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editn;’s introduction

. This volums iz Lhe English edition of " La Géothermie,”
which waa originally published in Paria by Doin Edileurs.
- Most of the book is devoted to s discussion, beginning wilh
Brat principles, of the Lthermal regime near the-surface
of the earth, with particular reference to the interaction be.
tween the emperature field and cireulating groundwater.
The sesults ave applivd to the problerm of extracting usable
heat and power from geothermal soureca. The operation of
generating plants using both wet and dry ' steam-are cxten-
sively deseribed, und meihods developed by the author to es-
timaie the power sutpul and vseful lifetime to be expected
from a given geothermal arca are alse discussed, One
chapter is devoicd Lo the economic and pelilical constrainls
thut must be satisficd if geothermal energy is to become =
reality. ’

The Bnal twe chaplers are devoted 10 Llopies of interest
_ tostudents of earth science. Ome deals with the relation be.
tween geothermics and earvain selected genlnyivcsl phenome.
na. These melude biw therma) effevis of igneows imirusions
and extrusions, heal prodhoced by deformation xrvd fralling,
thermal stresses it rocks, amd the proBlory of the sovrree of

the heat producing metameaorphism. The finnd ehapler ad:

dréesses jsell o the thermal state of the carth as a whole,
discussing the cooling of the earth, the radioactivity of
earth materials {inctuding the important thermal effects of
radiouctive deeny), the thermal energy budget of the earth,
and the author’s views an convective circulation in the
mantle. .
The muther is presently lngenicur pentral des Mines
and Vice-FPresident, Burenu des Recherches Giologigues ot
Mini¢res in FParia. Throuphout hia career he has been al-
tonched 1o the Service de la Carte géologique, and is a former
director of the Svrvice, He has done research and consulia-
tion on the € ploitatl  of g thermal p ' 1952,

oD —— -

. i it i A i =

T
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-

when he served as & consultant to Electricité ot Gaz
d'Algérie on the posaibility of exploiting the hot springs at
Hamman Meakoutine in Algeria.

SYDNEY P. CLARK, JR.
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- ‘ GEOTHERMICYH
' - GENERAL [NFORMaTION &

ture to vary, This energy ¢an be in the form of heat; the deg.
radation of all other forma of energy (mechanieal, electrical,
electromagnutic, chemical, ete.) nlag produces heat. [Towey-
er, the first low of thermodynamics, the equivalence princi-
ple, indicates that there is a total conservation of energy
with the equivalence relation that 1 cat = 4.18 J. Thus, it
would seem logicul to mensure heat quantities in joules like
all other forms of energy. Nevertheless we will not do this
due to convenience and present usage in the field. Recall
that 1cal is the quantity of heat necessary to raise lg of
water 1°C at around 15°C. The kilocalerie, keal, is also used

and i3 a thousand times larger than the calorie.
For a substance, the specific heat ia the quantity of

heat necessary to raise 1g (or 1 kg) of the substance 1°C in -

temperature. This specific heat ix easy to measure by first
raising a body to o known temperature and then placing it in
& water calerimeter. The specific heat depends on the tem-
perature; in guncral, for rocks, the specific heat increases
with temperature and can double its roem-temperature
value at 500 ar 700°C. The values indicated by tables' vary
only slightly for different rocks: Franite is 0.185, limestone
0.16 Lo 0.23, and sandstonc 0,19 to 0.22. This num ber must be
multiplicd by the density to obtain the heot capacity per
cubic centimeter {C), which is thus of the order of 0.4 to 0.5,

1-2 Heat transter

Heat transfer can take pPace easentiully through three
processes: conduction, in which the teansfer oceurs grad-
Ually through o bwiy that may be solid; eonvection, in
which a fluid movesin a elosed cireuit and carrios heut, This
moevement may be caused by differences in fuid denaity
which resalt from differences in temperature, and thus con-
vection transports heat upward and not downward. The
tinal type of hvat transfer is by electromagnetic radiation.

"The best vourcy i2 in Bydnay P, Clark {nd )y *ITansd baak of Physical Conutants,™ Wom_
1. Sor, Geol. AW, 1588, : )

EETIEN

1-3 Condugtive trensler

In a standing hud:;r which may be solid, if the t,er_npenr
ture is not uniform there wiil be a heat transfer which we
coh characterize as a fiux. Flux, in this case, is the qunntlt'y .
of heat which passes through an imaginary surfaFe per unit
area per unit time, It can be shown that thlis flux iz a veector,
which means that our definition corresponds to the fluxof &
veclor, whatever the crientation of the surface Flnment,
The Nux would be zero if the temperature were uniform. if
the temperature is net, then the Aux ie linearly re]n_.ha_d_rm
the temperature gradient and we may write g = Kgrad,
where grad# is the vector with com punelnts adfadx, adfoy,
38} az. - . . .

In a crystal, and in general for all anisotropic bodies,
the thermal conductivity K- is o tenzor, Thus, zaually the
flux and temperature gradient vectors do not have th:e same
direction (vxcept along.the three principal axes, which are
mutually orthogonal). The anisctropy of this tensor ean be
considerable: in mien, the conductivity con be an muct_1 1]
five times larger parallel to the cleavage plane than at right
angles to it, I'or schists, this difference con be a fuuhlrr.nf 2

Even for an isotropic rock for which the cumluctwlt:y K
js mn scalar, the measurement of the cunductiv‘it? eunf‘ﬁcfent
requires care, and the resutt will only be precise wilthin a
few percent. ‘The most aceurate method appears to bu. th:rt
called the divided-bar method, the apparaius for which ia
made up of two metallic supporte with the sume cross-sec-
tienn! area and a rock cut in the form ufndisl:: {see Fig. 1—1'}.
The upper part of this device iz heated whilt‘z thre lufse 35
cooled, and thus a steady-gtale temperature distribution is
established, Then the temperature measurements are taken .
at geversl points aleng the metnllic bars, Lthus giving I:he
thermeal profile. The experiment ia performed again with
two different thicknessen of the same rock to elimlnntf.- the
effect of the temperature discontinuity which could fxut at
the contacts. The resuits ure compared with quarts disks cut
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GENERAL INFORMATION &

FICURE L-1  Principle of the divided-bar method far the messurement of
thﬂ:mul eanductivity, The sample ia cut in the form of adisk
heving the same cross neclion as the metallic roda. The rods
arecgoled at theie bases wnd heated at their topa lﬁd atendy-

state lemperatures are coleblished. The temperatures are

measured at three points by thermistors in euch of the roda
Tlul-. graph indicatea the sechemstic form of Lhe Lhermal prnm;
which nerves 1o compare the thermal grudienty In the mmple
and the metallic rods for the sama Aux,

perpendicularly to the optic axis, whose canductivity is
known and is cenventionally taken as o reference.

The following vaiues are rcited: Rranita 5.7 x i0-3
calfem - a - °C, dunite 12 % 109, limeatone § to 7 x 10-%, chalk

»

A
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2.2 % 1073, marble 7.5 X 10‘5,' delomite 10 X lﬂ,quurtzite
13 % 1073, schist 2 to 4 ¥ 1079, and rock kalt 27 ¥ 103, These
orders of magnitude are all quite similar snd much smaller
than the conduction for metals {iron 0.14, brass 0.93, silver
1.001). Other less precise methods use variable tempera-
tures, One of theae will be described later,

The values for the heat capacity and thermal condue-
tivity for rocks vary so little that, in the absence of more
precize data, we can make calculations which will give an in-
dication of the behavior of observed phenomena by taking

‘everage values. In the examples, unlesa otherwise in-
-dicated, = 0.5, K = 0.005, and thus o = K{C = 0.01.

1-4 The heat equaticn

In the absence of n heat source, it is easy to establish
the thermal halance of an elementary volume. This kalance
will consist of the heat absorhed hy the warming of the body
and the excess of heat gained over the heat lost by conduc-
tion, € 3fa = —div-q; for an isotropic body, g =K grad @
which yields the equation

C%?—=Km-gradﬂ

PP b L A T 1-1
‘K(E?+ay=+az=) K7 (1-1)

The ratio a = K{C is often called the diffusivity, If heat is
released in the rock because of the radioactivity of some of
ita constituent elements, then we would need to add this
heat per unit velume per unit time to the right-hand side of
Eq. (1-1).

To solve a conduction problem for s solid body, we need
to find # as a function of =z, ¥, z. and ¢, knowing ita value at
t =0 and the boundary conditions, which can be either a
temperature or an imposed fux. ’
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1-3 An sxampina of & solution ol the heal equation

The principle of measuring the therma] conductivity b

u nec.die probe demonstrates an a&pplication of the hlm]tr
e'quatlon. In an indefinite, isotropic, homegengus mass inj
tially {f =) gt n tonstant temperature (that we may tuke a];
zero), a quantity of heat is produced at & constant rate f
mcalfem - 3 along a Etraight line. ’

‘ The meazuread temperature depends only on the radial
dla.tanc:e *» and the flux ia radial because of symmetry. In
c¥lindrical coordinates, the heat equation becomeas .

c % =K (l 2 ﬁ)

roar | (1-2)

and § = g-rttagy g e
The value of
axcept at

a selution to Eq. (1-2},

: this sclution for t = 0 i zers everywhore
| Lhe origin where it becomes infinite, But, since its
integral extended over an infinjte surfoce is 7 8- 2 dr =
. a constant, we can conaider tha
sponds to the appenrance at t=0af n quantity of heat =(
per umit length of axis, [f there has heen & conti.rlmnuu
Broduction of heat hetween ~{ and ¢ = 0, the temperaiure

dlstrlbull?n resulting: from the heat diffusion at BUCCeanive
moments is given by

t the uulutiu_m CoOTre-

m et

il Jo  Aul

&= it

(1-3)
. Tl&is formuia gives us the temperature evolution of a
point situated at a distance r frem the axis, If we make &

;‘lhgjnge of variable such that ¥ =rideat, we obtain from Eq

h ey
Ak 1,

This 13_ a clusaical transcendentsl function called the ex.
ponential integral for which tables exist. It suifices for us to
know that as socn as ¢ is sufficiently iarge,
very clese to In vy, where yu= 1751,

g=

dy (1-4)

its value becomes

7.

N
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If the temperature has been measured at s distance r
from the axia, a graph of & versus In ¢ can be constructed,
The curve rizses progreasively until it epproaches un asymp-
tote whose slupe is given by défd In £ = mfda XK. Or if we con-
‘vert to iug {to the base 10) this is 188 mfK, Thus we obtain
the value of K by measuring the slope of the asymptote.

Conduction measurcments following this principle
have been chiefiy done in marine sediments. A hollow nee-
dle, like a hypedermic, is equipped with an electric Tesia-
tence wire passing through its axis giving oif a known power
dissipation of m ealfem - 8 {see Fig. 1-2). The temperature is

measured with a thermistor placed in a amall cavity on the
-gurfnce of the needle, The needle probe is then pushed into
the sediment, end an electric current flows which givesoff o
constont thermal power; temperature is registered by the
thermistor. A few minutes suffice for the measurement. If
the dimensions of the apparalus are increascd, the mea-
surement time grows us the sguare of the diameter and the
total power dissipation grows at least as the cube of the di-
ameter, which in practice excludes the use of drilled holes
with diminetere of a few centimeters. ' ’

1-6 Convective lranslor

. Convection generally means the transport of heat by
meant of a free movement of Auid bétween two surfnces at
different temperatures, Convective power is supplied by
density differences between warm and cold (wid, und since
the furmer tends to rise, conveclion only transports heat
from the botlom te the top of the thermul system, In addi-
tion. it is not suflicient that the temnperature be only slightly
higher at the base of the fiuid than at the top in order that
convectian may take place. The fluid, especially il'it is & gas,
covla by expunsion as it rises, pnd thus it is necessury that
the thermal gradient be at least equal to the odiabatic
gradient. The adiabatic gradient corresponds to the temper-
ature variation experienced by u mass of fluid being ver-
tically displaced without any heat exchange. In the atmo-
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FIGURE 1-2 Principle of the measurement of therma! conducticn by radi-
al heat diffusion from ene axis. A hollow peedie (Jike n
hypodermic) im used, An axinl resipinnce dissipules g known
constont thermal power. The temperature iz mesnuref at the
surface of the needle probe, which is sunk in the sediment to
be studied, by menns of & thermister lodged in n small eavity.
The slepe of the plot of lemperature versun In ¢ puarmits tha
caleulation of a, which gives & if C la known,

v

aphere, ¢convection is the primary heat-transport mecha-
nism, and it tends to produce a thermai adiabatie gradient
such that the atmasphere is said to be in adiabatic equilibri-
iem. Two cases can be distinguished according to whether or
not the stmoaphere is snturated with water,

Ceonvection implics the individualization of ascending
currents on ane aide and descending currents on the gther,
which can eonatitute more or less stable cella.

We shali frenuently be eencerned with u special form of
convection in which water cireulates in a porous rock and is
so intimately Bssociated with the rock that we ¢an assume
that the water is at the same temperature p% the rock at all
points. However, if there is a temperature gradient in the di-
rection of the current lines, thero is a heat tranafer by water
in addition te the tranafer by conduction,

GENERAL INFORMATION
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This transfer is in the direction of displacement of the
water, which, strictly speaking. does not correapond tothe
direction of its velocity because the water meleenles follow
sinuous paths arcund the grains of the rock. Nonetheless,
we can characterize this flow by a unitery-flow vector, U,
which is such that its flux through a surface element is
equal to the mass of water which crosses the aurface cle-
ment per unit time. This heat transport by water is propor-
tional to the temperature gradient in the dircetion of the
water displacement and the heat capacity C of the wuter.
Thus, the water movement resulis in a heat |oas per unit
volume of —C(u: g_raﬁ 8), which is proportional te the
sralar product of the unitary flow of the water times the
thermal gradient. In practice, €', may be taken as unity. The
above term figures in the left-hand side of the heat equation
in the same manner as radioactive heul production r, and
a0 the complele heat equation becomen

K9 + 5 — Culu - grad 8) = C :"—; (1.5)

Whatever the motive power for water circulation in a
permeable region, this type of heat transfer can play a role.
Strictly speaking, however, we can only rall a heat tranafer
conveetion if the motive power is furnished by density varia-
tionainthe water as afunction of tempersture, These varia-
tions vanish at 4°C, and then, of course, convection is impos-
sibla,

1-7 Radiative transfer

The only method of heat tranafer in a vacuum ia
through radintive transfer. All bodies emit electromagnetie
radintion, which carries energy, and abaorb all or part of tha
radiation received from other bodies.

The Blackbody (or the radiation which escapes from the
interior of & cavity) omits radiation which depends only on
the body's temperature. The energy emitted per square cen-
timeter per second is distributed in all directions and is
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given by Stephan's law: T
W= ' - (1-0)

whare o =56.673 x 16" Wiem® - *K* and T is measured in
deprees Kelvin, .

To be more precise, the distribution of energy in the
spectrum s n function of the wavelength A, where Au It ml-
crometers, 19 glven by

'!rhﬂ = II“A X H;‘T‘ - tl-?}

with K, = CJ4[(AT)e™™ — 1)}, where C,= 1.2184 x 10°* und
€, = 14,285 wheo the lux is expressed in ergs per second per
square centimctur, Observe that K, is a maximum when
AT = 2897 u"K. The blackbody which radiates according Lo
this luw absorbs ail incident radistion.

if o by is not black, it possesses for each wavelength
& cofor focter which is leaxs than 1. Its emisaion for each
wavelength is multiplicd by this factor. The energy which i3
received at this same wavelength is only parlly alsorbed,
wlsodepending on Lhia aame aclor, and the rest is reflecigd.
The color factor can vary greatly with the wavelengih.

For the surface temperature of the sun (about EHKPK)

the masimum for X, i3 in the visible parl of the spexirom,

For ambieal emperatures{abou t 30 K), K, haz a maximum
im thie fur infrared ab about 10 pm, Radio astronomers have
established that there is nlee padiation from deep 3pace
which hus 2 maximum at A = 0.7 tam, which corresporids to'd
temprrature of 41°K, ' e

In a transparent sulstance, radintton enaitted by o
point seurce can eress a certain distanee before boipyr ab-
surbed, and if there i9 n temperature gradient, the radiation
emitted in opposite direcliond dovs net balunce. Thus, there
in a netl tranafer of beat by raidiation. It is diiticult {6 es-
timate its imputtancy, which depends on the proportion of
rodiation absorbed per unit distance {which jtaclf varies
with wavelength), It appears that for certain silicates at
2000 to JG00'K, radiative Lransfer can be as impertant ana
copduction. At umbiunp tomperaturea, however, radiative
transport is completely negligible. -

In the atars, where ‘temperatutes teach tens ot
huhdreds of millions of degrees, the radiakl¥e Leem 18
prepoitd erant aind ve say that the stars miy bis in 8 rdis:
tive synitibrium. Huwever, conveetion may ploy u patt 11 the
stellay Interor:

1-# Bildintion

ttecall thut all budies expatid when the temperatisre 18
raleet. For d et atal ur an anlselrople voik, expansivh e by
cdiTeretit depending on Ure direetion. For calelterit lp hegy:
tive iy the direction uf the optic axis.

1.8 gral explanaiioh of the thetivial regime bitside ff eatfi'a
strtigse :
Outside (e aimosplretd; {he extll? reseiies Faxlfcrnt
« i it pudigtive eiergy trom the sun, Fard of this ehergy 18
reflacted and part is whsorbed af different heghts in the #i:
mosphere or #t the gproutd. O the ethier Hakd, the gasdl 13
dintes doring he day and night folfowing & Jaw whicH
diflers froms that of w Blaskbendy. :

U We will orttfine x exkeulation which should be Wstitd:
tive, A epherical blackbody dt a uniform temperature T is
fl'iltféfj “u:'i‘h Lenee of solar 'r:u:.IiuL}nn at the same Jistance
as the enrth, Tt :.1.}“ absorh 'r'r}"j-'.ifl calls which is wlvivalent to
HAsa W, The sphere will radinte over its erillre surfnce
(dmried™), and on-equating these two expressions we obtain
the resull that T = 280°K, which is 7°C. Such wauld be the,
temperature of o Liockbedy in Equ':l'l.hrium.w'il.h the solur Fa-

_diation. This example could be that of a satellite, the culer of
which must be earefully chnsen to bring the temperature te
the desired value. The similarity between thiy caleulated
temperature and the average surface temperature of the
ebrth cannot be the effect of chance.

But thinga oh the earth are much more complicated
than the previous example: the surface te ature at &
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Point is neither constant nor uniform becayse different
prrts of the radiation and the absorption take place at dif-
furent Jevels in the atmosphere (for exampla, in the clauds)
In particular, the far ultravinlet is strongly absorhed by thel
upper atmosphere, which is thereby rafsed toa high tempar-
ature. I'n addition, the solar fadiation varies at each p::int
because of the rotation of the earth. Finally, the atmo-
u?h?re isnot static but isin a constant state of m'ixing which
dissipates an appreciable amuunt of energy, Overall, these
movements tend to reduce temperature varintiune:. Thia
means that the atmosphere functions like a thermal engine

and creates mechaniea) energy (wind, waves, and water
power}, ' *

1-10 Review of tha Sdcond law of Thermedynamica—Carnot's
Principle

Thl.‘!.‘prinl'.‘i]'llﬂ holds that perpetual matjen is-imposgi-
hle. Now, if heat borrowed from & 3ource at a constant tom.
p:-.rn.l‘.ure could be transformeil jnLg menlm.nicul energy {in-
version of the equivalence principle), perpetua! mation
could be achieved (that is, mechanical power could be
produced from an engine borrowing heat at the ambient
temperature). The eccond law forbids such n transform
tion, - "

. Thus, mechanical encrgy can be produced from heat
with a thermal engine only if sources at different tempery.-
tures are available. The machine will take heat from the
warmer source and give itupto the cooier, but a certain pro-
poertien of hest will have been transformed into mechanieal
energy. The upper limit of thig propartion, or thermody.
namie efficiency, is given by a formula which also conati-
tutea the definition of thermodynamic temperatures. If a
ti‘mrmul engine takes the heat @, at a tempernture T; and
gl¥es up @, 8t T, while tranaforming Q: — Q,, into mechani.
cal energy, then we have

-9, T,-T '

a. < T‘- or -%l > %‘ (1-8)

ri‘

- o
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The entropy is often defined by the relation S = QT and we
can see that the enlropy gained by ithe cold source (G J7T,}
exceeds the entropy lost by the warm source, Thus, the en-
tropy of the system can only inercage, The entropy would
remain tonstant for a system (called reversibie) which
remained infinitely ¢ivse to its equilibrium point and could
thereby funcilion in either direction, Unforiunately, thisis a
practical impassibility. The inverse of a thermal engine
would b B heat pump which absorbs heat at a low tempera-
ture and supplies heat at a higher temperature by means of
consumption of mechanical power. But this tima, if the ef-
ficiency is less than the thermodynamic efficiency of a re-
versible engine, this woald mean thal QT < Q4T and the
consumed mechanical energy would be @, — Q,, which is°
larger than its ideal value.

1-11 Periodic and secular varlations of the temperaturs

We will not deal with atmospheric and oceanie phenom-
ena in detnil but will simply recall that they influence the
temperatlure at the earth’s surface and give rize to periodic
variations of which the periods of the day and the year play
an important rale. These variations are not sinugoidal, but
we know that a periodic funetion (which is not exactly lhe
case here) which is nensinussidal ean be repregented by 8
Fouricr series, that 18, a sum of sinueoidal funetions with
the fundamental period and the harmonics of that period.

Fluctuations with a period longer than a yenr are con-
firmed by the studies of paleoclimatology as well pa the evi-
dence of nncient glaciations. To explain these yariations,
should we consider the variations in the solar radiation
which the carth receives? From aclar nstudies, we are well
pware of the salar cycle of 11 ¥r. but it does not seem to
appreciably alter the radiation reaching the earth.

AB o consequence of planetary perturbations, celestial
mechanics allows calculation of some varistions in the incli-
nation and other elementa of the terrestrial orbit, Milenko-
vich studied the influence of these eifects on the solar rudia-
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tion and demonstrated that they would only lead to an
average tempernture change of nt most 0.5 to 1.0°C, depend-
ing on the latitude. )

It iy also necessary to congider the possibility of insta-
bilities (=techastie processes) in the differences of climate
from year to year, The climate of one ¥earcan be influenced
by the preceding year, which van lead to successive years
with a warmer or colder climate than the average. '

Consider a model of a glabe in equilibrium with the
sun's radiation. We will give an example of a thermal insta-
bility. Surfaces covered with snow or ice reflect a consider.
able portion of the selar radintion centered in the viaible
part of the spectrum. On the other hand, in the far infrared
(10 pzm}, ice and snow ure very abasorbent and radiate like a
blackbody. This is the wavelength of maximum thermal
emission at abont 0°C. Thus, if the snow- and ice-covored
rugions increased, the proportions of salar energy roceived
would diminish but not the energy radiated by the earth,

Therefore, the uverage temperature would decrease, lead-
ini to more surface aren being covered with ice and BNOw,
ete. This ¢ffect, of course, is much more complex, and anch a
rindimentary analysis connot predict the rate at wiich the
temperature would vary and the ameount of surface which
would be covered with ice and snow. It is alco rsstbin that
vpposing phenomena exist, eansed, for example, by stmo-
spheric movements, which could bmit such insiabilities, The
compiexity of phenomena such as those Fisted ileflos, nvan
taday, a precise analysia, o

We can mention other examples of instabitities, Hup-
pose thal the arcomulution of jre Faises the tand swrfuce,
wntil it reaches am altitide where the temperalyre is g low
that an ice cap ik preserved. (Compare Greenlind, willr an
ire eag of nbout LO00m in elevation, wilth BaMn Fslamd or
ntlien islundi. of the nerthern Canadian Arebipelapes ) Fos-
thermory; suchiaduryre ice eap-tends to-creade anticyelowes
which further lnwer the temperature. We will nof ender inte
1etnilion such, questions since they are poatly whnderslomd,
Simply remember, we should g treat the aYerage annoal
emj  ature as a consiant since it can easily undergo short-

r
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or long-term fluctuations. In addition, Ithelrel arc effects of
man-made therma! pollution, which raise wm'ter tem}:e ra-
tures several degrees in cities, caum{ the heating of rwc;{i,
and lead to the formation of smog which perturbs solar radi-
ntmnin the geologically recent past, such ﬂ.uctuat.iuna 1;:
sulted in glascial periods; for the lns.t glacial period, .t e
Wiirm, (or in North America, Wiseonsin) c::nrmuuu glar:llers
covered Seandinavia, parte of Northern Europe, the ? p;a.
the larper part of Canada, and the northern part odt 11;
United States and did nat disappear for Lens of thousandn nt_
years. The temperature perturbations of the gmur}d [MuUE
have been stronger in the periglacial zones than in t'r}uae
areas protected by glaciers. The Quaternary glaciations

- o
em to have begun 1 or 2 millian yr ago. o
* Insefar ns we know, there were no prior glaciations of

.major importance before the one just listed. Ho:wmrer, th.cn;
have been traces of some rleciations for ccr:l.:a.nn geulﬂgm:;
periods: the upper Precambrian, the Drdovicmt"l {Sasnra};
and the Permo-Carboniferous (South Amernca, Sout

Aflrica, Australial,

1-12 Temperature of tre grownd

Up to this point, we have mentioned the temperature
detennined Ly atmospherte phonomena and sular radiation
sl the varih’s surface. These influcnces produce tempera-
tuve Ructuatéons of shert perteds arcund an average -ralu_e
ahich alsy Mueuates. 1T Uhe temporatune of the Fround is
mrasnred b enly & few comiimelers dcpit.h. one fads that
even B A Wmited area the temperature s strongly d-q:u::l'n-
et o Tocal conditions: Bare prmend warms up enore n..m e
wa W Tend wich is protected with even herbacsoak -m:!:]-

. Btalfuh. Buch vegelation cah Evnpﬂrnbﬂr‘wnlnr frum Lhe m:é
whith has o codling effect, and, dopending on the nalur:;e
tho vegetalion, wilt, or wifl mot, sffoct the g'mnd,.‘
ground ean be either favorabke or not o L -ﬂﬂ]’lﬂﬂl!-i wor
} rfrost sccumulations. These g 5 & Jefy Andlysis,






GENERAL INFORMATICN

and we are obliged to consider the temperature of the
ground at a few centimeters in depth as empirica) data.

1-13 Propagation of periodic tamparaiure varialions inta the ground

[.et us imagine a homogenous earth with an infinite
plane surface. By reason of aymmetry, the temperature
depends only on the depth, and thua the heat Aux is vertical,
It is suficient to write the hest equation for the vartical co-
ordinate only: -

) (1-9)
dx? b

The boundary cendition will be the temperature at the
earth’s surfaca far z = 0. If this temperature is expressed by
a sum of periedie terms, we suppose that the expression of
tempernture will be of the same form at seme depth in the
ground after a sufficient time. This ¢ondition replaces the
specification of an initial temperature.

It is immediately seen that all solutions of the form
6=A4 exp {~—zVwf2a) sin (w —zVef2q) satisfly Eg. (1-9)
There would also be a solution with terms of the form
exp {4+ 2V wf2a) 8in (wt + 2V ef2a), but it would be nhsur:{ to
find temperature variationa incressing in amplitude with
depth. [fthe surface temperature Is represented by a sum of
periodic terma, each of these terms will correzpond to a term
in the solution.

