a ddcctlvo wcld. 

In !he Hebcr ficld. SDG&E h;l< conductod boat oxchat1ger tom to det.rmille the 
characwmtic• of tl1is brone. ••pocially "'ale dcpc•iticn during the hcat e•chan¡¡e 
prec..,s. 

The '"" unit con'i"cd el four hcat e.changcrs in ..,,¡., 10 extrac1 thc geothetmal 
fluid hcat cncrgy. Since the wcll fluid is pompeO te the ><Jrface. thcre i• no 
noed fcr a flash drum. Thi• aiHiquid mo~e •implificd the opcralLon ;nd control 
of tho test unit. Tests indtcate the heat e>chan!l"f"i mav operato., long as 6.000 
hourS be!oro performaf\Ce dreps lo unacC<~table t""els. Both «eel and tita~i~m 
wbes werc evaluated with tho titanium tubos C<htbitin~ less dopo•i:ion. A maicr· 
11y of thc ~·~osition on the stcel tubo• wos cot~osion producto. 

CORROSION PROBLEMS A T CERRO PRIETO 

The material lor thi• S«lion has t>e-en bawd upon a paper by 
Alfredo ll.anon M. el Comision Federal Do Electricidad. Mexioo 
prepared tor The Second Work<hop on 1/.a:criah Problems 
(PB 261 349). 

from 1969 to 1970 a corrosion te" program was carried out jointly by t.'>c 
Comi•ion federal cic Electricidad o! :.lc><ico aM the Tckyo Shi~ura Company 
ot Ja¡>an. The ma.n ¡>urpo;e el th.,e t~" wa• to confirm the cerro•ion rcsis· 
lance of prcviously soloctcd m;,:crials c·.od for tilo conotruction ol 1he powcr 
plant whkh wa< ordercd in 19GB. 

Corrcsion Toot Resui!S 

C(;Frotion m St~am: The corrosion rateo! carbon <1~1 in nonoera:ed stoam .. as 
0().; mm/yr (0.0016 in/yr) "NI1icn is vcry OJtisfocJory for the :urbine cJ>ing and 
pinin~ (hblc G.IC). The cllect of oero1ion was an incrcase to 0.065 mm/yr 
(0.0026 tnlyr) (Toble 6.17). Sligh1 pitting '"'"' dctected en 12 Cr ""el ond en 
12 Cr-:.~o.\'1 stccl ~•ed for turb;ne buckc" wMere they were e•posed in nonaer· 
otcJ <leam {0.024 mmlyrL bu\ tilo corrosion rato was lo" than 0.01 <>m•lvr 
(O.OOQ.\ in!yr). 

The effcct of aoration wl! an incrcase of ten '"""' in thc corrcsion rale or.d 
more thon sovonty ltm<• in the pittrng rate. Thcso matcrials wcre not .. n,iti"e 
to str01s corro<oon in nonaccatcd stoam na~le 6.181, but jn oerated s:eam 12 
Cr·Mo-W "cel ohcwed laitu,e ond 12 Cr mel showed microscop:c craCko (Ta~le 
6.19). Bo:h ;:o·ols <howod no cltan9e 1n ten•il• otrcng1h •nd shewc~ 4 te 6% de· 
creas• in yield streP.!;lh alter exposure :o nonacrate~ """m (Table 6.20). The 
eff<et el aoration en !ensile and yield <Uength W>O remarkable en 12 Cr·MO·'.'.' 
steel ITab!o 6.21). 

TABLE 6.16: CORROSION IN NDrlAERATED STEAM 

CO"O> Ion ''"'"9 "'""'1 '"' ,.,. 
'"""''"" "" <0009• 

(Joy>l 
•. .,¡ .. _, 

' ' óO ' '" 1 i~ 

" 
,, o ~· 00 ~.Ol4 O. CCI 1 o.ooa; ~.00!9 ~.Ol?l O.O"l 

" '•·'"<o·"J o.oc•o o.o,; o.co&o o.c:11 o.oo;a 0.00)~ O.CO!.Z 

' Cr·I'O·O.lS V o.ooco o .01) O.Oll "·"'~ 0.0>~ O. O lO 
).5 "1·1.15 C1·no·V O. O l bO O.llG 0.011 o. o" 0.0 ll o.o" 0.016 

" Cr·O.l Al o. o 1!0 o.cco¡ 0.0051 o.o,Bo o.o 15 o. 019 
15 Cr·l.l,;, o.oc•o 0."1, o.cn¡ o. oc-:., o.oc;1 o.~r;;o 

' Al·l.S Cr·O " " o .¡¡o 
Alv~1nv~ 

""" .,e; o.or.oo o. "o o. o;' Q.O'ó 0.040 

Source: PB 261 349 

TABLE 6.17: CDRROSION IN AERATEO STEAM 

'"""';"" ' "; "' ""'""'' .... .... torro> loo "" <'•~"i• {<•••) 
~ ' _,' " " " '" ' o 

" " 0.1~0 l.)O 0.10 o. " 0.10 0.10 o. 1 o 
1' Ct·~·-~ O.Obl 1.60 o. ,, o.¡¡ 0.04 o. o¡ 0.07 
1 C•·,o·O.l5 V O.ll~ o.;o o.1a o.¡o o. 14 O.ll 

).5 •1·1.75 '''""'' o. J•o o. 10 O.l, O.ll c. 1 ¡ 0.11 O.JI ", ..•. , ~· o. l\0 O.Oó O. l S 0.09 0.10 o. ll 
,, Ct·l.) "" 0.0 1' l.> O o.co O.Ol 0.01 0.01 0.01 
1 Al-t.S <e·O.l5 - o.s; 
.... 1 •• ~ O. Cil 1.90 o. e¡ o.o4 0.10 o.ca 
""" lli; o.o!; o '" o. " 0.10 O. C6 
Ooo•I01l<O oooo•• O. 5 lO l. O) o.~L O.óó o.,, o.; 1 
~<olll<o " o. 051 l.]O o. 18 o. 1, o. lC Q.Có 

TABLE 6.18: STRESS CDRROSION IN NDNAERATEO STEAM 

" C• 
ll C•-·'" ~ 
: C•·>.o·O.ll V 
J.; •t<•·..,-v 
ll CI·O.l •t 
15 :•·l.) "" 

"'~'""" c ••• ,.r ... '""" 

Souroc' PB 261 349 

No. of •lloO 

e of l 
O of ) 
l of l 

O of l 
O of J 
e ol J 
O of l 
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TABLE 6.19' STRESS COHROSION IN AERATED i>TEAM 

1 2 c. 
11 Cr-lb-\1 
] Cr·l<o·0.15 V 
).5 "H•·Mo·\" 
11 C•·o.¡ Al 
15 C•-L1 "<> 
~.o.ldl"d ''""" 

Soorce: PB 261 3':9 

•o. of !Oi .e 

O ol ¡ 
1 of 2 
1 o' l o ,, J 
O o' J 
O of ) 
1 of l 

'""'""'""' 
"'''"=ole""'' 10.::\ ¡,;,,,. 
SOl f¡JJ,,. 

'"'"'"""1" cocro.lon 

'"'"'•'"·"'•• ''""'"" 

TABLE 6.20: TENSILE STRENGTH. YIELD STRENGTH ANO 2"% ELONGA
TION IN NONA E RATEO STEAM 

'·""'"1 
......... '! .I.A .•. <.> •. 1. ' U:.!. ! .• ' I.A '. ' ·~· '"'~·' <c/.,.,1 ' ¡,.,..., • • " ,, J'-.4 ll.J 61.~ 5'1.1 " ' 20. l ll Cr·Ho·< 101.1 1 o 1 ·' e4.• ~~.s l5.b 16. ¡ • '<·1 ••• '" 04 .) 8). S !8." ¡¡ • S 17. J 1 6. J ).S "Hr·Mo·V a:¡.s ?3.8 )Ó. 'l JU 17.) 1 1 .] 12 0<·0.2 Al 6l . ¡ óo .• JJ.J "·' '5· 1 2) .ó 

" =•·l.) ~o ,, . 1 IJ .1 Jl., l'l.l ) l. 1 )l. 1 
"'·~•·..- JO. 8 10.8 o.o,ldlnd eop,or l). ¡ ¡¡. e ''.S " ·' 2). 1 .. ' '•.s·•·•· ,.,.¡¡, '""'•"· .. ,,,. ........ • I.E. llon¡otlon "''"'• '"'-~··· ~'"'"" "'"'"'" ofto, <•OO!Yfo .... , .. y.' .•. ! . Ylold ''""l'h ••foro """"" E, A. E. !1oo¡o!lon '""' y • S .A. E. ,,.,, """"' ,¡,., "'"'"'" """'"'" 

SOU!CO: PB 26'1 349 

TABLE 6.21: TENSILE STRENGTH. YIELO STRCNGTH ANO 2"% ELONGA. 
liON 1/J AERATED STEAM 

H S .l.!. i .•. A.!. '. '· '· [. ' ....... c. •. < ' . ... """'', "'''~' ' 1···' ' ¡,.,> ,,,,...,, 
' ' " 

,, ¡;.; ¡4.~ 61.~ ;u 1~ .ó 12.8 ll :•-.•o-J 10 1.1 !l. 7 a;·' •S.'l 1 5. 6 u 
' :'. 1 00·0.25 V o;.) ll.¡ 08.4 Ó]. 7 1 1. J 1 J., 
' ' ••-<•·~o·v ij.; i]. 1 Jó. 'l ó! .1 l J.) 10.~ 

" (<·0.2 Al Ól .) 5~-2 JI. J )1.2 25. 1 10., 1; , •••. ¡ Ho 4'1. 1 IJ .¡ )\ .1 >i.J ¡ l • 1 25 .• 
''""·lnum 
"'"''-'l<od "'"" 2)., 21. 5 2).1 ....... (. ''"'"' '""'" Oofo,. .......... ... .. !IOf'Sitloo .. , ... T. S. A.!. ,,,,,. '""''" .,,., ""'"'" lt. ,. .. 

"""'"" . ' y ....... f lol o «<oo¡th boloro ">"'"'" . .•. [. ''""''"'"" .,., ....... (. "•" """''" ,,,., """'"" ........ "· >"") 

o •. ~~ ~"· ... 

Ma~eriah and Scolo Mana~oment Siudies '"' 
D.-crease in •mduranco limit ol both material< alter «po.sure 10 n.. ''~ 
S<oam w" obso,.,ed (15 10 t~%1 {Table 6.22). The eroSlOn·COlrO"O" '""mnce 
in h1;h .elocity steam was accoptablo in both mJtorial• (Tablo 6.231. 

TABLE 6.22: FATIGUE AFHR EXPOSURE IN NONAERATED STEAM 

!t.d"""" 11~11 "91""' Doo"•" of 

'"''" ¡, "'"'" *''" [>)';!!'''"''''---'''''''"'"''''''-'''''''''-'' 12 Cr 
,, ,, • ...,.u 
1 Cc-1 Mo·0.15 V 
].5 NI·C<·Mo·V 
ll Cr-0.2 ~1 
15 cr-1.1 "• 

Souroe: PB 261 349 

~~.S 
:.e.o 
]ó.$ 
41.0 

'"-5 21. S 

)) .o 
" .o 
ló. S 
1) .o 
ll . S 
"·S 

TABL€ 6.:<3: EROSION IN HIGH VELOCITY STEAM 

""''" '"" "'" '""'"" 1 '". ) ""••1•1 

" ;,,, M d>p ~o ''" "' d•p " ,, o '"1 0.02)2 c.o~•o O. l )ól 
11 ,,.,.,.~ o ooca 0.001:1 0.0)15 G.OSió 

' <•·•o·0.25 V o.,,,, o .oso:¡ 0.1)10 o.IOJl 
).) NI·C<·.,~-V 0.0)22 Q.O]lO O.IJ" ,,.,)\ 

" (<·0.1 Al 0.00)2 0.01') 0.01166 o. eJ.:¡; 
15 Cr·I.J Ho o.oeos 0.0~)9 0.0]5! 0.0511 
ltolllto •ó 0.001< o.oon o.o<JJ o.MH 
1.0 AJ-1.5 Cr-0.25 "<> o. ''" +O.IJJS +C.l)U •0.114< 
A$f.; >215 o.o,:¡¡ O.Oó$0 C.JC'lO 0.)!5'-
····1 ..... o.0>6ó o.o•s• o.zl)! 1.))ÓÓ ,.,.. , .. ,., ""' 0.0!4] o.os~• O.JJ>I o. L ¡¡o 
A lll Typo )04 o.oooó 0.0001 0.0067 0.0150 

Source: PB 261 "" 

1a.s 
'"·' 2).; 
)8.6 
l!.l 
11.1 

1)0 •• ,. 

Q.0/1) 
o.O>s:¡ 
0.2)89 
o.""' 
O.O]Jl 
0.0¡¡1 
Q.0<8ó .,.,,a 
0.))8\ 
o.•lól 
0.>168 
0.01 o 1 

Tne ovoroge corrosion rate in no"•"'""" •toom ot 12 Cr 0.2 Al stool usod for 
~oalo partit.ons on thc turbine ""'O 019 mm/yr 10.0008 in/yr) and the COr· 
rooion rote ol 15 Cr-1.7 /.'.o "etl •··•• only 0.005 mm/yr (0.0002 m/yr) (hble 
6.161. The effocf ot aoration wa. lo""' on 15 Cr·1.7 Mo Iban on tOe 12 Cr and 
1 2 Cr-~:o-W stoo\s (Talo le fi. 171. Nei thcr motorial wos sonsitivo to "'"" cmrosion 
"' nonaeraa":l on<! a<rated steam (Tab\H 6.1S aOO 6.19). l>ut <he 12 C10.2 Al 
<:col sl1o·•·e<i intor~ranulo• conosion '" aera;od mam. The ten•ilc and yio!d 
'"""9'!' doc~>'JSOO oftor oxposu« 1n non''"'"'"d stcom wcro simil., to 12 C< ami 
12 Cr·Mo-W stoel (Tablo 6.201. The effect ot aerotion on tem1le ond yicld strer><;tll 
was le·u remarkable than th31 on 12 Cr •nd 12 Cr·Mo·W ITable 6.21). Oec•e•se 
in ondurance limit M tl>oso matorials wos •imilar to 12 Cr ond 12 Cr·Mo·W steel 
(Toblo 6.221. He erosion-corrosion re<iO<ance wos beller than 12 Cr •leel and 
•imilar to 12 Cr·.'.i<>·W steel ITable 5.23) . 

ThP. corro•ion '"'" of 1 Cr·l Mo-0.:15 V Slool "'" similm to tho corroMn rato of 
cor~on >teel in nonaerated steam (Table 6.16(. Tho colfo.ion rat. of 3.5 Ni.Cr· 
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Mo-V ;:col,.,.,,.,._. than tha: o! 1 Cr-Mo-0.25 V "eel, but intergranular corrosion 
,.,., obSorved ;,n \he fir:t ... -non it "''" e>~osod un<fcr "'""· Tho ond~ranco limit 
<iocroa•o wos ~rmtor with low alloy than with 12 Cr steeli esped3ily on 3.5 Ni-Cr· 
!.~o-V, where a 39% dl"(:rea<e was <;>b,.rvcd. The .. ro: ion ef!oct incroosed the cor· 
rosion roto l'M;ntv times on 3.5 Ni-Cr Mo-V o nO only ¡¡,.; time• on Cr-Mo V <tool. 

' Thc nitritod """1 11 Al-1.5 Cr-0.25 !.~o) showed a poni>l <p31ling, but showed 
goe>d corro;ion rosistanr:o in aoroted ,;tcam. Alum'rnum was not corro~ed ·,n non
"""'"d """'"· but in ooroted stcarn L1 showod" higher ~itti"~ rate {2_9 mm/yr) 
{0.11~ in/yr). Stelli:e showed !-0\'ere cavities when cxposcd in aora:ed stoGm, 
but thi< rcsult i• unrcliable, po'SSibly due to fmcign mattcr in ae,.ted steam. 

1 
Corrruion in Conúcns::te: The corrosio~ rote Ln hi~h >Oiocity c;onden,..to was tOo 
high lor fMtedal< commonly u.cd in h~ot <xohan9•"· >u<h •• doo<idi:<>d copper 
lOM mm/yr; 0.025 inlyrl, ,,,.,¡ ~'"" 10.22 mmf'lr; 0.009 in/yr)and carbon 
•toel (0.70 mmlvr, 0-0~8 inlyrl ITablo G.2~1. A hig.'l pcno<•ation rato was ob
,.,.,.ed on aluminum (3.65 mm/yt; O_ 14 in}yr) and 12 Cr steel !0.85 mm/yr; 
0.03 Ln/yr) in high •·elocity comlensato. 

18 Cr-8 (AISI Type 304) oteel >ltowod the bes: corrosion resis-.ance ·,n conden
,.,.; gonoral oorrooion, pitting ond ""'" corrosion cracking were not detocted, 
Epow cootings c~rod ot high t"mpecaturo >howod no doterroro"on m low vel
oci•v condensa,. ah<r 150 é•ys expo<ure. Low •·elocoty condens.>te resul" •ro 
Qi•·on in Tables 6.25, G.26 and 6.27. 

TABLE 6.24: CORROSION IN HIGH VELOCITY CONDENSA TE 

'"""''"" ""'"1 
'"''"''' ,.,. ..,. '"""''"" .... '"'"~· (do") 

""' ' 
_, o " " '" '" o ••• ,., ... Coyo" 0,,,0 • ~. 19 o.IJ 0.7l o.~~ 

~lv&ln ... O.JIO ).65 ~.01 o. ll 0.::9 0.)5 0.)7 

""'' ..... o."' • o.o• O,¡~ O.ll ~-" O.ll 

"" Tyoo '" 1 t !·SI O.OOOJ ""<OC<o>lon 0,00 0,00 0.0~ 0.0~ o.co 

"" r,, '" 1 t 2 Cr 1 e. ceo 0.15 0,00 O:Ol '" o. 20 o.es 
l<r.o , .... " "''' O.ICO • 1 • 1" O. !O 0.88 0.]0 

• 
'"'"' Corro, loo 

T ABLE 6.25: CORROSION IN LOW VELOCITY CONDENSATE 

1 
"""' on """1 """'•1 "'" "" Co'fO!ioo "" '''"1• <•··· 1 _, ' ...,¡, , " ;o '" '" ,,,,.,.,,.d 

"'"'"' 
.. ,,, .. otatog .. " e. 1~ 0.10 O.>l o.,, 

>1"''""'" 0.00\ '· 16 "-'" e. 1) 0.01 o. ce o.ov 
"'" 1 '"" o.on "O olttln9 o,'" o. 1l 1 o." '.os 0.0) 
"'" ,,. )01 ltHI n.eooe roo plttlno 0,01 0.0~ 0.0~ 0.00 0,00 
~•st r,0• \Jo (12 cr) 0,011 O.SI o .os o.os 0.01 O,OJ 0.01 
l .......... "''' 0.)10 

"" p! '""• 
o.u o.;¡ . O,J\ O.JJ O,Jl 

Soutn: U.S. Potont Pil 261 34!1 

• 

TABLE 6.26: STRESS CORROSION IN LOW VELOCITV CONOEr> 

Haterlal 

Ceoxldl:ed coppor 
A1umlnu"' 
Nav~l Br~ss 

Al SI Type 30~ (IS-8) 
Lo>< r:;.1r1>on stul 

Souroe: PB 261 349 

Spoclmon• 
Te<ted 

' ' 3 
) 

3 

Spoclmons 
Falled 

• • • • • 

30~ 

TA6LE 6 27: TENSILE STRENGTH, VI[LD STRENGTH ANO 2"% ELONGA· 
TION AF1ER EXPOSURE IN LOW VELOCITY CONDENSA TE 

' V.S.A.E. LA.E. 
katerlal ~,¡..,2 ' 0-ooxldlzed copper 2J.S 2).& 21.0 
A\umlnum 1\.7 

,_, 
Naval araH ~3-~ 3).2 2lo .8 
Al SI Typo J04 (18-8) &5.5 33-9 70.5 
A 1 S 1 lypo 410 (12 Cr) 58. l 35. & 27.3 
t~ carbon •tool 37.2 18.5 37-7 

ty .S.A.E. 
Y.S.A.E. 
E.A.E. 

• 
• 
• 

Ten•Tie strength after expo•ure 
Yleld strongth aftor ""posure 
E1onoatlon after ~DO<Ure (2" :) 

Source: PB 261 349 

TABLE 6.28: TEST CONDITIONS (Avmuo o! 150 Oay•l 

Non .. r~t«< "'"n 
P<mu•<, kglcm1 161 ,.,g] 

T<mo"""''· "e (fl co,."' ¡,,.,,, 
.. ,_s."' ~~~,.,o 
a, o1'm 
Mo"'""· '!(; ¡,.,igi'Lt] 

Amt<d '""" 
P<e<>U"• Ol<M'P""'' 114.711>/;n' •1»1 

r'·"•""""· ·e 
co,."' 
res."' 
a·. p~m 

Mo'"""·.,. 
H. ,;o ,.tor:ilv """' 
p""""· '!:l<m' ¡.,..,,¡ 
r'"'"'"'"" ·e i"fl 
ca,. "' 

u 
147 1:190) 
1.95 
0.:10 
13.3 

"' 
' " '·' 0.16 

' '·' 
4 ISO.SI 
143 1:134) 
1,SS 
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TABLE G.<R: lr.ontinued) 

ii¡S, ~ 
c.-_ oom 
.,.,.,,uo •. " 
V.loe.•v. """' lht•oc:l 

Condoo<>,., low "'""~'~ 
!''""""• otmo!phe<" 

Tomp""""· 'e o-. pom 

"" Vel<><~w. m/=. 
Coo<l<n<>te, "'"' •olooow 

P""""• >tmmohoro< 
Tomp"""~ 'e 
e( ""'" 

"'< V.locüv. m},., 
Souroe; PB 261 349 

"" 13.3 

"' 13014261 

'" 00 
6.0-7.0 
o.= 

Genero/ Conclmions: The to<t re<ul" showod that it ;, not nocomry to u10 
weci•l high gro~c corro"on res•st~nt rc.atcmls il corrosion ratos a<e pro~erly 
evalu,.cd. Carbon ''""' can De U<e<i lor casing ond piping conducllr>g nonarratod 
Sleam. DL"CrCOSQ in mechanical oropcr.i"' ""'more rematkable than ccrro;ion 
rote with 12 Cr stccl_ and it is therelore importont te oon<ider in the de<ign tho 
ollowable "'"'' and soparation hom rcsonance lor 12 Cr stoclturbine buckets. 

For nozzle portitions, 15 Cr-1.7 rt.o stoel is proferot.le 10 12 Cr·0.2 Al steel. Fcr 
turl>ine rotor< of goothermaf pl~nt,, 1 Cr·l .'Ac-0.25 V "e<l is reccmmeOCed, In 
low and higl> volocity conden .. lo enviror.menu. i¡ is prelerable 10 use 18 Cr-8 
Ni steel 

Altho~9h no corro>ion failure of cosings has beon pro·,ed, there are sorne 
whkh can help lo guide luture research on thil wbj<"Ct. 

( 

lacu 

Pinin!l: Pi11ing and gonerol ccrrosion inside tho production casing has been in. 
si~nificanl duo t.> !he "b'"noe ol UX\'gM rn the goothermal fluids and to tho 
probable prowotive offect ol iron ¡ullide ond silioa .oalc. Thi• lm hoen otJsenJ<"d 
on reooverod cosings ond on surlocc watcr·stoam ttonsmi"ion pipes, 

E><:ernal and intemal corrosion of casings close \o the surtace lus l>een cl><orved. 
The mo;t imponont corro.ion wos lound on the >urface c.o•in~ in the ireo whero 
the l"·el <•1 ground water (tJrinol fluct.mes. 

Go/•,-ani~ Corro>iow Galvar,io oorro;ron ha; lroon detoo,od in s.voral wcil ooo:ng$ 
cln"' :o tl10 su:f"""· whoro t.vo or more casin9• wcr• p~t in conliC1 withcut (or 
,.,;,h poor) i"'ula,ion. Gn /he oUter ~and, re<ioti•·ity 1og< m>dt on the '/<Olhcrmal 
wolls and on the .urfa~o for e•plora:ory purp""'' sl1owed • big dil!erence in 
remti·my wit~ depth. Such voriation< constituto the bam for galv>nio corro>ion 
ce:l, in motaltic m~cture~ A<fditionol corro•ion cells may occur in casing• e> a 

Motorials and Scole Managemon! Studie• 

result o! poor hon~ing of the cemont to thc cosin9. lnterconr.cctio. 
d1ffero"t pot<ntral crcotc< galvanic corro,:on cclls. 

'"' 
area< of 

Srress Corrosion: Fo"cr, Marsholl and Tornb• (1961) domonstratod th•t casing 
>lee\' H40 and K55 aro >ensitive to m= eoucsion in • cold hydrogen sullide 
envoronment. Thi• condition e•ists in the well< thot ore in the repair s:ago. Tho 
casing of the M-5 well of Cerro Prieto, ter e.amplo, crackOO whon oold water 
wa. injeoted (1965). 

Ero.sion: Eros;on has been frequently obse.,ed in <udaco inst4llations where 
there "'" • ,.nd-water-$\eam flc"' a\ hislr velcdty. The eombined eiii.'Ct ol 
cavotation a"<! sand conten\ on tilo productiOfl ca>ing joints is no\ well known, 
bu\ it can be serious. 

C<>"osion in the Powor Pfant 

Corrosk"' on Turbine<: Alter !'o"IO yeatS of operation, the \ucbines havo b,..n 
inspo.;:ed on two occasions, s~cwing no eorrosion or crack< on bucke". At tlle 
si.th m;o ol blad.,, the Stcltite coating wa. found in very good coMition, and 
only a lrttle erosion """ ob«"'ed on the silver use.l to solder tho Stcllite 10 !he 
12 Cr mcl, The main prohlem prmorll w" !he silic.1 dopusition on thc lirst 
5\a~c ol nonle• and bud,ot~ T~.i, pmblem can bo <•pl.oined by th" poGr >ep
aration of wa:cr •~d "eJm in t.'le woll •eparators and in the >econd~ry sepora1o" 
cfose to the Ulrbines. 

Corrosíon in the Cocling 11arer SysMm: The main corrosicn problem frilling 
and local conos:on) h>< be<n obscrvcd in'"" cooling water system. The most 
impOf!<lnt prob:cm \oiS in the oil and hydror;en coolcrs, due to thc rossibility 
of contaminotion o! the oil or hydrogon strooms from holes in the hoat e•changar 
Ulbe<. Origin>lly tlte<o t~bes were mode o! al•"minum, but d~e to t~e hi;h p:t
ting rote, lltey were CMno¡ed to AISHype 30-1 s:eol and l!!'lin pitting was ob· 
«r.ed. Finally, they were replacOO by ti.,nium tu~cs, with good rewlts. (Ac
tua\ly only tv.o coolero havo AISI-typo 30-ltubes.) 

Gn tho other hond a high penetrn~ron rato "" ob>ervod en the unprotccted in
sido surfoces of corbon steel v'lves and pipes. ·r--:o <ignificont corrosion rote wa. 
io<1nd in the barometric conden«ro, w~ich v.ere prote<:wi with epo,y cr>ating, 
but «>me ore;u of the cooting '''"'" dama~ed by erosion. 

Tho borcrr.e:ric pipes thot ~ischarge a mixture of condcnsote mam ond coolrng 
wJier frorn the <ocond <tage ir.te;condon>Cf< to the hot well \lave bcon rcploced 
by !•lrer~lo<> cpoxy pi~os due to tho high corro•:on rate ob•erved on the orig
inally·inm!led carbOn <1eel pipes_ 

Anothcr pro~lem ob•orved w•s tho dotorioration of the upper parto! the ccn
cr<t• con:tl that conduct• the hot water from \he hot well to the coolmg tower'; 
pump•. 

One loct thot is importan\ \o r.ren¡icn i< 1hat t:aotoria of the ~·~m Thicl>acillus, 
ai:;o callt:f sullw- bac:eria, were IOOJnd in the cocling wa:er. Sorne membc" of 
th'< ~'"'"P "'"carry out c~idation of H,S to H,SO,. This explains the low 
pi! oritinally lound in <he oooling woter. This fow pH was controiled with so
dium hydroxide, and tho bocreria woro contmlled wi th chemical bactoricido~ 
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The b<ctcr;,', pr.,ence ai<O explain< thc diHe<ence betNCen the Al$1-type 3()4 
pit:ing "'e obtoinL>d in corrosion ¡cm ond the higher r•ttinH rote found in tlle 
011 •nd hyJrogon cooler<. 
• 
Rolerene<:l 

C.E.G., To>M•• Jo"'t l~=r~orkm C"'"''*"' Test il> G<olh<rnal Su., M Mui~i. Ir~,. 
15. 1970, Tur~'"' P"·<lopmont De~"lment, Tok'o Shooou" [lee<dc C<> .• Ltd, 

Fo""· P. K .. M><>h;ll. T. ond Tomb<. A. "eo,.o.ion '"'"''!!>1:.,.,, in Hvdro¡"''""' "'d" 
•• w.;,.,,,, "'" Z••'•"": U" CMI<"<>« on -~<w Sou"'" ol heq¡v, Romo, (19611. 

M.ln<l", Allrtdo, unpuOio¡hed ~m. (19151 

""'""·S"'"'''· P•"<oml ,omrnuni"t'ont. l\9151. 
Sl>onr.on. D.W, f"<!nomic 1-.><r ~~ CtwoUoo olld SuiN>, i'n>bl<m<. i1> G""ti>e<INI fn"'V>' 
S(mm~ a,.,,,, Poc'f.o: tlootl1w•>l l.o""'""'-..'· 119151. 

Tol,.io, E., "C<HOI•On M"'"""''"" in • Geot>"rmal ~"'""""""'·"UN Symporium, Piu, 
IWy; CN>Ih"mia s-ial ltwe 2, >OI. ~- 00. 1596·1601. 11i701. 

.CORROSION STUDIES AT THE GEYSERS 

Tho matc·riol lor thi< sootion has bcon basod upon o papor by 
F . .J. Oodd and W.C. Ham el Pacific Ga< and EI<Jl:trtc Ccmpany 
prepare<! lor Th~ Second work<hop en Matori>l< Problem¡ 
IPB 261 349). 

Description ol th• Fadlity 

Tho largell 900\hcrmal powcr installation. and lho only 1ueh facility in the U.S. 
is Th"e Gey<e" Ge<>thcrmal S tea m l'ower Plmt el \he Pacilk Gas and Elotlfic 
Ccmrony. oloctric gcnorating syslcm. Thc pl•nt ;, loc.,cd apprOXImatoly BO 
mtl<" north ol Son Fronei•co in lile rl.ayocmas mountains ol northcoswn Sonoma 
a.,.j we<tcrn Lake Ceu~·.ie<. The lirst unit o! the lac~it y wos placod in com· 
m•rcial opcration in 1960. Therc "'" 10 ccmmcrCtolly operating units ot thc 
plant with a totol c<>pacity of 39C MWe. Cominucd exponsion is plonned. and 
:he plan: co~ocil"t is expected to reach 908 M'.Ve. 

Thr• G•v«r< sleam i< fed diroctly inlo thc \urbine in oll the unito. Thc turbina 
e•h~""" lo o bromclric conden<er on Uni" 1 through 4 ar>d a direcl ceMact 
conConsor on Unt" S through 10. f'rom thc condor.sor. :he combinod cooling 
wotor ond con<ior¡;C"f steam" :hon pumpod into cooling tewer<. Wa1er from tho 
t~·.-,er bosin• is returned to \he condenser •• cooling w•:er b<eause lhere is \"O'Y 
lrttlo mo~e·u(> water ••ailable for the circuloting water system. A typitll sen.,. 
'""'ic for The Goy;crs unia is oho10n in Fi~ure 6.16. 

CorrosiGn o\ The Geyscr< "'"' con<iderod prior to the cenSiruction of the first 
unit ond hJS been the •ubjoct ol conti~uing ccncern ond e'perimcr.tatton e.er 
sin:e. Selcction of mdteri•ls for con..ruction el the ¡¡,..,, um" '"'" b•~ upon 
a corrosion ¡.,.ting program rerlmmod in a model plant u•in] corrosomoter and 
otmoo~horic oxposur" tcchni<1ue~ Thc model plant '"'" resulteoJ in ,.lection o! 
a~s<on"Ltic stainless steel> and aluminum lor lhe collden .. le sys:~m and •l~minum 
for line hardware. 

~c;t,E"< intomive Rt.D ef!ort< :o COr\trcl cmis.i~i'" ol hydro¡;<n <ullide IH,Sl 
ll<' hove resulted in a tost progcom el chemically lte•ting the cot\dcnsate t:> ,.,..· 

' .1 

Materiol< and Sc>lo Monagemcnt Sludics ,, 
move thi< noncer.dcn>ible 90S. lt vr.,.·reco~ni•O<i that chemir;.>l __ ,¡ions could 
<eriously affect the omro<i-my ol the con~en,..tc. Thorelorc. aftot a promising 
mothoJ was dcvoloped lor H,S abatcment. ond :he Sludy rcochod thc ptlot plant 
mge. a cor>denJatc corro<ion >tudy was cornlucted concurrently. This 1><!1>"' 
discuS"tes this S"tudy . 

FIGURE 6.16: TVPICAL GEYSERS POWEfl PLANT 

9"''j 

t-

,.,m 
lurl>ine Condemer 

r 
"'' txj"$' Cen•~oh~ M>lor 

1 \ 1 

l.ir 

Coolinq 
Towu 

1 
Source: PB 26\ 349 

Thc crtculatin~ condenso<l Geyscr~ gootltorrnal <team i• a milky light l.>luegrJy 
color. The ccmpe>ition of :M condensa¡e fluctuotes considerably •nd is known 
to be Cependent upo~ otmosphcric conditions a~d lhe panicular group of v.ell< 
lron' v.llic~ it ori~inated. The mtnerJI ooncentra<tons in the rccirculating con· 
densote <ystems are lrom four lo six limo> <ho .. lound in cor>den<ed geothermal .... .,.,. 
As <iiscuS>od proviously by Al len ( 1 t 3 promi<in~ chomicol tre;¡tm<nt developed 
for removal of H1S involv•• primarily an additien of iron to t~e condema<o in 
the lcrm el Fe,ISO,l, AltMough the concenlrotion can .ary frQm 2 to 50 ppm, 
an , .• er;¡ge concenuotion of 30 ppm Fo i1 m•intoincd. \\'hilo bOlh the iron ar>d 
wlbto cor.centroticns in the trooted sy>lem are incr.ased. lhe pH remain• ap· 
pro,i.natoly 7.5. Bocau;o the condec.soto chomistr; ¡, low in he;¡vy motols, somo 
incr•oso in ccrro<ion ratos wa> •~p«::ed. 



'" Geothermal Enet51Y 

Cerro• ion 

A corrosion ¡e<tinu pro¡rorn ,.,, initiot•d in Unit 1 while it w>< ope<ating with 
t~e iron add<!ÍO!l. The prcliminary res~lts ol :h= :esu as reponed bY Oodd (2) 
indicatcd an incrca>e in corrosion rates. The cor¡osion '"'" exnosed 2\1-inch 
~iamDLOf •t•t'ronory nonstre"ed rrwtal disc cou¡><>ns ol variou, alloys spaced Y •• 
intll OP4r! on an in...,ta:ed ccnter pin. 

Erght !OIS of cowpon< caoh containing 19 alloys were instollod in the conden .. r 
el Unit 1 in :-.:ovcmt>r.r, t972. FO\Jt ''"' el t~c ccupon1 were 'rn"allcd 'on the 
~.ot v..,l!, and IOur "'" or tho couron> worc rnstollod near the top ol the baro
motrÍC condcn>or. Thcse two la<ations gencroll\' ropre<cnt 1he range el enviror,. 
meniS ma:crial v.ill C9Crience in condcn••"· The hot well coupons wore sub· 
morgoU in a rcl;¡tó·•clv low woter •clocity arca. Thc cou~ons rnount<d oear the 
lop ol lhe b•romelric co"<lon«r •~••• above 11\0 water lino ond wbjecl<d to • 
wa>hing-miSl oovironrneot- Two '"" of coupons wcre romo•·c-d from t~oe hot well 
in Morch 1974 ond the rcsuiiS ror>OitCd by Do~d (2). Tho <emoin1ng two """ 
of coupons in the hot well ,·,ere remo,ed in June. 1974.~ 

• 
In M,11ch. 197-1. whcn thc ¡;,, cou¡rons ..,,,,. roJOovod lrom tl1e hot well. tho 
baromemc condon""r r;oupons ,-,ere no longcr in place_ Th0$e eoupono oppar· 
cn¡ly diolodg<d during tM oxposur• and dropped 10 <he co"<lcmcr lioor whe<o 
they wrro fouPd ""'' rcmovc<J for oMiysis in Juno. 1974. The<a co~puns were. 
thcrclore, •u~jectc-d to both thc submergod •nd the mis: c•posuro conditiom. 
Ah~o~gh tho cmmons wo'C oxpo>od to thc two oxposur• conditions, the cor
rO>ion doto ar.• con>~dorc-d nwa~in9l~l. Tilo>< data ore includod in the repon 
ond idcntifi«< wittt the origino! in>talla!icn lcc•ticn near the to~ of the baro· 
me·.rk cond enser. R e<ul ts repoac-d wore ave roges ol thc coup<Jns analyz<d 

Coupon• we<e clean<d o"<! tvaluoted fcr o~eroll corrmion by w.>isht has in ac· 
c~rdonco with AST!~ C-4- Tho m,.im~m pitting dopth was meoS\;red ot tho 
deo~est pit obsorved in rolation to tho ori~inal sutlooe_ TM averog: pitting deplh 
wa> dctcrmined by ta~ing a random tra>erse across the •pecimen and overaging 
the depths ol oll pits cncountercd. Crevice piwng dcpth was dotcrmined by 
rneasuring tho oorro>ive at\3ck undot the ccntcr pin Spacers. 

Result>, 

Corrc.;ion '"'"' m<<>SU<c-d on coup<Jno o.pO<ed to rocitoul>ting conder.sate with 
the iron additior~ aro givcn in Tablo 6.29. Corrosion rote> mea.ured on cou
pons exposed to rccirculating eondcn<3!e prior to the ircn odd'•ücn are·,,_ 
Clo.Jd«l in T<\>1.., 6.30 and 6.31 !or comp>rison. In gcneral,.mo" couo•ion 
ro:c: worc .occcloratcd with thc iron oJoitian. E>copt lor some of ¡¡,e •u•tenitio 
""'nlc" •tecls ond coppN allcys, the corrotion expericnced "" greater in 1); 
ycacs with 'he iron oddolion t~an in the !out yea" ·~ithout 11. P<thap• the most 
•i~nlfic.ln< data ore tbc incrc••• in corraSion rato V>ilh 11mo .~.own for mo>t al
loys in Tablo 6 29. 

S¡om/e" $1(:1)/S: Thc Type 316 Carporltor 20Cb3 and 17·4 PH Slainie:s <t<é 
<•P"''""c<:<! mir.irc.ll corroSIVO ottack. Tne "'""~·,z<d 316 •~hibitod '"'""' ;;i;,i<>g 
wt.e~ cx;>coed to the circ~lating co~dons"c v.i'h lhiir~n 'ddi,ion. Type 304 
st"inle.s >Lecl cxhib.:cLI •iU,ifLCont pllling in both the se.o¡itiz<:<J and solution
annoalc-d eonCilions_ 6oth tho gcner•l corrcsion rato and r.te o! pit penelra<ion 
ol Type 304 wore bcr~asing oienlfLContly "ith timo. 
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Gecthormal EnorllY 

where the coupons wore oomplolely submergod and u"nchanged, or acceleroled 
whore mey woro not. 

COHOSion Mech•ni<mS 

Dota obtoined in this study appear te COHelote rcasonably "'i1h corrosion mech· 
anisms prcsontc<d t>y Greco a~d Wri~ht 141 and Rogm and Rowc !SI. Ro~o" 
arl<l Rowc <lcvolopc>d o thc-<>ry in whic~ the corrosion ratos of steols in H.S brir>e 
sy>tcrns ore initially low and the eathode in the eletlrOchcmical re>e1ion ·¡, an 
easily rolamod hydrogcn electrodo of high polcntlal. As corrosion rro:cods. 
iron sulli<lo "~cpuSLtod on thc •urhcc and acts "' a low potcn:ial cathode. They 
wore oble lo show exp.erimenully that iron <ulfide not only had a 1ow potonlial, 
Lut wa< oloo d,!f,cu!t lo po.'arizo. 

RebtiYely httle •urlace orea of such a ca:hode i• required to maintain the anodi<: 
iran sud'''"' in on a<tive oon~itian ond hioh corrosion rato• rosul1. The •dditian 
of iron 10 the oirculating oa"dcnM< svS!cm rcO<>IlS in thc productio~ of iron 
>UIIide wl'lich is pr"'ent in concentration •• high a; 50 ppm. h is hyp~th.,ized 
thot "hen t.o:, motcrial is ~cpo•hcd on thc <LJ<Iooc al iron bo.ed allo,·s. more 
low patMlial pt>la<iution·res;.,,nt cothoé•< ''"~aoco are introduoed lh<n thcre 
are aoodic '''"'' •••2ilable ta polarizo them. The hi~h corro<ion r>t"' ob•o"'ed 
al The GoySef5, llloreloro. may be tho result of a rnechonism sim1lor to that prt>
p<>seé by RogcrS ond Rowe. 

Thc pittin~ a!tack oh•crvcd on thc aullcnitic stainlo<< s<eels ·'PI""" •imil" ta 
thot found when th._... olloys aro e<pOSO<l 10 chloridr• or •imilor depa<Sioating 
agents. This •~99"'" thot the imn introduced into the condonsate is also a de
PO><ifier. Wl1en nossivotion ¡, lo". austcnitic sta~nlcos stcels '"' su.ccptible to 
tho same mechonism ol corrosion as tho less noble iron ba>ed alloyo. 

The rcc1uctian in corr<,ion ra<o ohsctvc•d on the copper ollay 5pec1mens with tho 
addi:iM ol iron i• most l1<ely duo :o 1hc corrosion inhit.i:ing effe<l rron is wi~ely 
re<;<>g~ized ta h>Ye with those o:lo·¡;_ Under cantinuous su~morged condLtiOn<. 
corroSion roto< will be somo,.llot <~PD<CS'Cd. Out whon not <Libmorgod. no pro· 
toClion <::>n be reolized. Thi• effoct should not, therolor•. be rclied upon in tho 
circuloting condonsote systcm at The Govsc<l. 

h3mination ol Condenorr Clodding 

In ordor to vcrily thc cortmion rote< obtoinod from the ;pool spccimens. a vi•· 
uol e<amin>l;on ol ll•e in<e,iar ot the t>O<omrllic conder.se<> a: Umts 1 and 2 
wa. conduc:od_ Un;: 1 wa> u=l a; o pilot plant for 1he iron a~dition "udy. 
Sincc Unil 2 load re<oivcd no signilicant c•po•ureto the iron addL:ron. 11 ;, lcll 
thot this cor>den,.r was a Y>!id control specimrn for the O<amination. 

Examino<ian af thc intotior of the Unit 2 conécnscr revoalod tha' the stainlo« 
s:ecl dadding v.os lightly e:ched. fla signi!icant pitting ""' obscrvi>d. The L:nit 
1 con~ensce h>d e•perioncOd appro>rmately 11> yea" O<po•uro ta"the ir~n aéd1· 
tlon. Tho ciad surloce ol thi, condon•cr wos lightly otched and also c~ntoinod 
numerous shallow pi:,_ In •dditiun. """""' pi" appro~imatrly ;'-i<~Ch in diam
etcr and up to 4~ miis deep "'"'" a~"'"'""· Sinoc no •imilor pi" wcre Ob'""'"d 
in thc Unit 2 conden•cr. thcse pits wore attributed ta the iron oddLtiQn. 

OC>ign o~ocilicltior.s lor these coMen,.,. indicate thal :he dat:!6 ... " ¡, toll bo:\d<d 
315L stornloss stocl. Thorclore, it app<:ars thot thc l>it:ing <!>mogo on thc UM 1 
condensor <~gnil:conlly c~cee~s that prc<lictod by tho test spool caupon•- The 
apparentlaok ol correlatiun bet•1<en 1he type 316 st~inl= <tecl coupans and 
t~e ob,.rved perlonr.ance ol thc candcn>er cloddmg is probol>ly duc 10 coupon 
>~«- Th_c PlllLn~ '" the condet~ser occurred ot o relaliYely •moll numbe: afloca
~LOn• rn •ls surface. SLnce there are le:!" than eight "~""" inches of surfa.t:c orea 
rn each coupon ond """'""¡ hundrc~ squJtC fcol ol suriJce "'""in coch condcnser 
random pilllng of the type obse<Voc! would not noccs.,rily be cetected on the ' 
coupono. Thi• informa:ion is applicable only to the type 316 stainless "«1 ond 
doe< not roflect on thc valid1ty ol tho dota o~tained on otl>er •lloys tested. 
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AUSTENITIC ANO FERRITIC STAINLESS STEELS 

T~o material lar this <Oction has been ba>ed upon a poper by 
J. R. 1.\auror of Allrgheny Ludlum Corporation. prcpared for 
Thr Second \'.'or~shop on 1/.ateriol• PrublemsiPB 261 3491. 

The Alloys 

Two austcnit1c minio"' •teols Wilkh pr0v1de irnproyed re<istance to crevice and 
pi<tir.g corrosion are T-216 and AI·5X. The 200 seri•s •tainloss s:edo cont•:n 
S'"""' amoums ol m•r:g~n..,a or>d leso nickol 1hon thoir 300 serie• counterpam. 
-The AL-GX alloy cont01n1n¡; 6<o/., molybdonurn was sp<eifioallv de.1gned to b< 
re<istant to scawatot pittir'l\1 >nd cre"i<:e corrosion attock_ 

Th~ lc"itic sta•n!•" •:ocl• hJve neve< bo~n _., p~pulor or widcly_ used .,. the 0~,_ 
tenJtJC gr<ld~s. P"'"-'"•V b<ea;,r .. ol lhe dLIIrcultLes cncountered on fabrrcaung 
1~.,... mator~als and :l>eLt corro•ion resistonoe w~ich w:LS ~encrolly inferior. A .. 
ccnt advanc•·• in produclion fociliti". coupled wJÜl ~cw olloy dcvelopment, 
pie• lh~ ,.,.;.,,~ce of t~= mot<ria!s to chloride "'"'' co"o;io~ crod.ing. h;, 
lod lo greatcr acccptar.ce and usago ol the focrillcs One group al fcmtic stoin· 
le" •w•l<. C<Nering • w1d!> range of prop~nics i> 409. 439, 26-15. 29·4. anJ 
29·4·2. 



Tho ¡;,, three are allov< conra<ning titanium for weld S!atlilin:ien. The la<t 
hnO are ••ouurn melted maro,iols with very low levols of carbon and nirrogon 
cotnh1ncrl 1"11:0 hi9h lcvcls el chrornium and mo!yhdenum to pro•ide good m .. 
thanical ~nd <<Cellen: COrro<ron rosimnt proper:ies. 

Thc oucteni:ic <tainlcs< <reel<. "'a claiS. are char""teti>ed by gocd ductilitv and 
impoct ""ng<h. T-215 and AL-GX are typioal ol alloys in this fomily although 
thóy do C<l.,bit thOLf own intlividual charoctoll"ics. The'" alloys have hi9her 
yid<l arx;l tonsile mengths in the annealed condition thon T-304 or T-316. AL· 
5X WOtk h"'d'-"' simJIOtly ro T-315. whcrcos T-216 doco no! appear !O wo1k 
hanten a< rapidly. 

Tlw wclding choracwistics el thcse alloy• are also sinlilar to rhcse <>•Perieno.d 
.-.it~ other ou>t~nitic stainl~" .reels. Bot~ ~ave been TIG and MIG welded a~d 
rc>qu11o no f>rc- or r-ostwold hoat troatment< to provont crac~ing or to rcsrore 
~uotihty. Cloaoing e: dcscaTir>J prior to v.eld•ng is imP-Ort•nt and picklin; to 
remo·,e v.-cid soal" is dOSir•ble 10 insuro optim~rn corro5ion <Osistance. Tc•m of 
vwiJod AL·6X condcnser tu~ing dornonstrot.d t~e e>ccllent corro•ion re•istance 
of ••-weld.d tubos te .eawarcr cnvironmont. eliminating the need lor P-Ostweld 
pickling for satislactory pcrfutmanco in litis cnvironmorn. 

One pmential prohlem orca for au>tenitic matoriols is the possibility ol prccipi
toting complc, cllrom;um C.lrLiOo lson•i:"ation) during wclding ora; a result 
of impropor heat trcatmc~t which in r:me could lead to intergran!llar corre<ion 
attock. Avoiding wmrcroturos in tllC so~· to lSOO'F rango or rapidly cooling 
through thi• rango is ene moons 0 ¡ minimi>ing thiS problem. Two other rnethcds 
are using low carOOn grade, or s<abilinng the a11oy. AL-6X is normo!ly made tO 
low c.orlmn levo!<. lnd•catlon: are tltat tito 200 series is notas sus.;cpt,blo to 
.. nsitization •nd c~n tolerate high"'t le>·el< ol carbon. 

Tho lorritic stainlc" m•cis havo s~Hicient ductillty to permit lorming wit~out 
dil!iculty. As a clo,., they can be b"'t typilied by T-430 a< 10 their brmin~ 
choractoristics. tlono ol thcso al~oys has thc ovorall ductility domomtrated by 
!he •~•tenillc stainless steels. but • wHicient amoun\ 10 permit even d<Hicult 
!otmin~ oporatiom. 

Tho lcrritic "ainloss "ools can be TIG a:>d MIG welded. bu' require greoler core 

Motenals and Scale M3n.i1'J"Inent Studie• 

Another characteristic of tho !cf'itic stainle<s steel< whith could ah~ct their 
lunctiOnJI appiiCation is tou~hnoss as~ !unction of im~act tcsting. The impoct 
strt'lllths ol thosc mate"alo con be quite low at ombient tcmperaturcs. duo to 
their relativcly hi<jl ductile-to·brinle transition tompetaturo (OBTI). Thi• <hor
octcrist<e is af!ected by a numnor of VOJioblc•. omong thcm: cacbon and nitro
sen comenr. "tanium addltions. thickne5<. cooling rato and grain si>e. 

Figure 6.17 illumot" lhe elloct of onc voriable (coo!ing ratos) on o ferritic alloy 
cool.d alter annealing for ene-hall hour at the >pecified tconperature. Thh con
diticn becemes on cpp.1rent prcblem wlton motorials with OBTT higlter thon 
room temporature are subjected to imp•ct loading. The lo<~ inte,.titial moteri· 
al< (29-4. 29-4 21 are le<> af!e<:ted by thi< condition than tho titanium-<ta~ili<c-d 
grodes (409. 430. 26-!S) and, •s a r«ult. thcse lotter motcriol< are restricted \o 
applications where thinner material• can be u<ed. This restriction will nct affecl 
the use o! tt-.e"' materials in most piping ond heot exchon;¡er opplications. 

FIGURE 6.17: EFFECT OF COOLING RATE ON IMPACT STRENGTH 

' " ' 
' 

Source: PB 261 349 

General Ccrrosion Rc•i•t>nco 

'han <he ou,.cnltic st01nto" stcol5. Sinco thoy hove no\ bcon usod in wetdod op· All the olloys montioneoJ in llti< revicw havo genorolly good corrosion resi.,an¡ 
pl.cotion• to a grco\ cxtent. lack 0 ¡ !amiliarity with ¡~ose alloys could bo !he ptoperties. T~eir o~ilitv to r*l.ist corrosivo media "dcpendcnt for the most ~afl 
c•u.e of mony rc¡>erted dlf!iculties. While it is importan! 10 mointoin ciconiin'"" on \he amount of chromium they contOin '" woll "otiWf alloyinq olomcnts such 
in all wcldin~ o·,oo01ior\S. it is particularly rruc ;, tho cose o! rhose fcrritics who5t" molyl!donum, ~ickel. titanium and ot~cr<. Other foctors influencing corro•ion 
propenies ore dopendent on ¡0 _,.- 1.-els of interstotiaT• korbon or nitro;¡cnl. resistance are crc·,icos, tempetotures. ;tagno:ion, O<ygen supply. concenrratiom. 
Propcr s~iol~1n'l ol thc weld vmh U•""' to kocp the<e clemonts away from the """'''· surbc• I"<P•"•'tion and cloonlmoss. heat treotmont. ond in most c"e' 
hot metal is V<tal. Thc ot>~ili•cd versions <hould also be protected e"1en t~c~;h a combination o! these ond other !actors.. 
thcy conain ti,anicm to tie up t~e cO<hon ond nitrO<¡en. \'lhtn filler metal 1s 
needod. alloys ol similor cnm~osirion should be u5cd. 

Tbe ferritic minloss ;tcels oco ouocopt,b!e too loss o! ductlhty ond impoct 
stron~th "'hcn h"otod in the 65Cfto lOGO'F :empeco,ure rongo. This is con 
rr.or.ly ~n<w.-n as BBO errb:ialomenl. Boc;use this ccndition results in the loss 
o! roc'n tomr,or.,turo ductillty, considcration mu" be nivon to ••o id procos;ing 
and applicoticn prcblomL Avoiding ¡r,,, temper•ture range 01 last cooling 
_thtoush it ore two mcthod, 0 ¡ minimizing the problem. 