It is seen that temperature variations of a sinusocidal
nature propagate downward while decreasing in ampli-
tude, Fora =001, an average value for rocks, the amplitude
is reduced in the ratio by e = & at a depth Var ', T bein.g
the period in %econds, For =1 day, a depth of .52 cr ia
found, and for 1 yr, the depth iz V365 times largec,’'or 10m,
At the same depth, the wave lags by w, i.e., is in epposition to
the surface voriation, aince the propagation entaila a {?eluy
of a half peried. At twice the stated depth, the amplitude
would be reduced in the ratio {#y)? = rty. This ia camplet;l}f
negligible (ses Fig. 1-3),
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FIGURE 1-8 Temperature profile in a hamogenous soll for a minuscidal
variation of the serface temperature, intleding the zubter.
ranean heat Rux. The 12 curves can represent the monthly
profilea for Lhe annunl variation, or every £ hours fer the diur
nalvariation. The vertical scales aremarked for a = 0.01 cm'/s,

These conclusions are ampiy confirmed by experiment,
We may add that if the surface variations are not sinusoi.
dal, the higher harmenica decresse more rapidiy and the

temperature variation underground tends to becorme sinu-
npidal,

1-14 Stratilied ground

If the ground were cornposed of horizontal Jayers with
different thermal propertics, there would be no difficulty in
calculating the propagation of periodic temperature varia-
tions. For each layer, solutions of the form indicated for
Eq. (1-9) would be valid, without excluding the solutions
exp (+zVw/Za) sin (wt + 2Vef2a). These golutions can be
considered ns reflected waves at the interfaces which propa-
gate upward. For each interface, the te perature and flux



equalities can be written for the twe separate lnyers; each
equality includes the phase and the amplitude for a sinusoi-

dal term with a riven period. The phase amd amplitude for -

the twoe types of sclution can be successively determined at
each interface. The results of these calculations can be
expressed by saying that at the interface crossing, waves
traveling in the same direction have theip amplitude mul-
ti;ﬂied in passing from layer 1 to layer 2 by i+
VKCIEC) and that at the same time, a wave is reflected
'in the opposite direction with an amplitude multiplied by

K1 —V'E R0, Begin with an arbitrary phase and

amplitude from the deepest, indefinite layer in which there
exists only one type of solution, Afterward, determine the
solution in each layer until the surface is reached, where
the phase and amplitude are adjusted to meet Lthe imposed
beundary conditions. The gencral behavior of the solution
stays the same as for a homogenous region, -
Secular variations in temperature, the details of which
are poorly understood, could in principle be described by a
Fourier series, each term of which would ensily allow us tg
caleulate the underground effects. The depth penctration,
that is, the depth at which the amplitude is.reduced in &
specitied ratio, is proportional to the square root of the
period, Considering the distance | = V'2alw, which is of the
wrder of 3m % Vperiod in years and for. which the ampli-
tude is reduced by Vhe ralio e = 2.7, it is interesting to ob-,

serve Lhat the loca] radicnt, which haturally decrepses

with deplh as the temperature variation, has as a surface
maximum one-half the amplitwde of the total variation
divided by 0.74. ' ‘

As an example, for s period of 100,000 ye. {=L1.000m, If
the winplitude of temperature variation was 10°C, the max-
tmum surlace gradient would be 0.007°Cim and ut 1,000 m,
WOChmn, The total nmplitude of the ternpurulure-variatiun
sl the lutter depth would still be 3.7°C. In a geothermal flux
measurement down to 1,000 m, the errer introduced could be
of the order of 1) percent,

The variations can be more rapid and irregular, thua
introduecir t rma with shorter periods. Thia efect will
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eliminated if the lower parts of a drill hele sre used, which
ig also recommended for other reasona.

1-15 Stresses caused by lemperature varialions

If a s0lid body was free from mechanical stresses, it
would dilate a3 the temperature changed. When external
conditions impose a certain temperature distribution on a
body (we shall sce how to calcuiate this), the geometric and
mechanical solidarity of different parts of the body do not
allow it to dilate freecly. A distribution of mechanieal
stresses c¢an result from this, which it iz interesting to
calculate, Of course, these stresses will be added to the
preexisting stresses which we will not take into account
here. ) .

These internal stresses of the body are such as to be in
equilibriun with the zere external forces. They produce on
each volume element an elastic deformation, given by the
classical egquations, which adds to Lthe thermal dilatation. It
is the sum of these two deformations which make up the real
deformation, subject to the geometrie conditions, that they
derive from adisplacement. If we know the temperature dis-
tribution,the mathematical theory of elasticity wilt allow us
tocaleulate the distribution of the thermal stresses and the
-deformation.

Actually, this procedure is not rigorous. Elustic com-
pression releascs heat, and if it takes place guickly, Lthe tem-
perature will rise, Il would be necessary in the case of a
rapid defermation {in particular, in the study of sound

cwaves and especially shock waves) to write the meechanical

and heat eguations together.

Nonetheless, we will be content to take the mpproxi-
mation corresponding to slow changes, where we can by
some means independently determine first the temperature
distribution and then the resulting mechunical stresses,

As o case in point, let us consider the following
problem, A blackbody (such as a satellite) is in thermal equi-
librium with the polar radiation. An eclipse cute oif thia ra-
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diation. How will the temperature change near the satellite
surface which is turned toward the sun? (Wu suppose it is
not rotating.) What mechanical stressos will reault?

We will take € =05, K = 0.005, and thus a = .01, the
average vulue for rocks. Now, as a first approximation, we
will consider that the raliative flux loss is constant and
equal to 4 calfem? -5, We will let the temperature T [*K) be
represented by Ty~ &; thus, 90/ = a F6/0x?, with 8 = 0; at
t=0nnd at x =0 an imposed flux K 3/ax =

Considerations of hamogeneity lead us to try a solution
of the type 6= AvVald(z), withz =xz{Val. The equatian
then becomes 24" +:4' —d =9, Let @ =fr and we obtain
S == (4 + 292z and thua ln f =—|n 20 — 22, Integrating,
we obtain f = e *"fz — V7 [1 — erf (2)], where erf (z2) = {2V'm
L e dy in a function which eften aphears nnd which is
tabuliled in the appendix. Thus, & = fz = ™' — 2/ [1 —
erfiz)land 4’ = —=+/5[1 — erf (2)]. Forx = 0, 3g/32 = -4 V71,
from which we obtain 4 = 2.78.

The surface temperature is given by #=378Val,
which is 3.78°C after 1008, 37.8"Cut 2h 46 min, ete. However,
after several houra we must take the glowing down of the
eooling rate by radintion into aceount.

In the calenlation of mechanical stresses, the pressure
on the free surface is, and remains, zerg, But g tension par-
allel to the surface appears which corresponds be an elastic
elongation, equal and oppesite to the free thermal dilata-
tion. :

We shall take for the cxpansion cocificient the mean
value for quartz, that is, § = 0.1 X 10-Y, und elastic coeff-
cients A = p = 25 x 10™ dynfem?. Now we need to write an
cquation econtaining the three clasticity equations: a, =
Mey + en + &) + 2uey, Letting oy =0, oy = Uy And g, =
¢ =88, we solve the equations and obtain the result
T2z = raa = {4 — PR, which is 4 stress of 11.44 bars pt the
end of 100 s, 114.4 bars at 2 h 46 min, ete. It remsains to be
seen whether these tensions, which can be repeated a
number of times, can cause a surface fragmentation of the
body.

g

CHAPTER TWOQ
heat flow

All the considerations of Chap. 1 could apply to an
earth with a thermally inert interior. Such ianot the case, al-
though the perturbalion of surface tempuerature by subler-
ranenan heat is negligible. This is easily demonstrated by
cnnsiduriﬁg the schematic model of a spherieal blackbody
which is in thermal equilibrium with the sun's radiation. We
found, in Sec. 1.9, that such u body reaches a temperature of
2AGK, If we modify thia model by supposing an internal
heat flux equal to the average pgeothermal fiux {i.::.,
1.2 pealfem?® - ), Stephan's lnw immediately yields AW =
4AT{T; the mean power dissipatien for the whole surlice
of the earth being § ® J5 calfem? - a, it s increased b:,r hf_-at
Aow by 1.44 x 10-% which gives s temperature variation
AT = 280°K » (1.44 x 10-+4) = 0.01°K, _

Even thouph this blackbody madel is erude in compar:-
ach to the complexity of the external thermal aystem, we
should remember that internal thermal activity eannot
raise the surface teinperature of the earth more than about
a hundredth of a degree. This, of course, disregnrds unuaunl
paints such as next to volcanoes or active thermal sources,

This comparison emphasizes the fact that surface
enhergy exchanges, where mobile fluide interact, are infi-
nitely more intense than those in the earth's interior.

2-1 Tha maasurgmont of haat 1low

It has long been ILEali:.ed that once & depth of 10 m isex-
ceeded (the ¢ffective limit of annual temperature perturba-
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tipns), there is a steady increase in {emperature on the
order of 1°C for ench 30 or 40 m. Sometimes, to designate this
distance, the improper expression "geothermal degree” or
“geothermal step” is used. This temperature increase with
depth had been observed in minesin the seventeenth centu-
ry and was attested to by Boyle in 1671 and Gen®anne in
1740, altheugh the temperalitre measuremints were dif-
ficult to perform then, Arago was interested in this phenom-
cnion in 1852, but it was not until 1868, under the influence of
Lord Kelvin (then Willinm Thomsen), that a committee of
the British Associalion systematically collected data on the.
thermal gradient and the thermal conductivity values for

various rocks. Although these two types of measurements

were not earried out in he same places, it was deducedthat
the avernge heat flux transmitted by eonduction to the
earth’s surface was 1.3 geallem? - 8, an crder of magnitude
which hus subgrquently been confirmed.

Tn 1935, a new committee under the zame pssocintion
hiad Henficld and Bullard perform the measurements. Ther-
mal profiles were measured in boreholes, and samples fram
the holes were used to determine the thermal conductivity.
Fropt that time on, it has been usunl to present o graph with
the measured temperature as the abscissa and the thermal
resistance, | dzfK, us the ordinate. Such a plot usually
produces a straight line. It thus appears that the heat low
is approximsately consiant in a mine thaft or boring, even if
the shall crossesquite different rock layers. The geotharmal
degree {or gradient) is much more variable.

1t wnas glse dempnstrated that for the first 1,000 m (in
which most of Lhe measurements were perfarmed}, & correc-
tion factor to lnke account of the earth’s cooling during
glacial periods wuuld be on the urifer of 10 percent. This
number is impossible to culenlate accurately theough,
brenuse we would need Lo know the detailed thermal history
of Lhe enrth's surface. This ¢fTect tends to make us underes-
timate the heat low. '

Arcund 1944, Bullard made the first geothermal flux
measurements in the ocean. 1t was expected that the heat
Aow therc would be much lower than that existing on the
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continents, but this was not the case and a complete new
view of models explaining the relationship between the
oceans and the continents had te be taken, Taking advan-
tagre of the fact that the buttom of the ocean 15 penerally at
a constant temperature near 0°C, probes were dropped into
the ocean bed. Thuse probes were 2 or 3m in length and
hud electrical devices at three points to measure the tem-
perature. In the head of the probe was a recorder, and the
measurements were delayeid Tor the longest time possible
{at a minimum, } hour). During the recording of the temper-
ature by the three thermometers, first the temperature ol
the seawater was seen {(which sllowed the thermometers'

" mutual calibration to be checked), then a warming due to

friction ns the prube penetrated the sea floor, and finally &
restoralion period during which thermal equilibrium was
approached at an exponential rate. it was necessary Lo
allow for a long encugh time to elapse to extrapolale the
rate of this curve and determine the equilibrium tempera-
ture of the sceanie sediment, If a sample of the veean bed
was obtained, then the thermal conductivity ceuld be deter-
mined with a needle probe or deduced from the water con-
tent of the sediment by an empirical formula.

Ewing improved Bullard's apparatus by placing the
tempernture sensors on lateral fins fixed to the probe,
which greatly aceelerated the return to thermal equilibri-
um. '

Admittedly, it is diffienlt to know if the probe is planted
vertically in the sediment if the probe i3 not equipped with
an inclinemeter, and thiz ean lead to an undereatimate of
the flux if the probe is incline:d,

Thousands of measurements have been takon in the
geenn with a |:-ré<:isi:m which daes not exceed 10 pereoit.
These measurements have provided the same average heat.
flow volue aa for the continents (L2 pealfem?® - 4), but with
significant repgional variations te which we will later return.

Further continental heat-Aow measurements were per-
formed later; under.the auspices of the International Union
of Geadesy and Geophysics in 1063, measurements were
made in many countries, including France. Drill holes which



26

GEOTHT 8

originally had served other purposes were used, Obtaining
rock samples of the roek strata traversed was not too dif-
fieult to nchieve, but drilling operations dissipated energy
and heated up the surrounding area, In addition, the
cireulation of mud completely modified temmperature distri-
butions. Thiz allows use of thermal mesasurement to ab.
stract some information for various econditions. For in-
stance, the depth of permeable layers frem which water can
penotrate inte the shaft will be clearly indicate:d on a
profile measured some time after the temperature has been
equalized by cocling mud in the drilt hele. Another applica-
tisn is to determine the height of & cement collar which iz
being placed around the casing by cbserving the heat
released in the cement’s aolidification,

To obtain the thermal profile of the surrounding
ground, it 15 necessary Lo leave the hole wlone for o suf-
ficient amount of time. The ideal situation would be to wait
for a time equal to the actual drilling operation. Qtherwise,
measurements of the thermal profile can be taken ot inter-
vals of & few days, and from this the temperature evolution
can be extrapolated.

The first meaaurements were made by lowering a max-
imum thermometer or, even betier, a nougraduated thep-
mometer whose shaft was cut aoblinuely., The mercury
flowed out, and by heating the thermometer in the labora-
tory agnin, the maximmum temperature could be caleulated,
These thermometers were placed in containers to protect
them freom the pressure,

Teday, we prefer to do electrival measurements with g
thermistor the resistance of which varies preatly with the
tempernture, but which must be specially calibrated. An

elepant technigue consists of regulating the frequency of °

an ascillating ¢irecit by means of & thermistor, where the
entire vircuit is at the bottom of the drill hole, protected
from the pressure. It is this oscillator which is standerd-

" ized and the connecting cable has no influence on the

measurcd frequency. With such a system, a precision of
0.01°C can be renlized. However, this precision is perhaps il-

Ir oW

lusory because it representz the temperature of the cooling
mud, not the surrounding roek.

In New Zealand, for drilling operations which were at
too high a temperature to allew reliable electrical measure.
ment, an instrument was used which was inspired by the
bathythermegraph of nceanographers. Thia is a thin bime-
tallic strip which bends with temperature and which moves
a needle which leaves a trace on a smoked-plass plate, The
plate i3 connected Lo a ratehet device which advenees the
plate with each shock given to the cable which lowered the
apparatus. The bimetallic strip and associnted elements are
standardized in the laboratory at the same pressure as in
the drill hole, )

The most notable cause of error is certainly due to
aquifera that the drill hule penetrates. These layers are gen-
erally not in equilibrium with one another and give rise
to s circulation alang the hole, If there is a casing, such
flowa can eireulate arcund it. To detect such errors, it is in-
dispensable to measure a continitous profile or at least to
take a large number of measurements, However, if such
circulations are present, it is doubtful that their effect can
be eliminated solely by calculaution. The ideal situation
would be to tuke the measurements in an impermeable hos
megenous layer, Too often though, we only have borings in
sedimentary areas or near mineral deposits where there
are frequently complex structures. Few authors have the
courapge to roject, as deoubtful, measurements which
requircd much time, money, and effort to obtain. Published
heat-flow values undoubtedly include many deubtful mea-
surements which are dificult to recognize,’

Nevertheleas, large areas still Lack any measurements
and it would be completely illusory to seek overall patterns
of heat-Aow distribution an a worldwide scale, We will sim-
ply note that the heat flow appenrs low on ancient ghields
{approximately 1 gealfemn? - 8) and n little higher in recent

1Bee Willam 1L K. Law {vd ), "Terrestrial Heal Flow,” 276 puges, no. 0. Geophyaical
Monogeaph Series, Amarlean Grophysits Unbon, 1985; alsa Geethurmad Praklemy, Tec-
tanaphyuirs, val. 10, non, 1-1, Septlambar 1870,
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tectonic zones. Ih the ocean, there are pood indientions of
higher values slongr and near rifts on the mideceanie Tidgres
(up Lo B or 10 pealfem? - s}, On the voleanic island ares of the
P'ucifie, low values (whout 1) are-found at the sutside of the
arer und high values (about 2} on the inside, Any struzetural

model of island ares will have to take these variatiena in

heat fiew into account. . .

Of ceurse, in the regions near active vuleances, and to g
lesper degree nenr thermal aourees, all kinda of valucs Tor
the beal flow can be fountd, even very Ligh ones. However, it
i3 clear that these active voleanie regivns cantribute only a
negligible amount to heat flew on a wlobal scale. The heat
radiated amid transferred by conveetian over the lava luke
which oecupiea the erater of Nyiraponpo is estimuted nt
anbaut 1 million kW, it is cnsy Lo ealeulate thnt this power in
equal to the averpge heat flow (L2 gealfern? - W) over the BLIP.
face of a cirele with a diameler of 160 ki, which is rodsy Lthe
surface of the varth, It is likely there ure no more than une
or two voleunhuwus having such permanent uctivity of this
type at this time; out of about 600 known volennoes, the ma-
Jority hiave only intermittent nctivity and are much lesa [n-
tense than the lava lake ul Nyiragongo. For Japan, the
energy dissipated annually for all velennoes has been ps-
timated as an averuge of 7.3 x 10M erpsfyr which i3
2.0 % WP EW, twice the value for Nyirugronigo. That is one-
tenlh the normal hieat Qow for all Japan, ad hot ground and
thermal sources bring a surfuce flux of about the same mpg-
nitude.' But, by all evidence, Japan is not representative
ense. Thus, it is clear that the mujor purtion of the heat
which eseapes from the earth’s interior is due to the norun]
hent flaw. The additional heat supplied Ly voleanic zones is
much smaller, on the order of rlgp or rday. A precise figurg
is very diflicult to give. What was the flux like during the
time of formation of large basaltic platesus (Decean, Si-
beris, South America, Ethiopis, ete), where the surface cay-

-

"Ware Yyuhere, Hest Tranafer Messurements in thhlrnll Arsa, Tectamophyries,
vol. 16, pp. 16-30, 1975
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ered with lavas may have approached millions of square kil-
ometers? We do not know the durations of such onlpourings
and thus an estimate of Lthe heat luss is difficull. Observe
that the cosling of 1 miltion km? of hasalt from 00K repre-
sentd w4 henl Joss on the order of L5 X 10 cal, This corre-
sponds (o the nermal heat flow for the whele world for a
period of 2600 yr. IT the release of the basalt had lusted fora
much lenger time, the heat loss would still be smal! in com-
parison with the total normal heat flow.

It is eusy to culentule Lhat the taly] powerdiasiputed by
the normal heat flow is equivalent Lo 2.55 X 0¥ kW, Of
course this is much !ess than the energy brought to the
earth by solar radiation (1.7 » 10" kW), but most of the solar
energy is either reflected ur immedintely reemitied.

We will see in Chap. 8 that the heat tlow reprosents
much more power thun is dissiputed by other manifesta-
tions of inlernal activity auch as tectonic deformations or
carthquakes. Alsu, note that the enerpy dlssnpated Ly tidal
actions, which is taken from the kinetic energy of rotution of
the ecarth and moon, is reughly estimated at 3 x 10°kW,
which i3 approximately one-tenth of the geothermnl Aux,

2-2 Structural influences on thy haat-NMow d]ﬁl:r':butinn

We have implicitly assumed thal Lhe surrcundings are
homegenous in our descriptions of measurement methods,
and that heat can be considered to Mlow vertically, Thix is not
necessarily so, and the lack of knowledge about loea! condi-
tions cun ledd to errors. If different thermally conducting
layers are joined verlically, 1t is the thermal gradients
which are equal while the Ipcal fluxes are different, The
regional Aux, significant in scbterranenn repions, iy a
weighted average of the Iocal fluxes, On Lhe ather hand, for
horizontal luyers with diiTerent thermal conductivities, the
flux is the Bnine and the thermal groadients wre different, For
other more compliceted arrangements, aeither the Nux nor
the gradiont ls uniform, or even vertical. It i3 parhaps

g
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the method of the eloetrieat analegs which would most easi-
ly permit us lo determine the temperature distribution
{analag of the polential) of o eomplex structure.

Assuming a homogenous, horizontal, transpgreszive ter
rain covering o complex structure with different rock units
Joined glong vertical surfaces, the value of the pradient and
the flux {n the covering material furnishes an indication of
the underlying rock distribution, since both thermal tjuanti-
tivs are greater above highly conducting rocks, Theoreti-
cally. this would provide a prospecting methsd were it not so
difficult to moake precise measurements of the thermal
gradient. .

For a vertieal lux, it is ulso necessary that the surface
temperature be uniferm. A borehele that was sunk at Reso-
lute Bay, in the northern Canadian Archipelagn, wan
measiired forils thermal profile {in (his case, the freezing of
water aropunil the mensurement cable avoided the pisk of
perturbations caused by water circutation), and it appenred
that there was an abnormally high flux. But in fact the site
was next to the ocean, and if the average land-surface tem-
perature was of the order of —20°C, and the temperature at
the buttom of the vcean stayved constant at about 0°C, then
in this ease, the lux was certuinly not vertical,

To study this case’s behavier, we will schematize the
situation by suppoesing that nt the surface there were fwo
temperatures dilfering by A8 on eilher side of a Lnear
boundary. Assuming that at great depths the fiux has g
given constant value, determine the tempersture distribu-
tion, '

We will toke advantage of the fact that, since the heat
equation islinear, a sum of individual sulutions 1o the equa-
tion will also sulve the equation. We will first consider the
situation where the temperature at the surface (z = 0) is
A8{2 for z > 0 and —AM2 for x < 0, the thermal Bux can-
celing at great distanees. 1t is immedintely scen that the
solution for which the isotherms are planes passing through
the axis r = 0, making an angle A with the verticel such
that §,/a0 = A/wm, satisfies the given conditions. The unit

' NEAT

flux, perpendicular to the izothermal planes, has a value
K Affnar, where r i3 the distance from the axis r = 0.

We will also take inte account another part of the solu-
tion corresponding to a uniform Aux whose value & is deter-
mined with the condition that the surface temperature
equals zero (#; = 0); isotherms are then given by z = Ko, /5,

Inadding these twosolutions, we will find for 6 = 8, + 6,
a distribution which satisafies the equation @ = A8 Afr + Fz/K
{ace Fig, 2-1 indicating the shape of the isathermas), 1t iz seen
that up to a distance ! = K 48/Fw, the geean gives up heat to
the bottom, the flux being locally inverted. It is only fur-
ther from the ghoreline that the Mux has its normal direc-
tion, the value being F{1 — ifx}). On land, the flux F(1 + {/z)
locally (tor small values of =) takes values which can be
qutte high., .

From the preceding solution, we can immediately draw
the selution for a large limited area such as 3 lake, where
there is & temperature difference AR between the area in
question and the rest of the surface {in France, the bottom
of a lake can be at 4°C while the surface is at 11°C). It is auf-
ficient to add the solutions above for the twuo limits; in the
absence of a subterranean flux, the isotherms would be
tircles; in its presence, the isctherms have shapea such aa
those indicated in Fig. 2-2.-

2-3 Temp#ralure in 3 tunnel

A problem frequently studied because of the interest in
estimating the initial temperatures of rock strata which are
cut by a tunnel concerns 0 mountain with avernge groutd
temperatures decreasing at o rate in the neighborhood of
IGO0 m. As usual the lux has its normal value at large
distances; the temperature distribution is wanted. Only ap-
proximate solutions can be found, taking the shape of the
mountain more or less exactly into account nnd painfully cs-
timating the rock distributions, with different conductivi-
ties, often anisotropie. (The high temperatures encountered

21
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FIGUKE 2-1 Temperulare distribution uder s reclilinear bank elong
wliich Lhe nvarape surfoce Leanperature suflers & disconling-
ity. The graph is appliveble by 2 reale choice te ol valuey of
the discontinuity and W geothermal ffue (The acale can be
Axed by imwans of the point where Lhe flox is 2ers, corce-
epanding Lo an isellwerm, the abaclsnn of which a given in the
texl whirlh reachen the surfure perpendicalarly.}

in the Simplon tunnel were interpreted in retrospect as
being due to the foct that thoe schislbosity of the gneiss wos
horizental while the Gothard tunnel™s schistosity was ver-
ticald [t van be uselul to consider the desired solution gs
compured of the superposition of the nermal thermal gra-
dient, such as would be the cuse if the earth were horizontal,
with inidefinite wpwurd extension and & correcticn term
which must satisfy the heat equaticn and the imposed sur.

FIGURE 2-2 Temperature distribulion under & lake compared ta & paraliel
band where the gverage Lempetalure is ieas than that of the
surrounling surface. To the lefi: case where the average su-
perficial temperalure dilference corresponds to the vulue of
the thermel gradient for a depth of 0.2 timea the breadth of
the lake. Tothe right: for & case where Lhe depth i equal 1o G.8
limes Lhe breadih of the lake,

face temperatures, corresponding to a zero fux at infinity.
Also, the solution must be zero an a plane surface outside
the mueuntain wnd equal o the difference belween the im-
posed surlace temperature nnd the temperature rosulting
from the extrapolation of the thermal gradient to the moun-
tain's surfare, -

Among the methods which we enn consider, let us poy
particular attention to electrical wnnlogs. If we have o
mold in the form of & mountain filled with a conducting Nuid
and if we establish voltage potentials along curves of equal
level, we can determine the form of the volume equipoten-

“tinds (ur aleng the projected tunnel route) and thereby

deduce the correction for surrcunding topography.

2-4 EHects of erosion or sedimantalion

Another perturbation can result if the surface temper-
ature remains conatant but there is erosion or deposition of
sediment, which we will suppose to bu of the aame material
as the substratum, Toe study this type of problem, a moving
coordinate system is sometimes used whose origin remaina
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&t the surface while the surface moves with a velocity w.
Thisrequires that we replace o0fat by (38/ 8t —u affdr), v A dx
Leing Lhe apparent temperature inervase at a depth x,
caused by the movement of the origin, and not corre-
apondingt to any actual heating. The heat equation then
becomes '
_ . ;

G(%'Itaﬂ;)_ :—;i ar ‘:—fEE%r?i_‘_u% {2-1)
where u is positive in the case of eresion and negative for
sedimentation, the axis being directed downward,

This equaticn allows us to solve the following problem:
if orosion continues at & eonstant spesd in a steady-atite
syatem, what would the temperature, which is assumed uni-
form. be at great depths underground in order that we ob-
sarve the given surface gradient? The desired scolution,
which is ngsumed constant in a moving ceordinate frame, is
immediately found: .

g =A[_1 _a-ltlﬂ} ﬂ-nd (iﬂ—) =A“fn
a

ax
If we imagine an crosion of 1 mm{yr with a = 0.01, the super-
ficia! gradient is 1°C/30 m which would correspond to a tem-
purature ot great depths of 450°C. However, the equivalent
case for & uniform sedimentation cannot be visualized. The
preeeding problem is not realistic because we know that the
temperature is not upiform undergreund and the erosion
could not have followad its course indefinitely in the past
(the solutien of this problem would be drastically chanped if
the erosion had not been uniferm at least for 50 or 100
million yr) At least, it givesus anideaof the degree to whirh
ervsion of long duration can disturb the thermal system.
This reasoning ecannot be applied if we look for a steady-
stite solution {in a moving evordinate syatem) given a condi-
tion satisfied at a great distance such as & noenzerd flux or
gradient, because the temperature variation of the entire
hulf space would absorb an unlimited amecunt of heat flux,
A realistic way of treating the prablem would be, given '
the steady-state solution corresponding to a given Alux at a
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great depth, to consider erosien or sedimentation proceed-
Ing at r given rate during a limited time span and to lock for
the resulting perturbation of the thermal profile,

There are no analytically simple solutiens in general,
but if we consider erosion which goes as the square root of
the time, z, =pV7? {(z would be negative in the case of
sedimentation), the sclution

4

§=mz —AVid (_V,—i_‘—ﬁ‘) | (2-2}

Wwith dXz) =™ — 2%/ erfc {z), satisfies the heat equation for

fixed axes und satiafies the condition #=0 for x =pV7 if

A = mp{Pz,) with 2z, = p/Via,

) From these conditions, we get the value for the gra-
ient:

i
o [1 + Ve, erfe (—ﬁﬁ)fmfz,}} (2-3)

ar

Observe that at the surface, the gradient is a constant. If
2o = p/V 4o 13 amall, which will generally be the case (for an
erasion of 1,000 m in ! million yr, which is 1 m in the first
year, z; = 0.083), we can use the spproximation {#f/ar)z, =
mil + Vrz,— 2,0

From these results, we immediately deduce that in the
case where crosion progreases unifermly, the grodient will
constantly increase. Alsp, this pradient will be greater than
the pradient for the sume erosion in the same time following
a law going a3 the V1 and less than one for the anme erosion
in half the time following a law going as the Vi {which wil]
finally lead to the same instantancous veloeity). This auf- °
flees to furnish an erder of magnitude. :

We could also do an approximete ealeulation by suppoa-
ing that the erosion gecurs inatantaneously, [t is ¢asy Lo see »
that the termperature profile correaponding to a progressive
evosion falls between the results of an instantanecua
erosion at the beginning and at the end,

Iftheintiol gradientisgiven by 8 =mzandifntt=0a
thickness { of ground is removed and the new surface is
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brourht to the initinl temperature, taken as 0°C, the temper-
‘ature is then given by

x

@ = nx + w{ orf (m) {2-4}
The surface gradient is m{l + i{Vwat). This formula shows
that 1 yr after the remeval of I mm of ground the gradient is
only raised by 1 part in 10,000. But 1 million yr after the
erosion of 1 km, the gradient is ipercased by 10 percent
(these values are lower but in approximately the same ratio
a8 would ke produced by continuous crosien in the same
time span}. :

Sometimes in place of these erosion ur sedimentation
prolblems, a more eomplicated problem i3 eonsidered, in
which we are given the temperatore distribution as a fune-
tion of depth (for vxample, 8 =ax + T (1 —¢*7), and the
grounds’ conlenis of radioactive elementa deecreasing ex-
ponentinlly a3 s function of depth, and we must find a
steady-state solutjun 88 8 function of the rate of eresion.t
Rut it beeomes very difficelt to distinguish between the
desired physical phanomenn and the conaequences of partic-
ulur chuices of the purumeters Ty, g, and b, which character-
ize the given temperature profile.