All M the alloys listed h .. '"· wilh the c><ception o! T-409. a rcsistanco to atmos
pheric corrosion eq~•l to or better rhan T-304. T-.0:09 itsell is re-;ist~nt ro • gen· 
e:ol corcosion attack in most OIO"'.osphoric cnvironrnonts. 

T>bie 6.32 provid"' corrosion lOS\ dota for thesc alloy< in seven ~ifferent med10. 
lncl<odod with thc•e alloys are dota for T-4JO. T-304, T-316, Alloy 20. H•stellcy 
C and titanlum. All soluticns ore boiling •OO are the rosulrs ol livo 48-hcur per
iodo. 



,, Geothermal Ener¡¡y 

TABLE 5.32: CORROSION RESISTANCE TO BOILING SOLUTIONS..MPY 
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Source: PB 761 3~9 

These tom ore par! ol a stand:~rd miel ol cocrosion test< run to provi~o a oom· 
P""""' ovol~•tio" o( a moterial's resi.,ance toa brood >pectrum ol condi:ion'
The teto .. rve "' ir.dicaüon> ol "here the<e motorials mi~ht be use<! and whero 
more comprehensive and deta;[cd inve.,igations are reqUirl.'d prior to application. 

lt is worth noting at th1< point that the 29-4 alloy, while .xhi~iting e•ccllent 
corrooion ,.,;.,~roce to a num~er o! environments. is se-.-.rely attao~od in sclfuric 
ociO. A modilio~tion o! this material. with an add•:icn ol 2% nitkel. providos 
much bcucr '"'"'"""" to >ulfuric acid ottack at v.mom tcmpcrotureo ond con· 
centrations., shown in Toblo 6.33. 

TASLE 6.33: SULFURIC ACID RESISTANCE 
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Moterial< and Sco!o Managcment.Studies "' 
Pittin~ and Crevice Corrosion 

P;nir>g and crcvicc COf!O<ÍOn resistance ol materials is an exuemcly import>nt 
considc,.tion in ~"signing on<l spocilying a mo<crials sy>tem lor m.lny aqLJcou> 
applicatiom particularly thoso wh.ch involve high conccntratians of chlafldcs 
such •• SOlNatcr ar>d sorne geothermal brin.._ r.:any successful applications n ... ·e 
~eon made al the common austenitic and fcrritic stainiP." steel< in chlorid .. hcavy 
enviranmcnt!, bu~ i~ is impor~•nt ~o rocogn;.- thc problcms and avoid thcm •• 
much >S po,•b!e. 

hrly effom to d..,dop a ferritic <tai~l..,s ., .. ¡ with improved wold~ng charoc
teri>:ic> and pi~ting co,ro>io~ resimr.oo to camplcnwnt it< 1~hcrertt rcoistanco 
to "'"" carrosion cracking lod to tho d.--.lo~rnent ol T-439. The addition al 
l<tanium to th" alloy appcoro ro 1mprove Íl< piuing corro<ion resi<tance. 

P"ting ond crovico corro.,on <tudic> u>ing >pccimcns with a crovito in ferric chiO· 
nde h;ve bccn madc on o largo numbor ol alloy<. Tho te,¡ in<OI>c< a rubbcr 
band l!f<t~hed around a opccimen ond inert polymer blocks are iraerted to help 
maintain a crevico ond to add O<!ditianol crO\·ices. The specimen is tMen placod 
in 10% forric chlorid<., room tompcroture lor 72 hours . 

A comporison ol wei;ht to" me•:;urcments can demon>tralo the rc<iS!ance al 
~!loys to P•ttir'} and cre-;ico corrmion. l-lowever. ~ny <ign of pittir>g or ""'"'ice 
corrmion indicatco thot a motorial "likely to cxpericnco problcms in ootual seN· 
ice, whore"' abscnce of an attack i> a o:rong indication a m>to,ial will be suit· 
able lar extended .. r<ice. Many peoplo oocept thi< tcot asan indicatian al how 
•lloys will perform in •••w»er. Table 6.34 <hows te1i1 "'"''"· 

TABLE 6.34: 10% FERiliC CHLORIDE RUSBER llANO TEST 
71. I-IOURS-R00~1 TEMPERA TURE 

Alloy 

Al6~ 

1S v ... M<> 
H'"'"o> e 
T"'""""' 
E6·2f>.1 

"' 25-lS 

"' '" ~~' = 
Sourcc: PB 261 349 

% Woio"t Lo1> 

• • • • o-oo1 
0.2-0.45 
o J.-0.6 
o 8-1.1 
2.5-5.1 
4.0-5.0 
2.5-5.1 

Anot~er m«~od al compo<ing t~e pitting CO'fO<ion rosistanc• of alloy• is to 
'""''"'" thcir breo)( thra~gh potcmial •n variau< m,<tia. T ablo 6.35 1 "" the por· 
form,1ncc of vOfJOus allci> in a solution cootaining 1.000 ppm c.~loride. lt is 
e-.;i~ec.t that U1ase mo:oria:< contain.r.g \11e higher com~inationo ol o;hromium 
aM molybdenum provide botter resi\tanca . 
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TAELl BREAKTHROUCH POTENTIAl 

Alloy 

A~-6X 

~~ C•·' Mo 

11""""' e 
'" Alloy 2DCbJ 

'" ~· 
·~ 

Sourc.: PB 261 3~9 

Monomvm a,..Othr"";h PoO<nt•ll 
(VOIU) 

LO< (bey<>t>d ,.,.. ,.,,.,1) 
1.0< (L,.vonO "·'\'11 !ell•d) 

1 O> lbeyoo>d "'·"' t<ltedl 
o; _,, 
" .n 
o; 

Tile ~"'"'rity olthe wrroding mo~ia aHoc" rosults in this , .. t. lncroa•ing the 
chloride concenuation from 1,000 ppm to 40,000 ppm lowers the minimum 

•broa<througlo pOlontiol to 0.94 V lor AL-GX, 0.25 V lor 316 andO. 18 Vlor 304 

E•porure tesa ol '"'''"' ol \he new allovs haoo boon modo in utihty sto•m 
sutl,>eo ronjensoro_ T-.;Jg <uboo werc IO<led in <e>·oral fre<h v.ator plan" where 
T·30-1_h•s been proven satislactory, In salt water, T·216 and .O.L·SX iMocat~ • 
much ~mprovod podormance •••• T·316. Whcre '""'''are permit<od to four or 
voloc:t<os ore low, T-316 h" farled in oo ohon a limo as 1wo rnonth"- Aller tour 
yeatS e•poS>Jre to thnc cond•llons, tube< ol T-216 contain a few micro pits ond 
AL-6X is unaflo<tod. 

Resi•tae>~:e to Slless co"osion crao~ing is one ol the mo•t importaM attribuws 
ol•n enginccr~n~ r~oa·ri.1l. As a el'"· thc lerritb uller superior re<imnce to 
th.s lo'm ol wrro"on attack. The alloys are not totolly immune an-d it i< ap. 
Pa<Ont th•t small >ddotions ol nic~cl and cop~Or con red¡¡ce the rosimmoo ol 
<eruin all~y> to tl1io {~rm ol attack, pankulorl; in the JO>Ore agy'"'"''" solu:ions 
such a< bo1iln9 rnagnesrum chloride. 

Many pcopfc believe the boiling mao¡neoium chloriee te<t is too ""'"'" at>::l does 
not odCQu>t~lv rcprt>c•nt actual oervrce con-ditions mo>t frequcntly encountored. 
A m~r< rcolr•t'c test appooro 10 be tho wic~ to•t dc•·eloped by Dana and Dolo 
(lll?l. ';-U-bond >pecimen io pfa.cod ir. comact \'lith a 9''" wool wio'< "hich ~ 
portr.olly rmmo"ed m a f.:oCI solution_ An el<•ctric curront i< paS>od tf'.IOIJ¡;h tho 
s~ocomon lo hoot <1 ond cvaoorate a portian ol 1ho solution, CO!'.c<mtra;inq tho 
r.aCI on the hot "'"'~ surlace_ Matorral< such os T-.304 •nd T-3TG fail the 
wock '"'1- Ct~oro wluch 1••1 in borling m>gncSium chloride will pass the wrck 
;"''· AmOfl\1 theso are ~OCb.:l, t-.L·6X. and 29-4-2. Sorne w"'s corrosion craok
ong >tudJC'S ol thc vorrous alloy• considcrcol hore proviUcd tho results •hown in 
Ta~lc6~G. 

Thc rcsults obtoino<l in tlrese swdics ''" intero"ing. ft would appoar that mat ... 
"als ouch as A_L·6X atld 2~ 4-2. while susco~•ible 10 "'"" ccrro~'on cracking, 
do hove some mhooont rcsost•ncc. fl tho wick test is a ,.tisfootory and n·oli<trc 
labor>tory approach to actuol conditiono, thcso alloys can bo u"'<! in a num-
bcr el a~plicationo v.·here pi"ing, crevice and .,,.,, corrosion re<is:ance are required. 

Materials ond Scale Monagem~nt Stu<lieo 

TAEJ~E 6.36: STRESS CORRDSIDN CRACKING STUDIES 

"' ' ' ' 
~ 1 -·· ' ' • • 
"' • 
"' • • ' ' li-" • • • • l~-~ • • • • ,, ... ,_ • ' 
' - .... , ' - f• ;¡ 

So urce: PS 261 .349 

Relerencos 

(11 Doo>. AW., ,od D•Loog, \'10., Cono<ion, Vel. 12, p,,,., 309T(I9561. 
11) 0..-.o. /I..W., ASTM 8"/le:in tlo_ 225. p, 196(0<;¡, 1951), 

SILICA SCALING OF CERRO PRIETO 

TMo material for !Mis «<tion ha< been ba>«J upon • papor by 

• 
• • • 
' 

S_ Mercado and J_ Guil> of the Federal Commi,.ion of Electric
ity, Mexrco, prepare~ lar tho Conforenco on Scole M~na~emcnt 
!C00·2607-4I. 

Oe<cription of the Gecthermol Field 

The Cerro Prieto gll<ltl>ormal licld pr,..nU hydrathcrmaf S>Jrface monrfe<totian< 
in •n aoea el a!>cut 30 oquar~ kilomete"', where thc nroductiM lorio i> loca:«!. 
Thirty doop wclls have been d"llcd in th,-s freid to • depth ron~ing lrom 700 
to 2,0CQ m. Flow "ot>to'nod through pro•!ntlod cosinq or through gun Porfo
rated cosing, alter cemcntir>g \he pn><l~ction cosin9, o•cent 150 to 300m ol tha 
bottom ~'"· whore the hot strata ore loootcd. Hiqh t·nthalpy water flaw< through 
the<e perlo<a<ion< a"<< is conducted to ÜIO <mfacc lhrough the 7'/' production 
cosrng. 

As !ho wotor asccnds throu!;h the production co<ing, thc hydrostatic pre,.ure 
dimrnrSC.e< and it partiolly ff"'hes into """"'· Tho flow t~rough thc val·'" tree 
is a water-ot<>m mi•ture containing from 20 to 40X. of steam. Thio mixt~re is 
admi<to<l 10 a cent"fugal Webro·t·¡po centrifu~ol '"P·rralor, 54" in diamotor. Tho 
steam is scnt to t~e power plint and the separoto<! w:ller lO on evaporatrng pond. 

Froon 20 to 80 ton< por hour ol sw>m aro obtoin<"l !rom each well at • Pressur• 
of 100 psig. 13 welh ..,pply the r>eces"'rv <tcilm to main<oin a< Jull IO>d 1wo 
unit< of 37.5 M\'/ .ooh, 01 a ""m me of 9.4 k•¡/kWh. • 

Brino ComJ)01ition ond lts Retationship to S•lica ond Oth~r Scalmg Salto 

A ¡ypioal analysrs of thl brino exlfocted by tho ...,u, afler being e~po>Cd 10 at
mo•phetic pre,.ure is shown in Tablo 6.3? on thc lr,llowing poge. 



• 

• 
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TASLE ~.37: CHEMICAL ANALYSIS OF THE SEPARA TEO WATER OF 
WELL M·S 

Elomoot p,.,. p., :.f.ni .. 

" 9.00~ 

' 2.231 ,, • ~ "' '" • " ,,, 1.250 

" 16.0.:5 

"' " > ' w, ' oo, ' I<C01 " N•CI (CII 26.4<2 
~ "' ,, 

"' •• '' Cooduc""'Y 
(ntmhorl J<.2DO 

So~rC<>: C00-2607-4 

As can be seen from the ta~le. the following refotionship can be e>labli<hed. 

Cat tono: 

++++++ 
Na>K>Co>Mg 

M.!on•: 

c1 > 1:co3 > so~ 

By mean• ol iso:opic analysis of tho ge<>thermal fluid it ha1 be<n e"ablirhed tMt 
!he woter lrom thc gMther~tal roservoir ;, al mete<>ric origin a<\d proce..:l< mainJy 
lrom tho Color;odo River. Tne high concentro:ion ol diosoh·ed solids i> the '"" 
s~lt of the wluOility :><tion of the hot water on the sedrmentary rock> acting 
for tlrousands of ycaro. and roaclting an o~uilibrium """ or »turation with re
spoct 10 >ome olemon!< such., sll•<on. sadium aM patosoium. The gcotitermal 
fluid> •Jso cen:ai~ >Ubstam,al •meun" of d•"<>lved ;•,.•. mainly co, and H,S. 
and in minor omounts NH,, H,. 3nd CH,. 

Tho ~"~" con'"nt of diocolved silrco in 1110 ""11 brine i> tito oo<ull al d"<olu11on 
of rad. at h i~h tcmp-crature. o foct o•p<rimon<ally veri<iod IJy diff•rent in'""'"~oton. 
The concontrat:on el silioa in salution incro;,., with the temporat~re. 1t ha< 
b""n po"ible to .. tabli>h tha\ tne fluid di>Charge by tho Cerro Prieto ;..ello is 
5aWCO\ed v.itn res;>e<t \o S,frca 01 the tcm~eroture at o'<h"rch the birne ·,. found. 
This lact has boon utilited ta determine tho tornperature and entholpy el the 
hydrothormoi brrne< with a:ccptol>lo ac<:uracy. In a similor m•Mer. tho bflne 
is 5aturated wi'h re<pe<.t ta corbon•to•" the tomP<<ature el the brin•. 

Moteri31< and Scale Monagement Studies "' 
Duc ta tho >.nuration condition cf some ol iu ccmponents. deposition al scole 
<>Ccurs on the in<ide el the well ca"ng •• tho gcethermal fluid undergo., phy•i· 
cal ch;nges on iu way te the surlace. The scaling occur< phy<icaily .-.hen the 
hi;h enthalpy water ascends through the productian casi11g and the pro><urc at 
which it is s~hjectod is reducot:l cousing portia! fl•&hrng ol tite wotct inte stoam. 
The zon~ of the ca>ing where th;, char.ge of phase <>CCur< depends on tho orig· 
inal enthalpy al tho fluió. 

Chemically. dcpositicn <>CCu" whcn the brino lori~ir.ally <aturated with respe<t 
lo Silrca "nd carbonates at the initiol temporoturel becorncs sup'""'""'"d "o 
portian of the water flash<> inta steom and the temperature ol tlte brirto is re· 
duoE."d by this cha~ el pha,.. 

CQ, eriginally pre:;ent in tno brino ·,. transferrod to thc >tc•m when beil"rng is 
inillotod. The initiol equilihriurn is dl5turbod and bicorbon>tes are prccipitated 
as carbonates according to the lollowrng re.,ion: 

Cal HCO,l, - CacO, • H,O + co, 1 

Scalrng problem> af t!lo prc~uction cacing aro more or le" severe, dcpend;ng on 
the 'a"e whcre scotc is producO\l ond thc Ueplh el this zone. 11. lar instance. 
the de<>O<it ¡, lom1od in tho production ca<i~. rimrning of the ~><11 re"ore• thO 
welt eutput. 11. hoWO"Jer. the deposit is forrncd in the slol\ed portian of tho 
ca•ic.g. fluid Hew i< romicted aM the $IOts cammt be clcaned by rimming. Scale 
may al;o occur rn thc surroundrng groúnd "ofs. drmini:hing permcobrllly wllh 
no meons al cleoning. 

De~osits símil~< te these formOO in the production ca.,ng ~eep an forming in 
lhe sep~ratoc<, water piping. silencers and drain<. Silica and athcr in..,luble d ... 
pa>it: aro f~rmed bocausc water containing thosc .,:,. "corried over thc oteam 
ThiS carryover is rosponsiblc lor scJk< forrnod in condensote trop< and on turbina 
blade:. 

HELICAL RDTARY SCREW EXPAti:DER 

Thc materral for this $0ctien has been b.,od upon a pape< by 
R.A. McKay o! Jet Propul•ion L<~ratory and R.S. Sp<an~le 
el Hydro<~ermal Powe< Cempany. Lid., prepared lor the Con· 
l"cnce on Scole Man.,ement {C00·2G07-41. 

At dry "cam goothcrmol tields .. thC pro~uctien ot electricity i< accemplisl'ed hy 
<emevin<¡ cntrai~od oolids and then ""'difl\1 the '"'•m dir«11y to turbine• whic~ 
dri~c electric geneJatO!S. A similar simple appre>Ch is po<"ble at hot water 
tiel~s by u<ing an c.:pandcr which can aperatc directly on hot untreotO\l certosive 
scalc forrning ~eothcrmol br.noo or !Jrino ar.d .opor mixtures. 

A po.,tive displacement expand•r <>1 the Ly>holm type. employic.g two meshi"'l 
helioal <o:Ory "''""'· h•s becn u<\dor de•·etopment by the Hydrothermal Power 
Company. Ltd .• Srnco 1971 lor thl< applicat"<an. Two •mall prototype mcOols 
hove boon •ccccosfully demonstrotcJ at tn<ec goothormal hot t>fine !roldo rn south· 
wc<torn United Stotcs and Mexico. u:ing brinos hovi~ d15S.Oivod >elid• ran~in., 
from 17,000 to 330.000 ppm. Precipit.ltien and the dcpo<ition ol <ealo is •llowed 
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-to O<:<;uf wi!hin thc c•ponder whcre it is used to ad;·antogo. A layor cf scale, 
in thic~""'"'' contro\led hy tht gO!lmc:ry el the rr."'hing rotor>, provides erosion 
ar.d cortosion protcwon and thcrmol insulo110n ter all <urlac"' swept by the 
rot~"· Tho ~uilclup nf scalc fllls leakagc clcaronces ond thus onhance< tha efli· 
c1cncy ol thc cxpor¡¡lcr. The scale deposition also previdos hcaling el <urface 
dama)c to :he roto" cr case sltould it occur. 

Wi!h "'"'" brinO$, ¡!,e proccsS<t which occur within the cxponder signilicantiY 
alleviatc scalc dcpositton in thc w"'" 1 inc altor c•p•nsion. The expondcr, planned 
principally lor wollhead opcrotion, tnl!uonccs •calin'l wllhin the well and supply 
lino only to the extcn: achieved by flow conuol 01 the expander entrance by 
mcans of the inwn•l thronle control valve. A helical rotary scrow ex~nder is 
•hown in Figure 6.18. 

FIGURE 6.18: HELICAL ROTARY SCREW EXPANDER 

. ml-?ñn7-l 

Motoriols and Scolo Manag<mont Studies 

INHIBITING OEPOSITION OF SILICEOUS SCALE 

The material for thi• "'ction has been based upon a paper by 
J,2, Grens and L.B. Owon ol Lawrence Livermore Labori<tory 
prcpared for tilo Conlerenco on Scole Mon>gcment !C00-2607-41. 

'" 

Lawrence LNermore Laboratory is d""elopifl9 the total Uow process for dficienl 
utilizat<on of the thermal enen¡y s:ored in hi¡¡h tornperature-high salinity brines 
lrom tho SJI:on Sea Goothermol fiCid (SSGF) lor clectric powor production. 
Encrgy conver>ion is accnn1plisf-.ed by flowing brinc through mixcd phase ox· 
panéerS and directing the high •·elocrty exhoust jets onto the blade< of an im· 
pulse \u<bine. 

Previous l'r~d oxp<rienoc, hov.-ever, at \~o Sinclair No. 4 site in \he SSGF ind'l
cotod lhJ! doPO>rtion ol silkoous SC.liO (heavy metal sullidos """ iron-rich amor· 
phous silica) in no"l~s ond o.o turbinc blados woul~ be a serrou< problem when 
hyper:soline brine ¡, flash evoporoted. An ~xperimen!ol program, therelore. "" 
.,.ta!>lishod 10 d.-.-efop ><•le control tochni<¡ue<. Preliminary rosults indi"-'11 that 
oeol,~g is a pH-depon~ont process that con be inhibitod when btine i> ocidifred 
with hydrochloric acrd. 

A mobile fiel~ te>t unit has beon e<tll>lish<:d at thc ERDA-SOG&E "'"silo in 
ltle <cu".h><c>'•ern part ol the SSGF. Brine ''"m !he ,',',"'Jrnama• No. 1 well was 
llov.-cd through o stcam separator that isolatod vopor and liquid ftactiom lormed 
., tne brrnc moved fn>m tho ~eothermll resc,.oir, up the wdlborc to the sud•co. 
Althouglt thc sop>roted liquid pha<C wos used for tho initial briM modifrcation 
exporrments, sub,;eq~ont \>01~ will rnvolve remixing ol liquid and vapor fr>etions 
prior to chemiC-'1 odditfon• 

Average tomporaturo and P''""'" of !he brino wcro ot,out 220'C ond 265 p<i, 
ro<pectivo-ly. System throu~h-put vc.riO<I bctween 18,000 to 24,000 pounds of 
brir.e per ~our. Flow through nozzlcs (8:1 expansion raM, Y.·inch diam<ter 
throa<) was 1.25 pound! o! brJr.e per socond. The nomino! pH ol unmo<!ilied 
brine !lowing !rom the s.opo<a!~r varied from 5.5 \o 5.8. Dis<elved solids <:<>ntent 
of the briM prior 10 and ofter expan<ian !hmugh ncnles was lB ta 22 .,.·cigM 
rcrcont, rospcctrvely. r1onr., ar.d v;o,rrpl.lte> worc !lbricotod from Ti-6AI-4V 
olloy. Throc int:ependcnt nozzle< wcr~ opcrated simulta.ooously. Durrng eoch 
acidi!ication run, at leoS! onc no:.ule wos al-.·,oys operotod •• a conttol stotion 
Howing unmochl•od brrne. 

Four expcrimOnts, ooch of 20 hours duration, wcrc campleted. Norninal scaling 
(copper •ullide, n>ti•·o !il•;o:, ond iron·rich o:norphou< ,:lica) lrom unmodified 
brine te>ult<:d in closure ol ~P to Jl)j'¡ of !he erO<$ sectior.al arel> ol the nonle 
thrc•"- Thickno$$ ot scole tormed en wearblaOes r<Jngeci from 0.019 ta 0.04 mm. 
Howe·1er, ,.Mn brine woo ocidiiied :o pH 1.5, 2.3, and 4.0, soaling in nanleo 
w.s eliminotO<i and sullStontiolly reducod on wearblodes. 

Acid•fied briM eflluena remainod cl•or '"'"'"1 hourS alter ooll<cticn. f-fow.,er, 
unrr.Mili<:d brine "'"' sli¡;h,ly t~rbid ~>hcn colle:ted. wi'h preci;>itate> !,.ming 
a fow mi~utOS oltor samplcs ""'e ••~en • 
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' LIDUID FLU1DIZED BED HEAT EXCHANGERS FOR CONTAOLLING SCALE 

Thc 'r>Mcrial lor this soction has boon bO<od upon a paper by 
C.A. Allon, E.S. Grimmett and A.E. McAtoe ol ldaho Na1ional 
Enginoc1ing LoborotOTy prot»Ted lo1 the Conlcrcnce on Scale 
Monog,mont ICDD·2607·41. 

hperimen" conducted <everal year< ago al the ldoho l'!ational Engtn,.,ring l.al>
orato<y indic>ted that heat !ransfcr coe!lidcnu botwcen <urfacos and a liquid 
fluid""¡ bed wcre h1glwr tiran whon M bod wa< pre<ont. Th«O <ame bod• pre-
"M!tod depo.,tion on cold surfocos neor saturated solutions. Tho .. observations 
led to tt>e sugg,o<tion that a Uuidilod bed ho>t exchanger could be developed 
v.hich would preven! the us.ual dcpo•ition of ;cale lrom ~oothcTmal brin"' when 
coolcd. 

lnitial •:udi"' wc<e conductod with ><lilicial hrin"' at !he labolltory, and wilh 
hot brinO> fl~wing directly lrom geotherm;l wells at Ralt Ri~er, ldaho. The 
f"'' oxpoTimont• wcrc porformcd in opp<a~imotoly 4-inch diamctcr glass col
umns opo1atin9 at atmoophe11c prcssure. The heat transfer surfaces wer• made 
from 0.25-inch diameter tubing wound into spiral coil'- Rewlt> from :hr)S.e '""' 
showod \ha\ no oca:e dcpe<ited on hoat transler >urfacoo covered with a lluidized 
bed of sand porticles, and that bod to·tubo coeflitiO!lts doublt"<J. Thcso coelfi· 
cients <anged lrom 4,000 to 4,500 w!cm'"C, the highrr coellicien" obuined a\ 
the higher superficial fluidizing velocllies which ranged 11om 0.02 10 0.045 m/<ec. 

Slightly h1ghcr coellicionts wcrc ob,;ned in a 6-inch diJmeter prc,uri,ed e•· 
changor us,ng 0.5-inch diomct« :ubing wound into a •piral coil covered with a 
sand bod having 1.0 mm partid ... The unit was operated for 60 d:oys using 
Raft A1;er water al a tcmporaturc o! 135"C, containing opproximately 2.000 
milligrams per litcr ol diowluod ,.l:s. No scole dcposited on the surfaces o! the 
C01I that w.>s covered by the flu.:Jited bed o! sand. 

Hot Dry Rack Project 

The material lor t~is choptcr h>1 been t>ascd upon a 1epo11 
by 0.1"1. Srown and R.A. Pellilt o! Gcothermal Tochnology 
i.nd Opera1•on• Group, Los Afamo; Soientiloc Laborotory, 
(lA-UR·77-202BI. 

As a consequence ol man'> ever·increa.in~ demands for enorgv and mineral re
•ources, countless nurnber:s ol e>plorotory hole< hove llúcrl ~rillod doe¡r into the 
earth'• """' all over thc ;·mrlrJ. Although the sougln·lor ro•ources havo mo!l · 
olten not been lound (the prov<rbial "dry" hol"'l. V>hat ~lmo>t alwoy$ ha< beer> 
lound are bodies ol "''"ntially dry rock ot oleva\0<1 temperaturo•. In the Gulf 
Coo•t 'egion of the United S<0\0<, loo ".omple, typicol bottom·holo tcrnperatu<es 
fo< the dcoper dry Mol., olten approoch or oven exceod 200"C-a minimum tem· 
perature lovel Mlich is considoree fea>~bl• for lhe goneration ol elec•,r"oo power (1 ). 

SLJCh wideS¡>road drilling expericnce clcarly attcm lo thc c•i"cnco, within p1cs· 
ently attainablo drilling dopths. ol ""' rogions o! cru•tal <ock a\ s.uitably elovatO<I 
temperaturos-"'itablc lor manY o! our •pace heating and proeo<s heating n""<'s. 
Md oftentimes even for L~e gcneraliOn of electric power. Th'-">c idcntif,ed re· 
9iom of hot rock bcneoth lho oarth's •urface reprosont, in lact, our most abun· 
dant and broadly diwibutcd onergy TC<ourcc, if an economical and environ· 
mentally oce<ptablo means ole•\r<!Oting a reosonable amoun\ of \he containod 
therma\ energy can he d'-"'ised. Such ;, the primary objecti;·e of the Los Alamas 
Hot Ory llock Projocj. 

HOT DAY AOCK POTENTIAL IN THE I"IESTE!IN UNtTED STA TES 121 

Al1~.ou¡;h ooveral ro~ions of thO oaswn Ur11tod Slale< hove roconlly boon ,¿enti· 
lied a' havin~ a >~gnilicant potentiallor the d""olopmenl o! hol dry rock Qeo
therma\ 101ervo;rs at mooerate temperato101 (31(41, lhe greall'st potonllol for 
thh typ< of (tcolhemtal en"gy ¡,.,in lho wostern 11lird of \ho Uni"d St>te<. 
11 one consido1S the th;rteen wostornmoot """'' includ1ng Nonl\ and South Da· 
kot•. L'li• rogion possesses • •i!J!lificant pot<ntial lor the ,.,..,.,.,m utili•atior\ ol 
man·mado hol dry 10Ck geott.ermal re>or;.oi". 

"' 
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Tho U S. Jio~ical Suroey 151 ha< odontolioc 1.8 mili ion acros (2,000 squore 
milo•! o! •• eotcrn land• as "having a sio;nilicant notential for gemhcrmol d"'·elop
ment," bast•d primar~ly on an "''ocialic·n with rcccnt vulcanism in Jhc "'"' lfow
ever, !rcm o survcy ol all availoble re9oun¡l heat-How d•ta. Ll has been e<timal<d 
lhat a muth larger and mo•e widcly dis•r~hutcd portion of this 13 mte "ca
alnoost 90.000 <qLJam m1lcs-is undorlain, '" dcpths ol obout 16.400 lee! (5 kil<>
mete"l. by hot rock al or above 550'F :2'90"C). 11 should be poin!ed out thal 
thcsc lattcr orcas are not ne""""IY "''""'"'"d with recont vulcanism. 

Using the numerous mca.urcd hcaHiow vollle< in conjunction with tcmperatu•• 
vs dcpth prcdiC!ivc techniquos, one is in a pO<ition to eUim"'"· in a quasi-$tatiS· 
t•cal loshion, l~e vcry 1~•9" hot-dry·tOCk geothermal-enorg; pQte~tlal lor t11e 
westorn United Stot~•-

Tablo 1!.1 lis:o ti>< c;timated p•obal>ility, in thc lorm ol a ~orcontogo distrihu· 
tion, ol a given tompuoture ronge lor two o;><ciliod deptho--(16,400 o.od 19,700 
lee1)(5 and 6 l;m)-lor the 13-ot>te f"!lion being con,idered. A mean depth to 
t>asoment of 8,100 lec\ 1'.5 kml "'" u;ed, oiong with a~propriate tnean thotm>l· 
conduc¡ivity •alucs for sedimon:Jry rock 10.005 cal/cm-oec-"CI and cry51alline 
ba>emem rGCk (0.007 cal/cm-..,c·"C). 

TABLE 11.1: PROBABLE DtSTRIBUTION OF HOT ROCK RESERVOIA 
TEMPERATURES FOR THE WESURN THIRD OF THE UNfTED STA TES• 
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Fro"' an examinatiOI'I of hble 11. 1, <>M can condud~ inat a hot 'oc k reseNoir 
tompcrolu:o lovol in C<tc•.o al ~50"F 1290"CI can l>o oohieved by d"lling toa 
dcpth ol a~out 5 km anywhere with1n a 95,000-squa"-milc ~ro.odly dis:c.bu:ed 
f"l;ion el the westorn Unitcd Stat= Thi> aroa i• over 30 lime• goeator than tM 
wtol "Known Gootl,ccmal Re.ou•o• A1ea" li<tod by the U.S. Goologiool Survoy 
lo• po¡cn¡ial naturally-«eur<ing hot water or "'"" ¡;'c:hermal dc,elo~ment. 

Hot Dry Rod< Project '"' 
Obvieu>ly then. if a pract>cal, yet ecQnemical, methCKI of ••"•<·- • ~ncrgy ftom 
th"'e known '"'""'""' ol hot rock con be dovelopcd. ao appeor• proboblo boscd 
on tho re>~lt> ol the Loo Afamo¡ Preject"' la., thi• hot rock gecU.ermal re
<Ource ;, W!ry lar!_IO. 

TECHNOLOGY I,Pl 

The prii'ICipal problems .,sotiated with d,.._eloping ¡hi> v.,t cnerg·¡ reoource ate 
pmmrily ""''' ol .conornic• and en~IOOeflng. for any given goolog;caf setting
<Mallow or deop, sedimentar; cr ignecus-which of 1he potentlall·¡ ,.ailablo motM· 
ods will be m<><: el!icient ond eCMonlic•l, and at t110 >amo limo onvironmcntolly 
ace<ptable? 

Excopt in arco! of activo vulcanioon. wilich are roro and appear !omewhat M•· 
ardous lor initiol inve>tigaticns, hot dry roe~ is normally encoontored ar con· 
•ide,able depth! under rhicl< 1nsulotin~ layecs ni cooler rack, Obviou51y, somo 
mothod of in situ """'BY oxt<action is most appropriote tor :he development ol 
lh" ro<ouree. fe< similor reosons, drilling ap¡>ears cortainly to be the obviou• 
choice for entoting the goothorm;,l re>ervoir. For!unotoly, drilling equipmecl 
al\d tochnique> are atready avoilabte which are u;ed moro or less reurmely ro 
¡><Mtrate Cot, h><d re<• to depths of <he o•dcr of 20,000 leer 10 kml, ond 
wh,ch produce holes lacgc cnough in ero" >oction for tlle si~n1licant tronSJlO•t 
ol • hcar "ansler fluid. \'lhile mrptovoments in dnlling technnlogy anO =nem
ico v.-ould cc11ainly l¡o wclcomo, oxis:i"9 d<ill1n9 toclmolo~y is adc~uato for de
volopmcnt ol hot dry rock energy systems al\d must ba the immedbte t>ui• ol 
th•t irovelo~ment . 

Typically, rocl:s are PC>Oc cel\duc10" el heat. Therofere, wi<hin lhe hor 1oc~. 
a very lorge heot-tranolor surbce must ¡,• expooed if thormal encrgy is to be cx
tracted from it ata high rato for a U!Oiull'{ long t<me. As a method ol de,ele¡>
ing new sur!aces, drillin] i• prchi~i!i,·ely ex~omive. An economical emrgy •v•· 
tom roquires in loe¡ thJt drilling be minimi>e<i, and thottho n•ccot-ary hca! trans
ler area e;is: er somehow be created O<Jtside 1he be1ehole in :ne lotm el con· 
noctod open1ngs largo enough to permil hoat extractwn fron1 tl>oir •urfaces. 

lt appears t~at the be>t possibility for dlicient. economicaf oxtracricn ond ¡r;m•
port of hoot io te citClllato a fluid lrom tl1e boroholo througl> thc>e oponing>. in_ 
imitat<on of a notural hydrerhecmal sys:om. And while c.ther fluid• would havo 
advantage•, particularly wllh .egord to ¡J,,.olution and ronrocip1totion of miner
al<. the totol volume of fluid and the makeup rt<tuirements for fluid lo" ar.d 
thf"m•l cen<raction of the roe~ are so g<eat that o vCty inc•rensi'" heot trono· 
Jor !luid io evidontly necood. Agairl in imitation of natural svst•n,, w"t"r i< the 
otmous fluid :o b;> u'-"<1 lor ext.-action and tr>nspert o! ¡he geothermal heat. 

lf <he roclc con>tituting the ,.,.rvoir has o high naturol permeobilay ., may be 
the cose'in porC'-'s sedimento er fractured iQneoo< er moramc•p~.ic <~ck<, injoc· 
110n cf wotor from the boreholo irltO tha formatiDn and c1roulat1en through it 
te extroct heat <Mould no: ba dilficult. 

The Problems of con!'nln~ the circulo<ion to the regien lrom "''ich it "do5ired 
te extra<! hoar and ol recoW!rir.g t~o hearcd fluid from the formarion can prob
ably be handled by tha rescr.toir-managemont techniquo• which ¡,ovo been widofy 
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u>Ud 101 <e<:ond>ry reocc·cry el peuor.,rn. This, howover, in gent'tal req~ires 1 
s1r.11igrapl1y rn V>hic¡, o\ IOil<t rhe urw,1td fl~,v ol rl\o ro.orvo1r fluid is D'"'enro¡j 
and rcquires a:w thc drillmg el •n array el boles in which injecricn holc< ace 
surro~ndcd by recovcry holcs ond vice veaa. Vcry lar<¡e cncrgy cxtroction sv<· 
tcms ol !Iris typc '"" l"ohably pw.rlrlc, but ronvinciog "n.rll-scole'c•pcllment< 
10 domonwa'c tl\cir lco"bility wrll he hard 10 arrange. 

Ar le~« initiolly, it a¡rpr·,1fs simplcr to invostigo\0 cncrgy cx~raction lrorn hot dry 
rock ~-h= mnial P<rmcabihty i< low. Hcrc the pro~lern< el containing 1nd rt
co·•cring me flui<J are replocerl l1y rho>• ot producing flow pa»agcs •nd heat
rronsfcr ""'''"'· Many options """' with regar<! to creotion •t\d oporation of 
a heot-exUO>Clion SV<lem in ""Ch rocl., includono¡: 

''"'""" el '"'"''don'""" by''""'¡"¡ ''"'·"~- w ""'""" hoomoc.to· 
''""'• t.¡ hyd<o~¡;c ""'"""'-'· o• by'""" <CI<T'Ib•OOl•<><t ot '""'' ""''~""" 
oltc•moo• ;.,J«I•on '"" ""'"''Y ol llo•d thto,~h o tino'• hoto, "' cort•o"
<tul '"'"'"'"" """"'lh co><:ot "'"" '" '"' 10m• hoto."''"""""""' flow 
ol '~' liu<d "'""''" "'" at """' t-.at"; 

'"'''''"'' ol "''""''~Y"''"''"'''" ty "'''"'·by hoo "'""·by • m"
'"" <ti tho tNO, ¡,, , ..cood llutO, o<-v>in¡ tomo h"p< of """"'ion de· 
,;ce-on • Iom> Olhe< oh>n hoat_ 

Seve•al ol the<e PO<>obtHt<os appoar to ~"'""'" in•e>ti¡;otion, in a voriety of geo
loqic en•i•onmonts. Howeve<, tl\e only la<go-sc>IÓ experimontal study of sys· 
tcrm ol this type now in pro~oc" is the ERDA Sltppor!cd Hot Dry Hook Geo
therm•l Ener<¡y P<oiect at Lo< Alomoo Scienti!oc Lat>o<>tory. tnitiolly, this is 
an onompt to "'""'" 3 pros;urilod·wot" circulo11on loop in hot O<Onite ~Y hy
droullc h.ICtucing bo¡woen two boreholc,, H.e lcaoil>ility ol drilling 1nto. hy· 
draulically h•cturong, and contoinmg P<O.,uriled w1ter hO$ t>oen demon>tra<od 
in gramto• ot depths up to 9,600 feet 12,930 meterSI and tomporotu<OS u~ lo 
385•f (19/i"CI. 

HOT DRY ROCK GEOTHHlMAL RESERVOIR 

In the initi.tl Los Al•mo< concopt, • mon-mndo gcnthormJI rcso.,oir would be 
formod by first drilling into • ~re•<Ously-identilic~ reg1on ol swtabl\- hot rock. 
and tt!ert e<eallng v.i:hin this hot <ock • 1ery lar;¡e ""fac• a<ea lor heat uansfer 
using convontioo>.tl, o'ltoit ¡,rgo .calo, hydroul1c lroctur~ng tochni~ues devoloped 
by the oOI imlumy. 

.Altor luomirg ,¡ circulotion loop by drill1ng O <OCOnd halo into thu IOP ol tho 
lractured region, a< shown ;cl,oma:ically in Figu1e 11.1. :!>e he•: conta•nod in 
this reso<YOir would be convcotud tome •~doce t>y the buoyant circulation ol 
w;""'· ro.,ibly without the n•·od fm pumping. Tloo "'"'"'in the oarth loop 
woul<! tlO mointained as a li~uid lhroughout by pre.,urization at the smlooe, 
l;loth onoro,.ing thc amount of ~'""' tran>~ort up tho secDnd lwilll\lrav.all Mte, 
an~ enhanc1ng tbo r•t• al hoat remo,al lrom the fracturod '"'""'oir, whM com· 
p.>re<1 lo ""'m. 

Prcltminory e<porimen" and analyoes ir.dicato that thcrmal """'" re,ulting 
from the cooti.~g ol the ho' rock in such a <r.an-m>de r<>Se<Joir may S<aJ~a!ly 
enl;m¡o tho initialf<¿ctu•e 'Y"•m >O thar its u<eful illellm< will bo ~reatly 

Hot Dry Rock Proiect 

extended bo·¡ond the planned 10 1 IS . 
'"'""'"ir. 11 tCe>e ther 11 , ,1 "'"'' 

0 
k yeors P'<Mded by the original uactured 

word into rogoon¡ 01 ho<<' ,_ "" 'grow profercnualty downword and out-
er <OC•, as "'em• probabt h ,. mal <o~rco may aetually imp<ove _ , e, 1 • qua •ty of !he 900:Iler. 

"'•Mrgy" w'thdrawn from it. 

FIGURE 11.1: HOT DRY RDCK GEOTHERM , 
DUCED By DRILLING ANO HY""A•~•L,CENERG\' SYSTEM PRQ. 

;ource: LA-UR·77·202B 

HE SELECTION 

'"'""~ fRACTURING 

THERMAL 
REG!ON, -300'C 

"ho i~itiol ~eoth•rmal sourco domonmo'l , 
!au, • Plf\ ol the wost!rn arm of th 'on, oreo " l"':aled on !he Jeme• PI•· 
onnern /lew Mo.;co (Fi~'"" l1. 2 ), 0 Roc~y Mountamo lhat •~tonO• into 
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Hot orv Rack Pmjoct '"' 
Addo:oonal li•ld otuCies producd lurther onc<>uril')ing ""idence 17L inclcding 
heot-flow moosuromonts in hoh drlilcd 550 to 1,000 lcct (200 to 300 motorsl, 
which conl~rmod heat llow value> ol about S beat·llow umts H-IFUI en rbo w"'\ 
sido el tho caldero. IHFU = .,callcm'·<ec. The worldwide a•erage hoat llow is 
1.5 HFU.I 

To inve.tog><o th<! leosibi:,ty olrhe LASL on<rgy c•tra<!ion conccpt ;nd to ver· 
ify thc e<iorence ol a dry ;eothetmal reservoir under the Jemez Platoau. a slim 
e>plorato.-y Qeotnermal test Mole (GT·l) wo< dnlled in Borley C>nyon on tho 
west side ol rhe caldero in 1972 too f',nal dep¡h ol 2,576 leo1 1785 metcts). 
h pen.t<a<Od abO<J1 500 loe! (150 rnerers) irua the basemen< grani1ic roe!< ond 
r<a<he<! a terl'.peralure al 212"F (TOO"C). The inill>l pormoab1l11y al the hut 
bO<•mont roe~ ''"' vory la'-''· so 1hot i: a~pcored capoblc al containing a prOSSlJr
'"ed-water c'lfcula:ion syuem, and al being lractured hydraulically at maderate 
pumping orc<>urcs . 

On the ba<ll al 1~ese studi"" and f,eld experiments, a sitc an tho Jemcz Pl,oau 
obaul 20 "'miloS 132 km) west al LO$ Al;mas wo• >ele< lo<! a< being oppropri
ate lar dewlepment al the first hot dry r<><:~ ener~y ••P<timent. Th1< hao b<en 
officiolly idontif1od" tno "Fcmon Hill Sito," arTA 57 ITechrlical ArcJ 57]. 
lt is a 9'<Hiy s'.oping arca on top al o me-<• tha< wos b~med ever 1n a lores\ hre 
in 197\, "'ille preP<>rati011 involved minimol lcvel1n~ ond no d<·struction of 
;rand,ng umhcr. lt is imrr>ediototy od¡oconr lo "" aii-'N<.,hor """ hoghwoy •nd 
·o PO'"'"' and t<lephone fines, and :s cress.OO by a lores! read. A<cess is can
•eniont, Pcwor is immediately """ildble, arrd cammunkoliens to and frOm th" 
ite are gaod. 

'enton Hill is situO!ed on lho Jomez Pl•teau obout 1 mita 11.5 kml weit of rhe 
-utermost rmg la~lt of lho VallO> Caldera and abO<Jt S miln (13 kml west el 
'< center ol the caldera_ The col~era, in turn, <iti >strid" tM wo<torn odgo ol 
'"Río Gronúo Rilt IFogure 11.2]. 

he s:to is within a largo coherenr bfack hou;,Jod by bults a.od cappeJ l!y the 
and•iior Tuff. a wcldOd a>ll llow_ The ele,_.., loutt \>i:h .._.rfaco ~xproosian i< 
•• rmg fault ea,; el the sito. Aboul 2,400 lott i0.7.:l krr.l al Cenozoic O<td 
tloazoic rocks o•·erlie lite Precambr,an qronilic rock< which larm tho ba<emonr 
' the Rio Gtande Valtey and :he Je"'"' ~~oun<ains. The ptedominantly vel
nic Cenozoic rocks cami<t of tilo Bondclier Turf_ 1l>o Poli" Canyon Forma· 
>n ond the Abiqu1u Tuft. Thé P~leozoic roás are mainty shales !Abo Forma
>n) and "'" time-s"'""' (Mayd•'en• Greup) of Permi•n and Penn•ylvanion a,¡e. 

IILltNG ANO HSTtNG PROGRESS 

:;eot.'Wmal Eno•gy G<O<JP at LASl ""' e-stablished l.iarch 1, 1973. and wa< 
en prima•y rospon¡'l~il''" for 'h•• enginoorin~ aspeoiS af tho proj<et. with 
!ntific and on~in'<fln~ •uppc,¡ tO be previded by elher Laborotery groupo. 
s tho ¡.,., orojoct lo invcsng31o ¡he feos:b'llty ~~ extrocting goothormol cnergy 
m nonmoiton hot rock '" regions ~>'>ero 1he geo:normal gradJcnt io above nor• 
1 but where n•i:hor notur.l "••m not het wa;er c•n be prod~ced at ecenom
lv cselul ralos fram well< drilfed ime the goo1hermal resoNoir. 



Geothermol Energy 

drilhng o! a <tccnC <xploratory nole (G1·2l wa< b«jun in Fe~ru;ry 197t. a: 
tho Ftnton H.ll sito. Many <llff¡cultios "'"" e~coun:o,td in drilhng, comont1ng, 
Md l099'ng tilo ¡,ole; fur<hcrmore, it w>s nccem:v to drill tho hol• co,siderably 
de<ptr than originally an;;cipau,d 10 reach tt>e wge1 tompe<aturt o! 392"F 
I200"CI. Two heat flow v.1lucs wor" n~:.:nod in GT-2 and GT·1. A hoot How 
ot a~out 5 HFU wa• obscrvod in thc •·olconic ond "'dt:nentary rocks, '" the Pr<· 
cambrian ra<<l a •.alue ol 3.7 HFU ""' cbtaine~. The drfferenco a~parcntly r~ 
su:tr"l from tilo flnw of hot water olong the Prccambrian unconformity, 

Hole fll·2 

The problem< cnco~nlc<ed in drilhng !he Pcrmiao·all!' re<ll>odo •nd tho PeM<yl· 
V>nian oge <hales on<llim,..tor • ..,. r<-quired that a <lring al 13Y, inch diamoter 
135-e<n! oa51 ng be oet lo a Ueptn ol 1,600 lett 1'83 motml. Thc Prccambri>n 
gramlic sur loco wao roac~od ot 2.~04 f • ., (733 mele••l•nd a wcOI'Id otring of 
1()'4-inch d:ameter 127.3 cm) Ca<ing "'" ""' hom the •urface 10 2,535 foel 
1773 rnot>ors). Duliing continu<!d to 6,700 fcet 12,642 mctors) usin~ • 9Y,·inch 
d·omotor 12~.4·cml ~rt<. 

At thi< d<i,tll, a scriu; of ilyUrolor¡y '"Perirncnts W>< performed to determine the 
permo>bility ol \he lov.·or granitic r<><h Hydraullc !racturing expertmonto were 
•!so conductcd using mcth<><l< ond c-q¡¡ipmonl de<cloped by th< oil·-11 '""'ices 
irtdustry. Altl,ougl\ thc rook ot this dopth seemed to be l>fokcn by extensivo 
na1ur•l fractures. water leak·off w>< olight. 

As a rt•sult of the'o cxr>o:tmonts. thc fon!on HLII oitc wJS judgcd OtJLiablo lm 
furthor d....,elop=nt of L~c '!"o:hermal projcct. The hole was deopened 10 9.619 
fr•ct 12.93? mt•ltr•l. ao~ a 60U lootlo~g (185 mOler) linor was come~1od int<> !he 
bouom ooction of tilo hoto to bcditate "'"'n9 of pocko" for !u1ure lroctur1n9 
~x,erimen;,, A 36 loot 111.6 m<torl se<:tion o! h(lle was lelt ur.cased at the 
bonom. The c~:.ili~ric·m bottom·t.olo <<><k temporoture was 3SG.6"F 119rC). 

L>tcr, additional fri>Ctcre expo,;""'"" ''•ere porformed t~rou¡¡h perfora:ions in 
thc lator and in the opcn hale bolow the liner. A near·vortical, 400-loot radiu< 
(121 "'"WI !rocturc wos thought to havo heen CIOated neor lhe bollom of the 
t.olo. 

Thc· oocond hnlc "'" locoto~ 252 loe: {77 mc:er>) northoost of GT-2. D<~llin~ 
Lo9on in 1.1,, ¡g¡s """ wo< complcled '" O<toO.r al" dcplh of 10.053 l•et 
13,064 meter<land o b01tom·l,ole tem;>croture of 402'F (205.5'C!. EE·I wa< 
coocrl to 5.4/0 lo.t 11,%7 rnctc"l with thrcc >1<ings of ca•ing. 1he decpeot be· 
in> 10~: inct•e• 127.3 cm) in diomcter. 

p;, 0ctor,nol dJOI,in9 tcchn'~"cs were usod bclow thi< cooin~ to angle H-1 tow"d 
<ne pro;urr,crl lro<'"'~ ot ll•c IJonom o! GT-2. EE-1 "'" directionally drillcd ~· 
low 6.BE5 feot 12,099 m<~c"l to in1em·c1 tr>e lfacwre tone at the bouom of 
GT·2. Th• hoto w" dr¡llerl throu~h a 205" <piral, turn•n~ tounmdoc<wi>e lrom 
•n in•ti•l northweot l><a~,n~ toa northoaot heod.ng !Figure 11.31. 

On Octr.t>Cr 1~. 1975 flow l>etwe<" the two drril hole> w>< "'"~lished. ~,..,:ng' 
for lho kst time a m•n·made ccMection in hot, nearly impermooble b.,cmoM 

Hot Dry Rock Projoct 

Tne P<edomi.oant Preoambrion roe~ in b •h . , . 
one '"otiM biotito schim .,0 mtc 1 °" holes "bon~od gronrtrc gnei>S. In 
unfollate<j ,;,onzogronrte di~ A' •,vo.rod Wllh :h~ gnoiss which "intrudod by 

•. · · re OtJVely exlenswe and hom · 
grano~,orote body wo¡ encountered at de •h ·, 09"n«>us brOiite· 
tures, usuolly well sealcd or hoJied. p, · Dr~.l cores <how numorou• trae· 

FIGURE 11.3: PLAN VI E~¡ OF PATHS OF DRILL HOLES 
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Beoou>o o! ¡c,acct.r•cie• i~ locoting tt'e lraoture when thc intoa<:<tion wa< at
ocmpto<l, EE-1 '"'"''d tl•o frocturc by obo"t 27 toot lB motee<). llowevor. •• a 
'"'"lt ol addl!;onol hydraul1c lra<:turing experiments, the 1wo hcl., were con
neoted. 7he impedancc to the How ol w>ter in rh>< fracture w~tem wa• roo 
h1gh, though, lm ü1e propoocd 10 MWt hoat e.troc"on c<perimMt. Therolore, 
beg•nning 10 April 1977, GT-2 wos ~ire<:1iona!ly rcdnl~c'<l te conncC! it with a 
fracture produced hornEE· l. 

A cemt•nt plug "'"""in GT-2 ata dcpth ol 8,300 tcot 12.530 meters); and al· 
ter se"'cral '""mP"- the hale w>< •idetr>eked usong 9\', ind\ diamuor (24.~-cm) 
d,ao;¡ond bi,., lollowcd hy triconc bito. The flf<l mjectory apporently imer
••cted lile EE-1 hocHno near ;, upper odge, and the re<ulting irnpodanco wos 
<üll too high 10 be u<eful. A <econd <idouac~ing wa< suere.<fu\ in obtaining an 
irnpedancc thot appearcd 10 be occe;>toble. 

On Juno J, 1g77 <iuring a 20·h<>ur pumping e•poriment, cold wotor pumpod 
do.-m EE-1 a1 1,000 P" (6.89 MPal ""' heo:ed 10 266'F 1130'C!. ond thl rate 
of water rocovcry wo. BS% of tM 1n¡ection ra1e. Tho tomperatu10 and tt>e re· 
co,ery rato 010 o•pectod to ic.crea<e as the <ystern is operoted. 