2-5 Elfzct of radioactivily

Until now, we hinve iznored the influence of the radio-
activity of roeks, which results in & heat production which
can reach 20 = 10 *calfig - ¥r for certain granites {(see Chap.
£}, Coenerally it is nineh smaller for sedimentary rocks, of the
order of 2 x 10 %enlfp ' yr.

Cunsidering the complete heat equation,

ad _ . fo'9  #8  a9
CE‘“(?E*.;NH-)*T (2-5)

113 B, Cacalaw and J.C. Juegar, "Conduction of Hanl in Sollde™ p, 388, Oxford Univer-
sily Frean, 1950,
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we can look for aclutions of the form # = &, + &, where 8, i8
the solution to Eq, (2-5) without the teem v, and &, is a solu-
tion to the equation 0 = KV 4+ + with the boundary condi-
tions 8; = 0 and gr_ut_l-ﬂ; ={, al the surfce, If & 15 only a Fune-
tion of z and r ia constant, then we have 0 = K{(FHLf0:T) + r,
which leads to & =—rzY2K. If r=l6x10"" or
1.6 = 107" calfem?® - 5 and if z is expressed in kilometers, we
determine for the coeflfcient rf2K the values of 1.7 and
0.17°Cfkm?. ,

It would be casy, if this were thue case, to apply this cor-
rection to the subterranean tempueraturea caleulated from
surface vbaerevations and, in particular, from the measured
valuesof the gradient at the surface. It is clear that for sedi-
mentary rocks, ns well as for the metamorphie rocks which
are derived from them, we can neglect the effect of radioac-
tivity over the several kilometers where we will study the
behavior of subterranesn waters. The anme is true for inter-
mediate or basie eruptive rocks, whieh have radicactivities
of the same order as above or less.

1t iz ouly fer granites which are particularly radioae-
tive that the correction term becomes more hnportant ancd
cannoet be ignored in the temperature sbudy of a deep tun-
nel. There are reasons, however, to believe that only the
most external parts of certain intrusive bodies have signifi-
eant radioactivity. We have shown that the correction factor
is negative when the surface gradient is known, since the
temperature is ne longer simply propartional to the depth,
But this does not alter the faet that if tho average heat flux
nt various depths ia given, & mussive, very radicactive
granitic rock will be warmer than its surroundings ang will
produce a larger auperficial gradient.
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CHAPTER THREE

influences of groundwater

As long o8 the water which aoaks all recks remaing im-
mobile, the waler's enly effect is modifying the values of the
heat capacity and thermal conductivity. 1t can only be
hoped that the measurements of these values has been done
with samples saturated with water in the same conditions
ps would cecurin nature. For the thermal conductivity, this
ia not olways the case.

{f water moves in the grounid, we ean characterize its
displacement by the unitaryflow vector. This veclor is
represented by o, the flux of which across any surface ele-
ment is equal to the mass of water that crosses the surlace
per unit time. We assume that this water immediately
reaches thermal equilibrium with the rock that it pene.
trates. The rock gives up to the water a gquantity of heat
which is equal to the product of u times the specific heat of
water O, times the component of the thermal gradient in
the direction of u. In practice, C, can often be set equa! to
unity. The heat equation thus hecomes

C % = KA~ (u- grad 8 (3-1)

It is nlzo known that the unitary-flaw vector of the fluid is
connected with its pressure by Darcy’s equation:

u= % grad (P + Syz2) (3-2)
where £ is the fluid pressure and dy its speciflle gravity at

the point under consideration, o is normaliy, i.e.. in an sniso-
tropic by, a tensor but ¢an degenerate into a scalar coeffi-

- ——rrra s
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cient of permeability if the rock is isotropic. x is the coeffi-
tient of the viscosity of water; it varies drastically with the
temperature, )

It is sometimes necessary 1o take inte aceount the vari-
ations of the specific gravity of water with temperature:
these variations are essential factors in water displace-
ments by conveclive currents. We could try to write a sys-
tem of unitary equations to describe what have been ralled
hydrothermal phenomena, The difficulty stems from the
fact that there is no simple !ew ta deseribe the variatjons of
the viscosity of watler with temperature.

The heat equation written in Eq. (3-1) can be applied
without any preat modifications to the case of water
¢irealating in a permeable layer of negligible width (such as
8 fissure)orin alinear channel. The cireulation manifests it-
self by the eppearance of heat sources, superficial or linear,
whaose value is given by the scalar product of the thermal’
gradient times the flow (but this will not be the unitary Aow,
but rather the fiow per unit width in a lincar surface circula-
tion),

As acase in point, and to fix the orders of magnitude,
we shall examine the influence on the thermai gradient
which would be produced by the absarption of rainwater by
the ground. We suppose that rainwater filters in freely fraom
the surfuce to a phrestic level situsted at a depth 4 boneath
which the ground is saturated with water. If we allow &
rainwater collection of 3} cmfyr, which is not at all e¢xces-
sive, we find that = 102 z/s. Supposing s uniform gradient
of 3°C/100 m, it is found that 6/ = —¢§ x 10-%*Cfs, which is
about 0.02°Clyr.

Under the same conditions, let us suppose the phreatic
surface is at a depth A =100 m, and suppose that at this
depth the temperature is eenstant (this could be because the
sheet of water circulates horizontally and the region where
rainwateris absorbed is of 2 limited area). 1t is easy to find
the steady-state profile for this model, which will be of the
ferm

8= Ale*™= — 1) ) (3-3)
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which in this case gives 0 = 1.75(¢"""* — 1}, The change from
the initial linear temperature profile is 0.37°C at middepth,
and the gradients are 1°C/57 m at the surfice and 1"C/21 m
at the basce of the perturbed layer. Comparison with the pre-
ceding result sugprests that a steady state would essentially
be attained in several tens of years,

The impurtance of this rainwater perturbation would
compietely invalidate all Mux measurements conducted at a
depth susceplible to the water's infiltration. There would
also be ather reasens for avoiding this particular range of
depths, which could be the site of air circulalion and of the
condensation or evaporation of vapor. Subterranean seep-
age from lakes or rivers could have an even more pro-
nounced thermal effect. Measurements of thermal gradient
coulid be desipgned to show these eflects.

In areas of karst topogrraphy, where underground
caves can have substantial heights, it i3 impossible to
measure the thermal grucdient. The temperaturethere is es-
sentinlly uniform, and this can be interpreted as the effect
of weak air eurrents which guarantee an cfficient transport
of heat Ly convection.

A number of heat-Mlow measurementa have been per-
formed in mincs. These mines always constitute water
drains and strongly pertiurb subterranean water systems.
We can only hope that gradients measured.in mines have
not been too strongly perturbed by asuch influences.

3-1 Conveclive movemanls

In s puraly conductive systemn, the stendy-state tem.
pecalure distribution is stable, Thiz means that if auch a
system is loeally perturbed, the perturbation will dilfuse,
spread, attenuate, and fnally dizappear on o time scale
which is simple te caleulate. The ateady-state distribution
satisfies the heut equation, and the saame equation must be
satisficd by the perturbation, It is easily verified thot the

4!

T ——— A em e 4w

-—

4

P

r

GEOTHERMICS

expresaion

ﬂ == [471"'1{}"” E_I:’*r"”"ll'lﬂ'l' {3_4}

is a solution to the heat equation and that jts integral ex-
tended over all space is equal to unity. For ¢ = 0, the eXprea-
sion is zero evervwhere except at the origin, Thus, this rep-
resents the manner in which a heat contribution released
instantaneously at the oripin difTuses, Equation (3-4) can
als0 be used te estimate the rate at which the maximum
temperature of an extensive perturbation decreases. This
process can be churacterized by the radius at which the
maximum temperature is one-half its initia) value, and
leads us to represent this maximum temperature in Eq.(3-4)
by taking f, such that p'fdat, =In (2.0) = 0.G7, which givea
te = p*f2.08a. Thus, the relative rate of decrease of tempera-
ture at the center of the aystem by conduction is

an}at L S P
B i e (3-5)

On the other hand, if we take into arceunt the presence of
waterin n porous soil, things can evolve in a different way,
We shall study the conditions urnder which cotivection eur-
rents can develop; they can cause irregularities in the tem-
perature distribution to inerease.

Let us first consider the efect of proundwater mave-
ment on the trunsport of heal. The ]:urméability of s¢il can
be expressed either in practical units, grams per srpuare cen-
timeters for o rradient of 1 em of water per cm, or in darcys
o, the proctical unit being 10f5 darcys, whers n iy the viscosi-
ty. .
A temperature perturbation @ of the system with re-
spect to the unperturbed system having a thermal gradient
m praduces a variation of the speecific ravity of water given
by hisg B, where A is the coeflicient of expansion and &y the
specific gravity. This results in an cqual variation of the
pressure gradient with respect to the unperturbed system,
AB & result, a certain amount of water is raised and light.
ened because of its heating {or the inverse), with o flow
¢ = 10oragéfn. The upward motion of the water produces
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a heating of the surrounding rock at a rute given by C 06/
= mq = 10muviigdfn, which leads toa relative rate of change
of

10
g a&

= lhmoie /O {(3-6)
It sulfices to compare this rate of change caused by the dis.
placement of water hy convection with the rate of change
ealculated earlier {Eq, (3-5)] for the attenuation by condue-
tive diffusivn and tn sce if the perturbations attenuate and
disuppear, indicating stabilily uf the thermal aystem, or, in
contrast, grow (and if they grow at what rate). The latter
case would sugrrest the possibility of establishingeonvection
currents. We wilt lovk for an omier of mugnitude snly, and it
would be uscless to uttempt to describe the convective cella
completely. We suppose that other opposing perturbations
exist next to the phenomena which we nre studying se that
the cireulation ean oeeur in closed loops.

The value which we found for the relative rate of
change of the perturbation by convection can be applied Lo
the maximum temperature. To take account of the fact that
within the rudivs p the temperature difference can vary be-

tween the muximum value and one-half that mazimum, we’

will reduce the rate of change found for Eq. (3-6} by a factor
of §. We can thus estimate the relutive rate of change:
o

% == T.5morigiCn — dafp* = 0 3-7
This expression must be positive if convection ia to be poasi-
ble.

It is immedintely sccn that convection will occur much
more readily na the thermal perturbation is enfarged. Tt will
be found for euch dimension that there isa limiting value of
the permeability . Convection is aided by a high gradient
p. Convection depends especially on the coefficient af expun-
sion A and the kinematic viscosity n/@. both of which vary
strongly with temperature. A, which is 0 at 4°C, increases
continunusty with the temperature unti] the critical point ia
reached and has little variation with pressure, The viscosity

43 ' L4 GEOTHERMICE

i war e — s —

[ —

LT L o o

decreases greatly as the temperature increases, varying in
the ratio of 10:1 between 0 and 100°C, and centinues to
decrease up to the eritical point. The conjupate variation of
Lthese two factors mukes econvection mueh stronpger when the
temperature increases.

Table 3-1 indicates the limiting values of the permeabil-
ity o (for u gradient m = 1°C{30 m), in darcys, above which
convection is possible according to Eq. (3-7). For a steeper
pradient, these values waould be reduced in the ratio gz m.

To provide an idea of the sizes of the above permaonbil-
ity values, for sand of unifoerm grain size of 0.1 mm, which
would constitute an exceptionally permeable rack, we have
o= 1.3 x 10-%. However, it is rare that such a permeability is
found over a substantial thickness, and we are often con-
cerned with much smaller values, On the other hand, the
aforementioned criterion ¢orresponds te a limit for which
the rate of development of convection eells would be infi-
nitely small,

Even if in Eq, (3-7), which gives the rate of increase of
the thermal perturbation, the firat term greatly excceded
the second and, for instance, had twiee its valua, the temper-
ature perturbation will enly double in 53 yr for p= 100m, -

210 ¥r for p=200m, 1.320 yr for p =500 m, and 5,300 yr for

p = 1,000 m. Unless the permeability is much greater than
the limits previously indicated, this increase in thermal per-
turbation is extremely slow.

The conclusion which we can draw seems to be that at
tha temperatures which oceur at moderate depths there is
practically no chance for convection te piay a role in a

Table 3.1

Limiting valves of 1he permesbilily in darcys {for m = 14953 m)

[} BI°C 100G 160°C 200%C

ap= 1Hlm .-"2 x 104 3.75 = 10°F 1.66 = 107 23 x 10"
p= 20m 3 x=i0" 8.4 w107 4.15 = 10" 242 X 107
p= B0m 48 x 10" L6 = 10" 8,65 » 10 a.7 = i1g"
p=1000m }.2 =10 B3.76 = 107 1.66 = 1o .3 x 10~
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homogenous permeable region, On the contrary, al the
high temperatures often reached in repgions with a high
thermat gradient, it becomes much more likely that the per-
meability may be bigh enough in a sufficiently extended vol-
uime to permit convection to become eslablished. In the im-
mediate vicinity of the eritieal puint, convection becomes
much easier, and we can consider that it has o good chahee
of heing established when the surrounding rock is perme-
able over a certain aren,

We will see in the following chapter that as soen as the
vapor phase intervenes, convection i3 practically Icertnin.

3.2 A case of Intensive circulation

Numerous thermal! sources (i.e. sources at a signifi-
cantly higher temperature than the local averape) are
known. They may rise with considerable flows through con-
duils, and it is enly in superficial loose soil that they dis-
perse in multiple water filuments. This is proven when one
attempts to collect the water. There are many reasons 1o
believe that these are waters which rose from underground
as o concentriated current by a direet route or by menns af
a fissure, faull, karstic duet, ete. We will show, with some
schematic models, that in such cases the internal walls
warm up quickly, over a certain distanee, and that af-
terward the hoat loss experienced by the water in its

upword motion becomes negligible. )
Descending circulations of celder waters occur under

250G Jo0tC 350mL

£3 = 10" 1.86 = 1" LE ® 10t
1.0 = T 465 = 16" 14 x 10
nIZ = P S 224w 1D ™
3. x 107w LEE X IR*  B& xWOTM
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exactly the same conditions, but they are fur less likely to be
nbserved. Certain observations mde in tunnels can be
noted, however, For example, at Mont Blane t1talian side)
the rock temperature, initially near 30°C, progressive '
ducrl'eusutl as the tunnel wivanced, for some tens of n.]'ut,.p--::‘r
until a fissure in which cold waler was circulating “-:ﬂ-
I‘E:ll:'h{fd. Thfe water naturally flowed inte the gallery bﬁ: *
there is n?hvluusly ne relationship betwepn lhn';mmm’lt of
:.m::ler“,d“ch empticd into the gallery nnd the Mow which inj-
ulrzllm}m:;ﬁuluted tn the fissure and whose amount remalna
"-"f"-' can imagine the coonpenents of a converlive efreyit
ag being an inlensive descending cireulation, a cortain
amount uf horizontal diffusion (in a reservoir where :he
:wal‘.crc.'m assume the normal temperature of the surround.
ings at that depth) and then an intensive upward cireuly-
tion. The diffarence in density between the water in thﬁ n:
cending and descending paths provides an udeﬁuate the i
mal engine. We could thus have, for examule, on the bag ]-;r-
of a lake, a thermal source being fed by the lal'u*'s W"th:l: ':"s"f
clﬂuld :l:im imagine a cireuit composed of 3 dif-fum‘dividp;
o 3 i .
h;-:::;l::,:l:f] ;vact..er path, with snly the upward circulatjon
. ‘[n sume cases we can consider that the temperature
distribution. and as a consequence the difficrences in pres-
sure which make up the circutation, is practically indepen-
dt.:nt. of Lhe flow, The amount of waler flow witl be detoy
mined by the hoad losses of the water, which degend i t.u -
wn the shape of the conduit M
In many cases, unless 3 puce clased convective eineift

Tl 5.2

L) i ih d-day 1wr

RS et @.h282 4.7 =Ah-~ 0,596 =20~ 0603 x a0+
K FmE2 1 ZEmm o I¥5cm 755 m






exists, the differences in pressure gradient caused by the
temperature interfere with a normal hydrogeclogical cycle
(i.¢., precipitation in going from upper regions to springs at
lower elevations} in such a way as to modify the eycle's
¢irculation, and in particular to intensify the thermal cur-
rents in condnits. '

Ta muke the above statements more precise, we shall
calculate, knowing the thermal properties of the appropri-
ate rocks, the way in which conduit walls warm up when in
centuct with water and thereby diminish the thermal flux
that they will absorb. For purposes of caleulation, we will as-
sume that the water circulation iz established abruptly at
an initial time, the rock being at the normal temperature for
its depth. This initial phase is not too realistie, but it will
give us an idea of the rate at which Lhe cenduit walls heat
up. .

When a large flow circilates in a compact channel, it
can be asked if the walls are effectively at the average tem-
perature of the water, We will see that the temperature dif-
furence would not be appreciable except for a very short
period of time. Thus, it will not be necessary to take account
of this difference between the temperature of the walls and
of the water.

We shall tuke as a model of intensive circulation a
plane fissure extending fur a considerable vertical distance
from the surface ut which the heating is preduced. We can
then consider the temperature as solely a function of the
distance » from the wall, If the temperature of the wall, ini-
tiatly equal to the rock temperature and taken to be 0°C, is
brought to a value 8, at ¢ =, the temperature in the rock is

16 yr 160 ¥r 100 ¥r
DB = 107" 0.5032 = 14~ 159 = 1™
24 m 765 m 240 m
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{3-8)

8=0,1— z )]
1[ Erf(EV’ﬁ
and the flux at the surface is K&,/Vraf. The factor AfVrat
and the distance x at which 8 = 6,2 urc given as a function
of time (for e =001 and A = 0.003) in Table 3-2.

Consider a fissure rising 100 i to the surface with a tem-
perature difference of 3°C and a flow of 27 gfem of conduit
width . The water will reach the surfnce aftera temperature
drop of only 1 percent at the end of (3.7/g%) days, If g =1,
which iz a flow of 1 liter/s for 5 m of width, thia delay would
be 3.7 days. For a seepage of 2 /8 - m, which would be dif-
ficult to notice, this delay would be 100 yr, which iz still
innppreciable an a geologie time scale. 4 fortinri, for a flow
of several liters per meter, the delay would be on the order
of 1 hour and the heat losz would continue to decrease as the
square root of the time, This means the heat loss would be
reduced to 1 part in 10,000 at the end of a year,

We could do the analopous caleulutions for a eylindrieal
conduit. The wall heating and the reduetion of the heat
logses at first would be the same as for a fissure with the
gsame surface arez and afterwards a little slower, It is not
necessary to make these ealeulations, which are a bit more
difficult than for a plane fizssure. .

1t should be remembered that whatever the form of the
conduit in which an intensive circulation takes place, sever-
al hours or several days are sullicient for the walls to come
inte therma] equilibrium with the wuter so that conduetion
loases became negligible.

Conversely, if we knew the shape of the fissure and the
law with which the rock temperature varied with distance,
we could try to calculate the time when the cireulation
became established (like the case earlier ¢ited for the Mont
Blanc tunnel}.

When the search for hot waleris made by driving adits,
as has been done many times in the Pyrenees, the apparent
rock temperature is often a guide. But we cannol exclede, a
priori, the passibility that the temperature distribution may
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correapond to a steady-state system between the thermal
water filaments and the surface (or possibly cold-water

circulations).

3-3 Ilusiration of Hammam Meskoutine

Thiz Algerian loecality, well known for its thermal
sources and the concretiona which these sources have
preduced, will furnish us with a remarkable illustration of
the stabilization of a conduit by convectian. ’

A small plain is found there {sce Fig, 3-1) having
hundreds of limestone formations of about the same height
{sround 3m} Each of these formations corresponds to a
thermal cenduit from which water onee emerged at a tem-
pernture near 100°C and has produced abundant concre-
tions, raising the conduit up to a height of 3 m above ground
lavel, When the conduit renches this height, it ceuses to
function and another conduit develops next to it. When the
coniuit is functioning, its walls are heated und the entire
water column is at 100°C for which the specific volume of

water iz 1.0434,
i the other hand, in a fissure without water circula-

tion the temperature should viry progiessively between

100"C at the level of the sublerranean aquifer and an
average 20°C found at the surfuce. The averige specific vol-
ume in this temperature range is 1.0193, anil thus the pres-
sure difference at Lthe base of the source is 8.024% (in meters
of waterk 1f this difference is capable of avercoming the ad-
ditjunal height of 3 due to the coneretions, then 002434 = 3

e

which means & = 85 m.

We can thus estimate the depth of the aquifer where
water at 100°C iy found and estimate the local gradient at
1°C/1.6 m, It would take ua too far aficld to discuss the un.
derground theriual system at length, and besides it is still
puorly understood.

Fer a number of hot springs, there is the same effect of
stabilization of the acting spring, as compared with incipi-
ent ones, with no discharge, which remain cold. This pre-
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FIGURE §-1 Diagram ¢f the conveclion at Hammam Mrakoutine (ATgerial
The height of the conerclivna an suecessive conduils reaches 3
mand the height & for which there im an eyguililniom between
ke ennduil entirely at a temperature of 10070 wnd & potential
eand it where the temperature of the immobile water varies
Fogresaively from 100°C to 20%C can be caleulated,

vents lossof thermal water toward other epringa and facili-
tates their exploitation,

3-4 Thermal elfecis in a drill hola
A Anll hole ¢onsists of a eylindrical apace filled with

water (or mud) whose boring has given rise to strong ther-
mal pertorbations. It is necessary to understand thess
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effeets if we wish to use drill holea for underground temper-
ature measurernents.

{n this section, we can distinguish between three phe-
nemena: the perturbations resulting from drilling opera-
tions, the manipulitions which can be performed to modify
the drill hele's therinal regime, and the regime attained at
the end of o waiting period,

In the course of drilling, the drill bit absorbs a sip-
nificant amount of mechanical cnergy which is mainly
transformed inte heat. Water (or mud} is pumped into the
drill atem which conls the bit and then rises between the
stem and the surrounding rock. It is stored in mud tanks,
where it generally does not have time to cool completely
before being reused. It is normaliy cocler than the rock in
the deeper parta of the drill hole, which it coals. One could
propose to measure the temperature at the farthest point
reached by the drill afler letting a waiting period expire,
such as rest on Sunday. This temperature would be repre-
sentative of the temperature of the surrounding eock if the
thermal! perturbation at the bottom of the hole, during the
brief and finite drilling time, had time to dissipate during
the waiting period. Unfortunately, it is not generally possi-
ble to lower a thermometer suspended on a cable to the bot-
tom of the hole, which is blocked by caved-in debris or
sedimented mud. To reach the bottem of the hole, it would
be necessary to reestablish circulation in the stem, and that
would perturb the temperature distribution.

In the course of the boring, the surrounding rock will
be cooled in the lewer repions and heuted in the upper
regiona. A given part of the drill hole will thus be succes-
sively cooled and then heated while the drilling progresses,

When a peothermal bed is drilled, it is customary prac-
tice to cool the mud at the surface by meana of an aerated
tower. Even if this cooling is amall, 10°C for example, it
prevents a progressive heating of the mud which would be
bothersome if its temperature approached 100°C. In such a
case, the walls are enly heated by the drilling operation very
near the surface, and aver most of the height the walls are
cocled, sometimes very strongly.

INFLUENCES OF CROUNDWATER
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Thethythm of work in adrilling o.pemtiun is too irrejra-
lar to practically permit the caleulation of the penctration
of the thermal perturbation into the walls and the evalution
of the thermal flux at n particu]ar depth, as would be theo.
retically possible, We ean only make a rough estimate ¢f the
order of magnitude of this penetration as a function of the
drilling period. .

Once the drilling i5 finished, it is possible to obtain cers
tain hydrogeological data from the thermal profile measure.
ment. Forexample, if an aguiler iz cut by a drill hole, we can
produce a uniform temperature 2long the hale by circulat-
ing the mud through pipes lowered to the bottom of the hole,
After 3 waiting period, a thermal profile will indicate the
entry level of the water at the temperature of the surround-
ing rock. It will appear warmer in the lower part of the hole
and cooler in the upper part,

If there are indications of £as, they ean be located (Lthey
give rise to endothermie expansions) by lowering the waoter
level by pumping and determining the depth of the charue-
teristic temperature drop on o thermal profile due to pos.

Finally, if we are trying to cement 2 collar in a drill
hole, the best way t¢ determine the height reached by the
cement is to chserve on a thermal profile the heat produced
by the setting of the coment,

In these operations, the thermal measurements have
well-determined objectives and give us poor information ot
bhest about the temperature of the surrounding rock, Given
the above objectives, thermometers are sometimes not stan-
dardized precisely. In general, these measurements are of
very short duration, and the supplemental perturbation
which they bring to the wall temperalure is small compared
to the perturbation caused by the drilling.