The hole was com~lcted by cementing o """9 of 7'-\.·inch ~iameter (19.4-cml 
ca>ing from 8,572 loot 12,Gt2 8 metcr<l to tho <urfaco [In a 9G %u1 circulot· 
ing 1e<l run perlormod in Septeml>er 1977, energy was e•trae<ec! ata rate of 
3.2 1~'.'/t with wa;er \cmper<;,ure o! 132"C.) 

Hoat htraciiOn bperiment 

The 10-MWt hool e•traction experiment (<ehedulcd lor 1978) will be conductod 
lor severa! n'onth< to determine thc mocllanlcal, phV'ical. and chcmical propor· 
ties of 1M '"'""'oir or.d the hcat e•cll3nge w"em A s<homat.c dl<twir,g el thc 
sur1acc lacihti.,. lor •~eh a'"'' is >hown in figure 11.4: 11 it is suoc ... sful, the 
sy,em will be D>panded toa tOO MWt e<perirnont by drilling dcoper to 12,500 
le« 13.810 motersl whcre temperat~res ol ~82"F I250"C) are e•pected. 

Such • lociht-¡ could p1oduco enough olcctric,ty lor 10,000 consumer> and would 
pro11d• uniquo and usolul 1nformation on the de•ign and construction of a <mall· 
«ale eloctric generating plant that use> thi• new energy '"'"'"ce. 

PROJECTED OEVELOPMHH 181 

Cleorly. no cnmmorc1al nroJuction ol r·nerg·¡ fron1 hot drv rook ~oothcrmal res· 
ermi,; will be attcmp<ed ur.t'l at lea" """'enorgv o•1raction <v.,om Ca> t,>ten 
ope,ated long cnougll to demon"'"'" ;,. u>e~.Jin<-<• and reliabihty and to ••aiu· 
ate in dotail it< t'oho-,ior and econorn,cs. 11 tho Los AJamos Projoct is <ucccss· 
fui, thi• moy hove bcen occompliShed lar onc type of <y<tom by 1980. lf that 
oec'"'· then the lirot d•mon>tration• o! t!>e ~•e ol thi< tvoe al ,.eo1Mcmal en· 
org; botn lor gonorwng cloctricity and for nonolccuical ~urposos could t.>t '" 
pro~'"" by 1~81. Tho<o ,¡,,,nonstrotion •vstom< will pro~ably be smoll, e•ch 
pro<lucing on tho order o! 80 Ml'll or 10 /.\'!le. ¡.nd rt will prcl>ably be noce=ry 
10 operat~ them lor 2 or 3 yurs t.>tforo f~nds con ru;onJCiy be commtlled lo' 

Hot Df'l Roci< P<ojoct 

conmuction ol commcrtial·•cale s•¡stern•. Howo•er. agoin ossuming •~ce"" in 
the polot «ale cperations, it is Qui« po.,ible lhot two te lcur commerci;l plana 
rnigllt t.>t in cperoti0<1 by 1990, produdng perha~s 600 MWt and 80 MWe. 

Ther••ltor. depondir.g both an 1echnical pro;re" in \he U$0 o! 1his anC other 
forms of enorgy a.od on oco~omic >rld envimnmental conotra:ms, lM rate ¡.1 
wh1ch new ho1 dry rock <vstems could be de•clopod would be cootrolled pri· 
marily by 1h• '"'" ar which d<eo boles coold be drilled '"'" hot rock. 

FIGURE 11.4: 10 MWt CIRCULATING LOOP 

Soorce: LA·UR-77·2028 
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H.:VIRONI.1~ .. ,AL MONITORING 

A.o cnvironmontol rnonitoring •tudy of t~c ~roject has been initiated and a re
port iS<u~d (91. lncluded in the repoq .,. de-;criptions ol the work ,,,., has 
be<n done in 1~-rce mo.jor moni:orir,q areas: (1) wator qualitv. both sJr~ace and 
subsurfaoe; 121 sci;micity, wrth a cliSCU,ion of H1e rnonitor~~~ motegy ol rc
g•onal, loe>l. onU clooc in detoction network>; ond (J) clrmotoloqv. The ¡rurpose 
of theoo program• Í< Jo retorol ba.cline dota. def,no poJentral ollet" from the 
projeet actiotities. and determine an~ record any irrpacts that mav <>ecur. 

• 
The devolopment ol the hot dry rock goothcrmol c·norgy resource and a"ocioted 
cnergy edractron tOCI1oology i¡ • Mw lici<J of endeavor. with no e<tablished en
vironmento.l guidelrn.._ lt is doubtlul il the problcms encoun:ered and solutiom 
deoised in tro:Jitiooal 'JI'O:hcrmal <V't<ms will <"PPIV dho:fy te the hot dry rook 
~evelwmont Thorclorc, the impom th•t are oncountOied in this project will 
t>o ol p•nie<,Jar ;·oluo in moking futuro cnvironmcntol "''""m•nts lor t~.is type 
of enorgy '"'"""" developmcnt in other l<>eation• in difieren! geologic .. ui~ 
To date. there havo been no unacceptable impoct> on the environm""t in any 
ol the tMree monit~ring area1. 

SUMMARY 

Ovor thc pa" 5 yca" the LASL HDR Project has p•ogre.,od considerobly. At 
LASL ond undcr suLcontcac" with indu.,ry, rnony new imtrurnents were de· 
veioped to operatc in the hi¡¡h·temperoture 1200'C). hi!)h·pre><ure 1;00 b.rl en
vircnment do"nhote. includ<ng acOOJstio detector<. gyrO<copic 1urvoy lOOis. a 
moe!lanical oooustio :ource. tcmperature probes ... 11 potentral ISPI and induced
potontiol (IP! P<Obe>. and w.rtor Sitrnplor<. 

1.\o¡m tethnrcal achi.,.ements haoe be<n made in d"'~loping and modifying di· 
a;¡r.e~tic and •nal~tical tec~~iqu .. lor ma¡>ping and chor•ct•rizing the hot dl)l 
rock rc-sorvorr. Drrowonal drilling and hydraulic f"c!uring in hol granitrO rock 
werc just two of m,ony "firsts" ochi•v•d. For a det,fod de•cription of this work 
,.e Rofere~ce 110). 
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Proprietary Processes . 

CONVERSION S\'STEMS 

Tho syotem el L. A L'.'f!F/;HJCh ond C. T. Dr.,ney; U S. Patcm 3,953,91]; Mav 4, 
1916. ""i!ln<d lo Bec/¡w/ l¡¡¡~m~¡.-onal Cor¡!Oratlon inolu<fe< a s~rfoc" cvoperamr 
whLOh ollm•" a p<ehoatod diS<illote. freed of impurltie<, te be oaporizod by the 
hcat encrgy ni tho steam and/er briae Jrem a ~cot~.crmal well. The rewltmg 
vapo< is u><O te dnve a pewe< uni: such •• a multi,age turbine. The vapc1 e~· 
h3u.:e:;l ltcm 1he powor unit is condenso-ti by any el a number el com·entional 
means. A noninn el the condenso:e " thon recycled tl11ough :he 'I'S<em, 
wherein it lm;om., thc ducct comaot cunJen<~ng moJiun1 for tho vapor pro· 
ducod by flo•)l'¡ng 1\ot gcolhermol biLne in o mulr.stage flo>h e,·apora10r through 
which tiLe Orine and the condensa te are p.>S>ing countercurrently. 

The vapo1 thus condense<! augmcn" the afol...,id rccyclod cnndens.ate and, to
gother. Ihey conSlOlute tho aloremontioncd di>liilate entcring the surface evapo
IO!Or and carryinq ,•,.ith it the ~.oat •~cr~y cxtractod from tiLe brine in the lla<h 
evor-orotor. Thc remai,der of thc condensotc from the condonoer ma{ bc with
drov.n !ro m tho sy:tem anJ constitutcs a piOduct resulting frem the prac:ice el the 
d<><alination process. Re.idual b<ine i• ta(fiod off from the multistaye fla<h ev•po
rater and contoin• retricvoble <al" and other valuable minerols. 

Coolod Wotor as Bearing Lubrican< 

A major adv,ncc in !he"'' ol exttaction and use of gcothelmJI ener;y is re
fle<tej in ti. E. 1/.oahews' U.S. Patent 3,824.793, auigned te the Sperry Rand 
Corp_ The i.laUhows proct.'U p<cvides mean• for ef1•cicnt powú gcMration em· 
ploying enc1gy dorived !1om 'c-othcrmal wurccs th1ough tt>e g<ne;won of dry 
superheotcd >tcom and thc consequcnt operotion of sub>urbce equi~mont for 
pum;lLng <•llcmoly hot woll WJter ot ttigh rrcssure te the <arth'• surlaoe. Clean 
water is injectod a: a >Urface ""'ion into thc dccp ""11 where thorm.>f ~nergy 
"oree in hct wlute-bearmg deep well wate< is used a¡ o dup woll stolion te 

' 
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~onero:c <uperheated $\eJLn from thc cloJn wotcr. Tt>e '"'ul:ont dry supe~heJted 
Slcam is ~<od ot tho wo•ll bottom for oporo11n1 a turbinc <lriven purnp lor pump· 
mg tho hot soiute b•orin~ well ·.-.oter to thc station at the e:~tth'• surlace: The 
water is pun-.ped .>( olf time> and lccotions in tne system at pr=ures ~>hoch pre· 
vent fla<h otoom formotion_ Tlle hi~hly onersetic water is usod at tho >udoce 
«atoen 1n a binófy fl~id sys"'m so that i" thermal onorgy is tron•lorred to a 
closed loop sur lace locoted vapor ~onor.1wr-1urbine •v•tom for driviug an olowi· 
cal powor altornato<, Cooled, cleon w•ter i> re~cneratoJ by tho •urfoce <;mm 
a<KJ is remi"ted un~or pros•ure into the well lo< opeiOtion of üw >1oom turOmo 
therein. Undesired ><>luteo are pumped back into the oollh ~ia ~ separate '""11 in 
the form ef a concentrJtod brine. 

The p!OCC~> of K. E. Nicho#; US_ Patom 3,961,866; J~M 8, 1916; a"igoJM ro 
Sp~rry Rand Corvor~1iot> " an improvcmcnt over that of the Monhcws paten; 
and previdos lonJ l1fe •nd •flicient operation partic~torly of those p;rrt• of th< 
system ~mployic.g clean wo:e< rei~jectod into the well frcm the eo11h's wr!ace. 
in particular for p1oviding a lc~dcating fluid in flu1~ bearings .up~crtinq the 
rotors of tilo deep V>ull turbine pump svstom. As tiLO clo'n lob11Cant flo'''' te· 
w>rd the turbine·pump hcorongs, it " pro~reosivoly ho . .tc'l. !J<Lng un,.oi~>hly . 
expo•ed :o heot tran<~orreU lrom tho rioin~ pun'.pe~ hot well water. TM lubCJ· 
cant vmor i• mointaincd, in port. in 1hc fluid >tato hc<;a.J<e i¡ ;, undor hfgh prO$· 
>Ure <O th" it is "'" allo"N te flash into ""'"'· lt is further d"'i!od tMt the 
"ater additicnolly beneio:< by cootin~ ne01 its point of use •o •• fully to pre· 
vent il5 llashing or voporization wllhLn the hydroulic boorings. 

tn >cmo applicoMn,,tho heat frcm thc hot pumpod wdl waror "'"Y raL<e.the 
lubrica:ing """'te a tempe<oture neor that el the woll watec. In thne Cllc~m· 
stanc"', very hig~ pr..,sures 31e requi1cd te prevent lla•hing of the lub•icat<ng 
well wato< with<~ the bo•rings_ In pracrico. wbcooling morely hy inc•e>>Lfl9 t~.o 
lublic31ing water P'"""'~ is nct found 10 be prootical as th." well water ap
proache> thü cr11ical tomreraturo of tho clcan ""'"' ol 701 F FurtiL"rmore, 
the load oopacity of lh< ll•¡d:od)nomio be011ngs employod i• proportionolto 
tho "scosi¡y of the l<obricam; thu•. Jo·,.er tcm;>erature• in the t>carin<¡1 p10vide 
increased load cap<iCLlV, "i"'o"IY incrc~1ing wi:h docroo•ing tcmperaturo. 

The p:ocoss J<eompl,lhOI the de•irod ICSUit ~Y ma~ing olfec:ive "'" of thO ex: 
haust ""'" from tho "oam turhirle th.Ll dmes lhe hot well wawr pump. Thos 
exhauot olcJm is •ignificJ~lly cooler thon tho pumpc><l hot welf water,'" part -
be~ouse of the e.pansion a'Ld energy exch:~ngc process which tran•pi1es within 
lile dri·,ing turbine. The fow temperatu<e turbine e.hauu steam io the1<fore 
pas..<! in MJt exchanqong 10lation v.Lth 10<peot te the l<ob,caung ""101. add•
tionally coolmg the laucr. 

The proco" ol H 8 f,I,JI!/¡e~~: u_s_ P.lfent 4,025.:140; M~y 24. 1977; .,.ig,¡e(! 
10 Sperry Ro"d Cor{XlrJtlon is an improv~mont "' de<p wefl ~eo<hermal systemo 
of the l;ind desc,bed in <he a!crementioncd U S. Patent J.B24,793. There", 
prmided an of!icient m•an• ter <he 9""""'''on of el..:uicaf pc.w .. r at the eart~ > 
sur;"CC, u•ing onergy abS<IOCtcd frorn tho goot.'lermal oource. The apparotu• •n
eludes mean> for rhc oflicionl goneration of sueorh,-,,lc~ stoorn anda <team 
dmm pumping systom ot thc ... cll bottom oper"ed for llonsfer of hot watet 
to tho <>rth'• sur;;¡co whore its enorgy contcnt '' t>eneJ.c,olly u•ed for power 
~noraticn. ACC~IdLnq to ene feoture cf the p:oc;..,, the ~eep-well """."'tu<
bine ar>d pump arrangoments are •uppcnod in a sy•tom el hydrodynamoo thru<t 
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and ro<f.al boarin~; with all bcorir1~ <LJrfaccs lully bai/1ed in rloan wotcr '"'"'"9 
'' • lubricant ;nd rnoinH•i"<:<J under P'"""'" ro •• to mevcnt en:ry of tho corro· 
siVl! '"'<! ton!lminato<l hot ,..u water an<l the con>equ<nt ul\irr,¡¡te den<uction 
ol bt•>ri~g <vrlacos. Alternoti""ly, a Loar1ng conlrgurallon cmploying hyrlrody
nomic l>earing olomonts may be employed. A Horust ball bc•rir19 arrangemcnt 
i< provided 1~1 normolly comes into play only when sta"ing or s\opping the 
¡u,hinc hot w.1ter purnp •v•tcm. 

A lu<lher leature ol the pro<on permil5 u51! ol sudace-loc>~ed apparatus lor 
'""'ing efl~eit•flt Corllinuou; orcr•tion of thú power gcneration systom, •nd also 
enables contmllcd mrting and stop~ing ol thc subtcrrancan otea m turbino pump 
appamus. A lunhcr aspe<\ ol the prooess per."Tlito ellicienr <ream g<nerarion in 
a confinod onnul"' vohrme lying Uerweo" conconHic '""icol rcbcs; the loarure 
'"~"''a sp<fall1n~ downw•rd llow of <1oom onda dimlni;hing po~ulation ol 
wa:cr dro~s so ürar rhey borh llow in clo"' pto,:mitl' ro the hone« ot the 
1•·;o tub". rhu• 1mpro"ng rhc ef!,c~e•r>cy ol <room lormarion. 

Serio• ol Flaoh StagH 

The procc.• ol T. K. S!retwood; U S. Parem 3,972,193; Aug"" 3. 1976 auigned 
fa Union Orl Com,->any al Catrlarnla compri"'s rhe steps 0 ¡ prCKlucing ho1 geo
thon<.ol btino lrom a'"~"""""'" gt•othe,mal "'sorvoit; pming rhc hflne succes
sivoly rhrough o serios ol sep>rore flash •:agcs, o•ch •ucccssive <1agc be1ng ma,n
tained at a lower pr.-s<ure thon rhe vopar pre<SL<e o! the brino cnte:ing Ü\at 
mgoe >O that 1hc btinc i< partl•lly flo>hed ro vnpm in each <rage; counrercur<ently 
llo<-ing o •hOtki~g fluid succcssivcly rhrough thc series ol llo<h <1agcs in rndirtct 
ho.t <•chano¡.e with the vapor ptoduced in c.U. llaoh Sta<¡e so thal 1he vapor con
domo> in coch flash >t>go ond thc 'VO<kin~ fluid is progrcs;ivcl1· hca1ed as it 
P""" rhrough rile """' ol ll"sh "''"': and, rhen, u1ili<i"g the hco;ed wor~ing 
fluid in a hea¡ engine lar thc prOOuction ol mochanieal <Mrgy. 

hcmplory heot enginc< inclurtc """m turbon"'. """"' engincs. gasturbin"', and 
01hcr prime move" Co'lpable of u1ili1ing a heot.O working !luid in the prOOuction 
of moohanical cncruv. In th~ mo>t rraotical applicarion of rhis proce", a turbinc 
will be l"Cd ro ¡llod<rcc thc mcchanicol eMrgy 1<> drivc an elcctticol goneraror 
fot the producrion o! eloctriCo'll P<>wcr. 

The pmccs; provh!cs the importonr ad;onro:¡o of no1 allowing the hor georher
rnal brine ra dorecrly contact a hca1 e•chang<> sorfaco. Another imporrant ad· 
van:ago ¡, thar mcchanioal encrgy con be p<Od"ced wirho~r h"'·ing brine produced 
vapors lt•d ro tilO llCat engino. A fu, ther orJv•nl>gc is rbat rho V>Or•ing fluid can 
be hea1ed to • tompera1~'" vcrv near the temperature o! rhO p'oduced goother· 
mal briM. Tt1is is accompli<hcd 1hrough 1he use o! incremental P'"""'" reduc-
1ions in eoch succcssivc• flo.h •tage. ()t•couse of rho incremental ,oducrions in 
pr=~••. rhe rom~etaruro oJ 1he btino ""'"' only ir>ertmen10t1y reduced, tMreby 
allow1ng thc counmcurrontly llo""ing wo,king fluid to be progre.,ivcly hootod 
ro a rcrnpcrorurc noar rhc rcmporatu"' ol tho ¡>tO<iuccd gcorlwrmal brine. 

fn the prottice ol this procc<S, rt ;, prole:red rhar 1he temper>~ure of tne brine 
ontcrin~ rhe ¡,., llosh $1ogo Uo abovc 25ifF, mosr prolcrably abo" 350"F. 
Since one •mpo11an1 b•melrt provided by the method 10"'-'111 !rom rhe incremental 
reductJOns in vapor tomperature, it i< dosired 10 maintain tht P"'"'""' in the 
lla>h ""9"' such rhar rhe b<Jne IS coolcd by nor moro than obout 35"F per flash 
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>tage, >n~ prefer;¡bfy be1wccn allout1• ond HfF pe, flash ""9"· '!'is ol•o pro· 
lerr<•d tha¡ the geo1hormal brinc in the l><t flash stage be cooled ro bolow about 
150"F 

For Ho~h Temporature Source 

TMo procc" of P. B.,cw; U. S. P•lcn/ 3,986,362; Oc1obet 19, 1916 relate• 1o a 900· 

thormal power device and proccs> utilizable specifiCo'llly with high temperarure 
geothe<mal eneq¡y. 

The proce« indude< • pa,.ing ola Meor e•chan~e liquid modiu~r 10 a georher· 
mal SOU<te of ptedetermined ele•ot.O temperawre•. passing a liquid srare Mear 
e.ohM<¡e med1um lrom tho Qeothcrrnol hoet CM<~y •ourco into o gos g•n•rator 
hoving o hjgh P'"""'" conduir e.tending 1here1htoug11 in hcar e.change <olation· 
<hipcarrying, in hea1 e.changc contact·isola1ion fromtMo g<>otherrnal heat ex
chango m«lium, a •updrcritical opcraring ooolanr preferal•fy ammonia, lcd 10 

the gos genorator in rhe higl1 ~''"""'" conduit in o liquid "are and convorted 
lo • sopercritical ¡¡oseous ""'" ol sopercuriCo'll tom¡>erature a~d pres-sure and 
led 10 a high pre,.ure rurbine. 

The elfluent o! the high pr..,ure rur~ine, in a ¡¡oseocs <tate, at relorivcly high 
preuute condiriono, ;, fcd 10 •n inrcrmodi"'" >uporhearcr through hi1h rrcS>ur'(! 
eolio C'lending through in1Nior <pace of thc supcthco;er ha·•ing liquid sodium, 
p!elerably, in the interior space heared by the heat e<ehan<¡e media pa>SCd by 
anorher hig!1 preS5ure condUJt exrondin~ oho through lho •pace inrcrior of rho 
su~orhea:or in i"'latcd flow but hcar exchan>• rcl>lion,.ip thercwi1h. Super
hea]OO ommooia from !be intermediar< soperhoa1cr is lod ro a low preuure 1ur· 
bino in ,-,hich the 1omperature and P«»uro ore rcducoc! to lo"' condJtion•, tne 
ellluont lrorn rhe low pre,.ure turbine beir1g fed through a cor.don"'r and thero· 
al1er through o pump in a re:urn cycle to rhe ¡¡o< gener•JOr tor the rehuru-.g 10 
rhe ga.eous ¡upercriJical $!are. 

l'I.F. Fronz ond H V. He"; U S. Po1enr 4,043.386; Auqu" 73, 1911; a«igned ro 
Tezoca /nc. pro"idt'l a proces• !or recovering hear !rom • hor goeorhet~Nol brine 
which compri•os: 

1•1 pouoog tOo hot Or..oe ro d'"" <ounrorcur:oor <Ont>er W•th o """"r" cooJ 

,_,d•oe.•oon r;,...., '" • ti<>l "'"'"• '""" ""''""" ,,.. "''"' ,, eoorro .,..¡ 
rJ" hydro<O•Ooo <iqu1d "nomd 10 on •IMt<d t<mp"""" undcr '""'
dont 0'"'"" "'m•inw~n tho b•JO• >nol ''" hv<lro><orOon in liqu;d ph•"· 

(0) witl'l<t,.w•"'l tire h<o<od "'"''""'""" lo<tu<l r,.,,., too'"" ""'"''1 "''"'
"'"'"' "in d'"" oou,t<rO<.OH<nt hU\ '"""'ll' ,.,;,¡, ""'' " o l•n>l te'<· 
ond "'"'"'l rono "'"eby tOo hot nva•o"'""" l•ouiol '' cool<d ond '"' 
,..,., ,,: n .. red ro on <reviled """""""'' ,.-.;~ "'"''"' onO wh4<ein I\4P fbl 
'' <"""' ""' u.-.14< '""•<i<nr promr4 10 "'''""'" '"' hydrO<"""" ar.;! 

"''"' 'n '"' r;q"'O P"'"· "'" 
(<) wo1Mto,.l"9 "'* ""..0 '"''' from thOI<'<ond "'"'"'l "'""· 

Tho water hoared ro an olcvated temporatute ond pre.,ure may bo ernpiOV<d ter 
a varierv al heating requireme~a in procHs oper~riom. For ••ample, rM ~eared 
""'"' m•v be utlllled <n indirecr heat e.change te hear relinery leedsro<ko, etc. 
Ahern•tively, the heoted water wirhdr.wn lrom ""P lbl obavo, may bo P•»ed 
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throu<¡l> a P'""'"" l"down valve thus '"""'"~~ <team ~'"fui in power generation 
in low 1""""'" turbines or for a >aricty of ot~or pmcc" heotino orera1ions. 

Gcnerolly the tcmpcraturc• ol thc hot incoming l!rino will vary from about 400" 
to ab0<1t 750"f. In the fu" hea:.ng >one the relatively cool hydrocarbon liquid 
will t.e heatod toa temperature ol lrom 400" tO about 700"F OM the pre•sure 
maintained in the.hm ilcatin~ lOno which "'""be sufht10nt 10 moin:oin the 
brine ond hydrocorbun in liq~id ph,1<0, will vary from ,obout 250 to 3.300 o•i. 
In thc soco"d ho>ting lnnc the \"o0\0< will us~ally ~e hcated from obo~\ tOO" 
to EOO"f «hile tho prossme 1n the 5cCond hea:•ng •one v.hich must be sul!icient 
to maintain the hydn>c.><bon and woter '" liquid pha<e will rango lrom about 
250 \0 1,600 ,,,;. . 

Tho multiple·campto:ien 9001hermat •vStem al the proc"'' al A.T. Von Huiun; 
U. S. Pa1<·nrs 4.051 ,511; Ocrobet 4. / 9)7 ~nd 4,054, 110: Ocrob<·r /8, 1911 in· 
dude> a plur•lity al gcothermal ~.oll<, Nch h"'ing a flf<t ond comorging taw>rd 
and meotinq ata fust ~oint and Joaving" •oco"d ond d''"'~;n~ fram thattH>int 
and terminoting in a g<<>thcrmal zonc, ••oh '"cood end boing •paced from any 
other scc~nd end of the geothormal , • ...,:~,_ This sv•t•m !u.,her indud"' • rOier. 
voir tocatc-d at the ft"\ point r~ceiving heated goethermol Huid lror!'. the .. coM 
end ol coch well. autlot mcans cnnncc1cd te the ro<ervair lar conducling the 
heated goo\hormal llul(l in tum to '"i\d!atian mcam and encrgy canve.,ian m'""'
The symm in ae<ord.>ncc ~.ith :l1i• ¡>toce<s also may incluJe coorrol mean• lor 
sequentiallv OCII"JOM9 pro<luction lrom oach el the plurality ol wells on <.l'<¡uenu 
to ptomate movemont ol hydrathorm•l fluids within the goothormal zane. 

Dé~tnd1n9 on the cand11ion ol the gc•othcrmal zano, the sy5\em may requiro 
lurthcr wucturo_ In" w<t goo:lmmal za~e, thc fluid wLII ap~rate a< o corrior 
lar ,;, loo01 coe<gy to dclivcr it to tho •urlae< undor pr.,,u<e. In the ca<e al 
a dry goothcrmal zane cr ene mntaining a molten brine pOol wit~ insullicient 
P''"""'"· tho imptantatien ol el<><cd •·M ho~t exchonge"' at the end< al tho well, 
rcqtJir" '""""' lor conducting heat exchan~' ~luid ta the heat exchan<;erS wnich 
may be connccted to tl10 tU< bine to •ctwrn the condcnsote to ll•e hcot oxchonger 
in a clcso~ cyclo loop. H""t :ranslor ta the hoat cxchonger in " dry ~eothermal 
tone rnay also be enhar>eed ~Y injcction ol ""W inte 1he zane e.temal 10 the 
heat e•chonger to cre.)le h<>t lfuid to increa<e the tton•ler rato ol heat te lhe 
outside <urlaco o! the hoat oxchangor. 

lt,; appo•en1 lh"t the systom minimi,., tho omount o! <urfacc area needed lor 
acco" 10 thc subscr!ace gcoth'<mal tone, 1he ama .. nl al s-.Jr!ace ore• noe<led lor 
col:ect;on ar.d con"c"ion ol 111e gcoth~rmal fluid \O elec:r•col ~nergy a~d mini
mizo• the e•tcrnal poping condu'" and cnorgy lo" thol would be en1ailed in the 
sopacate <~acod drillin~ of mult<plc wdl• to top and rn1ne thc gcothcrmal ""''9Y 
in a knawro gcoth<,.,nal ro<ourco arca, The •v•tcm oho inclu<IC5 pravision fo< 
coc.trolled coltcc"OO> ol thc energy ond in a manncr !a promote con•·ection ond 
mo·.ement ot t~e hydtot~erm•l lluids to increose t~e ra;e al ~nergy teca\OEry 
and to decroa'"' the pe"iDiiÍI\' ol ralong •nd louling !he c•oem•l paniOn• al 
the wcll• boing u11!izod lar colloction and tran•ler ol heat. 