Once the drill hole i3 left undisturbed, it frequently
happens, especially when sedimentary formations are tra-
versed by the drill, that permeable layers are encountered
which are not in pressure equilibrium with one another. In
these circumstances 8 mixing circulation can be established






in the drill hole and e¥entually cutside the tubing, if it {s not
cemented, running, for example, from the deepest perme-
able layer towurd the shallower permeable levels, It was
found in the previous pyse vonsidered that, in the section of

the drill hole where the mixing circulation ocUrs, the wally

of the hole are reheated after o sufficient time to the tem-
perature of the despest aquifer. The opposite Process ean
alse oceyr: in the solthern part of France a drill hole regis-
tered a tomperature #ssentially the samg as gt the surface
in penitratingr o sedimentary luyer. It thep encountered g
:!ismntinuity and a norm gl thermal profije in the erystalline
busement, From such & thermal profile it is quite ensy to
recognize the sectivns of the drill hole in which the water
eirculates, It can also happen that the undisturbed portiona
ofthe thermal profile are aligned and prive the impression of
furnishing 4 truc thermal profite of the rround; howevar, it
must always he eonsidered that Smaller circulations of
water could still oxist,
buplicitly, it has been assumed that thermal prafiles
are measured long tnouph after the cnd of drilling vpera.
tions so that spontaneous circulation of waler has been fully
developed, At the Same time, the thprmg) pecturbations
arising frop the dritling operations must have had time tp
dissipate from the wills of the hole, Whuen tlie purpose of the
drill hole is to measure a completely lepresentative thermay?
profile, itis pften necessary to make at least an LpProximate
caleulation of the time Necessary for supl perturbations tg
have disappenred.
In Chap. 1 it was S€en that in cylindrical coordingntes
the solution = {1 f et o= represents the diffusion of n
thermal perturbation Produced along the z axis at the time
£ =1. Such is not the case for a drill hole when it is left at
rest. The tharmg] perturbation, whatever its sign, has pene-
trated into the walls of the hole to & depth which cught to
INCrease #4 the fquare or cube root of the duration of the
drilling operation, Far eXimple, we might take the valugs
indicated carljer for the depth of penetration of half the
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maximum temperature drop as atfunct:c;:-; ii‘; E:I:?‘E;z?,:::i
i ¢ hole into scesunt as wol|, an es

t:: :':g]it:.: TT: T':.1?.'.llhich the thermal purtulrhatinn n.:mnl,ngnf;rc;?
an axial source would reach the sume distance, ij Lxr;epes:
at the end of a drilling peried of several wcekls, sa}];.ﬂum >
timate that the halfway point of the per?urba?mn :1; e
found at a radivs of 2 m, {rom whl::h x:e]ﬁgda}rs oy
xi4at = 200%0.04¢, and thus t = 1.4 x lq & = . .d.u v
deduce that 16 davs later the perturbation will %n, II'L ]d{.he
h:..r half, 32 dnys later it will be a fourth and thu: ]ts::?un ve
necessary Lo wait 144 days in order that the pertur

: t of its initial value,
d to less than 10 percen : : atue .
rEd“{‘f; course, it 15 difflcult to estimate the thermal puttlurt
. H ! . a
bation distanes in the walls of o drill hole. We La: ht;f::- c:lne
; i il partly compensale .
sretit perturbations w : . > o -
Ii:]:Imther but thal is not a reason to underestimale tl::l_] w:11.1]:1
fmftime‘ncfmqary so that the measured thormal profile wi
imge RS .
1 tive,
criectly representa . 1 .
b For the peothermal drill holes in. Now :f’,t..ﬂ.ll'l.d; xﬁ;i‘:cr:z
the shaft wnII:s are strongly refriperaled during the l-ll‘l ;I,:
it . ::u‘rrt'ntpmcticc to wait 3 menths helore monsu uu,“ |:
it1is : 7 _ _ Core o by
thermal! profile. What has just boeen deseribed 313?& s i.:':
this delay is not at oll exeessive. Unforlunately, i lSt '
feared that a number of the published v:11hms of hi,;‘ll-_‘ ) m-:
u:?“e based on thermal profiles measured without g suflicien
i 2
aiting: period. . | .
o 'I‘Ii:vlru is wne lasl consideration thal we should m:.ntl:l;.
|L]Lllllﬁil it is rarcly taken into aceount. In thoe u=;}errl ::1
‘ H o 4 " r H a l
Iﬂmn inqide the dritl hele thore ..-xlst:: a certain ::Ih;uh
o adient. Does Lhis produce conveclivn (:‘UI‘I:I_‘:HI.H il
g:uld.'igi.tnte the water and Lend to n.-;:g:l:mzcj 1l‘.sll.t.m1-t|:$i >
rurn"' This is a problem in hydrndylmmu:lﬁ whl]‘.'l:hlstofur t{he
1 i it has been indicaki at fo
2 scope of thig Look, but | at |
:Etrnmll eradicnls normally cocountlered, (‘.DII‘-’LLte1IUI:I ':1:
‘iy oceur for large diameters (50 em and mc:'u}. Th;s;:m:;y
on . " e
fly veonomic) to make
ason (others are chic : oratory
:_-uthermal drill holes of small diameters, even if com

mercial holes must be of a larger diameter,
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3-5 Example of & sheet circulation

We have succesaively seen the conveetion which can
result from a movement of water in a permeable volume and
the elfect of an intensive circulation in a limited chunnel
The following problem, which is encountered in the study
of certain gecthermal regions, will furnish an example of
the effect of water cireulation along a given layer, We sup-
pose that at a certain depth there i3 o sheet circulation of
water in a layer whose thicknesz we will neglect, The given
flow is g per unit width. Now, auppese that there is a
localized underground thermal anuvmaly such as would be
produced by a heat source. The water fluws wilt cool the
ground and heat it downstream. Thus, the thermal anom-
aly will appear displaced with respect to where it would
be in the absence of circulation. We wish to cnlculate the
distribution of the surface gradient or any other aspect of
the temperature distribution once the steady state is
reached.

Ifthe surface of the ground is horizontal, we can satis-
fy the condition # = 0 {taken for a constant value) by adding
fictitious heat sources, symmetrical and with epposite sign,
tothose sources which exist underground. In the absence of
& circulation of water, the combination of these heat aources
(including & source at infinity to take the gradient into ac-
count} determines a temperature distribution .

In the presence of the water circulation, the tempera-
ture distributien becomes & Along the water's path, there is
a new zource of beat g d9/ds at each peint which determines
a temperature distribution

Ag =Equ-§ In (r) ds

and the temperature change i3 due to the sum of these per-
turbations,

a-a'-?}E -:gln{r}dn_ :
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FIGURE 3-2 Principle of the caleulation of the effect of a eirculating sheet
of weter following the path 7. P, + |, ... 0% the temperature

distribution defined by a gradient, localited heat sources 4,
and the condition of & constant temperature on a horizontal
surface.

where r is the distance from the point where we are
coleulating the temperature to the point along the water's
trajectory where we perform the integration {do not forget
to also carry the integration over the fictitious symmetrical
path). To tead to a solution by a numerica! method of ap-
proximation, we will take the final temperature at a limited
number of points P, along the water’s path as unknowns.
In addition, we will assume that from one point to another
the temperaiure variation ia linear (see Fig. 3-2). This
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allows us to write, between t{wo of these points, difds =
{8,,,— 05 and to write this constant outside of the inte-
gral sign. As for [l In () ds, this is a simple caleulation.
If x, and x, are the projections of M and P, M on the line
PP, and y is the distance from M to this line, 4 the angle
PAMP.,, and r, and r, the distances .M and P,/ respec-
tively, then

jln imde=a,In{r—z, lulr)y—(r,—x,)+pd

It can be verified that this expression remains finite at Py
and F,,, nnd that, if # =0, this reduces to r In (z) —r. OF
course only a computer allows us to solve thizs system of
lincar equations by coquating each of the unknown tempera-
tures to the sum of the initial temperature values ot the
considered point and the perturbations brought in at that
point by the successive segments along the water's path.

The calculation is possible for any form of the water
path resembling a polygon, The formulas are simplifled if
the water path is horizontal,

&7

CHAPTER FOUR

changes of state
of groundwater

4

4-1 Freezing

Wuter is transfurmed into ice at a temperature of 0°C;
this transformation temperature changes very litile with
pressure. The freezing of 1 g of waterliberates alatent heat
of about 80 cal. The temperature at which a saline solution
deposits crystals—in general, pure ice—can be appreciably
lowered depending on the solution's concentration. The spe-
cific heat of ice is shout half that of water, and the thermal
conductivity of a loose soil saturated with water that has
frozen is multiplied by a factor of 2 or 3. In addition re-
member thit the density of ice is 0.8, and henee freezing is
sccompanied by an in¢rease in volume. Actually, we will see

- that this phenomenen plays only a minor role,

To a flirst appreximation. which would be valid if the
greundwntir content was infinitely small, what we huve
seen in Chaps. 1 and £ shaws how and where n temperature
of 0°C ¢an ke reached: on the ene hand, in the winter in 4
surface zone where the annual temperature variations
penetrate, and on the other hand, if the mean annual tem-
perature is less than 0%, In the lnlter case there may be un
underground frozen region, with an overlying layer that
may thaw during the summer, This is what is called per-
mafrost, and it covera vast areas in the north of Siberia nnd
Canada, Permafrgst can be found to depths of several
hundred meters, which implies thut its origing are very old
(beginning of the Quaternary). )

Obaervation confirms these general indications, which
can be completed by saying that In consequence of climatic
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fluctuations from-gne year to the nexi, it can happen that
the surface which thaws above Lthe permafrost during the
summuoer may not completely refreeze the following winter,
or Lhat the frozen winter surface does not completely thaw
the followtngr summer. Thus, alternute frozen and thawed
layers can exist above the permafrost, Naturally, thesge
layers are not continuous, :

Topo u bit farther, we should remember that the water
content of the surfuce areas allected by these phenomena is
in general considerable. Their freczing therefore absorbs
appreciatile heat, From this, what hus been called a condue-
tinn barrier results, All incident heut flux, whatever its
direction, 18 abaorbad by fusion or freazing across the zero
isotherm and is not propagated furtherdown. Its enly effect
ia to displace the freezing boundary, and while this surface
15 being shifted, the fux and gradient values on either side
of the barrier are very different, If @ is the poroaity, u# the
displacement velocity of the freczing Loundary, L the Iatent
heat (80 cal), and Ky and K the conduction coefficients for
thawed and {rozen ground, respectively, the difTerence be-.
tween the tiiermal gradients is given by

an N '
K"r(ﬂ-r)w K;(m);—-Lmn (4-1)

It immediately becomes apparent that the caleulations
of Chap. 1 cancerning the prapagation of periodic tempera-
ture variations into the carth’s surface ure no longere valid.
Nonetheless, the general behavior of the phenomenon stays
the spme with at most o decrensed depth to which the tem-
perature variations propagate,

A more important perturbation results from the fact
that water inside fine copillaries does pat frecze until tem-
perstures are well below 0°C. This fact is ¢asily observable
in the freczing of a surface layer of mud, The mud does not
freeze altogether in a bedy, but thin sheets of pure ice ap-
pear between which the mud desiecates and becomes pow-
dery. At a few degrees below 0°C, there is a thermodynamie
disequilibrium between the water which is still in liquid
form in the capillaries and the thin lenses of ice which have

CIIANGES OF STATE OF Gty NATER

formed near by. The water tends to move from the pores
toward the ice eryatals, which enlarge and are capable of
compressing the surrounding ground.

This phenomenen has been especially studied for roads
which can swell if ice crystals formingr in inevitable cracks
are fed by capillarity from below; they may grow to large
gizes, rosulting in o awelling which can become quite large
(severa] centimeters or tens of centiineters). At the bepin-
ning of the thaw, ice melts on the spot, and the pavement
becomes Nooded with an exceas of water. A amull load ean
severely :Iugnidi.: roads and from this cemes the lostitution
cf the "thaw barrier"—temporarily forbidding certain roads
to heavy trucks, However, the real selution les in prevent.
ing the ascension of water by capillarity to readways which
are lkely to frecze, This ean be achieved by interposing a
barrier layver under the road consisting of cobbles without
way fine filler.

Anather consequence ¢f the way in which ice can form
in the ground is “cryoturbation.” This involves speeial typea
of ground deformations caused by repetitive alternations of
freezing and thawing. lee lenses ean form under stones
{which conduct heat better than the surrounding seil), and
this can lift the stones up. Doubtlesa thisis the way that the
aoif polygews in arctic zones are produced. These polypgons
are also suinctimes observed in mountains such as the Alps,
whenever loose soil forms a horizontal surfoce above
2,700 m. :

" Far permafroat, this unusuat type of ice formation can
also play an important role. It explaing the underground
furmaulion of lenses of pure ice either horizontally, forming
hydrolaccoliths, pingos, etc., or vertically, forming wedges
incracka and erevices whoese traces (nfter thawing, they are
filled by the fall of surface cravel) are fregquently visible in
ancient alluvizl deporits. These eracks nppear to form large
polyyrons with dimensions of 10 to 20 m.

Let ug add that the eirculution of subterrancan waters,
either in the unfrozen surfuee layver (permafroat is totally
imparmaable) or through gaps in the permafrost, plays an
essential role. Lakes and watercourses also introduce per-
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Lhermal Frndient becomes incompatible with the hypoth e
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turbations which can break up the continuity of the per-
mafrost.

The existence of permafrost presents particular engi-
neering problems for hichways, homes, and pipelines which
will not be discussed here.!

4-Z Vaparization

The transition of water to a gasecus ferm (steam)
cceurs at a temperature which is a function of pressure (Fig.
4-1). This tranasition absoerbs m considerable latent heat,
which appreciably diminishes when the temperature in-
creases. The density of steam, like all gases, diminizshes
slightly when the temperature increases and increasea
greably with pressure, At the critical point {T" = 375°C, pres-
sure = 22106 bars), the apecific volume of stearn becomes
equal to that of liguid water (3.1475), the latent heat falls to

. zerg, and there are no lenger sny differences between the

two phases. For temperatures and pressures with higher
values than the eritical peint {(supracritical domain), there
exists only a single fluid phase whose density varics in a con-
tinuous manner, There are tables which furnish for water
as well as for steam all the pertinent characteristics as
functions of temperature and pressure, in particular the
specific heat. The viscoaity values appear to be the least well
known in the supraeritical domain (sce Fig. 4-1)

If the water contains digsolved gas, it will accumulate
in the vapor phase, where the total pressore will be the sum
of the partial pressures of the gases and the water vapor,
The vapor will.exchange matter with the liguid until the
pressure of the latter is in equilibrium with the total pres-
gure of the gaseous phase.

On the other hand, dissolved salts are distributed very
unequally between the two phases, nearly all being found in

‘A Cailteux and G. Taylar, Cryopedolopie. etude des soie peléa na, 1204 Ak, 5, and
Industriells, Hermann, Paria, 18864 B. W. Muller, "Permafrort. or Parmanently
Froren Ground and Relstsd Enginesring Frobiems,” 231 pages. Edwards. Ann
Arbor, Mich- 1947, )
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the liquid. The presence of salt ean have the effect of in-
creasing the eritical point, This means thut above the eriti-
eal temperature of pure water there can be twe phases, one
with a high xalt content and thus more dense, and the other
phase low in salt conlent (the water content in relation to
the volume being about the same). Depending on the salts
and provided that both sulutions are salurated (presence of
an excess of solid salt), the distinetion between the two
phaszes can continue whatever the temperature and pres-
sure {such az with Na(l), or it can end ai 3 eritical peint
beyond which there is only one unique phase (such as the
case of 5i(};). For lees concentrated solutions, there ta only a
alight risc in the eritical point.

Having recalled these properties, under what condi-
tions can we find water in the ground in the form of steam?

Firat, of course, it 13 necessary to consider the neigh-
bornood of the earth's surface, In the atmosphere, the par-
tial pressure of water varies from place to place. It particu-
larly varies with the temperature, the atmospheric pressure
changing very little. In general, there exists, above the
phreatic level, a certain fringe region in wheose pares air can
circulate. Depending on the temperature changes, the water
vapor can condense or, on the eontrary, the region can dea-
iccate. These transfers, and the heat exchanges which they
imply, must be considered as part of the complex surface
phencemena which contribute te the determination of the
averape greund temperature. We shall oot study these sar-
face phenomena further,

4-3 Geysars

A given hydrogeologic siteation can invalve the ascend-
ing of waters from the depths through faults or karstic con-
duitz. We have alrecady seen that such springs can reach the
surface with hardly any heat loss if their Aows are large
enough.

A prieri, nothing prevents subterranean waters having
temperatures exceeding 100°C from renching the surface.

CHANGES F RTATE OF GROt ATER

The adiabatic transport (i.e., 2 transport without heat
exchanges, which will be the case once a steady-state ays-
tem is achieved) of such walers up to atmospheric pressure
necessiarily entails a partial vaporization in a proportion z,
which i3 easy to ealenlate, If 8 = 100°C was the water
source’s initial temperature, then x = {3 — 100)/540, 540 cal
being the heat of vaporization at 100°C. But, although this
can happen, we will net necessarily have two regular flows,
one of water at 100°C apd the other of steam at the same
temperature. Especially if the flow is large and the conduit
by which the water reaches the surface has a suitable form,
boiling can have a discontinuous nature aud produce period-
ie expulsions of water and stenm, which are characteristics
of geysers.

VWhen a geyser is inaclive, the conduit is Alled with
water which, at ench depth, is at less than the heiling point
for the loeal pressure (LMFC at the surfaee, 120°C at 10 m,
135°C at 20m, ete.). But with the arrival of warmer un-
derground waters, this water column will progressively heat
up. Finally, 8 moment will arrive when boiling will start
somewhere and that will ighten the calumn thus diminish-
ing the preasure sufficiently so that boiling will become gen-
eralized and lead to an expulsion of some water to the out-
side. The steam will escape, and, to Anish the aceount, the
water_which has not been expeclled and which has been
cooled by a partial vaperization will constitute a new water
column in thermal equilibrium in the conduit. Numerous
comptications can be imagined, for example, lateral pocketa
in which either hot water or pressurized steam can ae-
cumulate. The heat capacity of the walls can play a role in
the regularization. However, we gre still a long way from
explaining all the singularitics of geysers, For example, why
does a geyser's eruption come a few minutes after soap is

*thrownin the conduit? Nuvertheless, it can be considered as

an established fact that 4 geyser is o manifestacion of the
emergence of subterranean waters which are in a liguid
atate above 100°C underground and which circulate in con-
centrated enouph eonduits to have heated the wallg in such
o way that the water's heat loazes are reduced.
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4-4 Vaporization at depth

Leaving aside the case of intensive circulation, we now
imagine the situation resulting from a uniform gecthermal
graodient in » semewhat permeable region, Below the phre-
atic [evel, the pressure due to the hydrestatic head of water
rapidly inerenses. There can exist complex hydrogeological
situations in which the head, retative to the different water
layers separated by impermeable layers of rack, increases
a8 we o to Jeeper and deeper pools of water, Somatimes the
subterranean fluid pressure tends to approach what is
called the fithostatic preasure. This is the pressure caused by
the weight of overburden, and this limit cannot be exceeded
by the fluid pressure, ginee the ground wonld then tend to
rise and produce fissures, which would allew the water to es-
cape. The eritical prossure of water is reached, that is, is
equal to the lithostatie pressure, at s depth of BOO or 900 m.
However, at these depths, the lemperature will almost al-
wuys be less than the critical temperature (375°C, that ix, a
gradient less than 1°C/2.5 m), and so the water remains lig-
uid, I'n a region where the fluid pressure tends 1o equal the
lithnstatic pressure, however, unusual local fissuring con
allow o transport of water to the aurface and ¢anse a drop in
fluid pressure which, if the temperature is sufficient, can
lead to vaporizution. Such iz the siteation at the Geveers
{Californial, which is a peothermal field, situated in the mid-
dle of the Franeisean formation in which the luid pressure
nearly equuls the lithustatic pressure.! On the other hand,
the Ceysers corresponid 10 a zone with a high thermal
prradient which could be in contact with o hypothetical un-
derground batholith; it i3 also a zone with-a tow fluid pres-
sure. We cannot tell if this vaper occurrence is a con-
sequence of local heating or of fissuring which would have
reduced the pressure, or Lath.

Liraving thoese complications aside, let us concentrate
fur the moment on the siinple case where, the ground being
somewhat permeable, the impregnating water is at s hydro-

'H., A, Frederix and F, Herry, High Fiuid Potentisls in Califurnis Cusst Eangep and
thelr Tectonic Sighifleance, A4MG Hull, vol, §7, no. 7, pp. 1209-124%, July 1073,
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static pressure in cquilibrium with the water ot the surface
or at the phreatic level, which iz equal to the hydraulic pres-
sure produced by a continuous column of water, the summit
of which coincides with the phreatic lavel.

Assuming that the thermal gradient, which we will
take as n constant to simplify matters, is known, it is easy ta
calculate, as a function of depth, the hydraulic pressure and
temperature st the same time, We can calculate the hydrau-
lic pressure by taking for each depth the actual density asa
function of the temperature and the pressure (3ee Fig. 4-1),
For usual values of the pradient, the values cbtained exceed
the critical pressure for water at 2 much lower temperature
than the critical temperature (i.e., there cannot be any va-
porization). ' )

[n order for this not to be the case, the gradient, sup-
posed uniform, must reach 1"Cy7.5 m, The erilical point i
ther reached at n depth of 2,700 m (supposing the phreatie
level has a temperature of 11°C). For a higher gradient, we
would expect to find a layer of liquid water on top of vapor.
Itis clenr that this is an unstable situation. Even if the rock
is only slight!y permenble, it is inevitahble that water will de-
scend in some places and steam will rise in others. Where
the water descends, it encounters hotter rocks and coola
them while being partially vaporized. Where the steam as-
rends, it meets cooler rocks and partinlly condenscs while
heating the rocks, and the pressuredrop brings forth more
steam from underground, Our implicit assumption of a reg-
ular thermal stratification fails. In faet, there will be
warmner zenes in which stepm rvises, and cooler zones wherg
water Jdescends, ’

Yuch a convective system can be established for a mean
pradient such that the critical pointl and the vaporization
level are not reached. In the supracritival domain, but near
the critical point, the density varies greatly with the tem-
perature and the onset of convection, even if the rack has
low permeability, is very likely. Such a cenvective action
must progressively inerease, The couler descending branch
will remiain in the supracritical domain, but the nscending
branch can reach and exceed the critical point. Convection

N
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will then be composed of a vapor phase, with a finite density

differcnce with respect to water and a certain latent heat,

This vapor phuse rises easily, and on condensing heats the
rock which permits the continuation of the eyele.’

-We can thus expect that the convection currents, the
enset of which are inevitable if the gradient is such that the
eritical conditions are fulfilled, will take two forms, one cogl.
er descending water currents which remain supracritica|
{i.e., in 2 dense form), and the ather of ascending steam cur.
rents which progressively attzin g higher and higher ele.
vation, The jow denaity of the vapor with respect to watep
determines the pressure differences which constitute 1ha
driving force for auch circulation.

It is hardiy possible to te]| what the lransverse dimen-
sions of the convection cells were initiully, but, if they were
small and numerous, it i5 tg be expected that certain ones
amang them would develop maore rapidly than others, and
for these the canveetive action risks being interrupted by a
pressure drop underground caused by larger cells, We can
predict an evolution toward z small number of important
ascending cells, ench of which must produce a substantial
flow of vapor,

- The possibitity that g supracritical domain still reipns
far underground is not excluded. This means that the rela-
tively cold descending Waler, which comes into contact with
rocks progressively heateg by the high local geothermal
flux, passes in n continuous manner, without change of
state, into ascending currents which are brought about by a
Pressure drop, and which are individualized as vapor cur-
rents making their way above the level where the eritical
pressure is found,

Inthe region where the water descends, there can easi-
ly be temperature fluctuations, depending on whether the
cireulation is more or less rapid, but the density variations
resulting from such fluctuations are small. Thusitis unlike-
ly that these Auctuations in the rate of circulation tend to be
amplified. Rather, we myat expect an almost uniform de-
accnt over a certain arep,

These considerations lead us to predict that if locally
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the geothermal flux exceeds 4 or 5 ucalfem? - s_{we conaider
only the surfaces of the continents, hef:nusnla in the cecean
depths the pressure already excceds the critieal pressure
and the conductive flux can reach preater values) and if the
rocks have a certain permeability, even though it may be
small and irrepular, heat transfer by conduction, which
implies a regularization of the thermal gradient, will not act
alone. Eventually a relatively restricted number of zones of
rising steam must appear in which the pressure gradients
corresponding te the density are low enough se that the
flows reach high values, possibly with considerable hoend
losses. As the rising steam reaches cooler layers, it con-
denses while heating these layers, and the heated zone thus
tends to rise higher and higher. The condensed water n.nd
the cocler proundwater tend to descend along the margins
of the steam currents because it is there that the pressure
gradient is smallest. These cooler waters tend to give th.c
sides of the steam plume an gbrupt nature with strong hori-
zontal temperature gradients. The entire water balance can
be put in equilibrium by 2 steady descent’ of gm‘undwater
outside the ascending steam plumes, but direct evidence for
such a descent is lacking. .

In the process which has just been described, an essen-
tial part—the steady passage of descending supracritical
water to ascending currents which individualize then.'xselv-.es
higher in the steam plume—has escaped n‘h.‘-mrvatmn tit}
now because boreholes have never been drilled tf] such o
great depth (it would be necessary to go to E,D{}(}.m} in abnor-
mully warm regions. Hence, the origin of thl.ﬂ ab_nurmul
heating remains largely hypothetical. We can imagine ‘the
injection of eruptive rocks, for example, a granitic batholith,
the cooling of which could supply & targe heat fux for a con-
siderable time.

But under these circumstances, petrology Iezf.d's us Lo
auppose that crystallization of the granite xn:auld liberate a
certain quantity of volatile' substances which could have
been dissolved in the molten magma, Water is the most
abundant of these substances, but there can be many others
{CO,, Cl, sulfurin different forms, B, ete.). A portion of these

LH)
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volatil ; '
h;ﬂt; eBsuhst.mres could be found in the ascending vupor
Eupr.l;r'tl;t' on thu.other hand, the vapor, egpeeially in the
mc]{; p;D;u] dzl:nam. ¢an, while circulating in contact with
. uee diverse alterations inthe
elementa(in particuia i A wach certain
r, steam wil] di it ichi
e ldissolve ailica, which is al-
T i r rr a " e
gmthehe J;I‘-"CII]IE ar phrealic origins of the steam found in
reiit! pools has been the subj i
goothe : . Weet of much discussion,
ste:n I:::thmg't(; exclude the possibility that part of the
' especially the valatile impuriti i
o and . th, atil puarities, are of 5 juve-
c:}:;:g::.te.. they originated directly from a magma in the
its egnsolidation and cocli
ng). But that ca
represent a small amount af th ¢ oneh
e steam. The cooli £
gram of granite wili su 25 ] e
pply 25 te 4G cal from the |
&l . t latent heat
:iﬂ‘ Eriszdlthmtmn and, for a cooling of 200°C, about another
per:g;]tl:n thtla m;imna could scarcely contain a® much as 10
volatile substanees even if th
¢ ! e magma had b
pevcent : . cen
h:t:;;r}l;;:]l:e;; |fttI;eIf'usmn was enly partial, which would
:1y, Lhe total content of volatil b
e ey e substances would
. From these numbers, whi
: 'T5, iclr are enly ord f
magnitude, the fact eme  Droduet
: . rreets that the volatily
ok . . i ' products
:r,;a;n Dﬁthf 9 pranite would not be able by themselves to
tm“fpﬂrTh.hu amount of heat liberated by the granite's
. it v
prﬂdufﬁ " 1}5‘ n;]ake}:ls It very probable that the granite wil)
1gn thermal gradient leadi i
ading to, bLesid
enhaneed heat trans i tnblishment
ansport by conduction, the o i
. 1 . sstablishment
of a substantial convective movement of phreatic waters

45 Evolution ol a conveclive System near the earth’™s suface

h . .
tmnT e l:ehn‘fflor of the ascending vapor plumes which
pra s::tﬂrt 1enlinexcess of that carried by conduction (about
) I times the nermnl Qux) can take quite dilferent forms
eper]ldm;_': on the structuyres cacountered
'|.v - . )
mrracein;f; the l;athds alung which the steam reaches the’
re cohvoluted, it is ta be ox i
: | . pected that its i
o _ ! ascent is
prrir rapid, s:_::mu its [ow density entails a nearly neglizible 1
essure gradient near the surface, Thus the remmaval of the
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excess subterrancan heat will be rapid. On the other hand,
neighboring waters tend to invade the geothermal slte, ¢3-
pecially at its base, and steam condenses in rocks which are
conled in this way. We can imagine that a final sitation is
thus estabiished in which the terrain is entirely invaded by
water, but which at each level 1sat the botling temperature
under the loeal pressures. When that happens, pressure
equilibrium is substantially realized and the waters can
remain practically immobile. Hewever, as long as a vapor
“hubble™ exists, it must tend to rise beeause of its low den-

‘sity, even through regionaof low permeability,

Research done in New Zealand has shown that in
geothermal sites, this temperature distribution is essen-
tially the one that is found with the rocks contnining water
in the liquid state. Many measured temperature profiles are
typical in this respect. The geothermal zonus where these
conditions take place are’ef a limited area and are separated
by very fharp boundaries frem surrounding regions in
which the therma! gradients are high but regular.

In peothermal sites below an underground depth of
about 500 m, the temperature ceases to inerense, due to the
invasion of neighboring ¢ocler waters. Such a temperature
distribution is established vven when the terrain (as is the
case in New Fealand) consists of an alternation of layers
with very ditferent porosities and permeabilitivs-The pet-
meable strata (it may be chiefly fracture permeability) cons
atitute reservoirs from which hot water cun be extractod,

4.6 Undprground Steam agcumulation

A very different case exists whoen there is an imperme-
able cover, in any form which will assure clogure (i, B res
eTvoiT with its higher rim at alower lavel than the snmmith
The reservoir can be of any gpoumetry, amil, for example, at
Larduerelle (Italy), it consists of an assemblage of karatic
voids in the Triassic and Liassic limestones overlving @
aeries of harats in a crystalline basement, coveroid by an
impermeable layer of exotic Qligncene "argile scagliose.”
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The result of such n covering is that steam a¢cumu-
lates in the reservoir, When there is a loenl cosling and
condensation, water flows to the bottom of the system and is
replaced by steam of subterrancan origing. This steam
remains in a suturated condition {at Larderello, 240°C at 35
bars), and its density is much lower than that of water. The
pressure and temperature vary only slowly with the depth,
The wills of fiasures or steam-filled spaces are at the zame
temperature as the steam, but this temperature is quite dif-
ferent from the temperature of the rocks included between
the fissures. A aounding at Larderello has shown an approx-
imately regular thermal profile with a gradient of the order
of 1°Cj8 m, disturbed only by a few temperature anomalies
in the Trias, probahly caused by neighboring steam-filled
fissures with which communication has net been es-
tablished. We ghould keep this evidence in mind when we ex-
amine the age of a gegthermal site.