P1opriotory Procesoos '" 
From S.lt Formation< 

A metho~ of obtainin~ gooth>"mal cnorgy from sal\ lormations ir prov1ded by S.J. 
Allschvl,•r; U. S. Pol~fJ/ 4,052,BSI; Ocwber / 1, / 911; ""ign<'lf m The Oow 
Chemic.>l Company in wh1d\ a welf is ~rillod •nU oa"'d into o luitoble saitlarma· 
tton 1a a depth whcre the temperoture i• w<h \ha\ the salt bcha•"' plas:ocally. A 
weighte<l, clo;ed end pipe ¡, in<erted inta tl>e wdl with it5 lower, clo;ed end at _ 
aO<outthe bo<'om ol the oalt formotion and thcrcaf:cr on Lnsuloted open end pope 
is in<orted, alter ti Le wcigln ha. bco11 romo·•od lrorn the clo"J cnJ pipe, wi th in th_e 
do<od end p1pe, thus lorming o double pipe hcat cxcharLgcr. A heatexchange liuod 
is circvlated, uwallv in a cla;ed loop, throcgl> the dOY~Ie pipe heot exchonget, on 
"""'!IV extract;n~ mcon•. ouch "'· lor example, a otea m ;encratcr or on hydrwloC 
turbine, ond bao~ th1augh the heot exchanger. 

ThiS proc .. < u"lize• two unique prope!tiOS of ~ock salt; it> Jelotively hi~h thcrmal 
con~ucti•ity compantd 1e olmo5\ all rock and ots plastiC>ty. the onset Of ""hoch 
occur• at temperatU<C1' well below in mcltin~ poin1, Le., lrom aho~: 2oo" ta 
350'C which are expcct«l to be laund at depth< ol about 10,000 to 15,000 
leet 

Tt.e thermal ccnducti\·itv c<;>elhcient al roe!< ..,11 lormations ;,, lar the ma•t 
part, >ev<-rol ti m"' high., than the coellidentl al -imenta<·¡ '':"'~ structu'"'. 
that c ... erlie them. Thus, a salt domo will be an eff,co~nt condu•t lhrough whtd\ 
heat will P"' from doop within the earth's """ and on a_nom•lv who<h w•ll be 
hotter lhan '" •urrountl,ngs 01 cqu.11 dep:h< at 1"'" near ot5 top. lt "wcll 
within 1ha capacity al modern bor•loole drolling 1cchniques to rcach thos. doplhs 

- where ¡he rock ,_,lt begm< :a exhobit planic bch.lvior. 

Heating Organic Fluid in GeolhOtmOI Fo•mation 

G. 8. Amo/á; U.S. Polen< 4,000,988; Decembor 6, 1977; ossígnt:d 10_ Texa~o /~c. 
proúde• an Ln <itu hea< exchange proce" lar heo:in~ an or~lnoc lluod, whoch can 
be, lar example, a normally liquid hydroca,bon ha"ng ~'"":' 4 ta 10 carbol>l, 
in a geelhermal re«rv<>ir formatio" penetratod by an "'tectoan well •nd • pro
duction wcll. 

The proce" campri•es ;n¡ecting tho fluid into tho farmation vio tho iniection 
wetl, forcifl'jtho ltuid th<ocgh the formation with_ simulta .. oou~h~at•ng ond 
linally r""o•·ering the he>t«l fluid •ia the producuon wdl. Utolmng heat ••· 
chonge" ., the •urlace, the hea;ed (luid ma~ be emplay•d _lo <upply Ptocc" 
heating requira.ncnt< for •uch d'vcr« opelJtoon~ as prohco_Mfl ol roltnory 
"'''m'., cxomplilied by crudo oil Jeec! to d•<tlllatoM un•t•. lar. <alt evapora
tion, etc. or ~~e hoated !luid, ptelerably alter.'emo•al al onv bnne demed ham 
t~e goothermal formation, may be employed •n ga,.,aus larm ta operate IUrbLne 
gene,.torS. 

U•e al HV~'""Itc lmpul5< Tu•bino 

In the proces; 0¡ J. R. S/oield•; U S. P3tent 4,063,411; Oec~ml>er 20. 1911; 
a:signet! ro Comer Corpararian goothcrmaily he01ed t!uod '' •upphed '" • no:· 
:te of the l.rst mgo al a hyd<auiiC turtline. Thc water con•lituent al the gea· 
thermally heated !luid" di;cctod by tnc nonio aga~nst th• wheol al lbe hy
draulic ¡urbir.e tO uu•e the who<l te ratate. A ¡;,, generator " coupt«! te 
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the wh~cl wb"rdJ)' rototio~ ol tho whoel ro.uit• in the generation of elec:rioity. 
A portron of tho gen,hr;rJnally hi·O«~ liuid paS5Íng through the nozzle flo.ile< 
t~ a ••por pha<O. Tilo vapor i< dclivered to the fr"l mgo of a vapor driven Iur
bone. Thc vapor f>"''"' Jhrough the wheel of the tUrbrne which re>ula in roto· 
tron thNeof. A oecond gcncrator i1 coupled to the wMcl o! the vapor drivcn 
turbin~ wherehy rotation ol thc whcel r.,;uta in addilional gcncration ol clec
tll~rty, 

The hy~r>ulrc turbi~c ". prcfcrably ol the impul<e type, Prc!crably, thc hy
droulrc rmpulsc turhtnc rncludoo rnorc th•n ono '"ge. The numlJer 0¡ stoges 
employcd '·" thc hyCroulrc turbLn .. and steam lurbints will vary a< a funotion 
<>1 the P"'''"'"' at !he inlet to thc hydraulic Jnd steam turbines ond turthor as 
a function of tloo-condcn•ing wator tomperature at tho ""'"' turl!ine <XhOust. 

PrOYenting Ab,~rption of Working F/uOd 

A powo·.r producinq systern omploying gooll•orm,llly ho.nod fluid¡, de<Cr~bcd by 
J. R. Sl,.~lds; U.S. Paren~ 4.063.418; Ooc~mber lO, 1911; a"iyncd to Carri"r 
Corpot.rum_ Tlle geothcrmally heated fluid i• $cpplied toa dotcct CMl3Cl heat 
e<chan;er v.-hcre it is pa,cd in heat ¡ronsfer rclation with a wmk1ng fluid. The 
work1n9 llu1d "prolerably an organic flu1d of thc type that is inso!ublo in o sol • 
tio~ cont>ining inorganic "-ll>_ Tho working fluid ;, •apori'ed and the<ealter u 
deh•ered to a primo mo.of wherein it is expande:l to cause the prime mo•er to 
generalo POI''"'· The oxpondcd work,r.g fluid;, c~houstod toa second direct 
c_ontdct hrat exchongct I'II>Or< it is p;.,ed '" hoat tronsfer rolation wi:h a rela
uv;ly. told heot tr~nsler medium comprising o ,.lt solution ~.herein the worki"9 
flurd "conden..:.'lf. 

The condcnsed work1nq fluid is thoroafter returned to the first direct COt1tact 
hcot exchan~er ter re~se in :he cycte. A quontity of incrg3~ic salts ¡, rni•ed 
•·.ith cither the goo:hermatlv heatcd !luid or the relativcly cold heat transfer 
mediurn ata point up>trcam of the fo<S< and 50COM dir•!Cl contact heat ex· 
chango« to moi~tain thc porccntagc by wcight of inorganic salts in the geother· 
~lly heated llu1d a~d the rctauvely cold heot trander medium obove a predeter· 
m•~ed vatuc 10 preven: tho working !luid lrorn bc,.>g absorbed by the geother
molly he•ted liu1d or the rolo,vely wld hc.11 transfcr modi~m. 

The <\"110m .take< advanugo of :he fact t~at an in:><ganit fluid wch "' isobutane 
"gene~ally m•otublo in a •c.lution contoining inor~anic salts such a< sotJium 
chlorido, cokium cllluridc, or sodium sulfoto, Prefetably, th'e geothcrmal fluid 
should conta•n al leo" 10% by weighl ot inO<!Ilnio ,.lts. 

Becouso of tlw vOS\ omount of \'!Orkin~ fluid circulo:cd per doy in any commer· 
CIOI •vst~m oMrloying goothermolly t,oatod fluid to vaporizo a v.-orking fluid 
wch as •sobu10ne, the soluboli¡y of the isobutone in :he goo:hermal fluid or in 
the condonsin~ ll.uid ha< te t>r! O$senti>lly zerc_ For n>mple, if one par: in ten 
tho~sond of tho r:oloutone tluid "obsorbed inlo tho goot11ormal fl<.>id or into the 
;ondon•ing fluid, 1l1e symm moy not be run oconomically, Thus, by main~>in· 
ong tho q.Ja.'\\Lty of inorgonic <alto in the ge<othetmal fluid 3nd the conden<inQ 
b"M _solut•on at ~ proóotormin!'<l rninimum voluo. the solubility ol the wot~ing 
fl~•d •nto the twn hoo: tron>ler b:ine me~•• opp<oochos :oro. Thus. ~""ct con
toct he,¡: excha~~ors moy .u~ <ati<foctcrily employed in geotherm¡t fluid •vstem> 
thereby tmprovon; the effocoency cf such •ystems •im:tl l)le diror;t contact hUt 
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exchongers "ill '''"su flor hom dogg~ng or Other problems assoc.i 
foce or tubO in-tube condom.o". 

Producing Fre'h \'latO< ond Elecu« Powet 

J .. \1. [dmondson ond M H_ Smoot: U. S. Pa:ent 4,091,623; M•y 30, 1978 prevido 
a rnothod ond apporatu< 10 provido fre<h potoblo wow ond olcotric powor 
from • <ource ol natural brine bY the use of energy derived from a ~cot~elrn•l 
source of pres.suri:ed fluid that is of a te~'peroture of groJt<t thon 212"F. 

In thc fir<t ond simpla<t form of tho ¡Jfoce<s o boroholo io form"d in t~e oJrth 
adjacent a na<ur>l bodv of oahne "Oler •uch ol the S..l1on Sea, which borehol• 
ha• p,e,.urized miner•l-containing \luid disch>rg;ng thcrefrom at o temp<!oture 
of greJler thon 212"F. v.olve mean• aro providoll to CC>Iltml the ~isch"g• of the 
pre.<ur',.or! minerol-containing fluid from thc boreholc. 

A closed <'-"m•oir is provided to which satine w>ter hom the Solton Se3 con 
flow, prolerobly by ~rowy. ThO rosc•rvoir is wcforobly insul,1tccf to retorn hcot 
within the conf.rlc• thorcof, tM ,...,,.,oir having pressu<i:ed lluid from lhe 
goo:hermal wurce dischat9i"9 therein. lntermitter.Uv. woter lrom the Salten 
Sc3 or other source of "'lino. aqueoo• liquid is diocharged into tho '"''""oír. 

Pre,uri•ed fluid frllm tho goothermal soorcc ho< o sullident heot con:ent ¡hat 
it tend• to tlalh into s:eam whcn di!Char;¡od into the rosct~OÍI ~nder reduced 
pressure. wi:h the mom boing di<ehorgod hofow the body of •aline water trom 
tlw Salton SeJ ti>ot "in tho rcse<vo•r. The prcssurizcd llc;id llOo:s the combined 
wa:er in thO rosorvoir and tran,forms lhe same ir.lo steom whi<h flow• there
trom to o flrst heot e~cMngor where the steam is al lea« panially condensed 
to water by tho coohng offoct of MIO< flowinQ through the f~rit heat exchanger 
from tho Sal1on 5e• to tho rosorvoir, 

The pattially condensed sl<orr. and o:ondenoato !low> 10 a •ocrn1d hoat e•ch>nger 
where c~ndensot'•on of tho s•.eam to ""'"' ·,. completod. Tho water accumulat
ing in tho sooond heac e•changer i> by • pump or sinlifar mear\S V>ithdrawn ther<
from, and by the ~"' of suitable vol•ing, the wotec mJy be <e:urned to lile 5.-rltrn1 
Sea, or -divor:ed lo< cther "'"' such •• irriga,on, or the like_ 

In a •econd form of the p1oco,s a resorvo~r is used to enttJP e<traneous mate"'l 
produc«< wi;.~ mo prcS<mÍ<ed Huid fr<>m a geothorm.>l soure« thereby p1oviding. 
dbn """'- The """" d•ocha<~ing from tM closed roservoir i• u•ed :o tran<
fOim a fow boilin<l point liquid to p!C"u'iwJ vopor tltol is ~sed"' dmo o 9" 
turbino lhat ;, coMecte~ toan electric generator. Tho pre.,uri<ed vopor dÍS· 

• cl"largit\9 from :he tur~ino i• cooled in a heat e•changer to return the v;~por :o 
tho fiquid <tate, ond <he low boiling poir.t liquid is recyded by a pump. 

The pump in :h" to<m o! the proce., may be dri•en by an electric mo:or that 
i• furnished with electric P"•"' !rom the turbine-<Jrwen gener>tci. In th• sec
ond form of tho process tho ""'m conden>ato can be ro1urnod to the re<orvo" 
rather than dLvertod !or other uses. Re,dual materi•l is rcmovo<l trono tilo heat
Írl<l resorvoir 3nd roturned by pump or similar means 10 the •ubsullaco otr><Um 
<on:aini"'l t~e ;•o:herm~l ros<""""· 

A third torm of the procol> LS, 1n efloct, o combination of the lirst ond sc-<:ond 
form•. with tho third form providir>g electri<: onergy •• well as potoblo fresh 
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wato! tbot is rcwrned to tbc S"lron Sea, or uscd for imgation or othcr desired 
purpooeo. 

A founh lorn; ol ~he proco" "• in efloor, a ce>mbinotion of all ol thc proviously 
doswbcd lorms w1lh \he addit<on of a mean; lor >eparating the in 1¡ 10 1 "eom 
lrom tho 9"<"hcrmal Kl<lre<, and us.ng the heat lrom the initial steam 10 h ... t 
the vapors evol~ lrom the low boiling poim liquid_ 

Dircct Contaol wilh Warking Fluid Below lts C<iticat Pre!<ur& 

S.G. 1\'oímky; U. S. Par cm 4,089. 175; M3y 16, 1973· a.sígn~d ro Occidental 
Pt.·r:olo_vm Corpvrot•on P'Ovrde< a proc'"' for reco,;r~ng cncrgy from noother· 
mo brmcs ond o:hor ~-><er-cMtarnmg or hot wotor sources, the ec.ergy bcing 
rerovored from the br~ne or ho: wa:cr "sing o ... orking fluid such as n b~tane 
The working fluid is hcoted by !he I"'M or ho: water preforably in • direct ~on
toct heot transfer column. Tilo hoaterJ working fluid i< pa«od th,ough an ex
pondor to prod~co work. wh10h ;, ~••d tu generate <lecttióty or drrve equip· 
;~nL The --:-orki~ fluid lrom the e<p.onder is mndeosed in a C'OlOier. Con-
. t sed work.,>gii~>d, ~'''"' •nd unoon<fonsed ga< •re <epO!Oied in a~ accumu· 

fo:or. Thc cool,ng llfl<lld wo1king ll"id "pcc;;,od from tho <lCCumulotor to !he 
h.at "'"•f•r column lo be heotod and carried through thc cycle ce~eatedly. 

Cooled brine or wotor which hoaTed thc working fluid 1n the hea! ttansfer col· 
unon ""'" _lr~m tho ''?lwm ol tho colurnn whrch aots a< a liguid-lrquid separa· 
\~r to m,mmoze cntrO<nment o f. tho working fluid. This coolod brme or wa<er 
"'"h~rawn from the column is mixed wilh 1va:er soparatPd from the , .. 0 rking 
lluod rn the occumulator. and is llas~od., a pcm~re 10,, 01 thon that i'n the accu· 
mulato, to flash off entrained anO dissolved wo1 king flu;d in !he brino or wator 
lrom thc hcot transfor <olumn. The fla<hod worl;ing fluid is then comptossed 
and fed to ~he coolor at the d•<ehar~e !1om t~e exponder. ~>hi<h is u>e<lto con
dense workong flurd, ar.d th~s is reco,·eted. 

Unron~onsibfc gases which "'" introducod into :he system with the feed brrne 
or r.o: '"'"'"'are ver.ted !ro':' :he s_YS!em at :he ace~mula;or, ood carry •way 
sorne of lh~ t<panded v>-ork<~g llu1d. 11 dewed. <lriPpi~g of the cooled bnne 
or wo1er wothdrov.n ltom the column, wj¡h unconden<ed gas 11om the accumufa. 
_tor for r<·coocry ol working ll~id from ouch bti"" ot cool ""'"'can beemployed 
,¡ necessary, lo lutthot decreaot the loss cf working fluid in <uch e.it brine or ' 
watet. 

Uncondcnscd gas is .;o~ted from the ae<umulotor ptoferebly under pressute con· 
!rol >CI fot an •c.onom•c bataneo be:w~n working fluid foss in the vont g.o> and 
onotgy reco.very •n thc <'Xpandet. 1t neccssary, io 01der t<> decrease the lo» 
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workong _fl~rd rn tho vont gas. tilo hot Wo!et 01 br~ne leed ¡ 0 thc heat transfer 
column '' <f"lrtoally dcgossod. lh1> op«•tion wlll de<:rea"' th• amount of uncon
<Wns•bf~ vent !1"' lrom the accum~lator, and the loss 01 working fl"id thorewith. 

An importa'" leaturo ol the procoss rosirles in operating tho ~"'' tromfcr column 
<o .'h>t Jhe l<Q of the column i• in the subc"lioal P'"""'" region ol tho wo<k-ng 
fl~od close to or aoproachin~ tht ~pex o't tho sa""r•ted vapor curw on the Mo;fiet 
d'ogrom lor •uch flu1d. Th1> proced~re provides a work,ng fluid boilíng , 000 at 
thc t?P ofthe column. In vicw o! the lowor pre.,urc of th• resultil'g vopo;rzod 
work1ng llurtl" compared to operauon untler critica! ot supertritical pressure 
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co-nditrom, somewhat less energy is rccovorcd per pound of wor~ir d but 
moro pour.~s ol workin~ fluid are cir<ulo:od ro:ult,ng in <i<nilar cnorgv rocovcry 
per 1to¡;e J:oJ: a lo""' cold brir>e tempera:ure. Advont~gcs wnich can accruo from 
from operotion under •ubcritical pressute conditrons include srmplicoty of con
lfols. 

ln notmJI oporation, since tt>e cooled brine or water exiting the cclumn, ~Od 
which is flashed off"' recover entrained cr dinolvod wor~ing fluid, can stoll be 
at o relotrvely hi~h tem~""'t!J:e, in order :o m"'imizo th~ recove<y ol energy 
lrom the hot brino or hot ""•r food, two or more units of the bosic symm 
no:ed abo•·• can be employed in wries, the rramed "''' brine or water from one 
unit o( ¡he <ystem serving as :he leed to the hea¡ transler cotumn ol the second 
li~e unit, etc. 

In •u<h modilicotion a dil!ete~t l'oO!ki.1g fluid can be employed in the hc.ol trans
ter column ol the socond uM lrom the working fl~id in the he>t transfer eolumn 
of tho lirst ur~it, in order to a~Just tho condrtions ol tho hot working fluid in tho 
second heJt transfer column to a poinl near the aeox of the saturotion curve on 
• Mollier diagram and \hu< m>ximilo er.ergy rocovery • 

The preces; of l'f.F. A•h and i.R. A<h; U. S. Patenc 4.09-1,356; J~n~ 13, 1978 
=mp<i>"' a geolhermal energy recoverv ,yltem in whieh a working fluid is main· 
tainod in o closoa cyole. Tho cfmod cyclo includes a hoot absorber at the bonom 
of the ~ecthermal well, o hea1 e.ohonger within a water borler or similar workmg 
~•vrc~ at the top ol the well; and ~ sup~fy tan~ in:erp<>s<.'<l betwflt'n the hea¡ •~· 
changer ond the su~ply pipo. In lhis extcemofy ''mplilied closed cycle oy,em. 
tho workin9 ii<Jid '"'" "' '" ONrl pumprng aGOnt, and no vapor condon;or i• re
quired. 

The hea< ,bsorbor is d1sposed 31 the bot:om of the g.Oihermol well, and is IUr
toundc•d by a qLJonJitv of heavy drlll">g mud. The dril long mud proteots tho 
heat absorber frcm the corrmive action ol goothermal vopors, acids, and the j¡ke. 
Extending upwardl·t ltom the heal .t>sorbe< is • high pressure gas dehvery pipe 
which is coonnc'Cted in turn to the inpcr oído Ol the hea! exchanger. The out· 
pu¡ of tl>e heat <•chongc'r is connectod toa working fluid oupply tank, The 
supply tank is connected throu,h • thermostatic •·alve to • <upply pipe e•tend
ing down into_the •• ell to the hea! absorber. 

ft moy t>e opprocio"d thot the Ion~ supply pipo extcn<Jing ~own into the l'lell 
cre•t•• a rathor high pr<«ure heod lor the "ork•ng rruid, Hte omount of work· 
Lng lluid er.tering the supply p1pe ond llowing into the heat absorber is con. 
trolled by the thermostatic "lve, which sen<es the heat requircment< within 
tho water ~ooler. 

The working Huid, "hich may be a Freon compaund of predeterJtOined density 
and boiting point, i< quickly vaporized w11hin the heat ob<mber and ~..,emes a 
hrgh 10mperatur•, hi¡;h p!o<>ure ga•. The hot gos t>as o .ery low dcn<ity and "'" 
qurckly in the del,verv pipe. The ma1on:v of the hoot content of tho g>< entor· 
ing tho t>o.t e•C!\onger hom :t.e dolivery pipe i< in :he Mal ol vapam.,;cn of 
the ga<. and this hea: is gi.en up to the water boiler or •he lik• •• the hot gas 
condonses baok into a fiquid_ The liquid tt.en dra:m lrom tho heo< excloan~er 
into thO working fluid <upply tank. 
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llRINE ·UCTION ANO WELL STIMULATION 

G., Lihin~ Brin01 

Air li!ún~ u><-d tobo a populor method ol pumpin~ liqu1~s but ha• lorgely boon 
displaced in monv rroviously r,vor<d ap¡¡licotions by deop woll ldown hol<) oontri
lu')31 pumps_ The louor pumps o<e moro e<:<>nomical and can handle com><ive 
and et.,ive liq~ids whon dPINOP"atoly d"'igne<l and labricot«< ol suito~le mate
dais. Howovor, simplicit'{ Or!d !lw absonce ol movin~ port< in contoct with tho 
l1quid to bo pumpod rornoin as outstanding ad1·anto')OS of gO<-Iilting, p>rtlcularly 
whero e<:enomic con•idorallonl me not p.,amount. 

TM proce" ol E.L C,.,fson, ;1 A. G<>lliiN. C.O.M. Mii/N ~nd H.H f'aalman; 
U. S. Paren/ 4,017.1:20; Ap;tl 11, 1971; .migned 10 The Dow Chemicol CompJny 
i• tM method ol producLnq lrom a subtettonean fonn<:ion a hot brine contain
ing a di.,olvcd ga• ond from which mrnorof prccipitation will tond \o occ~r iJ 
tho corr.po•itiun of tlw ~"'in t11e bri"o is <ubswr>tiolly altcrcd. the mothod com
pri•ing gas liftcng thc Lr<nc to the,<utfacc of the eorth through a "'ell bore com· 
municati"'.. with trn, lormation, u•ing a gos el ,..,.ntially the "'"'" compo<ition 
as the dissofved ga•. induding """'"· and di<ehargir.g thc rcsulting g><lbrino mi•
turo hom tite woll >g>rnst a book pros•uro which is ffi.l'ntained at a levcl not sub
stontially lower than the vapor prcss.ure C>cr:ed by \he brine a: t)e tempcrature 
provailing ~~ lhe point ol intrO<luc:ion of 1he lilt 9-'S ,., the "ell, thercby pre'"nt· 
ing substanti•l subsulface floshing'ot sttipping ol tl10 brine. 

In a p10feaod modc of operation, the lilt so>;, scpora:od from the prO<luced 
g>Sibrine mi•ture and ;, reptouuri!ed and t<:Cyclcd 10 the go•·fihing bperoúon. 
In a pattrculorlv impottant tnade of opcration, tM brin• conto;m a d•"olved 
mineral whicl> will tond to P"'O;p<totc if the tompera!ure of the briM is lowered 
below :he forma:ion tempotature bv moro 1han about x dogrees. and heat i• re· 
coveted ftom 1he brine, alter the lilt-go• ;, separatod from it, (ptelerobly indireot 
heat "'chongo) in on omoont S<JCh that tho temperatufe o~ the brino.i> lowerod 
bolow the lom10tion temperature by leS> 1hon x degtee•. 

In the prcccding modo ol oper&tion, \he heat depleted b"ne optionolfy rs rccycled 
to the geotlwrmal aqu•lor thtough one ur more wcll< •~f~rcicnlly far Jrom any 
produc:ion woll \o avoi<1 substJntial cooling ol brine <till to be produced, or i> 
dac.arded. 