4-7 The age and the grigin of geathermal beds

The interpretation which we have given to the genesis
of thermal layers implies that these generating processes
may no longer be active today. This is evident for those
processes where 4 rock saturated with water is found at the
boiling point as determined by the local pressure. The ae-
cumulation of steam under an impermesble cover, which
provides a proper closure, should persist for a certain time
after the end of the arrival of the subterranecan steam
which gave rise to the aceumulation.

Certain prospectors, in New Zealand for example,
hoped to sink holes that would reach the subterrapean
source that was supposed to supply heat to the geothermal
sites. Unfortunately, this hope was not realized. How ahould
we react to this?

What is the cause of the subterranean heat which
produces exploitable peothermal sites as a superficial mani-
featation? We could immediately think of volcanie phenome-
n#, but how would they nct? We could invoke the formation
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of a laccolith or a batholith which could have gradually
cooled over a very long time. But we should also consider the
possibility of B network of dikes which are individually very
thin and thus susceptible to rapid ceoling, or even to the
release of sleam. [n any case, we know by numercus obser-
vations of volcanie eruptions that eruptions are cssentially
jrregularin time, Active periods ¢an last for several daysor
weeks and be sepatated by years of apparent calm, It is for
this reason, rather than because of technelogical difficul-
ties, that the direct utilization of veleanic energy has not
been envisioned, Volcanic activity could perfectly well be
the primal cnuse of exploitable geothermal sites. Tlhie heat
flow is regularized by the enormous thermal capaeity of the

-underground rock mass, However, we cannuot determine

whether this regularization occurred as deep 28 the high-
temperature rocks. Such would be the case if the deep
source were a bathelith or a large laceolith, I the heat flux
at high temperatures, which is expressed by the formation
of subterranean vapor plumes, participated in the ir-
repularity of voleanie phenomena, the regularization re-
sulting fram sccumulation of heat by the rock mass may
aceur only at the level of the geothermal sites themselves.

In any case, we cah easily determine the age of a
geothermal site. In effect, if a geothermal aite {3 not
supplicd with heat, simple conduction muat lead to a
progressive tamperuture decline and thus to the site’s deg-
radation. This ia true even without taking account of possi-
ble convaction or lesses through surface manifestations
such as meysers, steam discharges, mud pots, ete. It is easy
to ealeutate the conductive cooling for a realistic medel, and
the study of this cooling will allow us to estimate anarder of
magnitude for the maximum age (i.c., since the period in
the ecourse of which the geothermal site muoat, however
formed, at least have experienced a rejuvenation by a new
supply of heat),

To start the calculation, we will consider a peothermal
site indefinite in the horizontal plane and ¢characterized by a
thermal profile as a function of depth, In thiz profile, we
must distinguish between the normal permanent geother-

"
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FIGLRE 4-2 Caleulation of the evelulion of the therma! profile of
geotherinal site with heat diffusion. The thermal profile ex-
ampic ia Laken from woell 48 oL Wairaked; sccount ia trhen of
the normal geothermul gradlent and the surfoes femera-
ture, The profile was completed aymmetrically. 10 culeulute
the temperature at the ¢nd of o given time, the average of 1§
values is taken on bgth sides of the position stodicd, a1 dis-
tances which increase anthe square reot of the time, Kepre-
zentation of two of Lthe rules for this ealenlation. Obgerve
that at the end of 10,000 yr the uwseful heat whick cpuld ke
#xiracted, (e, below 200 m), will be practically unchanged.

mal gradient maintained by cominetion as a consequenee of
the subierranean gootheronl ux, and we must subilcact it
from the aetunl thermal profile su as to define the thermal
anonaly assceinted with the geothermal site, which will
gradually disappear through eonduction,

We must impose the condition that the temperature 6t
the ground surface remains constant and equa! te aur con-
ventianal 0°, To meet this condition, it suffices ta extend the
thermal profile symmetrically, but with cpposite sign,
above the carth’s surface, thus assuring the constancy of
the temperature at the surface,

Now, we apply the formula which deseribes heat dif-
fusion in a region, initially at o temperature T¢z), and which
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gives the temperature after a time ¢ as a function of 2,

1 LY | ,
[ L — T ={r—g, Alial d 4-
= L. (z)e z {1 13

From this formula we c¢an ealeulate the value of the
gradient at any point or at the surface: .

a9 1 - T[z}le""'-l'““'
(62). C Viam ). Ao da —zdda t-2)

The calculation of an rctual thermal profile, 8 = T(z),
must be done numerically, which means that we muat
replace the integral by a sum over a limited number of
terms. Let ua thercfore take (z—z ¥ Vint mg: J(s) =
1Vm [o e da; Li{w) = fi, ¢*" & dz where /(= =1 and
ffed = 0, Then, formulas (4-1) and (4-2) can be written

' a0 1
ﬂ—_foz] df, and Eﬂm-ﬁj Tiz)df,

We will replace df by 1 finite seprmuent equal to 0.1 and
will take 10 values of # at the interior of the correxponding
intervals, §,, 8z ..., Sw. It will suffice te take the average of
the 10 values of T, for the values of Z corresponding to 5,.5,,

«wr S1g, Zg and £ being chesen. For the gradient, the same
averare will be divided by Ve

For & = 10, we will tuke 5, =+ 0.088, 0.273, (.476, 0,722,

and 1.161. For the gradient, 8, = = 0,324, 0.597, 0,834, 1.047,
amd 1.52, .

In practice, we would graphically trace the thermal
profile at the initial time (subtracting the temperature cor-
responding to the normal gradient) and complete this profile
by its symmetry beyond the earth’s surface. To determine
what the profile would be at the time £, we would carryon a
rule the values of : — 2, corresponding tothe S, and by cen-
tering the rute on a value of z,, we would read the 10 values
of T, whaose average would pive the temperature of 2, at £,

If it is cspecially sought to caleulate the evolution of
the temperature at a peint and the pradient at the surfoce,
we can trace the thurmal profile aa g function of In {2), and in

i
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the same manner the rule with the values of In (2) corre-
sponding to 5, such that it would suffice to move the rule
along a sealeof dIn o,

Figure 4-2indicates the results of a temperature evolu-
tion ealeulation for the profile of shaft 48 at Wairakei, New
Zealand, The evolution of the gradient at the surface has
been directly caleulated with the results in Table 4-1.

Table 4.1

Evolution of temperature gradient at the surface

Present 100 200 500 1,000 2,000 4,000 10,004 ¥r
b - LB 1409 2,727 054 0375 0228 0148 m

From these results, we can infer that part of the rising
steam has heated the surface until a very recent date—in
faet, this heating is still going on—hut part of the cnergy of
the geothermal bed will hardly deerense from the value that
exizls today in 10,000 or 50,000 yr. The heated rock can con-
scrve its temperature for a very long time at a certain
depth, even when the surface gradient has decreased to a
point where all surface manifestations have seemingly
disappeared.

For a geothermal steam bed, like at Larderello, things
are a bit more complicated. We ¢an agsume that under the
impermeable cover the steam is at an apparently uniform
temperature and pressure {for Larderello, 250°C =zt 40.5
bars). The surrounding groundwater can thusa be in pressure
equilibrium with the steam at a certain depth. For example,
if the geothermal bed cools by 1°C, the saturated vapor pres-
sure decreases by 0.685 bar, then the equilibrium level be-
tween the wuter and the vapor will rise about 6.85 m, The
musg of vapor which is present diminished partly becausc of
the reduction of oecupled volume and partly because of the
presaure drop. The latent heat corresponding to the conden.
sation of the difference will thus be liberated. However, a
more complete caleulation showa that this effect is very
small in comparison to the cooling of the rocky mass in
which the geothermal site isincluded. Because of vapar con-
vection, all the geothermal site which ia occupied by steam
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. will cool in a nearly uniform manner, The temperature of

the entire geothermal site will follow the cooling of its reof,
and that can lead to an apprecmhly more rapid cooling that
in the preceding case, 1
This reasoning would apply to o geothermal steam site
embedded in permeable rock which has a sensibly uniform
temperature. The case of Larderello is different, since the
steam there occupies fissures and karatic spaces and only
heats the walls to a limited distance which is still not well
known. The results indicated in Chap. 3 lead us to dedurce a
recent age for the geothermal ateam site, Otherwise all the
rock between the fissures would be nt &n approximately uni.
form temperature.

4-6 RAock alleralions and water gaachamistry

It is well known that hot water reacts with the rocks it
traverses and acquires by this means chemical compositions
that are different from cooler waters of the same repion {to
which is attributed the therapeutic properties of thermal
mineral waters).

A fortiori, very hot water reacts strongly with rocks
that it traverses. It is striking to scc ouleraps of rock in New
Zealand which have been leached by thermal water and
have become porous and profoundly altered to a silica-
aluminoces and ferric skeleton while being leached of all sol-
uble elérnants such as the alkalia. Such altered rocks should
draw attention, and it is surprising that they have not been
pointed out more often.

On the ether hand, at the time of the extraction of min-
eralized hot waters, cspecially if this operation involves va-
porization, it i3 bothersame that drill holes somctimes
become rapidly ebstructed by deposita. It has been supposed
that analogous deposits could have been formed in the natu-
ral terrain and could have obstructed fiasures by which
stenm escapes to the surface. This would create an imper-
meaable caver which would assure the conservation of the
geothermal site. This proceas, called self-sealing, cught to
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oveur at the time of vaporization of mineralized water to
make the roof watertight; its reality hus never boen clearly
establishod, ; :

. The chemical composition of water ean furnish valu.
able indications of its origin, and campositional stidies are
indispensable in prospecting for a #eothermal field. The
handiest indication of the maximum temperature reached
by water is furnished by its silica content, since silica does
not immedialely precipitate on enoling.! The solubility of
fquartz and amorphous silica inerease rapidly with tempera-
ture up to arcund 200°C if the pressure is that of the vapor
phase {much more rapidly at higher lemperatueres ander
higher pressures). We suppose that ot great depths and ag
such temperatures, quartz is present vverywhere and that
the water is in equilibrium with quartz ns 5 solid phinse, At
the time of its ascent to the surface, decompression of the
water results in its partial vaporization whieh incroases the
silics concentration by an eusily caleuliled amount (it mat-
ters very litlle whether the steam produced remains con-
stantly in equilibrium with the water, which corresponds tp
an expansion at constant entropy, or is invelved in =z
throtiling procoess, which js a eooling at constant enthalpy),
Near the surface, the water will be in coniact with amor-
phous silicn, but precipitation is sufliciently delayed so that
the {otal siliea in the water Turnishes a precize indieation of
the initial temperature. I the initial temperature was less
than 210°C, however, the silica contenl in Lhe waler nfter ex-
pansion remains less than the snturation limit for amor-
phous silicn, and s6 the water can dissolve the silica in the
conduijt, leading 1o an everestimale of the tempersture. Fig-
ure 4-3 shows the result of such & ealeuintion.

Other proposed indicators which are sometimes used
have a much less general application, The ratio K/Na has
been proposed; it increases with the final temperature
reached by the water, but it depends strongly on the loeal

'H. Q. Fournier and J. J. Rowe, Estimation of Underground Tamprraiure from the Sil.
lea Content of Water froe Test Springs and Steam Welln® 4m. /. Sri. vol. 264, pp.
BASEET, November 1HGE.
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FIGUHE 4.3 Relutionship hetween the maximum Llemperstisre nrhiev_ed
nndd Ltho silica conzent. () Satulility of [ {Toront silica variz-
Lics n3 a funelion of the temperatire; (B} wemperature of
woker it Lhe time b was in equilibriven witho quarl2 as o Fune-
tion af the measured sitiva concentristhon (8, adiabatic coaling,
i, uoatemly-state syastem; A, eouling with irreversible stearm
wxpunsionl. {Frem Foxeder aad Kowe, Betimation of Fa-
dergiviond Tewmpeentnre from the Silicd Coxtanl of Water from
Teat Springs and Steanm Wells, Am.J. Sci, vol. 204, pp. 635-697,
Nocember 1966}

petroyrraphy. [1is an index the significance of which must be
cstablished in each region,

i When there is vaporization of water containing both
dissolved salls and pas, they are unequally distributed be-
twaen Lhe two phages. Thus it sughl Lo be posaille te recep-
pize water coming from condensation of steanm, and also,
duepernding on the gases present, it should Le possilile to tell
if o vapor is of a very deep origin or results from evapora-
tion relatively near the surface.

The peochemical indieators require very eorcful in-
terpretation which canngt be put inte general rules. Only
careful comparisen of the chemical composition of different
waters in a region, taking inte account the petrographic na-
ture of the roeks present, ean lead to vahid conglusions.

o wr b =r




CHAPTER FIVE

utilization of geothermal energy

The Romens used hat gprings to heat their haths, and
such wses are found everywhere {aside from possible thera.
peutic applications which have censiderable economic im-
portance). Certaln Parisian swimming pools are heated di
rectly by wells driven into aquifers of Albian greensands
with a temnperature of 25°C. Since the Middle Ages, locnlities
like Chzudes Aypues, Dax, and Ax-les-Thermes in France
have distributed water at 80°C for domestic and heating
DUTPOSES.

Many such direct applications have developed. The en-
tire domestic heating in Reykjavik (which is likely to be used
alarge part of the year) and the heating of grecahouses uso
geothormal waters, In New Zeainnd, 2 paper factory as well
as many domeatic applications (hotels, breeding farms, ete.)
can also be cited.

All these applications depend on local needs. The
problem of the utilizatien of gecothermal energy does not
take orn allita sirnificance until it ia placed in the framewerk
of an enerpy market made possible by means of eleetrical
encrey transport. Thus, we will examine the use of pecther-
mal enerpy primarily to produce electrical power. We must
also mention that when there exizt noeds for heat at a low
temperature, it is mere economical to omit the electrical in-
termediary. '

All eleetrieal or meechanical energy production from
heat rests on the first two laws of thermodynamics. On the
one hand, there i3 an equivalence between the total heat ab-
aorbed and the energy according to the relationship
4.18J = 1 ¢al, On the other hand, it i not possible to preduce
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encriy by the consumption of heat at a uniform tempera-
ture (Lhis heat could be obtained in practically unlimited
amounts Trom a source such as a river, the ocean, Lhe atmo-
sphere, ete,). The engine which produces mechanical energy
musl tnke heat from a warm source and give buek a lesser
quantity of heat to a cold source in order to transform the
difference between these two guantities of heat into energy.
The absclute temperatures T, and T, of these sources (in
practice 273 + 6°C) are defined in such a way that
QuTy = .47\, Q, being the quantity of heat taken from the
hot source T,. In other words, the entropy, df = Q/T, can
enly increase. The energy produced is cguivalent to the dif-
ferenee ) — QQ:' In general, il is the hot source which lmits
the production of enerpy and is taken as a reference for the
overal! elficiency. However, the ¢old source does not play
any less impartant tole in the economics of eneriry extrac-
tion, nd it is useful te have next to the power plani, as at
Wairakei, New Zealand, a larpe river {(Waikato) with perma-
nently cold water. Otherwize onec may have to use the at-
mospheare Lo cool water at the base of towers where upward
mevement of heated air assures a natural draft, Apart from
the cost of such an installation, in some ¢limates it doos not
produce a very low temperature.

Related to the heat taken from the hot source, the ef-
ficieney is

Ql"Q: T, — T
& T

The ratio on the ripht-hand side of the inequality iz the ther-
modynamic efficiency, which constitutes an upper limit. In
fact, the practical efficiency is much lower than thut theo-
reticnl limit, but the discrepancy depends on technological
considerations, and we can always try to reduce the dif-
ference.

What are the theoretical possibilities for geothermal
energy production? Let us consider a surface of 1 km* where
the regional geothermal flux js greater than the average
wnr]d flux in & ratio m, This flux, m = 1.2 wcalfem? - 5, is
equivalent to 1.2 m x 10* X 4,18 W, which is 50 m kW/km®.
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But in order that this flux be partly transﬁ?rmed i1‘1tu
energy, we must tap the heat in subterranean regiona which
is at Higher temperatures thun ot the surface, the h‘eut {:‘rf
which represents the cold source. If the thermal grmhernt is
m*C{30 m, the temperature difference at the .surfam.? wil I:Ee
{m % 4330 and the resuliing thermodynamic efficiency is
{mA30X (283 + mAh)30). .

A hot spring represents a natural device which brings
to the surface, with little temperature loss, part of the sub-
terranean flux. There have boen several developments
based on the enerpy utilization of heat transported by o hot
spring. At Kiabukwa in Katangn, there iz a spring of 4'3:
liters/a at 91°C which has been equipped to produce 1:10 kW'.
But such an extraction, which could continue inde!‘imtuly,.ls
highly unuaual. As a genoeral rule, a close instrcttoft of dif-
ferent developments shows that the heat contained in a cer-
tain volume of raek is used up, This heat is trans;::ortud to
the surface by water circulation in either the liguid or the
vapor state. Such a gesthermal site is thus likely to deplete
itself, the mure quickly the larger the flow, unless the sub-
terrancan phenomena which gave rise to the geuth?r.mn]
site renew themselves. But the way in which these eriginal
phenomena are distributed in time remains obscure.

It is ensy to calculate that a cubie kilometer of: mn::k
cooling from 250 te 200°C, liberatea 25 x 10"c:11‘, 1:-.'h1ch 15
ecquivalent to 1Y), By taking an average cflicieney of
(42570 — G0CCIETI0 + 225°C) = 0B percent, woe could thuew-
retically prodites 12,000 kKW for 100 yr.

Althowgh this is very theoretical, we ean umllurtnkf: it
more precise caleulntion. Let us take 27°C, which ISFEGH"K.

for the surfnee temperclure and suppose 3 gradient of
20w *Clkm, which gives T = 300°C + 30 mA*C. It"we remove
some of the heat contaimed in I km? thus decreasing l‘.heﬂteM-
perature from T to 7' —d7T, it will provide 0.5 x 10"d T cul,
with & theorotical efficieney (T — T T, which can produce lll;
total enerpy of 2.1 x10% fL(TF-TNT] dTF=2.1 %10

o iy i “ Heport of Lhe Congras Seien-
A Ttolted, "La Centrole Géothermigue da Kllhuhfﬂ. ‘
bifique, AlLieth goniverpary of the Special Committes for Katangs ¢emmunicstion
86, Elabethviile, J050
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[T = To ~ TaIn (TITy], or approximately 2.1 x 10" ¢T — Tl
2T = 1.05 x 10%% (30 /13300 = 10% it KW - yr.

If we extracted all the pround heat to a depth of if km,
we could theoretically produce (103302077 kW yrfkm?, Pros.
ently only thermal sites with high thermal gradients are
used; m can attain a value of 10, but anly over smal] areas
and to a shallow depth H. However, if this formula is ex-
tended to all the land area above sea level, which is 142
million km?, we would find a total of 4.8 x 10 IR KW - yr, Al
thouyh in extracting this heat one would ¢ntounter conaid-
erable technuiogical problems, we should remember Lhis fig-
ure because it sets pracliczlly no theoreticsl limit to the pos-
sibilities of geothermal encrey produttlion. Now it remaing
to discover how to produce this ¢itergy and at what cost,

Practically, we are able to distinguish three cases in
the operations technolopy: first, the geothermal site which
only furnishes steam; second, the site which supplies very
hot water which can be partially vaporized by a pressure
drop, and this subsidiary steam used for energy production:
and finally, the site in-which the heat directly contained in
the water is used without vaporization, We will examine
these cases in succession.

51 Operating techniques for a steam sie

The classic example of this case is the Eteam site ot
Larderellsfin Tuscany, where tho firgt vnerEy was produced
at the start of the eentury and where the production of
energy has now reached 200,000 kW, The peothermal sito ot
the Geyzers, in California, also uses a steam feld which ex- ..
tends over 25km® This site reached 396,000 kW (Ociober
1972) and has continued to increase. It s expected to reach

‘A Muxzoni, ~1 Soffoni boraciferi Toscani ¢ gli impinnti della Larderelic,” Hologpne,
3951, Also see the reports fiven at the Unijed Natiohs on new energy sources, Hom,

1941, and st the Symposivim of the United Naticns on Mt Davelopment wad Urillza-
tion of Geathermal Resaurcen, Flza, I107),
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600,080 kW, There is also a steam fGold which iz utilized at
Matsukawn, Japan,

The sinking of commercial wells involves precautions
whi®h we will find in all the cases. Before reaching the roof
of the bed, it is necessary ta have eemented in a easing that
can withstand the pressure exerted when the main valve is
elosed without the risk of vapdr infiltyating into the ground.
After the hole has been drilled usingy refriperated mud, with
normal! precavutions te coptrol possible eruptions (fast-aet-
ing valves called blowowt preventers), 0 protective column-
can be installed with a easing or the productive zone can be
left epen. At Larderoello, o drill hole wns generally stopped
0s s00n ag a stram-producing fissure wias reached. In prin-
eiple though, with a sufficiently cold mud, drilling could
continue to obtain higher producticn capaeity,

Onece the hole is epened nnd emptivd, the steam escapes
intu the atmosphere. Then, once the walls of the shaft are at
tempierature equilibrium, the steam expanzion becomes
adiabatic. It is known that a saturated vaporin an adiabatie
expansion to atmospheric pressure becomes humid. That is,
the steam contains ahout 25 percent (by mass) of water in
suspension. The steam will appear as a white plume; ut the
cnd ol several very spectaettlar dava of this free release into
the air, the plume becomes transparent and enly condenaes
higher up by mixing with the colder air. Under atmospherie
pressure, the steam drys up. We ean interpret this change
by suppesing that the expansion from the peothermal pool

no longer takes place in the drill holes but a little bit up-
stream, and the steam eooled by expansion is rcheated on
contact with hot rock remaining at 250°C{in the case of Lar
derello). Of course the propagation of the pressure drop due
to the release of steam in & fissure network whose form we
do not know cannot be deseribed accurately. We only know
that the stenm with a lowered pressure takes heat from the
purrounding terrain. At that time, the drill hole is connected
to the central power station by insulated piping of a large
diameter (massive dowy can be hundreds of tons an hauy,
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and a ton of steam occupices 279 m? at a preszure of 7 hars)
The pipes are arranged so that they ean freely dilate, but-
.there is no worry about water condensution since the steam
1s superheated.

Formerly, 10 avoid corrosion of thoe turbine, an ex-
changer was uzed to vaporize pure water while the natural
steam condensed. Naturally, there was n loss of tempora.
ture and pressure in this eperation. There was then no
problem in using a condenser where the final condensation
of the steam cecurred at n low temperature and pressure,

Then, it was decided to consiryct turbine vanes out of
stecl resistant to the corrosion of the natural steam, But the
gFas contained in natural steam (5 percent at Larderello, 1 to
?perc::nt at the Geysers, where this proportion ig dropping
in the course of the aperation to 0.5 percent) accumulates
in the condenser increasing the Fressure, which has to he
lowered by pumps. In spite of that, the pressure in the con.
denser is never as low ns with n bojler using recyeled
whter.

.f; third gelution, mere primitive and permitting only &
marginal efficiency {that comes from taking 100°C as the
temperature of the cold source), consiste in letting the tur-
bing elxhau st go directly into the atmosphere, This method ia
semetimes used for a short while by a fleld unit to utilize
the preduction of & dril! hole until it is connected with the
power station. ’

5-2 Directivas for geothermal op#rations

A number of drill heles are coannectnd by pipelines to
the entrance of the turbine, There ean be two or mere sepa-
rate networks connected to different turbines which can
work at different pressures or a joint collection allowing sov.
eral turbines to be fed. Hut in any case, the turbines are
calibrated for a certain entrance pressure, which means a
alightly higher pressure at the wellheads. Regulation of
flow, as & function of the electrical Power to be provided, is
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controlled by regulators at the turbine entranea which
maintain the steam Aow at a ecrtain pressure. Sometimes,
in the course of the operation, that entrance pressure ia
appreciably different from the design pressure. In the
power station’s aperativns, it is necessary to choose be-
tween maximum energy prodiction, which corresponds to a
strong flow with a relatively low upstream pressure, or a
high efficicney in kilowitts per kilogram of steam per hour,
which requires a high upstream pressure with a lesser
low. '

Even if it was demonstrated that the total gquantity of
heat which ¢an be extrocted from the ground, and thus the
total steam Lonnage which the site would be able to produce,
is limited, preducers will rarely sacrifice the possikilities of a
high production eapacity in the immodiate future for the
benefits of prolonging the site’s reserves, since its limitztion
will not appenr unti! after a very long waiting perind, In the
establishment of the power-station plun, the upstréeam pres-
sure at the turbines should be fixed (or pussthly the pres-
sures if there are two groups of wells, strangrer and weaker
producers, feeding ditferent turbines). This is a delicate
choice which requires a thorough knawledpge of the produce-
tion capacities of the wells, at a time when development
wells are hardly completedd or are still to be drilled, In prac-
tiee though, it is often found that the power plant is working
at a pressure lower than designad. Should we thus con-
clide that the, production pressuce was chasen too high or
the plant averequipped? The constant concern of the pro-
ducer is to increase the production ciapacity by sinking new
wells extending the surfuce aren of the exploited field,

These new wells are especially necessary as exXDericnce
has shown that well production decrenses with time {for £x-
ample, to one-halfin 2 or 3 yr in Larderclo, although-exact
information has not been published). One of the explana-
tions of this decline holds that the ground heat used to
superheat the steam iz depleted further and further up-
stream from the fiasures by which the steam reaches the
drill holes,
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53 Geolhermal exploitation invelving water vaporization

An example of thizs type of expleitation is that at
Wairakel, New Zealand.! This site is equipped to produce
175,000 kW, The proximity of the Waikato River, which origi-
nates from Lake Taupo with a large flow, was used to ndvan-
tage by installing the power plant on its banks, permitting
very efficient operation of the condensers. However, this ex-
tends the piping & bit and inhibits the development of the
extension of the geothermal field that was discovered an the
oppesite side of the site,

A well penetrating inte a bed where the water tempera-
ture is at the beiling point under the appropriate pressure
dora not risk eruption whenever the mud is coeled. Yaet, it
rmay be necessary to maintain the cooling mud eirculation
while the drilling operations are halted. 1n New Zealand,
they did not limit themselves to cementing only the first cas-
ing in the ground, but immedintely st a truly massive moor-
ing, which is perhaps dispensable. A casing is sct slotted at &
suitable level even for exploratory drill holes.

After 3 montha of waiting, during which the main valve
is elosed, the well comes into equilibrium with the suerround-
ing ground. The water al the bottom of the well igin edquilib-
rium with the ground, but gas ean accumulate umid mix with
the steam; this gas oecupies u certain height in the column
s0 that the vilve pressure has ne particular significance.