In on altern:<ti" procodure, a<ltlitional hoat is removed lrom <be produced brine 
ro thal m tornperature is dectcJSod by a 10~al of more than • degrccs. and the 
rnuhing coolod btine ;, I"•O,~ed up to reoO\Ier"' lca<t :hose mir.e<al compo
ncnts precipitotod as a rc•u lt ol the >dditional hoa\ rcmoval, or i> d "corded_ 

flcferring 10 Figure 1:1.1, a we11-bore 1 i> sho.vn pcne:taMg a lay<r 2 ol 'ur!oce 
sodime~"- a oh<ckn"" of relaliv<>ly impermeable cap rock 3 ond on aquofer 4, 
the louer ovorlyrng bed rock anda magmotic inttusion. A .-.ell ca•in~ 8 ¡,in· 
scrtod '" bor" 1 and '"pierccd lJy opon,nq• l•lo" or perloiJtions) 9 through 
which tr.e b<ine 12 ente" !rom the aQuifet 4, Gos •nput tubing 10 """"' 
throu~h approp""'" wellhead fittings (not sl>own on detail or n~mbetedl and 
"'tonds no•rlv 10 the bottom of Dore 1. In the frgure, the lcwer end olthi> 
tubing is ,hown as cloood. the closure and adjaceot wall sections being shown 
as pierced by open•ngs 11. Tho pr<Kiuced br<ne/gas/>team mixture;, pa>5ed to 

• 
Pro¡>rietary Proe<>s"'s '" 

a soporo:cr 13 lrom which a _hot lJriM streom ;, withdrown and ' ond 
steom ;, token over.'tead to a comprcosor 14. The compros"d gos/ste•m mix
ture Í$ recyclod to \he a.quifor through ga• iniet tube 10. 

FIGURE 12.1: GAS LIFTING BRINES · 

Scurce: U.S. Poten\ 4,017,120 

The ""''' lift JSL) is tilo Vf!ftr<:<~l diflerence bet""ee> \he s<atic brone level lthe 
level ot lhe brine ourface in the well whon no brine is boin~ produced) and tne 
<bo" ~round lovel to which the hrino rnu<l bo rarsed lor proce,.ing at thc >'-'r· 
lace. The :otol pump lift ITPLJ Í> equal to lhe statoc lilt plu> the pumping 
dr""-<lown IPO). i.e .. <he amo~r., th>1 the brine lovol wifl h•ve dropped wl\rn 
the brino ;, beir~g p~mped a1 a given rote. That is, TPl ;, tho d,fference De
tween "'" btrne lrvcl whon pumprn~ and tho proce,.ing lcvol. Tho ""'"sub
mergence ISSI is 1he vertioal difl<rcnce b<1ween t~e stotic brine le·•el ~nd tlle 



• 

• 
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purnp<nq 9" rtdet lovcl. Tho pumping oobmergonce IPSI io lo" than the static 
S<Jbmeruonco t;y an omount r.qual to tho drowdcwn. That io, tbe pumpin, sub
mergence~• '-"lual to the vertical diuance betwoen the pumpin; brine leve! and 
the gas inlet levcl. 

In mUerto srwcily initial oporoting porametors ond site oquipment lor ~evolop· 
mcn: of a givcn goothcrmal licld, empirieal Cata obtained lrom a: lea•t one 1011 
well dll uoually be required. In addttion 10 '"" l'ell dat~. geophy>ical and ge,.. 
chemical data aro ol considerable value. not onl·¡ lor selocting a te<! well site, 
but also in conjunction witlt test wcll dota lor •pecily<ng opcrating paramctefS 
and lor scltocting ancl siz;ng O<.JUÍpment. ParHcubrly importan! lo< tho latter pur
pow is a kno,-,tcdgo ol :he chemical compo>itions of both the b<ine and the 
gose< ""ociatcd thorow"h '" thc aquifor 10 be o•ploite<i. 

M<>re than one wpo ol b"nc con occur within a gi,en geothermal 'V"""' a<>d 
the comPQ>IIIon ol the thermal 9""" loth~r than tteaml anodate<l "ith i given 
l>rine tvpo can va¡y, Thr~ moin typot of thormaf ~.,.,aro d•scem•ble: 11) high 
nitrogon contont; llltlc or no active ~atos; (2) vcty high C01 and minimal H,S 
and li1 oonten:<; amd 131 hig~ <MtonU ol H,, H,S and C01. OthOr cent!lwentt 
el therrnal 9"'"' are me1hane, or90n, ammonia and H1BO,. 

Tho dep"n~oncv ol tolu!lility equilibri,, bet.veen ""'o"' min«al anJ go¡eou• 
comwnenu ol brinc..: on temperature and pre<Sure ldep:hl ;. quite complex. 
Ccntequeruty, it it d•flicult te pre<licl hew much lfathmg er ttripp•ng el a given 
btine can be perrnined to occur wilhOUt expcricncong 1~ well rrec•p11>tion ol 
•il1ca, calclle, etc. turthem•ore, operolin~ pararnote" .. tabiiShed for one well 
in a gecthermal tield moy not nece,..rily be appl~<oable lO a tecond well. How
"'''"· il .....,tialty no flashing or .,,;pping it allo,>~ to cccur in a , .. , well, tur
loce tem on the ptoduced >toamlg.,/bllne mixtu1e V>ill p1ovide dota from which 
init'"l oporaling comlitio•>t lor tho tett woll can be'"'-

Alto, oporating conde.·,onslor the ne>t well ·,n thet-amelield can at leas< be .. ti· 
ma<ed lrom the dato by tha<o tk;lle<l in thc a<!. Such dato •nclude tho tempera· 
t<oro drup (represeo~ted "x "l<ewhorc hore<nl whicl1 cannot be excoodod 1f the 
brine "te be producod ""d p1occ"ed without c•u•ing monoral precipit01ion to 
occur. The numerical voluo ol x doe< not """"lO be, bu1 d .. irably will be, 
doterm•nod befare tUitained brine producllon i< mom~ted. 

Tho deli...,red cubio feet of air (VI <equirod to bring a ;allon of water lo the 
ourlaoe by ordin>ry air-hlting can be .. timate<l uting the fellowing empirkal 
formula, de;-elopod by lhe lngersoii·RaM Co. hom practico: 

'" V •OS crog,IIPS + 341/3:'1 

where TPL ¡, tho total pumping l1ftl«e Figure 12.1). PS is the pump<ng sub
metgcnco ond C ;, o con>tant which vorict with tho total pumpin<¡ lift as shown 
in the tablc bolow. 

TPL lhJ 

' 
201-500 

'" !SO 

651-750 

1~8 

An alternJtive equ•tion, introduced by Goodman and Purthoo, rr.ay be u=l 10 
caloulatO<I V for ord1nary air lihing. Tho equation io shawn en the lollowing 
page. 

Propriotary Prouo<eo 

'" v • I~-".1a9, 11 • S/H,I 
• 

In the equation li, ~ P,/0.434, P, it atmospherio pr05<uto, where S it the mtic 
submcr>encc ISS in Figuro 12.1lat in.,iatlon olliltond it the pumping lub
mergence(PS in Fi¡;urc 12.11after l1lt<ng "eotabl"hed'ond TPL itddined 
abO\IO. The value ol V obtai.1ed by eq~ation 121 it considered at about a mlni
mum lor operabili<v and is usually m~lti~licd by a factor ol about 2 :o 4 10 
enturo good 1~70 toBO%) l1ft1ng elficienc1et. The abtolute pre.,ure, p, whiCh 
mutt bo appiJ<d to the lilt gas is: 

"' o • P, + 0.434S 

The poroentogo tubmorgonce. (S • 1 001/IS + TP L), ~ecreooes as lh o l'1ft"mg roquire
ment increas .. and can 1>e e:>'culatod by \he lollowing equa,ion: 

141 SfTPL•A'-0 '"" 

where A and B are conmnlt, the value; ol which varv with TPL •• lollowt: 

\85 :>TPL ::015 TPL :>t85 
A•52<l0 
B • 0.01081 

A • 2.6~!1-0 
" • a oa.1•so 

In order ro avoid •ub•mface procipitaiiO~ ol dissolve<l minerals, it "ill ~...,allv 
be etton1ial to maintain a l>aok pre,;ure ldi•charge pr .. ture. Pdl on !he gaolbrine 
mixture which i< at lea<! l1igh enough <0 ensure thot stoam fla>hing and wipp1ng 
of Jiss.olve<l gatos do not occur to any "-'btlont•ol extont prior to ogre-ss from 
the v.ell. 

On thc other hond. oconumic con•iderotion• <lictote operating al 1110 lo··"" PO<· 
,;ble lllt 9"' pro,;~re, i.e., ot the minimum pretsure necdM to force througl> the 
ga< pipe and wel! the amO<Jnt el g.!t require<l to produce the d .. irod gallons per 
mmule of b,ino. lf tho minimum diSchorge pretture Pd which will pr<vcnt tub· 
''"taco flosh1ng "ma1ntainod. then both lia and tho total pump1n~ hft wlll have 
ta be ine<eated by a monimal ammmt eq~al 10 Pd/0.434 ond p (defined at abovel 
wiU 1>e equa\ 10 Pa + 0.4345 • Pd· Tlle minimum value of Pd v.1U be .,,.,,Jally 
e-qual to the vapor pcmure e<erte<l by the brine lincluding d"solveo g••'-"1 at 
the tornperaturc ar thc poim al 1ntroduwan ol the l1ft 9" in the woll, 

The vapor pr..stute ar tho bri~e te be pmduced can be .. timatod by cloting 
éo.,·n lho well as soon •• 11 it Mishod and allo,.,ing it to come lo equil•brium. 
The tomperoturo ol the ~" abovo the <tatlo brine calumn will bo lower than 
the temperalure of thc gaslbrioe mixture reaching the sur!ace during production. 
Thu<, the prenure rr.easurcd th" w~y will be lower than the vapor pre<SUre 
"hiel> will be exerted by the trino under dynamic cond1tlan< and allowance 
shoul<l be madc lar th1> bct. 

t; should be neted that the loe<<>•. 0.434, used to convert P'"'"''"' to ec¡ui••· 
len! hcads of water mu" be multlplied by tt>e speci:ic gravlty, g, of the brin• in 
ord<r to opply th< farego•ng equations to g"·liiHng ol hal brirws. The avora;o 
temporature of tho flowing ga>,'brino mixture in the well willbe higher than the 
avera;e temper•ture al th• ttat:o brir-.o column. Accordin~y, ~~e v•lue of g used 
tnauld allaw lot thit difforence. 
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In ordor to r tin tMe ~os pi~c o~t_ln at pro,urc p (dofined as a~ove). the 
compre"~' outlot prcssure ltlw VJS pr~c inwut pre»urcl witl have 10 be grcater 
t~an f' by an ~mo_urll <Quol 'O _thc prc,.urc dro~ l~t,l dueto lr.ction withrn the 
9:'' ~~~- 9<drnaroly, the 9"' pFpe drameter and sha~e will be such tl'tóll this frie· 
t:cn lou wrll be rclativcly small, Allo·.vance wrll alsc be """'""'"'Y for the frio
!lon km lrf,l devel~pcd by t11e gJslorlnc mixture as rt llows to tho surface. Thi• 
1~;, wlll olfcct<vcry rncreaoe tho totol Pumping IIft requirod, '" well as the ga< 
prpe rr.let P'"''~'"· 

Thu< •. in applying either of equotions 11) and (2), the value ol TPL mu<t include 
the drschargo P'~""'' and the l~!!or frrction tms ond p mu>t inclu<Jt• the dischnrge 
pressure and bo.h elthe pr~edrng froction lcsscs. In <urnmory, equotion 12). fcr 
e.ample, beccme<: 

' . TPL : ( ~d 4~-f~t~. (l ·-" ) • + Pd P, • P<l 
Q_.¡J<. 0-·~~ 

'" " 
o <J•g ITPLI + Pa + Pf, 

··+~l ,. 
Po• PO .. "" 

wllore_ PO is the dischar~o er ~ack prc"ure en the ~"/brine mixture ond PI, is 
the froctoon loss on :hf ccnduu throu~h which the mixture rises ¡ 0 the .urface· 

• 
'" "': • p0 • O 4l4oS • Pd • ~r, 

whcr• PI, is the fnction loss in tho gas pipe and Pe ¡5 the comprc.,or discharge 
prc,.ure; and 

(7) .-, >ub<n<ogoO<• • A "P ~BrTPL • --;.;:;' ~ 
Accordrn~ lO • woll _known rule-of·thumb d<•vclopcd lrom '" IIft e<~orience. the 
ero<> soctoonol area Ion <qua_re inc~esl ol the cendur: (the onnular space bec.-.·een 
the gos-p1~ 10_ and the c"'mg B. on the arran¡¡ement el FÍ¡,.Jre 12.1) corrying 
the 9"/brme miXture te the sudace should he equal te the brine di.Charge in 
gallons pcr minute. dividod by a loctor el from aLout 12 to 15_ 

Since th~ rn.asni:ude el t~c lroctien le,.,;,. flor givO<\ casing and goo pipe dimen· 
"cnsl ,·nll depend on V (~nd en thc brine procfuction ra:e) a ¡.,., apprc~imaticn 
01 V should Pe obtaincd by usmg (TPL • Pdl0 434g) in place ol TPL ond 
Ir,+ Pd)IIOA34g) in plaoo ol f-1,, in coquarion 12), Tl\e lric11on lo<>es p¡ ond 
PI, can thcn be <><llm>t<-d by ccn•·cnticr.al mothods fsoe K.E. Brewn G~.' Lift 
Thc-arv ~nd Pt~<:ir:e. Petto!oum f'ublisllin~ Co., T ui>J. O k la .. lM pri,ntinq, 1973) 
~~ calcula11ng such lenes and a >e<:end 'P~roximauon o! V obtain<!d using oqua· 
\Ion lóJ. Bc110r valuos ol PI, ond PI con then be oalculatcd, and so on. until 
lile d•fferencc l!otwoon tho val u o o! 0 ~s<!d to calculato pf and PI and the va!ue 
el V obtaincd by •Jsing equation [6) becomcs >Jtislactorily' srn.all_ ' . 

There will gcneralty be l•ttle point in attcmpting to obtain a perfect oquality 
lrom equatoon [6) bo<ou>e tho oquotion involvos an t-1rosolv•blo olcmcnt el un· 
ccrtainty. That is. 1ho total pumpif19 lrlt depcnds on the draWdQwn, which in 

"' 
turn dopcnds en :he re<istance \o hrino llow with1n tho lnrmotion ,, • ·"con
templotcd pro-Uuction rote. Tito lotter rosi<tonce caMa\ be pred1ct0d With much 
occuracy. 

Accotdinglv, """n the be<\ valu" ol V, p and% submorg<nce obtainoble lrcm 
oquotion 171 mwst bo rc-aatdcd merely as oppro•imo\10111 and it may not be Pos
;,ble to O'!tobl~<h a dosircd proóuC<ion ralo unless provisien is made in advance 
for adjusting t:•e <ubmerge~ce (ldjusting the dept~ ef t~e gas outlct in t~e wo\1). 
Once a brine has been bro~stn te tho surl,ce and separati!d from the lilt ga>. it 
con be utililed as a heat source by wh1che'or of the severa! conventional meth· 
ods appem to be most apprcpriate. 

Use ef lh<<mit Ructicn 

In thc prooe" ol L.S. Bouck; U. S. Parent 4,030.549; Junu 21. 7911; am'gn<Xi 
10 c;ties Service CompJny a structure and •vmm lor tnc translor el enertlv be· 
tween a Ice~; in a bcrehele and • "-'b'erranron fonnauon is forme<! by fa) dril!· 
ing a borrhole frcm the wr!ace into the lormatien. (b) fra<oumng and proppif19 
the lo1motion by injocting a lraotuting and reactive slurry inta tho formati~n. 
the slurry comnrising ftnely dividcd aluminum anda reactivo meto! o•ide 10 a 
!luid carricr. (el 1gnitin~ the rc>etive slurry within thc formation"' that the alu·. 
minum and metal c<ide ~ompenenr< ihcrccf react in a Thermit reaction 1<> 

lcrm a liquid metal within the lra.;ture <votCm formcd in the lorm>tion by the 
!racturing and propping. and Id) allow,.>g thc liqu1d metal in tho formation te 
cool ond solidify with1n the froclured ,ys:cm. 

Ex3mp/~: Te illumate the prccess. a we!l bcre i• drillcd lrom tha sudace into 
a geothormicolly hot !orma:ien toa depth el 10,000 !oct. The lormation pene· 
trotcd from Mil boaom \o more thon 500 !oot abovo that po1nt is • dcn•o crys
talline dry rock hoving a tempcrature o! abcut 900°F. The well is ca•ed and 
insulat<!d lrom the cverburden 10 a depth ol 9,700 IHt. 

TMreupon, an aqueous based polymer th1ckcned sturrv containong fincly divid<!d 
pa<ticles ol Al and Fo,O, ;, a •toich1ontetric ratio ol 8:3 i• injoctod into the woll 
at high pre.sure te oll.ct exten!ive fracturin9 ¡., the lcrmlllon belcw the woll 
casing_ The reawve slurrv injocted alw ha; wllicient Prcpping •!l'ln1 included 
tMrein to held the hacture system open. A wfflciont arneunt el le" den•• 
•lurry is thcn injcct<!d to !urtl••r lrocture the lormation ond move the reacti~ 
!lutty below the caled portian ol the well. 

A pyrotec:l.-,ic device is in..,rted dev.nhole in:e the reactive slurry. Ptessuro ii 
maintoinod en the well. The pvrctechnic devicc ;, ignitod by electrical me•ns 
thus 1gniting 1110 reJCtivc slurry, A Thermit or Go!d,;chtnidt aluminothermic rO· 
action oc<uos 1n tho reaotive slurry lorming molten "M and alumin• slag. E<
tensive heat onergy is evoi...,.U lrem the Thermtt reaction lorming an iton con· 
ductor !in net·.•,ork within the lormation and extendif19 te the lccus el the well 
bore below the co.ed orea. Thc lormatien in the locus of the wcll is allowed 
te cool and th• mellen iran •olidilics i~ 101imoto contoct with tho la•mat<on 
forming a wl1d iron conductor fin ne¡wcrk w11hin tho lormaticn oonnected to 
<he wel\ bcre_ 

Thereupon, the '""11 borc is miiiOd to holo bottom at • d1monsion •pproxirn>toly 
two·th;rds of its otiginol diam<tor. TMreupon, a pi~o in,uloted en tho int<rior 

l 

' 
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a manway 
lor aro ro<>, •. ""0"'J''" pnwor-t•,lrocung 9" ewon•ion dc>ico. w11h the com· 
poosotion ol thc v.Jpor boin] con\lollcd ta maximi>e 1M power e~trKtable by 
the gas ••pansion dO"úCe. · 

SCALE PREVENTION AND REMDVAL OF NONCONDENSIBLES 

In U.S. Pilenl 3,935,102, thero io dO<cnbcd a syS\cm lor exuac1ing hea1 hom 
hot unrdinod w.1wr wilh thO ovoidonce o( delrimenlol ollrc" cau<ed by ionpuri· 
ties contoinod in lhe waoor. Tho hot unrefined woter "preoontcd lrom caming 
ir.1o d""'" contKt v.ith the surfac"' ol lhe heat excha"\le< u>cd to boil a wor~· 
ing lluid. Filton and !<ke oqui¡mwnt are not neo~od. A heot transfcr mcdium 
in lhe form of a housing conto1n1n9 porou• m"lenol such •• a bod al gravel or 
othor granular mo1erial ;, u"'d to tran>fer hoat Jrom lhe unrehned wo1er to 
dean wotor which io 1hen 1>"'"'<~ through the he" e•chae.,¡er. Such a heat trans· 
fe¡ mcdium wLII be rofmcd to hcrcin '" an oe<umuiOI<lr·typc heat intcrchan9er. 
The ~orou• nwerial LS iM~pen>i•e ond expcndable and can '"""" be ea<ily cteaned 
and rO<J<cd il dcsired. 

In the O\·Oiem a •olume of the hot unrefinod '"'""r ¡, P"""'l through o housing 
oontaining porous ma1erial wh~eh pioks up \he heat el the water. A valume el 
ctoan w01er is then pa>'ed thrOLI9h the hou<ing 10 pick up the heot lrom the 
pmous material. The now neoted cleon w"tcr cao tiWn be rossed ULrough a 
heat exd"'ngcr without signifie<1n\ d"nger to the •url•o"" of thc exchanger. Tho 
ole;rn ,..ater can be recydcd through the •v•tem many tim .... eaoh lime po;oing 
through the houoing imrnediatcly alter a volume of ¡he unrefinod \"-atcr. 

In another im¡><>rtant aspeot ol thc systom of U S. P>tent 3.935,102, the ooun:e 
of the ctean water may be lhe umcfined l"aler ,·,hich hos been pa.,cd through 
tho porous material Altor bcing removed lrom thc lmusin<J, thc coolorl umcf1ned 
water is dolivcrcd toa detcntion reecp<actc. Here Ll ottains stabilrnBon as mony 
el the impuritiO$ scute 10 the bottam al the rec'!'tacl~. The hquid which is 
leh on the top of the reccptode i• •ub.,anlialty tro? of impurilies 10 tho cxtont 
lhot ;·•ha\ imp1Hith oro leh in tlw liquidare nol sulticien\ lo und~lv damage 
tho ,.,rl,.,., of thc heot o.chongor. 11 i> thi• •~t>.:~ntially im¡mri¡y.Jree liquid 
w!lich is used as tho clean water. yo\ na liltcring, e1o .. i• ne<0$0!ry. 

A preferrcrl embodimen\ ol the sy01em d<sclo<ed in U.S. Patent 3,935,102 
provid•s for <:antin·~ouo operation ol the •v•1•m by the use of two hou•ings 
oontaining porous material. 

The ent ronce er>do of the hcu<.ng< are al<ern:otcf y ccnnccted 10 1he !IOUrces ol 
unrefined and cloan walor •nd eaoh time tho connoctioM at the en<rance endo 
are switchod, tho conn«lions at tho ox¡¡ cnds are atso Swllchcd to attcrnotely 
dire<t unrefincd an~ ctean water from the hausing• ¡o tho detont•en receptaclo ·· • 
and tl>e heat exchar;ger respectively. 

J. S. Swoorinsen: U. S. l'atcnl< 4,054, 175; Oc10ber lB. /911 and 3.951.194; 
Aptd 20, 1916 pro•ides an imprevcd method lor e•tiOctir.g heat lr<>m ho\ un· 
refine<! wa"'r containinq oc.ole·forming d•=l•od ar>d di<pcnod impuriti., whereln 

Pro¡>riotary Proce•se• • 
"' 

tho ho\ unrcl•ncd wo1er is oonr.tcted with a hcot "'dLCLoye surl • .cc ,¡.,00,. 

Tlwse hc.l\ exchan~o •urfacc• moy be 1l1e •uilaoes ol o oorwcntic.MI hca1 ~·· 
c!'•nger •u<h ., a tube ond shell or thev may be 1ho surfaces of the parou• mato· 
r,.l m on aooumul>lor lypo hfot interchongcr. The imrro·;omr.nt involvc' oLIU•ng 
lo tho hut unrclined "'"'" prior to its contoct with the hcal o.chon~o •urlace 
an ogent COP<lble ol increasing the lormatian al non-scale·lorming <peciO< 0 ¡ tho 
scale·formi"'l impur¡¡;o, whereby scating and other •olid build ur on the hoat 
excha~go sur lote, partlc"lorly upon cool1ng ol tho waoor, is min1mized, Non· 
..:aldormin~ spcci<< are thu:e wl1ich remain in solution or $U$P«l»on ·,0 lhe 
unrelmcd water •• it ;, P•"'""<l through the hcat exchango apparotuo wiohout 
forming se>lc and{or those \'Lol1ich oro hormlc.:ly procipitotcd, •.~ .• oolid non· 
ocole porticlc< wh"l' ore •moti enou~lt 10 rcmoin m suspcnoion in the mo•i"':J 
water ond be carried out al the heat e•chongo apparatus thereby. 

In onc embodimct\1 of thc procc.,, thero is added "' tho alorc•oid a~ent, $UWOnd· 
ible partiolo• of Jinely divide<~ solid ma10nal, preicrably •n the Jorm el • suspen· 
oian. whic:h may be a >lurry or di•pc,.ion, and moro prelerably, l'<'nicl01 h;r;ing 
tho sam~ or "milar cono111uoncy •• ot least oome of \llC impuritie< in th• unr<· 
hncd wo10r. In carrying out this prcferrcd aspeo\ al the proc•"· 1hc partictes 
are coltectod lrom «>oled un<elincd water ""b,oquont to its oonoact with the 
heot exchon~ surta~. and thi• ;, achieved pretorably by <f'fO<:tlng the cooled 
unrohned water ir>tO a dctonl¡cn rcocptocle whem it ;, 1\eld until ,, ;, ltabilized 
by no1Ural coc.lin~ orL<i ><ttlin~ of procipitate• ond other '~"d' ol the (fn>XJriti .. 
originally diuot,·cd ono disperscd t!wrein. 

Somo addilionol geMration of non-scole solido, e.g .. precipllation al di•solvcd sub· 
otonces, m.ov occur at thi• point due to f~rther coolir19 at the water. At the bot· 
tam of <he delention rcceptacle thcre io formed o portian o! the YLooter which is 
rich in !hose ool1d particles ot Lmpu<itios, and it io lrom this portion of thc re· 
co¡>lacle UM the aqueom •u•penoi<>n ol p¡"'icle• is colloctcd ond <ldded ¡ 0 the 
ha! umelir>cd water. 

In anoohor <mbodimcnt of tiLo proco.,, the prlllimin"y accumulator·type heal 
intorchange techniquo doscribed in the aferemcntionod J1<1lent is employod whic:h 
comprises JI<"IS>ing • volume ol hot unrof•noO water through a housing containmg 
pmou• mawrial whorc'by the hcat of thc tmrolinert wa1or is gioen up to thc po· 
rou• ffi.lteriol, po.,;n~ > oolumo of e loan liquid through the houoing who<eby the 
heot ol \he porou< material is gi,en up \o the ctean liquid and theroafter, pref· 
etably, po,.ing tho hea10d clean liqu1d through a heat o•changer wheroby tho 
hoat ol the clcnn liquid is e.trocted. 

In connoction with thi• embodimer.t, thero ;, uoed as tho clean liquid a\ Iom in 
por\ water from a sut.,tontlally lmpurity·lree t•ortion of wotor wllich is formed 
ot the surfoce ol the previau,ly def1ned detentian re;;ept>cle which re<:ri••• 1M 
umclined wotor altor;¡·,. Jl<"lssed, in this ca;e, ¡hrough the toauoing containi"'l 
porous n1aterial. · 

In yet a further embodiment, there ;, pro·,ided ~ method wherein ·,he ho\ unr .. 
fmed water io dori""<' from an uooe,g<aund geothermal cavity and the addrtion 
of linely d1oided pJr\iclco to the hot unrofinod wat<r i• accampli<hcd by odd 1 ~g 
tho partrcleo 10 tho ""otcr undor~round, prc~erably by inj~~<:ting a suopen•ion of 
J1<1rticteo dtrectly into \he ~ro ol o geothermal welf. Mo" preferably, tho p1rti· 
el" are >ddod at o point in the well b<low a point whoro the hot unrefined 
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"' Gcntt,~rrnol Encr¡¡y 

water ¡, acoompl, oy adding the part•cln to ¡he \Vat'< undergmund, p<Of
erably by in¡ecting D >u•oen¡ion of p•rticle> directly into the bO<e of a geother
mal well. Mmt proforobly, thepartrolcs are odUcd ato point in the well bclow 
a poin! wlle<e the IJ<>t unrelined w•ter ;, h~~<:oming supetsatoraatl by being 
cooled ond/or concenuated a<, lor example, by being ponly con•<rtod into 
steam. 