After the temperature profile is measural, production
tests can proceed. If steam accumulates, it suflices to open
the main valve; the pressure falls in the well, and the entire

o eolumn of water Legins boiling, the steam jet driving out the

water {and posiibly all the recky dcbris which has ae-
cumulated in the well). If the eruptivn does not begin spon-
tanegusly, it is necessary to raise part of the well's wiater

"l W tirindley, The Geology, Steucture, and Exploliation of the Wairskei Geothermal
Firld, Taupo, New Zealand, ¥, 2. Grald Surp, Bull. N e Th p. 131 igcalogic slmap and cross:
sections}, 1965 Sew 2lee the numerous publications o the Department of Scienilfc knd
Industrlial Heagurch aof Wew Zeatund in the Torm of internal e poris, or Lha Mew
Fealond Srurnal of Cealopy and Gecphyviga,
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column tz initiate the eruption. This ¢an be done by a pro-
cess called air Hft. Ezsenlially, this involves injecting com-
pressed air at o certain depth in the weil,

In the course of the eruption, water tows from the
ground toward the well, and either in the fissures or later
when passing the slotted casing, part of this water is
vaporized becanse of thi pressure drop; the temperature
then decreases. We can castly caleulate the proportion, by
weight, of water Lransformed into steam. Let 8, be the ini-
tial temperature, iy the boiling point of water at the pres-
sure in the well, and L the latent heat of vaporization at
that temperature, The vapor proportion x is such that
z - L= g = ¢, Although x is rmuch less than unity (25 per-
cent at most), the vapor veliume ialarge with respect to the
waler volume, and the waler is reduced to a suspension in
the steam jet which can rench a high velocity, This suspen-
sion could be formed in a well open to the atmozphere as well
a5 in n hole with a back pressure maintained at the well’s
main valve,

When a well furnishes superheated steam, as at Lar-
derello, the flow cun be measured by one of the methods
applicable to gases, such as the pressure difference on the
two sides of n calibrated orifice, or the pressure mensured
upstream from a conical fttine which jenda into free air and
which functions like a venturi. However, these methods are
not applicable to a humid vipor, In New Zealand the produc-
tion is measured while a back pressure is maintained by a
calibrated orifice, ov duse. The pressure is measured up-
stream from this orifice, The steam content and the Aow of
the mixture are measured downstream after a new expan-
sion which increases the amount of steam. To determine
this amuount (see Fig. 5-1), part of the steam jet i3 eallect ed
and is condensed in 2 receptacle containing cold water. The
inerense of rmass and of temperature give the propoartions of
water and steam. The total flow is estimated by the ratio of
the total cross section of the jet to the sampled cross section.
Care must be taken to move the sampling device over the en-
tire srea of the jet during testing., With different orifices,
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FICUKRE 5-1 Prineiple of the production measvrement of a peothermal
well, Different autputs, characterized by theair pressures at
the wellhead, are abtained with diferent dirse (ealibrated ori-
fices). After expunsion, & fraction of the flow is removed from
the ateam jet {s calibrated cross vection being displaced fora
systernatie sampling?, and the preduct jm then condensed in a
calorimeter ind the heating and mess inecrease are measared.

one can determine the well’s productien as a function of
the pressure at the main valve, and thus is able to choose
the range of turbine operation. It is necessary to repeat
these measurements periodically. )

To utilize the well, we must first separate the water
and the steam. Thisis done in & large vertical tank (Fig. 5-2)
which the steam jet enters tangentially. The steam is ex-
tracted from the upper part of the tank and the water ac-
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FIGURE 5-2 Disgramof the wellhend equipment oaed ot Wairakel, A sepu-
rater and n muffler are found in which water in suecessively
separated under preasure and expanded with partial vepor-
jzation Up to atmospheric premdure.

cumulates at the base, The temperature of the steam is a
futiction of the pressure at which the vapor is used, but in
any case it is much higher than 100°C. On further expansion,
the water that has been collected partially vaporizes and
the steam thus produced could be used by o second eollection
neiwork at a lower pressure, As there are two vollecting
networks, ane at high pressure and one at low, this scems
easy. I this iz not done, itis simply beeause it appears more
economical ta inerease production by sinking new wells. It is
evident that in this camparison no consideration has been
given to the total energy which will ba produeed during the
life of the geolhermal fAeld. The heat contained in the
goeothermal site will dissipate at a higlher rate in the course
of the operation than if thermal recovery had been atlowed.

It is oven theoretically possible to use the stenm
proiduced by the expansion of water to atmeapheric pressure
{and evan use the heat of water below 100°C), if the condens-
era can be arranged downstream from the turbines. This

will be seen later
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But this recovery is not done at Wairakei, where the
water is flashed at a temperature preater than 100°C {up to
160°C, at which temperature steam production by expansion
reaches 15 percent). It is the noise produced by this expan-
sion which is the most irritating sspect of a geothermal
enerpgy operation, snd to reduce it water is expanded in ai-
tencers formed by twe vertical eylinders eoupled ot the base
where water enters. The eacaping steam condenses in the
cold air producing white steam plumes (actually, mist),

5-4 The evolutian of 3 gecihermal site

We have assumed that at the beginning of the exploita-
tion, the peothermal waler is vaporized on reaching the well
or while traversing the slots in the casing. An evolution of
producing conditiona i3 observed at Wairakei that sugrests
that this is not always the cuse, It seems that, in the long
run, a pressure drop propagates upstream and leads 10 a
partial vaporizolion of the groundwater. It is clear that at,
each point the vapor will tend to occupy the upper regions of
the permenble reservoir, near the impermeable cover, But
this cover cannot be totally impermeable, amd the steam
must infiltrate it. As a result the superficial manifestations
{i.c., peysers, mud pots, ctel), which made Wairakel a todrist
srea longr befure geothermal opuerations bepan, tend to
increase instead of heing reduced ns was anticiputed, The
steam proportion in the well production has inereased,
which implies a vaperization not only by expansion but by
contact with rock having sauflicient (thermal inertin to sunply
the necessary heat for vaporization, due te a pressure drop
in the bed. It ia evident that this forms a very faverable op-
portunity for ('Ip]ﬂlt.ltlﬂn,

But it is net easy to tell to what distance from the lels -
this vaporization could propagate in the surrounding
ground, If we imagine the case of o permeable matrix in
which vaporization takes place, we reslize that {taking nc-
count of the volume flows of the water and steam, for simi-
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lar mass flows and actunl viscosities) the pressure gradients
must be much stronger in the region of the steam than in
the region occupied by the water. Hence we might expect
the matrix {(at Waitakei, it is tuffs and volesnic cinulers that
are rather friable} to burst in the arca of vaperization. It is
likely that this occurs in uncased wells, where the jet of
steam and water is often londed with rocky debris.

Itis thus likely, especinlly taking into acecount the large
production differences between neighboring driil holes, that
fisaure permeability plays a larger part than matrix purme-
ability. We can conceive that, in a fissure with easy aceess to
a well, water is ¢jected by vaporization and this process
results in the ereation of o system of communicating fia-
sures in the well walls filled by steam until ultimately water
is replaced by steam in the matrix itself,

[deal eperating ecnditions would be realized if, in the
layer which constitutes the gprothermal reservoir and whose
upper reprions are perhaps filled with steam, at lenst near
the well, onty the upper regrion of the layer interacted with
the drill hele. Then vaporization would be produced in the
Inyeritaclf, and at the limit, we eould extract only the steam
with all the advantages which have been previeusly in-
dicated. Thiz could resglve the problem of what to do with
the residual hot water. Also, this would limit a great deal
the preblem of resupplying water to the geothermal site.
The vaparization of the water contained in a rock having a
porosity of 10 percent effectively lowers its temperature 50
or 90°C, which closely corresponds to all the heat which can
be wgefully extracted.

If we recall the technological progress which haz been
achiaverl in the development of oil wells, we ean hope that
the same will develop in the future expleitation of jrecther-
mal sites and that we will thus sucteed in extracting only
the steam contained in a bed initially oceupied by water.
This is definitely in the future, however, and it will beindis-
pensable to understand, much better than today, how vapor-
ization propagates in the matrix as well as in the fissure
network,
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5-5 The utilizatign of sleam

The steam gathered inseparatars is sent Lo turbines by
a system of pipes. But, as this is a saturated vapor, it con-
stantly econdenses and the water flows 1o the bottom of the
pipeling, which must be automatically purged at zll low
points. The simultaneous flow of both water and steam in the
game pipe ¢an be unstable and should be aveided. The use of
steam at the power station equipped with turbines and con-
densers prescnts ne new insights,

Observe that in both the modes of operation which
have been deseribed, a certaln number of wells are linked in
parallel to the same eollector network. It should be under-
stood that there can be several different supply networks
utilized at different pressures, pressures whieh are defined
dewnstream by the functioning of the turbines. Thus, we do
not know which wells supply the steam utilized, which in the
long run could be very inconvenient {a well could effectively
stop producing, without notice), This makes it necessary to
take pericdic measurements, in practice monthly, of the con-
ditioms under which each well is producing steam.

In the design of a commereial enerpy project, we have
pointed out that the first problem is the choice of the operat-
ing pressure, Another problem concerns the number and
position of the power stations. On the sne hand, it would be
useful to reduce the length of the steam pipeline, which is
costly and the site of heat losses. But alse, it is desirable not
to disperse the power installations too much in order to use
large steam engines, which are more economical than smali
ones. These conditions lead to a compromise, with some dis-
persal of the power stations. At the {ieyscrs (California),
where the firgt power station reached 14 and then 28 MW,
they plan to reach GO0 MW 2t the end of 1975 (without this
being an upper limit), with power stationa including twe
groups of 55 MW each. However, local conditions, partieu-
larly the availability of ¢ooling water for the condensers,
make a detajled study necessary for each case, since general
rules cannot be formulated.
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£-8 Energy utilization withow! steam produciion

There is no fixed Emit between the appleation of this
method and the preceding method, Thearetically, we can va-
porize water at less than 100°C in o partial vacuum created
by an efficiently cooled condenser downstiream from the tur-
birge, This is how the siall installation 2t Kinbukwa worked.
Asis done in Reykjavik, water cun also be used at 146°C for
urban heating without allowing it to vaporize, by maintain-
ing the water in a pipeline system whick is under prossure.
However, for this, pum'ps must be immersed deeply in the
drill hole so that the pressure of the extracted water is 2}
ways at least of the order of 2 bars on the surface. In
Reykjuvik, this pressurized hot water is used in ex-
changers for domestic water heating and for heating
oreenmases,

If it is necessary to produce energy, steam turbines
operating at very low pressures shoeld be avoided bocause
dissalved gases nccumulate in the cordenscer, increasing the
pressure, which then must be lowered with pumps. Instead,
closed-circuit thurmal engines operating bhetween two ex-
chanpera which respectively constitute the boiler and the
condenser could be used, with a turbine in the steam path
and aninjection pump to supply the condensed liguid to the
boiler. )

This cireuit can just as well be used with a liguid more
volutile than water, and thus the vapor pressure will be
higher at operating temperatures, and turbines and Pipes
¢an he smaller. In China (near Peking), ¢lhy! chloride is
used. Dutane, propane, or evon Freon ar ammenis could
also be used. Tt can be ebserved that the technology neces-
sary ta make such cireuits pressuvestight, while vxtracting
the mechanieal or electrizal energy produced, is the same
ag for refrigeratoers, and everyone knows that leaks are no
longer a problem thero,

However, the thearetical efficiency remains limited by
the serond law of thermodynamics, whatever the Auid
employed, The cost of an exchanger, averall, should be pro-
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portionnl to its exchange capacity, and il becomes much
more costly as we try to reduce the diference helween the
secondary fluid exit temperaturs: and the primary fluid on-
trance Lemperatore. The estublishment of o project necessi-
tates an optimum choice between Lthe installation cost and
the efficieney, There de not yet seem to be any tules which
allow a calculation of the cost of an installation as a fune-
tion of ils cutput power, but undoubicdly such installations
are possible (witness the Chinese experienee),

Anytime there exists a necd for heat at a low tempera-
ture, whuether for domestic heating or for certain industries
such as the desalination of water or brine (whelher or not
thisis the waterin the geethermal bod), there is great-inter-
cat in uvtilizinge the heat of the winter extracted Trom the
ground directly without the intermediary of clectrical
energy, For heating, electrienl enerry is penerally employed
through the juule effect, which means the transformation of
¢lectricnl ¢nerpry to beat through a resistance. Thus, we do
not retrieve all the enerpy gpent to produce the electrieal
energy, which lowers the efTective efficiency to less than Lhe
theoretical limit of the thermodynamic efliciency, which is
very margrinal for waters at relatively low tempoeratures,

It waeld not make any diference if we nsed a heat
pump for the eleetrical heating, which is cyuivalent to a re-
frigerating engine and which utilizes the heat which a re-
frigeratar dissipates in the ambient air. It would be forced
to vool sorne external source (the atmosphuere, for examplel
We pay little attention to the cost of cooling by our refriger-
ator sinee itis the only way this eooling can be done. But for
the calories produced by a heat pump, the compurison of
cost with the cost for preducing heat by the joule cffect is -
striking, Equipment for heating by the joule effect, largely
composcd of resistances, is remarkably simple and ceonami-
eal. The equipment cost for a heat pump is much higher and
even thouph the practical efficiency is higher than for the
resistance heater, the savings in running costs {consump-
tion of clectricity) are insufficient to justify the initial cost
of the equipment, In faet, ne heat-pump design has ever
gained undisputed advantage in this cconomic comparison,

A
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Thus, the preblem of the use of a heat pump has no tela-
tionship to the utilization of geothermal energy, especially
at low temperatures. It only concerns the best way to utilize
vlectrical eneriry,

We will not enter inte the details of the utilization of
geothermal waters for heating at low temperatures except
to point out that the degree of water mineralization often
requires the use of 4 heat exchanger, and that disposal of
the pollution by mineralized water can be diflicult,

The utilization of water from natural thermal sources
or from artificial drill hales pases no particular proablema. It
is applicable on a large seale In a country like Hungary,
where therp is no hesitation in exploiting deep aquifers with
wella 1,500 or 2,000 m in depth.

4

5-7 Water injection

In many other cases than those just mentioned, the
supply conditions for subterranean water layers, which are
aoften captive, are not such that we can expect steady larce
flows for profitable geothermal cnergy extraction. This
stimulates the idea of artificially supplying subterranean
~water layers by injecting, in suitably placed wells, covled
mineral water, which we have already seen is a nuisance
after Lhe heat has been extracted,

This artificial supply can take very different forms. The
project undertaken in the Imperial Valley, in the southern

part ¢f California {which is partially associated with the-

hypermineralized site of the Salion Sca), will utilize an ap-
parently massively permeable basin, It has been proposed to
inject water in the cooler marpinal areas of the basin. Thia
injection would simply wdd te the actual water supply ocut-
side the canvection cells,

Dut if we consider an pgquifer at a relatively uniform
termperature, it could be advantageous to inject cooler
waters direct!y into the hot aquifer. The model of such anin-
jection was done ot Melun {near Paris) and assures a supply
of hot water and heating to nearly all of a large 2et of

apartment buildings (a supplementary use of heating fuct is
necessary a few weeks each year). From petroleum pros-
pecting, it 18 known thut in the Baj)ocian, st a depth of
1,800 m, there is a very permeable aquifer at a temperature
of 70°C, This bed has been reached by two separate wells
drilled in approximately the same spot with deviations in ap-
posite directions. One of these serves to extract hat water,
and the other well injects this same water after cooling
threugh heat exchangers. The thermal-siphon ¢ffect, which
may be expected, is insufficient during the winter to assure
the necessary flows, and pumps are used to inject the cold
water.

58 The future of an operalien with reinjeclion of wator

If we imagine the long-range future of such an opera-
tion—and all opecations which could be achieved under the
same conditions, since the geothermal site at Melun is
known to extend over thousands of square kilumetera—we
must ke concerned about the rizk of the injected cold water
cooling u progressively increasing area of the geothermal
bed until finally the temperature of the extracted water is
lowered. The calculation of the predicted tem perature
evolution of such waters can be accomplished in the follow-
ing manner.

We will neglect the dependence of the viscosity an tem-
perature and thus will consider it as a constant. This will
lcad us to overestimate the cooling of the extracted water
since the viscosity varialions tend to slow dewn the mave-
ment of cooler waters and thus increase the proportion of
warmer waters in the supply netwerks of the wells, The
hydraulic system will thus be steady, and it is easy to deter-
mine the system (see Fig. 5-3) in the ¢case of any number of
extraction wells #,.and injection wells Q,, cach employed at
a constant flow.(the sum of the Aows not necessarily being
equal). We can take into account a steady eirculation in the
aquifer, which is equivalent to placing two wells, P and @, at
plus and minus infinity. Observe that for a gingle well, the
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FIGURE 53 Principle of the exlcubation af current filaments circulaving in
a permeakie layer brlween injection aml extractivn wells: geo-
melrical deEnition (in conzequence of the weighted sum of the
azimuths eing a constant), and faloulation of the inslania-
neous thow,

unitary-flow sactor ia radial and inversely proporticnal’ to

the distance to the other wells, In mbdition, the tlow passing

between two points is proportional to the angle of the radius
veotors. For any number of wells, we obtain the unitary Now
at a point by adding the unitary.-flow vectors for all the
wells, For 2 Aow lHne, a weighted sum proportional to the
Hows of the wells, the azimuths of the radias viectors are
constant. In the case of two wells P and Q. with equal
flows, this last rule shows that the flow lines are circles
passing through wells P and @. But we could also consider
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two wells with unequal flows and an aquifer with a steady
inflow, '

We will suppose that we have effectively traced the
flow lines bordering on a well P and determined the width
of & current filament of known flow aleng this line. The
width will be inversely proportional to the unitary-ftow vec-
tor. - ) -

We will study! acparately the thermul evelution slong
each current filament as they are defined at the end of the
caleulation hy the principle just indicuted, The current fila-
ment includes, upon leaving the well @, between the diree-
tions & and ¢ + AP, a flow AQ = Ad¥2x, Av a distance |
from the uripin, its width is o A, and we will have 1o con-
sider its surface 5 &M, g being defned by 5= [¢ di. When
reaching the extraction wall J4, 2 has the velue S,

Refore injection, n ecertain temperature distribution
holids, constant and in equilibriom with the peothermal lux
and the surface conditions, Let @, tu: this steady.state tem-
perature of the aquifer, which we will consider as uniform,
neglecting the variation aver the thickness of the layer
When the system is perlurbed by the injection of cold water,
the perturbation to the temperature will satisfy, outside the
ayuifer, the heat equations without taking into account the
geothermal flux, Moreover, the periturbation must be zero at
the surface, a condition which can be satisfied by the
mithod of images, but that we will neglect bere beeause the
aquifer is at a relatively grest’'depth.

199, is the initial unifern temperature in the layer and
8, the temperature of the injected water, we will. let
8 =6, + o, — 2,). Outside of the aguifer, ##, — 8.) will be the
thermal perturbation caleulated with respect to the inilisl
local temperature.

In the first phase of the caleulation, Jet us treat the
walls surrounding the aquifer as insulating. Let &t be the
thickness of the aquifer and € its heat eapacity per unit vol-
ume. The unitary flow is then given by g=AGrAT el =

This tuleatation s due 1o M. Aluin Cringarien (orsl tttmunicstion], whem ] wish to
thank for nllawing me 10 present 1t hers,
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AQ)}dzmeh, We will assume that the temperature stays uni-
form in n cress-sectional area of the filament considered,
and we will neglect the heat transfer by conduction in com-
parison with the transfer resulting from water circulation.
Then the heat equation reduces to

of a6
C:f "' v (5-1)

On intreducing r and replacing 45/ m ¢ 3033, Eq. (5-1)
becomes .

ot 2rkC 33 -2
Ali sulutions of the form r=F{t —g - 2rh{/Q) satisfy Eq.
{5-2), In other words, the profile of the thermal variation
caused by the injection propagates in the iayer, with respect
te the variable s, without change. IT the injection of cold
waler beging at a time f = O with a uniform Aow, the thermal
wave will initially have an abrupt front, and theoretically it
woulid continue to propagate with this abrupt wave front
and a wvelocity dafd = Qf287A0, or o trye velocity Mk =
H2mhee.

Itis very evident that with a constant whdth ¢, the ther-
mal wave cannet progress without its prefile being at-
tenuated, especially if it was abrupt ot the origin. A primary
cavse i the horizonta] thermal eonductivity of the layer,
which, if the initial wave frant iz abrupt, will give a
smoosthing to the profile with time that could be caleulated
by means of the diffusion equation. But this diffusion occurs
with respect to the length 7 of the flament, whatever iis
width, and it woulid not be conventent to introduce it inte the
equations. Perhaps 3 more important factor that smooths
the thermal profile is the fact that the permeable water
layeris actually composed of heds having very different per-
meabhilities, where the water, and In consequence the ther
mal perturbation, progresses at very different velocities. We
can infer thalt a certain amount of diffusicn reestablishes
the uniformity of temperature between different layers by
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water exchanges between fast- and slow-moving filaments,
but this process only occurs over a distance which is not
negligible. These two processes have the character of a dif-
fusion. They will smooth the thermal profile while retaining
its median position, and their effect wil] be greatly lessened

"as the praofile becomes smoother, We ¢an expect that the dif-
fusion progresses as the square root of the time, But
perhaps we should analyze the diffusion with the true
length of the filament ¢ and not s. -

In spite of these restrictions, whan we calcuiate the
thermal perturbations at the extraction wells 2, the approx-
imatien of an abrupt thermal wave front is useful. We wil?
congider for each instant the proportion of supply filaments
whese temperature has been perturbed, which will permit
us to ealeulate the resulting temperature of the assemblage
of filaments. The modification which needs to be added to
this perturbation curve to take account of the fact that
aleng each filament the thermal wave has a smoothed

. profile, and is not abrupt, will only slightly ¢change the initial
part of the curve,

AE a case in point (3ce Figr. 5-4}, we will perform this
calculation for twe wells, extraction and injection, with
equal lows. Then the lines of low are circles, and if 25 ig the
distance between the shafts, a simple geometric ¢alculation
gives §=2E%sin & — & cos ®)sin? ¢ (this trignometric
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FIGURE 54 Culeulation of the temperature at the extrnc:lgr:h\?'elil f:: :
piir of dlrill hofed, supposing o permeable layer of thic :;e .
heat eapacity & calfem?, and a flow Q z.*r:m::. Tl;; wad nf a;:
aggumued insulating; the time in expressed in a reduce d: -
ul o function of the distance between the shafts, 25, and &,
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L]
expression is cqual to 4 for @ = 0), Thus, the arrival time of
the thermal wave at the extroction well is

(4 7E*CHIQ) (sin & — P cos D) ' (5-3)
= sin?

The trigrnomoetric expression tales, as a function g4, the

following values, The corresponding values of r have also
ren indieated jn Table 5-1. o

t;::;nu;npe:?:rm again the previous cnlc.ulatiun, but t+hl!- T.lr:“:

taking inte consideration the conduf:tmn of tr{e lavers s::..hr-

rounding the aquifer. Hereafter, r will be the distance T.ﬁ e‘

. edge of the aquifer on either side. In the walls, we will ne

60 i 50
0,423 0630 0.882
oz 038 043
L
160 174 180
LT 591 w

082 094 I

GEDTHERM{CS

glect the horizontal conduction jn order to only consider the

vertical heat flux. Thus we will only have to consider the
¢quation

M a%
M T

which leada to

ir da’r .
E = a E’; {5_'4,}

In the aquifer, it is necessary to take into a thermal
balarice the loss of heat toward the walls, 2K 36,3z Fer unit
aurface, which gives the equation

T
L Y
& Znax az

Letting #' == ¢ - (2rhC1Q) - &, this equation becomes

R
B as ~ 2K 3 (5-5)

Eq. (5-4) not changing furm, Equation {515} is satisfied by 5
function of z +{(4wAJQ) -2, and = erfc({z + (4= K10Q) - &)
Viet'] follows, Returning te real time ¢, we find

Tz + 4aRIQ - »] }
(dat — {‘B.‘."H,ng,fgj T

T=erfe { {5-8)

We obtain the lemperature value of the current fils.
ment upon ils arrival at the well £ Ly letting =0 and
repiacing g by its coTTespanding value 5.

A statislical ealculation for all the current filaments
feeding the well P, which arrived from diverse injection
wells, porsibly at different temperatures or from infinity
where the tempergture always eguals dts injtizl walus,
weuld fumnish, as a function of time, the temperature.of Lhe
extracted wateor, .

But the integration for the -diffurent filaments.of that
expression, where-S i5.pivon by the:geometry.ns:a function
o ", 48 mot very convenent. The.caloulasion.is sitnplified. if
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ature evalution for the hypotheticnl
luyer with conducting walls. On the
) (e litersfel, the Form of the
sliding rule haviog o gradation in time tygurt] hufsh:menr}
caleulated, the volue utilized hein_z pul epposite the va :hn
Engy. For each filament characterized by;w};}:ht;mim;mm
7 ad an the other aeale,
of the Lemperulure drop will be re'nl frem
i i v he difecont Alements wi
hich B weighted average af ¢t k .
:Inl::n, The values of § for 10 flamenta with #qual Aaws heve

been indicated for 2 pair of wells.

FIGURE 55 Calculation of Lthe temper
ense of 3 thin permeable !
graph with nheeisan of In {£

the aquifer is thin (in the limit, it cuu!d. red‘uce taa Sir}l:p::
fiasure) atd if we ¢an neglect A By atl;r:hutm:g all the e

capacity tothe wall rocks rather than the aqm_t‘ur. nssummﬁ
the cross-sectional area to be uniform, we will not canm”
a vary great i;fr. Then frem Eg. (5-6), we ha

e O 2als ot ). .

' Lrchf fiu thu‘riumerica] integration in Ad, it 'wﬂl ha Cﬂlﬂ-
venient to let r=erfc (x) and In x = In _{2.-:&.*(3»?:;:
iy~ 4 In t (see Fiy, 5-5). In the preceding h}-"pzi_i; :In
ease of two wells with equal flows, In z ™ ln (27Af a.::H i
(2E3Q) + In [(sin b — @ cos djain® ©]1—14 Int. We will con-
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Curve givimg Lhe eoolng behavior for a pair of wells with the
hypothesis of & thin aguifer and condueting wulle, & is in
metern, § in litera per second, wnd 7 is In years,
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struct the curve piving 7 a5 a function of In r (see Fig. 5-5),
und an a4 rule we will have the values In X for regularly
spaced values of €. By moving the rule according to the
values ¢, we read diverse values of 7, from which it will suf-
fice to take the average,

Figure 5-5 shows the rule for the case of two wells of -
equal flow just studied. The flux of one of the wells has been
divided into 20 cqual filaments, each charactorized by the
median behavior af the current Yine, For o= 9, 27,45, 43, 81,
99, 117, 135, 153, and 171°, the result of the ealclation is
given in Fig, 56 as a function of time in years for
B3} = 10,000, or directly a3 u function of E’IQV'-?‘:. It would
not be toe much more difficult to caleulate the temperature
distribution for any arrangement of wells, Observe that the
thermal evolution is much slowear thun for the first hypo-
thetical model (noncoenducting walls). This corresponds to
the fact that in the long run, taking nceount of the condue-
tivity of the rock, we can utilize the heat in an incrensing
heicht of the ground. However, a precise study for & particu-
lar ease should take the thickness of the aquifer into ac-
count.
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Thus, in a retatively fair manner, we can predict the
leng-term evolution of a well's temperature and thus the
commuercial conditions for operation. If a uniform move-
ment, even if it is very slow, ecxistzs in the subterranean
water, it can serve to assure the permanence of the heat
supply. It is consequently very impertant to document such
movement by careful measurements of the static pressure,
go a5 to best choose the locations of injection and extraction

wells. It has curlier been scen that viscosity variations,’

which were npeglected, tend to benefit the ecireulation of
warmer waters, which will be faverable for extraction of
heat. _

But the permeability of the ground is not necessarily
unifarm; far frum it, This nonunifermity ean lead Lo a defor-
mation of the current flaments, but more important, a large

propurtion ol the extracted (low will originate (rom a small

number of filaments. The cooling in those places will be
rapid and will have a great influence en the temperature of
the extracted water, Whaen it is a question, as we supposed
previously, of a sedimentary layer, we can expect that the
fluctuntions in permeability will be small. But if we Imagine
o fissure, essentially plane and extended, to which we try to
apply the previous reasoning, it must be remembered that
the fizsure's width is not uniform but leads to the ¢stablish.
ment of preferential circulation routes. These routes cool
much more quickly than the rest of the fissure and have an
importunt eflect on the temperature of the extracted
water. . -

58 Geathermal energy prospects at low temperatures

The utilization of thermal energy at low temperatures
{i.e.. oulside the limited zones of nbnormal heating) opens
up larpe possibilitiez, Althourh this iz o Mavarable cireum-
stance, hirgh values of the heat flaw ar the rradient are not
a ngcessity. But it appears that deep aguifers which are
sufficiently permeable are absolutely necessary. Curtain of
these aquifers (for example, in the Hungarian basin or the
artesizn basin of Australial, are supplied with a sufficient
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amount of water to allew a simple exploitation. In other
cases, injections of water will be necessary either Lo main-
tain the pressure or to avoid pollution. But the existence of
a sufliciently permeable layer seems to be the essentlal con-
dition of such an operation,

It has been proposed by NASA (National Aeronautics
and Space Administration} to attempt heat extraction from
a massive impermeable rock, such &8s a granite, found at a
sufficient depth by preducing fissures in this rock by the
technique of kydraulic fracturing, extensively practiced in
the petreleum industry, A fracture produced in a first well
would be intercopted by o gecond well, and a forced eircula-
tion would be established with the hope that the thermal
shock would lead ta secondary fissuring, which would enakle
the rock te liberute an appreciable amounl of heat to the
water cireulating between the two shafis. Such a project in-
volves a number of unrezclved problems. Will the fissuring
really reach an npprecialle proportion of the rock? Will it
not establish a group of preferential routes where the major
portion of the flow will pass and whose walls will con-
sequently cool rapidly? It would be premature to think that
these diffievnlties cun be resolved,

it has also been propoesed that subterrancan fissures he
ereated by means of nuclear explogions. In fact, cven now
little is known about how fissures could be ereated by such a
method, and it is almost certain that they would be very ir-
regular with major portions of the cirrulating water pass-
ing alonp prefercntial routes which would be rapidly cocled.