In a~other embocfoment thtre ;, provided a method wl>e<ein the agent a<!ded to 
the hot unrefLned ... -ater compri<es a <eJgenl capable of generating non ¡cale >olids 
of tho imp.,rilles in >ltU. In the coso ol d"¡olved impuriti"' ¡hi• rcagom may be 
capable ol causing precipimion of a par! ol the druoh•ed im~urities, preferably 
in the form of lmely divided panict ... In the ca•• ol dl<pe"e<l colloidal im· 
pur1t1es. the reagonl may be one cap,1ble ol cou,ing ·~~lomerooion o! parto! 
tho" colloidal im~uri1ies. In eithcr case this roagent is pre!crablv aGded directlv 
to the wa\er wt,ile i1 ">lill underground in a geo:t.crmal ,·.ater well. 

A similar embodiment comprises orlding to \110 hot umolmed wator an a~ent 
c.pable ol increai,ng the .oluboli(y of at lea" mme ol tho d•s><>lved impuriti., 
anO/or-ol de<.reasi"'J the dogru ol dispersion ol sorne ol the colloidal impuritie•. 
lor example. an agent ca1Johle of raising the pll of tho water. Ag•in. tho add1· 
110n of such agents mav take place dircctlv in the geothermal WaJer woll bore. 
SliU another similar embodiment comprise• odding a chelating ~nt 10 the water. 

Thore is also provi<IOd in accorrl•nce with thc proco>S a sv"em lor exoracting 
heat from hot unrefined wotor containing dis.olved and d1>per1ed impurities com. 
prising a .ou<ee o! hOt unrelined water. a heal exctlange means ha.•ing an en· 
trance end and an exit end. a meam for con•oving water from ohc sourco to tho 
en\ranoe end of a hoot exdtange mean>. a dctcnt",on rocep¡acle lor recc<v<ng 
moled unrefined water from !he exil end ol tlle heal exchange means anda 
means for re<ycHng • su¡¡ension. 10hich may be a •luf!y or diSQO<IiOn. o! wlid 
particlos 0 ¡ tho impuri11es from the coolod umofined water. in tite deoenoion re· 
ceptacle for addition to :he hot unrolined water at a point prior to its entry 
"onto the h ... t exchanger. 

Tilo hcot c.chongcr may compme either a oonventionol ind"""' contact heat 
exchar.ger. such as a shell or.d tube cO<Jnterflow·tYP• e>.changor. oran accumuta. 
tOr·type h""t interchang< system comprising ot least one hou>1ng can¡aining po· 
ro~• material togerher wLth o •ource of cloan liqu1d. meandor •olctll~oly con· 
ntcting the •ourcc ol unrelincd water and the sauroe ol clean liquid througll the 
entranoe er.d of the hausing. a heat exchanger lo< exttacting heot from lM deon 
liQuid and means for selewvoly alwnately connecting tlle exit end of the hous· 
ing lo tilO dctcntion roceptode and to tho ~eot o•changor. 

Prelerablv. the source of de•n !iquid is atleaS! part~ally comprioed al the <Ub· 
stantially impur~ty free water whiclt is producod 1n tho detention roceptocle. In 
the moot prclerr«l ospc<t of th1> embod<ment. therc is •l•a provi<JO<J a s..:ond 
occumulator·type heot intcrchanger compmilllJ a ""'ond hO<Jsing containing po
rou• II".Oterial V>hich hou.ing i1 of suh.,antially ¡he same '''" as the fi"t hou>ing 
•nd a~so hOS ~n entr>nce en<i anó an oxit end. meam lar "lecoively conneeting . 
the sourcc of unrelined water and t~O ><>urce of clean wuer te the en¡rance er.d 
ol the S«<<>d hO<J•ing. and means tor oelectivoly altern~tely cmlnecting th• nit 
end of :he oeeond t1ou,itlg to the detcntian roceptacle and 10 tho hcat exchanger. 
Furthcrmorc. it is advontal)caus ta provide for recvcte of tlle suopen,an of partl· 
eles diroctiY into a goothe<mal well supply<n<J the hot unrefined water. 

• 

.1 ono,her proferred 85poct of the systcm. the detontien reccptade come• ·••• 
-" lc•;ot tV>o scparate •oncs. includ•ng a lrrs: >one a::laptod lor fúst rcceiv"mg the 

cooled unrel•ned woter and for permiuing largor particles of •mpumies le oettlo. 
and intercennectOd therewith. • ""'ond zone ad•pted ter recei.,ng ¡he coolod 
unrotined woter SJb,equent to the first >one and for pcrmming finer particleo 
ol impur~tics to scttlc. The rocycle sy.,em thu• commuñicat., with !he second 
>ene ol !he deten:oon receptacle ond withdra·.vs a suspettlion or slurry cem· 
prisinq the liner particl"'. · 

Removal of Silica Using Ammonium Hydroúdo 

In the proce" of V.H. Wilkrn•: IJ.S. f'oleM 4/)16,015, April 5. /977;a«i9"ed 
ro Southem Pocifrc Lond ComP3"Y ammon1um hydroxide "addN 10 steom 
and brine as they are prCiduced ot a hogh tempera tute and pres<ure lrom agoo!her· 
mol well. The •mmonium hydtO<ide will reaot with the d"oolvcd aluminum 
and lerrous ions ta lorm a golltinou' sludge preci~nato of aluminum and ferrous 
hydroxide>. This precip,tatOd olud;e formed m the brine will sw .. p the brine 
w !ha! dis.olvOd si!ica will ad.otb on the surface of the •ludge partoclcs. lt has 
been lound that the degree of •ilka fixo11on. or removal. is deponotont upon lile 
pH of the brine. Enou~h ammon1um hydroxide i• added lo !.'le !)rino :o in· 
creow :he pH of the torine >OJI!icienlly ><> tl>at the remaining dissolved >~lica will 
be below its ,.turation level in the brine ot the temperoture and l)"eSSure to 
whicn the boine i• reduced for subsequont handling. Tho prccipitated sludge 
IS then removed lrom !he brme •o L'lat the claril<ed brine ca~ lhen be luf!her 
proceued. 

Prcforably tho amounl ol ammonium hydroxide added 10 the brinc ;, ,..,.,,. 
tained ata level such lhat ttle pH al the brme is no! rai<e<l above 7.0. since it 
h., b .. n found that tho amount ol additional >1lica removed ata hi;r.er pH lovel 
is sm;ll compared ta !he rcquirod incoeJSo of amrnon1um hy<Jrox1da. AddltiOn· 
ally. maintarnrng the pH al the brine at 7.0 or below will mmimi:e the romoval 
from oolution el tJ"¡e mang.onou< ions as mang.onous hydroxide. so that the manga· 
"""' can be later re<:overcd from tr,e brine. 

Besides reducing the drowl"ed silica concentratien to a nonscalilllJ 1""•1. !he in· 
crease in pH o! the bdne towardl • ne-utral pH duo to the ammonium hydroxide 
additian VI.HI also serve ta minimi>e tho corrmion ot •ystorn >urfacos expo,.d to 
tho brine. 

Add•tio~ of tho ammonium hydroxide tO tho produced brinc re>ul¡, in an in· 
crea<ed ammootiurn ion concentrallan i<t <he brine. Subsequent addillon el • 
wong base, such as c.lcium hydrexide. 10 !he brine will lreo ammonio anden
able ammonium hydroxide to be recov~rod tor reu•e in tite procen.,Aithouglt 
abaut 5 ton• of calc1um hydra<idc are roquired ta free 4 wns of ammonia lrom 
the Orino. add1ng calcium hydrOXIde 10 the syotem lor amrnonia recovery i• ~ 
importan! advanta;e "nce calcium hydro>.ide is less expensive !han ommonium 
hydro~ide. 

In tho proco" of JY. T. Matth~W5; U. S. Par~nr 4.026.1 r¡; M~ y JI. 1917; '"'ignod 
to The Do.., Chemical Compo"Y heat energy " moro eflicientlv <ecovered lrom 
seothetmal brin., by preflasnilllJ \110 brina to remove CLO.olvod. nontande.os•ble 

--
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gaas ~!ore !la •.... .g the brine to produce motive steam. Power requiremcnts 
for romoval of nuncondonoihlos lrom turbino exhausts {1n ardor 10 maintain adc· 
quatoly low ex/1ouot pre<Surosl are obviotOO. Thc neat cantenl of thc pr<fla<hed 
V3p(lr< may ~ largely utilize<l lor superhCiling and reheaung the molive neam. 

One "''"n problem overcome by the apparatus and method olE. H. Schw;,rUrTI8n; 
U S P.lwnr 4.084,3!9; /l.pfll 18, 1978 is ti> o encrgy ex chango which takes plooo 
withaut thc cn•uing conlam.notion problcm. This is •ccompl,.hed by this p<OC· 
"" by employing <uch working !luids as prop;,oe, bulane. n·heptane, elhane. 
ethylene, or mi''"'"' thoreal in >ucn a mo~ner '" 10 blankot all of 1he >urfacc> 
of tho camponcnts used in !he enorgy excl>ange lrom tho cncrgy saurce fluid 
which coma•ns 1he drswlvcd solu«<. 

Also, >ince this 'Y"""' cmploy> cmntially on evapo<>lion ptoce" similar ta thot 
uscd in r!o;alinarion >vstom<, all of the salid rypo irnpurili"' are eliminolod lrom 
lhe vopor use<! lor ••l<aoting cnergy by the e<pon>ion P""'""· The lluid> u<e<;l 
as t/1o workinil Huid "" chosen wilh '"'POC:l ta lhCir therm<><1ynam10 prapcrties 
in r•lationshlp ro that 1equirod by lhe givcn inlet condollan of lho onorgy source 
fluid. In general, \he l1ght hydrocorbons or mixture• thw:of ••e odeally >UU<d 
lor lhi> purpose >ince \hey con l>e tailored to have bclh 1he desired thermody· 
namic charact~riotiC> and are olmo" ccmplotely immi>cible in the energy >ource 
flu 1d, 

Howover, smce the working fluid may be <lightly soluble in t/1e cnergy source 
fluid lusually a solutlon of water! a •ery small portien o1 1he wmking fluid os 
loot by be~ng wn>hed out with thc >pent cncrgy protlucing fluid. Thi< proceos 
lur:her set> lorth a >Y>Iem whe<eby thi< loss o! 1vorking fluid is reduced lo an 
;,.,.,;g~ifoca~t amounl by 13~ing advantoge cf the ,.ltmg out elfect ,·,hicn occurs 
''"'"' a solule >3turatcd water >alutian is u>cd ., lhc cnergy fluid source. The 
Sólting oul effoot is the p/1enamonon "'heroby the so'.utiUily el the wor<ing 
fluid on lhe energy producing fluid i> ~reatly re<luced ,·,hen the energy prOduc· 
ing Huid i< sa1urated by a ;elutc. In <o me instanccs where !he energy producing 
fluid" r101 saluralcd, n mi9ht bo neccssary to stagc the g1ven proce" wher<by 
a heavier hydroc.rbon working fluid (which ;, subnantially inloluble in me un· 
uturoted energy produoin9 fluidl i> uad 10 transf<r lh< cnergy lo an artilidally 
•awratl'd Mergy proóucing flu1d in order lo take odvantago ol lho ,.lting aul 
elle<l. 

A convenient "lt such as calcium chloride may be u•ed 10 obtain \he de>ired 
eflect by >alUraling wator whercby lhe ~iven ;olution ;, then u;ed with a fight 
hydrOC3rbon working fluid :o obtain the power by ex;>an>ion as pr!'Vicusly men· 
l<oned. Thi> solution o! water "tura\ed w'nh cakium chlorK!e ots.o eliminates 
any corros;o., which ;, normally a"ociated wlth lhe common sodium Chloride 
solulions u;ually encoun1orcd. 

Furrhermore, thi< process, by the ua ol combinations as se1 lorth, con be em, 
ployed in such • manno< that the noncondonsible 9"'"' such os hydrogon >ulfidO 
a~d carbon dio•idc plu< th< dl5salved air if any, tan be separ•te~ out and con· 
veniently dispo<e<;l o! proor to 'he POI>er extractian pOrtien ol the sy>tem and 
lhereby pr...,ent any carra•ion eflect en the power produdng components. Also. 
the>e unde>itablo noncond<miblo gases can Le reinjocted imo Lhe spenl energy 
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oource fluid and thus disposed ol wilhOut any con<amínnion or poi. 
the surrounding cnvironmenl. 

M~ASURING ANO CETECTION TECHNIOUES 

Hoot Flux Tronsduco" 

. ,, 

The proce<> of H. F. Poppendiek anri P. T. Meckel; U.S. Porent 4,003;251); 
)3nuary 18, 1977; oss/gc¡erJ lo Thermunetics CorpGriJiion relate> lo impro.ed 
mean> and U><hniQuO> for meaSJrement ol heat flow from a source lar b<'low 
the earth's surlac:e. 

A geolhermal heat flux tron><Juoer i> pro•ided whiCh include< a plurality cf in· 
sul•(ing stan on 1,m;ch Con<lantan wire i; vro<.md and ""Ch holf ~~m is eo&ted 
wilh a silver loyer tO produce a hat junotion and a cold junc110n per 1um of 
wiro. The <lat with wire thu< coaled ;, a"emblod wilh 1mulatmg material bo· 
tween adjocent slaU such that silver coatings on adjacent slats lace eooh olher 
and alsa uocoate-d wire holf turns on adjacent •lats lace each other. Thi; ano....., 
a multi~licily of thcrmal junction> thu; larmed ro be as<ombled 1n a ;mall p;¡c<· 
ago whioh may be ,uspended in eorth bore holo< 1n mine shaiiS or olherwi.e 
bolow or abcile ground for measuremen1 o! hell flow emanating from SO<rftes 
for belew the earth'S >urfoce. 

Variable I1<Jt flow occ,.ianotf by diurno! and/or seasonal var~alion• are accoun1ed 
fOt in a<eertainmenl of lhat st~.ldy he•l flux flowin9 from geom~rmal source• 
alone. The transducer " of >Pe<ial d1mensianal proportions with pam >pecially 
roloted both structurolly and therrnally, 

Prodicting Geotherma! Gradiena 

E. 8. Reynulris; U. S. P31•nl 4,008,608; hOruaty 22. 1971; am'gncd ro Coll/inen· 
1al Q,¡ Comp.my prov'Ld"' a methcd o! pret1cúng lhe geothermal gradient ol .ub· 
terranean mata by determining velocity trend< in 1he >trata and camparing ,.me 
with 1he volocny uonds of tormorions for wh~eh geothormal gradients h•ve pre· 

.viously been doterminod and ploued on >emilogarithmic papera> a family of 
Cuf\le> a! veloci:y :rer>r:h ver>vs gecthermal 9radoent> comprisir.g; la) dotormin· 
ing lhe velocily trend at ·~arious cep:h• of a wave propagoted lhrough the sub· 
'""""""n """· lbl plo<tmg tho •elocity trend versus ~eplh on semi!o~rnlomic 
paper to generote a curve, and (el comparing the curve obtair.ed with • bmily 
of <im<lar cun.·es of lmown geolhermal gradienl>. The velocitv trend< can be 
"'labhshed by ocou<lic logging, check shol "elodlY survcys, ar S<ilmic velecity 
analysi•. 

Lacatinq Source< by ConduttÍ>lty·Temperaturo Analysi< 

W.L. Sayer; U.S. P~tem 3.805,581; April 23. 1974 de;crobes a mothod arwj ap· 
parotus for locatmg •ubterranean oourc"' of gec1hermal energv d>aracterited bY 
di>Charging t"'t energy 1010 lhe earth at a depth >ufficient to be substantiafly 
insulated lrom sudaco tornperotture varialions. removing hoot !ram the <atlh al 
the dischargo pmnion lo «tabli•h a ;phere al cooling al the ~ioeharging po<ilion 
subject 10 heat lrom me geotherm.ol source, and detecting cnanges in the con
ductivny of t/1e eorth between the dischorgong position ond a plur311\Y of dote<l· 
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inu PO<it<oo '' noor tho sutf•ce_ Thc dO\octing po<ition> are equally w>cO'd 
aOoul an axis ol "f<rer.ce extended frcm the diotharging posiricn venie~lly ro 
the surfoce. Ttw az¡muthal orientatlon of :h~ source ol geothormal h"t from 
tho ~.,; IS dotorminod lrom changes in !he conductivrty ol the earth between 
the di!Charging po5otion ar'ld rhe det~ting position• ir.cident 10 geot~rmal warm
ing olthe sphere ol cooling. 

1'/Ell CASING SEAL 

A gootbermol Morgy t<anslor and ~titizotion svstem m3~es use el thernial en
ergy stored in ho: solute·beating well wa:er 10 generote o therm>l working Huid 
lmm an injoctcx! flow ol clcan Huid. The working llurd ;, then u"'d ¡01 opera\· 
ing • lllrbmo rlrivcn f)ump mar the woll bottom lar purnprng the hot oolu!e
trear'or'!l ""'"' in liquid <tate to t~e earth', sudace, ,.,h~re ir is usod l>y tfans~er 
ot ia heoo oonten¡ 10 a clo<ed locp generator·turbinc ahernator oombinot!on 
for tho bonefioial 9eMrat1on of cleowcal PO-'"'· The dcep well pump oy<tem 
is •uppor!ed withm tho well casing pipo from the eorth'o sutlace by a turbine 
exhault conduit. 

H 8_ Mortflew;; U.S. Paltml 3,9Gl_44B; Ju/y 6, 1916; ~<>igned to Sperry Rand 
Corpof,>tion doscribes an improvemem faoilitating ready installation and reliable 
operation o! such geothermal svS1em•; accor~ing ro thos proce.,, thcre ore pro· 
vidcd moJos for !be support ol the dc<P \"oell goothermal pump system within 
the wtll casing lrom the earth's su:face by the pump-<lriven turbine e>hau'l 
S1eam CO~Utl. In view o! the dilferential exp.ansion effem on the :clative 
lengths of thc ca<1r.g cxtonding do•:mward lrom the carth's surlace and tho ex
hau<t <1eam conduit cor.tained therein, a porticul" fleXIble seal arra'>gement was 
prcvidod between the susp~rxled ge<>thOrmal pum~ <yS1em and the .-·cll pipe <•>· 
1ng. 

A first element of the impmvement providod a venical, ..,ooth cylind<ical seal· 
ing surfoce at the de>ired location for the d~p woll apparatus by meon< pre· 
viously scaled !o the Wi•ll ca>in~ pipe. A '-CCOnd elemcnt OO>Ured easy .,,.m. 
bly of a =ond sool intorlacing the cylindrical oealing surlace and suspended 
hom tho hot water pump so a< to permit sliding motion of the seal in the pre
va1l1ng hostile onvironmonL 

lt" r>e<;e>sory to prevido an etfident seal of sorne kind between ¡he brine pump 
and !he woll ca>ing. otlwrwise, a d,ffercntlol pro.,ure would novor ne butlt up 
acro" thc b''"" pump impoller. Whilc tho 5031 el U.S. Potent 3,967,448 hos 
cer:a~n e<:ablished advantagos for thl< purpooe. it is complex and e.pen<ivo. 
Tnis expensivc desigtl will seal against >Ory h1gh ddfetenti•l pre.,ure• and ¡, ef
foctivcly lea~proof, whilo somo leakoge m<lY actually be permmod. The pac~er 
used rcouire< a la<ge-diameter casing, whereas casing, ol more ccnoenuonal di· 
menS<ons are less exponsive ar>d evidently prelerred_ Tho fixed pocker ;, rela
lll'ely oxpensivc lo buy .1nd to inscrt. add1ng con•iderablv·to tho time required 
for doployment of :he oquiprnent in ¡he goo!hermal well. The fixed packer 
mu>t"" drilled OU! when it is to be removed_ 

The proce" of H 8_ /,J•r<h~··;s; u_s_· Paront 4.050,517; Septembor 21. 1917; 
l/JWg~ to Sperrv R~nd Corpor~tion iS an imprcvement laci!itating ready instal
lation ond reliable operotlon of 9<0tnermol 'Y"'"''· including g<>othcrmal energy 
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tetr>eval sy<1ems of tho kind deocribed obove. Thc ~"''"'" affords roa~, and 
le;s expen,vo in,ollation of deep well geothermal appa"'"'- The ~eep well 
ap,a.aws is S<Jpported with1n the w<ll casing pipo fram tho ""11 hcJt ot the 
earth's 5Urlace by the pump-driving turbine e•hou•t conduit. Alterr>ati.ely, tho 
working fluid conduit may serve os the su•pension. Dillerentlal expansion el· 
lec" are accomrnodatod by a ooaling arrangemcnt mountcd on the ¡;oothcrmal 
pump itself be/ore it io lowered iota the well and having •eal interfaces d"ectly 
mating with the interior surlace of the "'"11 C<IIÍrl!J when deployed a< t.he welf 
bottom. An arrangemcnt io provided for protectin~ elomonts of tl10 flexible 
<eol during lowcr~ng of thc pump and its associatcd seal system ioto thc ""11 
and then fm •utomatiCJIIy deploymg the ,.als in their operating condition. 

DRILLING COMPOSITION 

P.W. Fischer, J.C. Jor>c<. D. E. Pyle •nd S. Pye; u_s_ Potont 4,013,568; Marcfl 22, 
1911; ossigned to Umon Oi/ Comw"Y ol C..Morn'" prevido a eomp.osition and 
method of u<d for dnlling a well into a sut>:erranean IO<mation colltaining a geo· 
thermal fluid at a tomperoture of ahout 350'"F or •bove compri>ing oirculating 
lhrough the woll during drilling a gas contaming dr~llmg fluid comprising a mix
ture o! ""t" or brino, a'>"'· a corrosicn and cro<ion inhibitcr. a lignite tO con
trol fluid loss. a ,..,, of o high molecular woight ocrylic acid polymer to imprave 
tho woll building ond cuttings-corrying praperties, and optionally, a foaming 
agent. 

Enmp/~: Two off•et wclls are drilled from tl>e •urface toa depth of ohout 100 
fe<t above the geothermal zono uMg a rowy bit and canventional >Queou< clav· 
con:aining drilling mud. 1t io known lrcm pre,iou< well• drillod in the atea that 
when aqueous clay-containmg drilling Huid IS u•od to dr1ll the geothormal zone, 
substant~>l drdhng fluid;, lost te tho formation rcs~lting in partial plugging of 
the zone by the dnlling fluid_ This plugging decreases the rate •t which geo:her· 
mal fluids can be P'oduood follov.ing completion of tho well. 

In the fir>t of the two test wells, drilhng is continued wbile injecting down the 
d<ill nring 1.000 c~bic lee: per m1nute o!"" and 150 g.allons pcr mmuto of an 
aqueou< solution containing-150 g,llons per minuto water ond 0.4 pound per 
barre! ol an erosion and corro>ion inhit>.,or prepared by fir<t mixing togethor 
75 weight percent water, 10 wei<;tht percon! diethylonetriomine and 15 weight 
percent of an acidic tri<""' propared by the oondematlOrl of triothanolamine 
ond d1memed linoJeic ocid and thcn diluting-wil~ odditionol water in the pro
ponion of about 30 gallor.s of inh1bitor tO each 10 barre!> of water. 

The well i• Orille~ through the geothermal zono ond completed in tho usuol 
manner. Ouring the above-<:escribed drilling operation. lhe ocOJrrence of con
<<lerable ton cuculation ot !he •eratod drillir.g fluid to the lo<matjon is note<!. 

In thc ••oond of the two t<st wells, drrllong is con11nued by injecting do"n the 
drill ming ¡he '""'" aerated drilling fluid describod o~ e•cep\ thot the ~ue· 
ous solu"on is an aqueous dispersion which •ncludes. ;n add•!ion lo t~o abo,e· 
doscribcd mgred•ont>. 3 pound• per bar rol ''º'"'" ond 1 pound por barrel of the 
sodium ~.al< of an acrylic acid p<>lymer having an avora<¡e molocul;¡r weoght of 
around 25.000. The well ;, drilled throuQh the geotherm•l zone and complorod 
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in the u•ual manner. During !Me drilh. th" "cond telt well, there" leos 
la.t circulation \han when using the aeroted dfilli"!J fluid u<ed in the first test 
wetl. 

USE DF GEOTHERMAL WELL HEAT TO EFFECT CHEMICAL REACTlON 

The proces< ol G.H. Gil/; U.S. P~lent 4,085,795; Apri/25, 1978 provid•• a 
meth<><i for oonvorting geothormol M<f9\' in:o a more u<eful form. such '' a 
liquid tuol or the li~e. ""it can be storcd and shrpped easily lor use in other 
locations. A chemical reaction ,..,el, made of a corrooion resi.,ant material, is 
placed in a goothermaf well, or in the etffuer.t therehom. The reac:ion v«"'l 
has an input and a discl1•rge pipe to llow' the reac~ana through a ca~alvst irr \he 
, .. ction vesoel. The fluid in the well is circulated, il nec..,ary, for beaer entrgy 
llow ond tempe<a<ure comrol. 

One chemkal reaction which is well •wted to the ~roce" ;, the catalytic conver· 
sion ol corbon mono> ido and hy<lrogen to methanol. This reaction takoo plaoo 
in tho press~re <ange ol 100 to 600 atmosphe<es and •t tomperatur<:s lrom 250' 
to 401l"C. although 1'>'l'rerethetom~oratureoare b•low250'C there ;, still a «•e· 
tion boWJeen dissol••ed carbon monoxide ar.d hyd<ogen. The chemical r~action 
vesoel is lo~><red into a goothermal ~,ett ol su\table temperoture so rt is immersed 
in the woll Huid_ The chemical rtactanu are led to tM chemical reaction vesl 
set ~ndor the neces"'ry preswro to <eact with tho cotaly" within the chemica~ 
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The ros~lting product. such ot mothanol, ;, dischargod through a éiscl1a<go pipe 
into ony suitable con,arner for •to«ge and '"b•oquent tranonorta:ion to the usO 
orea. lt i< not nece,ary that ¡here be a !low ot fluid lrom the wcll, •• a well 
érilled into Mot rock would alsc be ellective as long •• there is effective thermol 
contact with the rock and the chemicol reaction vesoet. n.e thermal contact 
could be accomplished with uncir<:ula:ed fluids. Also, since the pre.,ure uoed 
in the ellomical re>ction is quito high, the exte<nal protSure of the !luid< in o 
doep geothermal well ¡.,...,ns the design ref1uirement• el the cl1emical reactron 
vmel. 
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