&10 Prozpecling

Before being able to exploit a peoleyrical site, whelher it
is geothermal or mineral, it is necessary to establish ils exis-
tence. First, a favorable zone is identified and places are
specified where the existenee of an cconomically feasibla |
geolagical site seems probable, Then, its existence is proved
by einking drill holes, and the size of the site is establiahed.

This prospecting is actually the most delicate phase of
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development, There are teo few known examples to allow
rules to be formulated, and it would undoubtedly be an error
te define a routine procedure to direct such prospecting, In
addition, we have sven that geothermal sites are of rela-
tively recent genesis. This means that we cannot count on
erosion having ¢xposed parts of the site or its charucteristic
alterations,

The use of genthermal energy began with already
known peothermal gites. At Larderells, wells were sunk to
cbtain steam in order {o increase the natural steam supply
of the field and consequently ita supply of borax. In lceland,
geyser activity was well known and this knowledge was
Eufficient to tap these sources ot depth.

The case of New Zealand iz particularly interesting,
Certain thermal zenes displayeld very spectacular activity,
and the Maoris were already utilizing this activity at cer-
tain vents to cook their food. Domestie uses were developed
in the neighborhood of these zones. When the government
of New Zealand attempted an industrial production of
geothermal energy, extremely extensive studies were car-
ried out and the resulta of these atudies were published, At
first, intercst was in surface zones of activity, and measure-
ments of the superficial thermal lux that they represented
were performed. But in retrospect, it is apparent that the
heat flow which could be obtained nnderground had no cor-
relation with surface manifestations. The fact that at
Wairukel the western extension of the site, which sevrms
the most productive, gave rise to no surface indications and
that, of all the Relds which were prospected with wells,
Broadlands, which seems the most promising field, pave
gsurface indications which were much less spectacular than
other fields having less pramise, led to a great reduction in
the impertanee attached te surface manifeatationa. At the
same time, in Italy the site of Mount Aminta was discov-
ered, which showed surface thermal sources at very low
temperatures only. The California sites {the Geysers, where
there were no geysers but only a few fumareles, and the Sal-
ton Sea, where there were almost ne indications) confirmed
the conclusion that there is no strict correlation between

1

JI0 CECTHERMICE

the value of the geothermal site and the superficial indices.
Should we, inspired by the ideas of petroleum geologists, go
s0 far as to say that superficial indices show only that the
guut?wrmal site ig being degraded by losses? This would un.
doubtedly be going too far, but it is certain that these in.
dices (i.e., mud pots, fumareles, ete.) must be studied in a .
regional and not strictly loca) perspective,

Qf course, all the methods of geology will be npplied to
try to specify the local structure. But these mothods are
often feiled if it iz necessary, for example, to determine the
structure ai depth of a recent sedimentary basin and the
positions of permeable levels and impermeable Inyers capa-
ble of forming covers, Geophysies can furnish some comple-
mentary information. Without furnishing a feundation for
direct prospecting, it should be chserved that the electrical
resistivity of a soil which is saturated with water diminishes
as the temperature increnses. But all these methods oniy
provide an outline. Hydrogeologic knowledge of the area is
essentinl, az much to predict if there exist isolated aquifers
which could be locally heated ns to analyze surface pertur.
bations, particularly the infiltration of cold water which can
lend to disturbances of thermal-gradient measurements,
The study of this system implies the listing of all pertinent
sources and the examination of water Aews {which can infil.
trate into the ground or be reinforced by aubAuvial sources),
The flows will be determined as precisely as possible and ob-
vicusly al! the temperatures will be measured. OF course a
systematic geochemical study is required. As we have seen,
the silica content directly indicates the maximum tempera-
ture reached by the water, and variations af other constitu-
ents can draw attention to the relationships between
waters of different origins and give some information
about these waters,

If 2 peothermal site exists, it necessarily givesriseto s
thermal flux by conduction which should be revenled as an
elevated thermal gradient. An essential part of prospecting
is trying to determine the gradient.

Unfortunately, when permeable soils which ¢an be in.
filtrated by watler exiat at the surface, the aforementioned
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thermal gradients can be totally perturbed nnd their mea-
surement will anly be valid at a sufficient depth. The pros-
pector should place a high value on the study of the near-
surface materials from which one attempts to determine
where, and at what depths, it will be pessible to measure a
representative thermal gradient in s drill hole. In uniform
s0il, impermeable and saturated with water, wells should
be sunk for thermal.gradient measurements to a depth of
30 to 50 m in a grid pattern, established a prieri, which will
allow the places with the highest values of the gradient to
be found. However, with permeable, aerated, upper layers,
and where cold surface water seepa in, the results are not
necessarily significant; and it is necessary that deeper bor-
ings be undertaken to menaure the pradient below the per-
turbed zona. -

In such a campgign to measure the temperatures,
should we sink several tens of costly drill holes to depths of
ground 50 m, or should we plan temperature measurements
in holes of about 2 m, which czn be dup by a labarer in soft
s0il in less than an hour and lined with plastic tubing? Tt is
certain that for many fields the grudient is such that a sig-
nificant variation can be seen at the shallower depth, But
we should only compare measurements corresponding to the
same surface conditions and observe the lonpe-term {annual)
temperature variations in several test holes. Obviously
these mensurements must not be done until a certain wait-
ing period has elapsed. Asa precaution and in the absence of
unduly marked supertficial perturbations, such a campaign,
called a1 praliminary recennaissance, can be justified. This
docs not mean that we can dispense with the prospecting
phasze where temperature gradients are measured at a
depth of around 50 m.

When these pradient measurements indiczte 2 hot sub-
terranean region, it is still necessary to eonsider if the geo-
lagrie formations allow us to hope to find a permeable layer,
suitably supplied with water and possibly protected by a
relatively impermenhle cover. But these data and what
they imply about the existence of a geothermnl site can be
further specified only after cne or several wells have been
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sunk with the same precautions as for commercial wells
(possibly with smaller dizmeters) and lined with a casing
before making uny measurements, A reliable thermal pro-
file can only be abtained after a sufficient waiting time, but
meoreé hasty measurements can be useful to direct the
course of the preliminary reconnaissance.

To what depth should we sink the wells? Field produe-
tion experience shows that a depth of 500 m is considered
normal. At lesser depths, we have only weak geothermatl
sites. There shonld be no hesitation to sink decper drill holes
if there is some indication that the temperature is continu-
ing to increase. At the Geysers, deeper wells discovered a
mere extensive site than one that was exploited earlier at
d00 to 400 m. Thus, it seems reasenable to consider the possi-
bility of sinking reconnaissance wells to 1,000 or even
LE0Q m. Obviously, there is no set rule,

Once the thermal profile is measured and after a suf-
ficlent waiting peried, if high temperatures have been
found, it is necessary to try to make the well erupt. If this
does not oceur spontaneously, then it is necessary to cause
an eruption by redeeing the head of water in the well with
8 pump, or, even better, with an air lift. Ag it is not very
well known to what extent the cold mud used for drilling
has penctrated inte the ground, we should wait until the
eruption has reached a steady flow before taking produc-
tion measurements {their purpose wes indicated earlior). 1t
would be imprudent to undertake a commercisl pruject
before having the results from several wells, of which some
will be of the same diameter as the commoereial anes, and
having let these drill holes flow for a long encugh time to
mrsure the permanenee of the dow,

Finally, the decision to exploit a geotherma! site ia not
only a technicai problem. It also involves economic aspects
which we will briefly examine in the next chapter.



CHAPTER SIX

general remarks on the
economic management of
geothermal energy

6+1 Gengral vigw

If, in comparison with the operation of a conventicnal
thermal pewer station, the savings realized by not buying
furel are considered and if we add the savings resulting from
thie absence of a boiler againat the drilling costs and equip-
ping of wells for stcam extraction, it appears that geother-
ma! power should be more economical.

But on the other hand, it is necessary to consider the
fact that geothermal generator groups are small units with
turbines aperating at lew pressures often dispersed over a
rugred terrain, these groups are often distant from rivers
which would perinit efficient cooling of the condensers, and
the construction of cooling towers may be required. Alse,
progpecting is not guaranteed to succeed, and if an exploita-
ble site is not discovered, the maney spent will he lost, These
are the unfavorable eircumstances which interfere with
profitability. .

A roturn price per kilowatt-hour eould be mIculutrcd'
for a geotherma! plant and for conventional plants takl.ng
account of capital investments, amertization at a rate which
must be established, and operanting costs. But if these items
are examined alittle ¢lozer, it is realized that such z caleula-

tion does not have a grext deal of significance becouse of t!m
uncertainty of the various factors and also because the ¢ir-
cumstances depend on the cconomic situation in which the

now power atation ia placed,

*Far example, sto G, Facew wnd A Ten Dum, “Oeothermal Tower Econemics”
Geotherma] Buplorstion Compuny, Lon Angeles, 1084,
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The jdeal ease would be where the power plant only has
to supply a limited number of consumers, such as was the
case at Kiabukwa, In suchk a monopaly aituation, it sufliceg
to fix the sales price for the energy in order to amortize the
expenditures, cover the operating costs, and realize a cer-
tain prafit.

6-2 The marginal economic sitcation

However, the situntion is rarely so simple, When a new
Producer of energy appears, in general there already exists
a distribution network which satisfies the requirements of
the consumers and it is through this network that the
enerpy supply must pass from the new power station, What
should be the price of the energy sold to this distribution
netwark? '

In the ease of a classical liboral economy which consid.
ers separateiy the costs affected by the decisiop to buy this
New energy, envisaged as marginal, the answer may well
not be atall the same as if the problem of energy production
in the long ron is considered. The distributor will fix the
buying price for the peothermal| energy which is offered to
him by ealeulating it not with respect to the total cost of the
energy produced] by the existing power stations, but with
réferemce to the marginal cost {i.e., the savings realized by
not producing that pewer). In the cost of a produced
killowatt-hour, expenditures of different natures QUEUL; cer-
tain are proportienal to the energy produced {fuel costs) and
athers are constant in time {security, maintenanced. Finally,
on the one hand the eapital invested in the construction of
the power plant must be paid back, while, conversaly, eapital
must be put aside for the day when the power station,
becoming antiquated, can ne longer operate, Byt this amor-
tizatiun does not cecur only for the power sitations which
Produce the encrgy for which we seck the price, The
demand—daily, weekly, annually—varies strongly from the
peak hours when demand is maximum and to bage hours
when consumption is much lower {the base hours refer to
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the power which is conatantly utilized). Due to existence of
pesk hours of consumption additionnl plants must exist to
supplement, if only for a few hours per day, the normal
energy production, Nonetheless these extra plants must be
amortized. Finally, the distributor guarantees the power
supply requiried in spite of possible preblems which might
occur either due to the conguemers or to production problems
{breakdvwns, repairs); this obliges the distributor to have a
certain production eapacity in reserve, which is never used
excepl in emeryrency {or which iz operated in rotation) and
whose amaortization and fixed eosts must also be charged to
the cost of the energy sold.

For the proslucer, the difference in value of the energy
at peak or base hours may be iarpe enough to justify the
construction of regpulating works which store encrgy during
base hours {by pumping water into un elevated basind for
use later during peak nours, in spite of the cost of such in-
stallativns and the inevitable enerpy losses,

When a geothermal power station offers its produced
energy, it appears obvious that ne savings are made by not
preducing energy during base hours. Or more exactly, the
saving realized in leaving the nonextracted heat in the
pround will only materinlize at the end of Lhe operating
pericd by prolonping its duration, This is a nebulous term
which i3 too uncerinin for ecanemists to be disposed 1o iake
it ints aecount. Thus, the production of the geothermal
power stution will e utilized Lo assure the base energy sup-
ply, energy to which the producer givea the lowest possible
value (the same problem oceurs for nuclear pewer plants),

The distrilutor will perhaps try to offer only the
marginal cust of the base energy on the pretext that his
enuipment aliows him to puarantee the power required, But
the peothermal station should figure in the power reserve
which ia necessary if the distriboter {8 to puarantee ser-
vice, und the price of the energy which the station producea
should reflect thia, A larpe network, facing a constantly in-
creasing demand, must always have supplementary power
in reserve ao that it has the margin which will permit it to
give ita guarantee, Thus the existence of n geothermal
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power station permits the distributor to dispense with the
construction of an equivalent power station, and the buying
price of the energy should refleet this situation and cover
the corresponding amertization over and above the
marginal cost savings, But this is less evident for a small
network which can estimate that it alrendy has the power
nuecessary to guarantee its supplies. The distributor may
not be disposed to consider the time when it will be neces-
gary to add to its present equipment; such a project 1s
delayed, and the distributor can thus aveid, for a time,
gathering the financial reserves which will be necessary
for thesze additions. '

We are often placed in the situation—very frequent in
actual practice—whoere the producer of geothermal encrey

~is distinet from the distributor through whom the energy

must paas, The latter has a quasimonopoly which he may be
tempted to abuse. This situation would not be chanped if, in-
stoad of setling the electrical energy produced by the plant,
the geothermal plant vperater sold the steam instead. This
wns the case at the inception of the Geysers' fields, Howev-
.eT, sinece the steam fMow is diflicult Lo measure, it was finally
aprecd to caleulate the price aecording to the electrical )
energy consnmed.

It can alse happen thati the distrilbulor, anxiwus 1o
diversify his production sources, will undertake a gpecther
mul energy aperation of his own, which would perinit n move
equitable valuation of the distribution of the return price,

Tmplicitly, we have assumed a situation such as in
Western Europe or the United States, where all the larpe
itulustrin] stales have an extensive intercommection and
where the energy consumaed is very larpe with respeet to the
increase of vnergy made possible by the use of geothermal
power. Becausc of this fact, there is no need to censider the
eiTect of geothermal energy production on the amount of
energy consumed. ’

Itis not the same situation in an isolated region, and it
is In such conditions that we may hope the production of
peothermal energy will have a marked influence on the de-
volopment of & country. The volume of energy consumption
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will then strongly depend on the price at which the encrgy is
gold, There are certain needs (domestic highting, sir-condi-
tioning, refriperatars) for which econsumers will accept any
prive that is demanded of them, A second category of

consumoers will compare this price to the cost of another -

selution such as producing their own enerpy with a diesel.
Again, it would be necessary to calculate the value of the
guarantee resulting from connection to the network, even
withont & normal vall for eneryey.

Schematically, a third consumer eategory can be
imagined—those industries which have installed their
plants to take advantage of the price at which encrgy is of-
ferwd to them, This oanly applies to industries which are
largre eonsumers of clectricity, such as thiese that prepare
aluminum from the electrotysis of alumina. The localities
of certnin plants—in Norway or British Columbia-—nre only
justified by the availability of hydroelectrie energy at very
low prices and in large quantities, It ean be said that the
long-distance transport of nlumina and aluminum is the
moat econorical methed of transporting elactrical energy
hevond the relatively limited distances permitted by inter-
connceeting power networks.

When considering the development of geathermal en-
ergy networks tn underdeveloped regions with a low con-
sumption rate, it is naturally thought that the presence of
the power will attract new industries, But there can be a
considerable diference between the power which ran be
produced on the spot and the energy which must not enly be
preduced but must also be guaranteed for a sufficient time
to attract new industries, which require, besides low-cost
enerpgy, other rescurces such as water, n qualified labor
force, transportation facitities, ete.

6-3 General remarks

{Can the attitude of a traditional likeral economy which
conziders a decigien such as the censtruction of & peother-
mal power plant in terms of immediate financial objectives
be justificd when formulating lenger range goala?
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The econamic basia of cur civilization is supplied by na-
ture in the form of energy resources which have been devel-
oped by us and distributed in the form of fuel for mobile
engines or electrieal energy, It is scarcely necessary o
recail the successive stages in this energy eveletion: do-
mestication of animals; development of windmills, sailing
vessels, and water wheels; development of steam engines
fueled with coal first for local power production and later
integrated into electrical power systems; transformation of
water wheels into hydreelectric plants and, at the same
time, regulation of chergy production for peak-energy de-
mands through the use of dam reservoirs; partial substitu-
tion of hydrecarbons for coal firat in mobile vehicles (where
they have gained a monopoly} and then in fixed power.
plant locations; and use of easily distributed natural gas.
Most recently, nuclear energy has appearcd, which at
present—and perhaps for a long time in the future—is con-
fined to large fixed installations which, for technical rea-
aons, have to be used for assuring base-power require-
ments. Even in the realm of nuclear enerpy it is necessary
to distingnish between *classicnl” fission-power stations,
which have been technelogically developed to the point
where almost.identical installations can be constructed.
and the experimental prototypes, such as the breeder reac-
tors, which will use the natural regources of uranivm more
economically in the long run (this does not mean to say
financially more economical in the short run). This says
nething of the hope, perhaps distant and illusory, of s
domestication of fusien energy.

Even such a brief survey makes it clear that there is a
constant increase in global energy consumption and that
the means of producing it must alse be in canstant evolu-
tion. This evolution would be oven more striking if we were
te enter into the details of production techniques and
analyze, for example, the evolution of steam engines from
the first piston engines up to high-pressure turbines, con-
stituting more znd more powerful units, or those evolu-
tions which led fram the internal combustion engine to the
jet engine and the gas turbine.
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If one of the facters in this technica! evolution is the
constant problem of inerensing the efficiency of production,
another facter resulis from the availability of natural
reagurces to exploit, Coal mines fed the essentials of the in-
dustrial revelution of the nineteenth century, but in a
country ltke France, their future scems very limited for two
reasons which perhaps have not been sufficlently dislin-
guished: their price is higher than thut of imperted hydro-
carbons and the reserves are depleted, The twe factors are
interdependent beeause the reserves can only be estimated
if the muximum price that ene is prepared to pay for their
cxtraction is fixed.

The problem of reserves and the depletion of resources
is particularly acute for hydrocarbons because of the ease
and thus rapidity of exploitation once they are discovered,
With o doubling cvery 20yr in consumption and with
reserves which scarcely can last more than 20 yr, prospect-
ing ought Lo be conatantly inecreasing, although the virgin
rerpions where exploration can be carried out are rapidly
decreasing, Frogpecting has aceurrcd recently in shallow
marine waters. Undoubtedly this expleration will be ex-
tended to deeper water, but the time when all these possibil-
ities of extending the areas of exploration are used up is,
inexorably appruaching.

It ean be added that oseillation between kwo extreme
political posiiions can be seen, One of these positions consid-
ers that a market economy for a worldwide production of
energy will furnish the mmost economical solation, and the
octher viewpoint stresses the advantage of dependence on
national resourcrs whose availabilily is not subject te inter-
national tensions,

Finully, ancther consideration appears, the importance
of which seme people have fended to exagperate. Certain
minera) vperations degrade the countryside in which they
are carried out. An example is strip mining. In addition, the
utilization of sulfur-bearing fuels introduces a gas into the:

atmasphere which nermal reapiration can tolerate only in -

infinitesimzal doses, and which now risks reaching excessive
concentrations around aome industrial contera Nuclear re-
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artors leave waste products consisting of highly radionctive
fission producls the existence of which constitutes o perma-
nent menace. It appears necossary to take these pollution
factors into acepuny, and that could serigusly limit the de-
velopment of certain energy sources.

In this picture of eonstant evolution and sometimes
somber perspectives, what place can be envisapged for
geothermal energy? Ita present influence is extremely
small, practically lmited to a few parlicular cases. The
operation at Lardercllo {Italy) happened to facilitate the
clectrification of the ratlroads, but the percentage of energy
which it gives to the Italian energy pocl is only 3 or 4 per-
cent. It is the same situation to a much grealer degree for
the production of the Geysers, which is fed inte the Wiestern
United Stales enecgy grid, In Noew Zealand, the develop-
ment of geothermal energy ¢ould techmically go much far-
ther, but the inerease in consumption is not laree enough to
justify it. New Zealand has abundant hydreetectric ro-
sonrees, chiclly on the Scuth Island. The lnying of an un-
derwater cable (600,000-V direct eitrrent) in Cook Strait has
retarded the develepment of the nexl geothermal ficld
{Broadlands) fur several years. However, [ helieve il is nee-
essury to cimphasize that this delay has ne relation to Lhe
eveonomic sueeess of the operations at Wairakei but arose es-
sontially from the structure of the energy market in an
isolnted repion.

Gutside of the case of New Zealand, whore the geother-
ma! potential is a part of the energy reserves which will be
developed as the need arises and will guarantee consumer
satisfaction in the future, and perhaps leeland, where the
availability of henzs at low temperatures at a cheap price for
domestic heating and greenhouses has a significant impor-
tance far the country's develepment, what is the future of
geothermal energy?

Tt is necessary to vinphasize one of the reasons why itis
difficult to answer this question: we are only at the begin-
ning of geethermal cnergy production. At first, this develop-
ment oceurried at a few gxceptional sites which we arue sure
exist only in a very few c¢ountries, and it is enly more
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recently that geethermal fields having reul economic value
and which displayed few superficial indications ware discov-
ercd. [t ia these Iatter discoveries fwhich now exceed 10, al-
thourh moszt of them are not yet in full commereial opera-
tion) that we should consider as a basis (or estimating the
future of geathermal energy, and not the first generation of
plants constructed on exceplional sites which were evident,
such as Larderelle and Wajrakei,

In addition, the understanding of the phenomena
which act in geothermz! heds, to which we have devoted

.Chaps.4 and 5,15 still very imperfect. There remains much to
be learned about the way in which a nressure drop can cause
vaporization underground and in the way in which the
steam can escape, cither by means of the permeability of the
rock or through a network of fissures. Also the technology
utilized for geothermal exploitation seems extremely rudi-
mentary; numerous improvements could be considercd,
from the enlargement or even the ereation, of fssures
through which the ground ¢an be drained ta the selective
exploitation of steam by drill holes. Consideration of the
evolutien of oil-field technelogy in one century leads us te
imagine what a comparable development couid bring to
geotherinul operations.,

If this technological progress is achieved, if an inven-
tory of gecthermal resources is actively encouraged and
methoda of prospecting are developed and perfected, ! think
that o prudent appriaizal of the future of geothermal energy
would permit us to say that at leastin certain countries (the
imprecision of this phrase reflects the prudence which must
be impoesged) the utilization of Feothermal energy will be able
to atienuate the energy crisis that the depletion of hydro-
carbon rescrves could make acute in 20 or 30 yr.

Attenuate, but not mitignte, beeanse different forms of
energy cannot be casually suhatisuted for one another.
Geothermal encergy will be exploited by fixed stations at
sitea determined by the availability of hot water or steam
for the bnasic purpose of assuring base-power consumption
(althouph a daily regularization by accumulation of steam
in subterranean reservoirg is not inconceivable). The role of
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these power stations will thus be analogous to atomic power
gtations, which appear to represent the ultimate response to
the enerpy crisis in the long run. But, it is still probable that
the ¢risis will be especially intense for mobile vehicles,
which are almcrst'exclusiver dependent on hydrocarbons.

Yet, it seems to me that it would be imprudent to count
on nuclear power stations entirely and to rencunce the pos-
sibilities that geotherinal encrgy offers in certain regions
and in particular for ixolated regions which cannot clajm a
pricrity for the construetion of nuclecar power plants. But in
order to obtain the geothermal energy which ought to be ex-
pected, at the moment of need and in economie eonditions
which could be quite different from those of Loday, it is nee-
essary between now and then that research be continued,
tending on one hand to identify geothermal sites {even if
their exploitation myest be postponed) and on the other hand
to improve the operational techneology which will be
required.

It is necessary, it seems to me, Lo specify the aim in
this development of teehnology with care. We can decide to
undertake un experimental operation Lo test the capacity of
a geothermul site, and the permanencey of its production and
to try to bring technolagical improvements to the metheds
of exploitation. Energy produetion in what could be called a
pilot plant will resull from these efforts. Gf course, attempts
will be made to sell this energy under the best possible con-
ditions, and that will help defray the total costs of the
operation of the pilot plant. Indeed it may entirely support
these expenses, even if the amortization of installatiens
amd exploration cannet he assured,

If we leave aside the future of the power stations of
New Zealand and the Geysers, for which the profitability
under present ¢conditions scems already assured, it weould
secm to me that this perspeetive of the development of pilot
plants, which are toehnically indigpensable if the long-term
ability to construct economically nrofitable power stationa is
desired, must be kept in mind while making all decisions to
undertake the exploitation of a geothermal fleld.



THE FCORORIG MANAGEMENT OF CEOTHERMAL EXFRGY

The first power station at the sitc of the Geysers, with
14,000 and then 27,000 k\Y, was in fact nothing more than &
pilot plant and would unduubtedly never have allowed the
amortization of aperations performed prior to its installa-
tion. But this represented n necessiry eXxperimentation
stage before a larger production capacity could be consid-
ercd.

By definition, the profitability of a pilot plant is not as-
sured in itsclf. To estimate the economic viability of future
:dt:vulupments which it makes possible, vven in the long run,
it would be necessary to take into accaunt the evolution of
the site on which the plant is installed, as well as the vajue
of technological improvements that can be haped for and
that may find applications elsewhere. 1t is with this por-
spective, and not that of marginal proftahility an the petu-
al energy market, such as wis analyzed in this chapter,
that all decisions concerning the development of geother-
mal energy should be made. ;

v

6-4 The iegal requlation of goalhermal energy

Perhaps we should mention here o necessary conditian
for the development of geothermal energy, although it is
certainly not enough in itself. A convenient legal sysbem, in-
spired by mining law, must be established to assure the ex.
plorer the ben«iits of his discoveries, withonut making ltio bi-
able to unreagonable demands from the land owner, aml o
pratect him from competition from other groups who would
like to take advantage of his discoveries to operate on the
same site. A simple extension of the mining law, differing
from one esunlry to another, ¢onld in goenvral protect pros-
pectors jn these situations, In France, this extension wus
made for the Antilles and the Fronch territary of the Afars
and the Issas, precedents on which an extension of the
same concept to the metropalitan territory shall rely—an
extension which must eceur in the very near future, In fact,
such an extension will simplify the legal system while assur-
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ing the protection of miners’ explaration rights in low-tem-
perature fields (low-temperature fields means less than
106°CE The New Zealand system could provide a madel for
Anglo-Soaxon mining faw. In the United Stales, o law went
into effect on December 29, 1570, which defined the condi-
tions under which exploration and exploitation rights could
be given for public lands {i.e., the guasi tetality of the land
surface in the Westorn United States, where the federal
government reserved the mining rights for itsell when
other lund rights were (if they were) given to othera), Al
thourh the interest in pecothermal energy operations that
arese following the success of the Geysers fields could not be
manifested until this lnw, peothermal energy enterprises,
some wilh shaky foundations, srogse and suddenly
Acurished and much interest was manifesied on the part of
private industry and by diverse publie organizatlions in
geothermal energy operations.

The lepal system instituted for the Western United
States has three variations, subjeet to more and more ripor-
cus conditions of competition, depending on whether the
regionys considered correspond to zones where the presence
of peothermal sites is considered as "possible” or "proba-
ble” However, the U.5. Geological Survey had to make this
classification in a very brief time for a considerable area of
land, over 2 million km?, No prospecting was possible in the
limited time available, and the clussifications which were
given rest on some very teanuous presumptions. Possible
scrious misunderstandings can oceur if the word “praba-
ble,” which only designates a certain procedure of distrib-
uting licenses, is confused with the sense of that ward when
referring to mineral reserves.

6-5 The rola of the public s&ctor

The cnse of 8 new Bource of energy, which appears
likely to Leeame eeonomically competitive at the end of a
more or less prolenged period of development, is not new,
and it is interesting to analyze some examples of bow such
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developments were financed, From Denis Papin to Fultan,
the develepment of the steam engine and its applications
was in'the main left to isolated inventors who tried te con-
vince capitalista with n sense of the future to help them.
With multiple episodes, sometimes with heartbreaking
checks and delays, this system functioned better than
worse, althoupgh it is evident today that it is outmoded. We
could also point out the birth of the internal combustion
cngine, whose inventor wog not Anancially rewurded, as his
actual seecess would have justified. (In fact, he was not
rewarded at atl) A majority of other developments, for ex-
ample, the steam engine and the appearance of the turbine,
were done progressively and wero financed as work cons
tinued by constructors, thanks to immediately realizable
inereases in efficiency.

The jet engine of aviation required enermous expendi-
tures on rescarch, experimentation, and-development; it
wid entirely suppeorted by the militnry, i.e, by the public
sector, and it matters little to ua whether the justifications
for these expenses were etonomic or strategic. ‘

Since ita beginning, nuelear energy alse benefited from
military-oriented financing, It waa elear in 1945 both that
there was a posstbility of nuclear energy production and
that it would only become ecanomically competitive at the
end of z long development process. This development was
supported by the public sector, but not without the interven-
tion of strictly military considerations at difforent stages.
Roecall the progress of this development from low-pawer
pilet plants to powerful reacters which were not economi-
cally competitive until the present time. Today the ex-
trapalation of ceonomie conditions ovar a period of 20 y1 for
different possible energy sources amply justifies the cone
struction of nuelear power plants,

One also knows of the eforts devoted to the breeder re-
actar, which na military considerations now justify, It s not
even certain in the immediate future that these devices will
be economicolly competitive with the slow neutron reactors
aleeady in use. But its beat fnatificotion is in the long-ranpge
savings of uranium, the known supplies of which today are
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minimal with respect to future needs. The interest in the
breeder reactor in one of the rare examples of a ease in
which un actual deeision is affocted by considerations of fore-
seeable conditions 30 to 50 yr in the fulure.

This brief review was desipned to show that the actual
development of a new source of energy cannot be left teo
private financing alone. Funds to develop new ideas, or for
improving installations which arc already economically
justified, are unlikely to be adequate. It is apparent that
such develapment is & political problem.

In what countries will this development take place?
Should the progreass already realized in more ndvanced
countries (which in our ¢age includes New Zealand, Italy,
and the U.5.A) be utilized in other countrics by aequiring
Vicenses or employing forcigners who are experienced in
geothermal energy equipment and produclion? For coun-
tries of moderate industrial importance such as France,
such zolutions were not considerced for the jet engine or for
nuciear enerry. Obvisusly, military censiderations in-
fiueneed these decisions, but in retrespect it appears that in-
dependent development was & necessary gondition fur the
ahility ta participate afterward in information exchanges -
and the international cooperation which results from such
exchanpges,

Even though absolutely no military considerations are
relevant to the case of gecthermal power, the intluential
countries whose territories offer some possibilities in this
realm are undoubtedly interested in financiaily encourag-
ing its teechnological development, from adaptations and im-
provements realized in ather fields, to assure t,hel best
utilizalion of their natural resources.

§-6 The immediata alfects of the increased price of anergy

The large inerease in fue! costs, which must be in-
terpreted as theend of a transitory era of cheap imported
fuel, led to a reexamination of the overaoll energy market.
In Western industrialized nations this market is divided
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into three approximately equal dlwamns corresponding to
transportation, industry, and heating...

For this last item, the fuel {oil, pas, coal, ‘or even electric
heating enerpy) producces calories that are utilized at a tem-
perature only slightly exceeding the ambient. 1f geothermal
heat were directly employed, it could casily subatitute for
these other rescurces calorie for calorie, Thus, for geother-
mal energy ut low temperatures (which may be much more
available than is currently ¢contemplated} there is & very im-
pertant future,

ITowever, there still existsa technnlugmal problem: gur
habits in the matter of heating rest on the case of heat
transfer with large temperature differences. Without eon-
sidering the use of fireplaces, central heating consists of a
boiler, the surface area of which can be quite small thanks
ta the hiph temperature of a flame, and radiators at a tem-
pernture of perhaps 90°C to heat a room to 22°C,

The utilization of geothermal energy requlrns more ef-
ficicnt heat exchangers with only slight temperature dif-
ferences. There js first the th.hangc Lotween the extracted
grovumlwater (which must penerally be reinjected, if not to
reduce pollution, to maintain pressure in the geothermal
bed) and the water of the heating cireuit, and afterward be-
tween the heating circuit and the area to be hented. Heoating
elomernts in the Noor, which ean be used at 30°C, are one pos-
gible solution, but there are certainly other ways to improve

" the heat exchange between radiators and the surrounding
air.

From now an, in arcas of known deep subterranean
agnifers, new huusing could and should be constructed to
utilize geathermal energy ns the heating souree. The reng-
vation of older housing poses a more delicate problem. 1t is
probable that hoilers will be retained for cxceptionally cold
perieds, We could alse imagine a combination of heat
pumps with geothermal heat which muy be justified by the
fuct that it is somcetimes costly znd difficult to find an ade-
gunte cald seurce for conventionai heat pumps. Subter-

panean geothermal waters, even at only a slightly clevated

temperature, constitute such a cold source and altow heat
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pumps to supply conventional radiators at the necessary
temperatire,

Thus, the prablem is to reconsider heating inztallations
and to disseminate new innovations. Aquifers should also be
sought, which means recognizing permeable areas in sedi-
mentary basins. In Franee, we could ¢ite the sands of Lus-
sagnet in the south of Aquitaine, the aandatene of the Trias
in the nerth of Bhine graben, and the base of the Qlizgocene
strata in the north of the area around Limagne. Obviously,
this list is not comprehensive, Undoubtedly, other coun-
tries offer similar opportunities.

By such efforts, even though we cannot solve the
energy crisis, we can eave several million tons of fuel per
vear in the next few yvears. This proapect nmply justifiea the
necessary efforts, ’



CHAPTER SEVEN

thermal aspects of
some geological phenomena

It will not be pussible here, even in a quick review, to
explain voleanie activity, tectonic deformations, which imply
a dissipation of energy which is essentially transformed into
hezt, or metamarphism, the fundamenta! cause of which ap-
pears to be an elevation in temperature, But in the study of
such problems, properly thermal questions are incidentatly
encountered, and it seems vseful to indicate some solutions,

7-1 Volcanic eruntion machanisms .

Voleanism implies, in the frst place, openings in the
rocks of the crust threuph which preducts at high tempera-
ture rise and flow out at the surface or sometimes infiltrate
slong fissures and joints in the ground. These products are
essentially composed of a malten silicate magma which,
upon solidification, yields a lava but cnn also contain an
appreciable numhber of wolatile substaneces in solution
(water, CO,, 30; or H;8, ete). These gases are sometimes
released in abundance, but we cannot say whether they ex-
isted in a free state or only dissoived in & magma un-
derground. One feature of voleanism is its extreme ir-
regularity in time, whether on the scale of an hour, day,
year, or cenfury, .

The first question to ask concerning volcanism can-
cerns the plercing of the grust by molten lava, generally
very vizcous, which rises in 2 fissure gr moves horizontally
alonjr a bedding plane to form a sill or iaceolith. A hydro-
atatic interpretntion, taking into acecount the differences in
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density between molten Java which is lighter than the rocks
of the lower crust and this same solid lava and the lighter
sedimentary rocks, often permits us to clearly visualize the
distribution of such injections. But thiz does not indicate
the piercing mechanism, which requires a considerable
excess of preasure to break the rocks in the vicinity of the jn.
jeetion, Now these molten lavas are very viscous, which
means that when they advanee there is a substantial pres-
sure difference between the leading and rear portions, and it
i1s difficult to understand how the increase of pressura,
which is capable of breaking the surrounding rocks, is
produced. The sclution of this puradox is undoubtedly ther-
mul. At a given stage of the injection, heating of the sur-
rounding rocks vaporizes the water which these rocks ean-
tain. The steam reaches a pressure in excess of the pressyre
which is acting an the rocks and consequently shatiprs
them. The steam then escapes through the fissures thus
formed and condenses on eonlact with cooler rocks therghy
reducing the pressure in the pocket which the steam has
cpened, and the viscous lava can progressively occupy this
spacte. The same cycle then repeats itself. When a high vapor
pressure persists at the leading edge, the lava cannot sd.
vance, but it is too viscous to be pushed back.

7-2 Coohng ¢! a volcanic injection

Geologizts t;ftcn pose the questions of the time neces-
sary for the cooling of such an injection {or flow) and the
temperature attnined by the surrounding rocks at some Jia-
tance. These questions would be easy to answer if the ther-
mal! ¢characteristica of the lave end the surrounding rock
were exactly known. This is not the case becnuse the ther-
mal conductivity can change with the temperature, general-
ly slightly decreasing while the heat eapacity increases,
cften by 50 percent at 400°C. Since we de not knew the de-
tails of these variations, we must be content to use average
values which are more or less happily chosen, The results of
these caleulations, which we will indicate, will gnly have the
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preciston of the given values, but in any ease we will abtain
valid erders of magnitude and a deseription of the general
hihavior of the phenomann,

The thermal perturbatlions are imposed on a prior ther-
mal system compesid of 4 steady thermal gradient in egqui-
librium with the geothermul flux, It is this prier tempera-
ture distribution which must be taken as zerg. Thus, the
temperature of the injected lava will be calculated as an ad-
dition te the inilial temperature of the roecks, and the
caleulation oof the heating of surrounding racks will also be
taken from this temperature. Tt is clear that the thoermal
perturbation must satisfy the heat equution.

The licat carried by o molten lava, which will diffuse in
the surreunding rocks as the ceeling sceurs, is parily heat
corresponding to the specific heat of the lava and partly the
latent hoeat of erystailization which, fur o pure materinl, is
relessel at a constant temperature during solidification.
Hut we do not know if the injected lava was already earry-
ing erystals, and we are nlse not sure that the last phase of
crystallization occurs at a constant temperature. We will in-
dieate the prineiple of Lhe rigorous caleulation ineluding the
latent heat. However, this culeulation sometimes raises cer-
tain difficultios, and it is often more convenient te neglect
the latent hent. To compensate we may slightly increase the
temperstitre akirtbuted to the injection, and consider its
covling with a constant specific heat.

It remains to take account of the way in which the in-
Jeetion occurs, A dike can be emplaced in several distinet
ways, It can be made all at once by the injection of basalt in
a fiszure which epens rapidly. Or it can be made progres-
sively, with new basalt being injected between two older
tayers of basalt which are plastered against the fissure
walls. The old hasalt is eoslod at its contacts with the
country rock, while it is hested by the new basalt toward
the axis of the dike. But it is rare that an examination of a
dike allows s to choose botween these two interpretations.
Even if we accept the seccond, the total injcction time
remaing unknewn. It may have been brief with respest to
the cooling pericd. *
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1f we wish to take latent heat into account, we will con-
sider the wall of a dike brought, at the moment ¢ =90, from
an initial temperature & to the molten lava temperature &,
and remaining at this temperature until ail the latent heat
is dissipated, If the thickness of the lava dike i3 2e em, the la-
tent heat L caliy, and & the specific gravity, the heat which
must be dissipated before the lava is entirely consclidated is
e&l calfem® We have seen that the temperature nt distance
x from the wall will be given by

x
ﬂ-ﬂa-lhm—f.?}crfc( )
: * 25 ot
The heat flux at the wall is given by K(8, — 8){V rat, and its
value integrated in time from the origin is 2H{8, — 8,V 1} 7e,
These equations lead to the total time for the solidifieation
of n lava dilke:

moeEGile
= . 7-1
C= e, — 6,7 1
Observe that this time is proportional to the square of the
thicknoss.

We have implicitly assumed Lhat the temperature in
the dike was uniform and that the heat exchanges took
place easily enouph 5o that the latent heat was dissipated
from the dike surface. This would be reasonable if the lava
remained liguid until selidification, But it catnnot be the
samoe cage if the lava is almost selid, and thus the latent heat
must be dissipated by conduction. In this case, there would
be a progressive selidification frem the walls with & thin.
ning of the central fluid core, and the displacement of the so-
lidifiention boundary xr, would be tied to the gradient in its
neiphboring solidified side hy

e

af. T K - {7-2}

Hence, it is evident that the progression of the solidifi-
cation doesnot depend at allon the thickness of the dike and
the eentral portion that remains fluid but only on the dis-
tance from the wall where the cooling oeecurs,
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We can casily find the temperature law applicable to
the surrounding rack and the solidified part of the dike, the
tempuerature f, remaining constant in the remaining liquid
portivn. '

Thiz temperature luw is identieal to the law which
would result from the cooling af a dike, supposed initially at
a higher fictive temperature 8,, but without taking the la-
tent heat into account, In fact, jn this rage, the temperature
on the z axis is given by )

(7-3)

Eil'-ﬂu"!*i'mz"ﬂﬂ}[l +Erf(f§,§)]

Let h be the value of z./v 4t for which 8 = 8,. We find
for the correaponding value of »,:

-k
25 \Vak  and 2L oGt
el ax Widral

Inarder for these values to satisfy the boundary conditions,
it suffices that .

of, (8, — &)e*

7-4
G VaEk[1 terfid] 74

From this equation we c¢an obtain the value of &, with the
help of Fip. 7-1, nnd from that we obtajn

a,-e.,=—“ﬁ-‘£{—‘ Viae (1 + erf (3]
This expression can ke shown to alwavs be less than GELSC.

These fermulas deseribe the temperature eveolution
until the end of solidificatian of the fluid core, but net af-
terward since we must then take acrount of the cooling
through both [news of the dike, The consolidation time of a
lava dike of thickness 2e ¢m is given in seconda by

{7-3)

el -

i -m {7-6)

For example, Fig. 7-2, with reasonable values [, :=75.
Gl =200, =05 & — 0, =800°C, we find that i ={,5351,
8, — 8, = 1027°C, and ¢ =B2.7¢% For 2e=2m, { iz shout 10
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FIGURE -1 Graphs for the caleulation of 4 for studying the cooling of a
lava dike or Row, inciuding the lutent heat of solidifention,

days and until then, the temperature at the boundary of the
dike stays at 8, -+ 513°C,

Let us now imagine the case of a dike at an initial tem-
perature & without any latent heat to be dissipated and
with a thickness 2e. We immediately find, = Lkeing the ab..
scissa taken from the middle of the dike, that

8= 0+ 18, — f;u:'[erf (:,;%i) —erf (xirq__ﬁ)]

This formula is general if we agres to the convention that
erf {(—i) = —erf (1),

(7-7}



'136‘ GEOTIERMICS
THERMAL ASPECTS OF SOME GEOLOGICAL FHEXCMENA 133

51 -—
8, ¢ 1200°C c e
a o+ WG —— 07
— "--"‘-'\-r‘ ——— -__h“'-r.,_“ . l
s Nt
- . .
hh"""’:‘\-\. H\\ ‘\

213G

FICURE 7-2 Successive thermal profilea for the cocling of a face of u lava
dike, including the latent heat of ¢rystallization for i = 0551
(@, =g, +BOOC, £, =75 calfE, wlh =200, € = 0.5 for timed pro-
portisnal to 1, 2, 3, and 4.

We can also ask the guestion of when the maximum
temperature is reached at a point gn the abscissax > e We
easily find that for this case it is necessary that

— i
I:x -+ ,p_ijl e‘{:+ et — {x E} e_‘-.__ - #Hdadl
dat doxg .

Letting m = (x! — e)f4at, § = (x +e}(x — ¢}, this equation
becomes m = 28 In B — 1) which then gives ¢t =ez/a In

[tx + &)f(x —¢)] 2nd

1 +elfix—e}
ﬂ,,.=-m.+ﬂa.—ﬂui(erf [iﬂ'ﬂ}‘ oliz ze:ix F_L}

o In[{=+e},‘f2*ell]) (7-9)

2ex

—erf [l’x -

Observe that for a given value of 4, this time increases as
the square of the thickness. Equation (7-8) gives us the max--
imum temperature sttained as 2 funetion of distance.

If the egnsolidation of the dike bringa the latent heat of
crystallization into effect, as previcusly, we can try to take
this into accotnt by ndding a fictive temperature to the
lava's initial temperature, But in the study of the tempera-

“ture behavior of the surrounding rocks what is important jis

the total liberated heat, and thaot leads us to take an addi-
tionnl fictive temperature such that (8, — 8,)C = 1.5 This is
alwnys greater than the earlier fictive temperature which
we found, but iz of an order of mapnitude which is not too
different.

The difference between the resylts which follow from
the two types of calculations at the exteriprof the dike isun-
doubtedly less than the efects of surface irrepularities of
the structure which we did not consider. Az o case in point,
for the previous example, (LT/C = 400, 6, ~ 8, = RO0'C), the
temperature at the end of consolidatien gives a wall temper-
ature of 530°C instead of 513°C, and at the center of the dike,
a temperature of 665°C instead of BOO®C. However, it js at the
center of the dike that the discrepancy between the two
caleulations is maximal. These results are independent of
the thickness. But at the center of the dike, we can actually
expect that the molten matter remains in irregular pockets,
and not in a hand the thickness of which remains constant.

1-3 Cogling of & neck -

The copditions for the cooling of a neck, an intrusive
cylindrical formation, results immediately from Eq. (1-2)
The temperature distribution §= (1fdratle=tr+ et gotis.
fies the heat eguation in two dimensions and teducey, for
t =0, to a zero temperature everywhere except at the on-
in with

ff&ff;rd’y-l

We will take a neck temperature @& at the initial in-
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stont, which can poussibly take the latent heat of erystalliza-
tion into necount as previously.
Atapoint X, Y the temperature at a time ¢ will be given

by
8 = (1} mert 8, — 6,) ﬂ'
o[ =2 (Y = Y]
o 1at dz dy (1)

Thisintegral in extended over the cross section 3 of the neck
in the plane Qey. This formula doos not suppose that the
neck has the shape of a eylinder of revolution. However, in
this ¢nse the integration cannot be carried out in closed
form and must be dene numerically. It presents no particu-
lar problema.

7-4 Cooling af a lava flaw

Obaervation shows that the surface of 2 lava Jow sets
very quickly, and since lava is a poor thermal conductor, the
surfuce is approximately at ambient temperature, which we
wili take as 0°C,

Aslong as part of the lava remains fluid, with a latent
heat of sslidification f calfg, the cooling of the base con-
tinues as we have caleulated for a dike. Far the surface, the
formulas must be slight|ly modified to account for the condi-
tion @ = 0 for r = 0. The equations then become

ﬂ-ﬂ,erf(\fza)

and

& = B erf (A}

al. s

€ Vakorf{d)

(see Fig. 7-13. We will calen]ate A by Eq. (7-10), then for & as
a function of x and ¢,

8y = {aLICYY whe*

(7-10)

{(1-11)
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Whoen the golidifieation from the base and the top,
which progresses at different speeds, meets at a point whose
position as a function of §, and L ¢an be caleulated, these
formulas will no lenger be applicable, and we will consider
as previously for the dike, an initial fictive temperature
B =48, + sL{C, te study further cogling. To satisfy the condi-
tion & =0 for x =0, we will introeduce an antisymmetric ini-
tial fictive profile with a Ltemperature =@, for —e <z < {.
Then the temperature is given by

.e=iaz[zerf(x%ﬁ)—err(z%)-erf(z;)] (7-12)

In the immediate vicinity of a lava flow, the tempera-
tures attained will be practically the same as for a dike, Hut
ot o distanee greater than it thickness, the temperatures
are much lower, The caleatation for the maximum tempera-
ture attained would be 3z little more complicated, but could
be done according to the same principle.

7-5 Mechanical siresses of thermal arigin

We have just seen how it is possible to calculate the
temperature evolution at a point situated in the vicinity of a
lava flow or dike. The unequal distribution of ternperatures
At a given moment léads to thermal dilatations which are
not compatible with the preexisting mechanical stresses
and which will consist of an ineressein the pressure parallel
to a dike or a flow or tangentially around a neck (bt then,
there would also be an increase in the radial pressure),

During a relatively long heating peried, it ¢an happen
that there is & certain creep which reduces these stregses
and tends to establish a hydrostatic distribution. During
subsequent ¢ooling, relative tensions will appear parallel to
the walls of a dike or tangentially areund a neck. It weuld
also be necessary Lo account for stresses cutside of the dike.

The results depentd too much on the assumed hypothe-
ags—as much on the initial stresses a3 on their relaxation
during the heating phase. These hypotheses are necessar-
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ily gratueitous so that it does not scem usceful to present an
example of such a calculation here. ~Nevertheless, such
stresses may play a part in the development of columnar

Jointing.

7.5 Cooling of a batholith _

Until now, we have considered dikes or injected h::uiies,
which are relstively thin with respect to their extension, la
fact which allowed us to neglect the influence of the earth’s
surface. On the other hand, the resulting furmutas show
that the cocling time increases as the square of the
_ thickness. This leads us to seek the cooling conditions for a
granitic batholith, which can be very large, r_md which 1s
emplaced underground under conditions which are atill
poorly understeod. It i3 interesting to try to specify the
order of magnitude of the cooling time, and, ta that end, we
will consider a schematic model with the top of the balthnln:.h
ata depth & with nn indefinite thickness. This batholith will
be quickly brought up to 2 temperature &, greater than tl‘:e
temperature which would normatly ucfcur_at the depth h_. f.‘re
will not include any neat of erystallization, The ?und‘mon
g =0 at the surface, for z =0, is satisfied by c.onsuiermg a
negative temperature profile, antisymmetric with respect to
the surface. It ts immediately found that

§ = ﬂh[erf (’:{5) —~ erf (E )] (1-13)

The rradient at the surface is given by

"I'ﬂ) 2 —N¢
(ﬂ: v ViTal Vit

It is easily verificd that the gradient passes thruuiz:h a max-
smum for ¢ = Affdw. Thia maximum has a value 0.482 &,/h, and
it the Lime is expressed in years and £ in kilometers, t.liwn
Eq. (7-13} yields f,cun = 63,600k kin. Thus, if the depth h =5
km, ¢ ™ 1.6 ¥ 10* yr (zec Fig. 7-31.

Before the gradient reaches its maximum value at the
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surfuce, it has higher values underground and it ezn happen
that the temperature is high enouprh 50 that convection
comes into play with rising steam (analyzed in Chap. 4). It is
equally possible that water released by the crystallization
of granite (which was formerly in solution in the silicate
magma) is added te this steam. But the heat transport by
water which escapes the magms is only 2 small portion of
the heat which s liberated by the mapma's erystallization
and cooling. The major portion must escape by conduction or
secondary convection,

The total heat dissipated at the surface can be caleu-
lated, per square centimeter, by integrating the flux ¢ =
KJablor de, and it is found to be

oot

A
Q-Chﬁ'.[ - A%ital = erf, ( )]
h\»’?e NV Tat
o z)
¢ (7-14)
Cho, Ve

wherez = b Vial. At the time t = ATfla{maximum Rux), the
total heat released is 0.185Ch8,. Thix i= the total heat can-
tained in a slab of pranite with a thickness enc-sixth of its
depth. Of course, the cocling will continue afterward, but it
will come from lower and lower levels in the granite, and
because of that will slow down.

Fipure 7-3 indicates the temperature profiles at various
times and can be used for any values of & and 6,.

These resulis allow us to estimate under what condi-
tions the emplacement of 2 pranitic batholith (at a depth of
several thousand meters}) could perhaps grive rise to &
geothermal site, according to the hypothesia proposed for
Larderello.

7-7 Phrealic explosions

Sometimes voleanic eruptions are confused with explo-
sions in which the ejected materiala are ¢xclusively preex-
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FIGCURE 7-3 Thermal prefiles for the cooling of g granitic bathelith of inf-
pite keight; account is Laken of the prier normal gradient and

variations of the surface gradient.

o= b15M R w

isting rocks, without any lava, remaining at relatively low
temperatures and sometimes damp. Such explosions, called
phreatie, result from vaparzation of water which impreg-
nates porous rocks and becomes heated to a temperature
preater thun 104°C underground. In the expansion to atmeo-
spheric pressure, the water partly vaporizes while cooling.
but the rocky matrix reheats this water, and if the water,
steam, and rock remain intimately asseeciated, which is
plausible if it is a ease of a massive pulverization, the ul-
timate result at atmospheric pressure can be either a sus-
pension of rock in dry steam at o temperature greater than
100°C or o mixture of water nnd saturated steam in o propor-
tion z, with the pulverized rock, at a temperature of 100°C.
If @ is the porosity (water muass per unit volume), 2.7 the
apecific gravity of the rock, and C, the heat capacity, is
0.5 calf'C - em? then the inal state after expansion and the
mechaonical work available in that expansion can be calcu-
Iated' as a function of the initial temperature & and the
porosity, the deduction being made from the amount of
mechanical werk which is absorbed by atmespheric pres-

aan Gogusl, "L rérime thermigue du Ueau soulerraing,” Awn. Minrs, Pacis, X p.

24, 1933

142

cf

CEOTHERMIUS

FIGURE T4 Graph giving the work ava

humid afl up 4a atmosph
purosity and the temporge

ilalh!e in an pdiabatic CXpANSion of 2
“ric PTessures ag a functitn of the
Ure (in Joules per cubie centimeter),

sure. Figure 7-4 indicates the valueof t
per ¢ubic centimeter, It is 45y to see {
distributions whose origins we ap
the influenca of phreatic pressure
potential energy in such an exXpan
be initiated by the opening of a i
hole) which weuld accidentall
empty the water column whie
fissure walls. The same ener

hat energy in joules -
hat the temperatyre
alyzed in Chap. 4 under
represent a considerahle
sion. The explosion could
ssure {(possibly by a dyi|]
¥ tnuse an eruption and thys
h maintained pressure on the
£y release can be produced bya



THERMAL ASFECTS OF SOME GEOLOGICAL FHEROQAMENA

depression of the phreatic layer which allows water to de-
scend to contact with hotter rocks or by a lowering of the
water pressure at constant tempernture, which can alse
cause its vaporization. It is hardly possible to predict how
the conclusion of this explosion will eccur, since it must
propagate in the walls of a funnel-shaped region while ma-
terial is being released by the expangion. In any event, this
explosion is not instantancous since it impliea the transport
of heat by conduction from the centers of the rock graina to

thetr surfaces.

Some historical examples of phreatie explosions are
known, such as the explosion at Bandai-San, Japan, on July
15, 1888, or Usu-San, on the island of Hokkaide, in July 1344,
and of Taal in the Philippines. Numerous eraters (some filled
with lakes} ure found in New Zealand, which huve been es-
tablished to have resulited from phreatic explosions cnly s

few conturies ago,

7-8 Heal produced by tectonic delurmations

Hent iz not the only form of internal encryy. Geology
has established that rocks have sometimes been profoundly
deformed and folded by foreces originating internally. Al-
though these deformations are often very gradual, earth-
quakescan be imagined as being of analogous origin. Fart of
the earthquake encrgy prepagates through the earth’s
ecrust in the form of seismic waves, Internal energy also
manifests itseff in upheavals which create relief, which
erosion then modifies and finally destroys. These upheavals
sometimes appear to us as o simple reestablishment of iso-
static equilibrivm, But in erder for this equilibrium 1o have
heen destroyed, it would be necessary for subterranean
density variations to be produced which abserbed mechanical
waork which was ultimately expressed in the surface uphaav-
al, We will examine in the next chapter the mapner in which
weean interpret the mechanical energy thus released. Here,
we will limit curselves to evaluating the heat preduction
which cun result from such mechanical phenomena,

]
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When a solid body such as a roek suffers a permanent
defermation under the action of a stress to which it is sub-
jected, the mechanieal energy expended per unit volume is
given by Zrye, where vy represents a compoenent of the
stress tensor and ey a component of the strain tensor. The
best approximation that ¢an be given for the law through
which the deformation is predueed is to suppose that the de-
formation cecurs at a constant voluine (e, = 0) and that it is
produced at the moment when the second invariant of the
stress deviator reaches a limit S (which can be a function of
the average pressure 4%, but which is often treated as a
constant}, Let 8 =0 and 6D%=2Y¢# ~ 2S00, + oy,
and let the compenents of the deformation be proportion-
a! to the compeonents of the stress deviator, Then, it can
ha :iumnnsl_:;n_ted that the work absorbed is given by
25V Y  ~ Y ey For the most part, this work is trans-
formed into heat. Only a small portion is found in the forms
of defeets or erystal dislocations.

The expression under the radical only Eiﬂpends on the
geometrical daformation and in many caszes its value can be
estimated for 8 finite deformation, knowing the initial and
final states and supposing that the passage from one state
to the other occursin the simplest fashion, For example, for
a homogenocus crushing which changes the height from £,
to fiy, the energy absorbed per unit volume at constant
thickness ts 28 In (k, i), and SV3 In th,fh,) if the crushing
obeys rotational symmetry. '

The study of tectonic deformations permits us to diroct-
Iy estimate the amplitude of the geometric deformution,
which in a felded mountain range, such as the Jura (France-
Switzerland), is on the averape much less than one and gen-
erally only a few parcent at most. If we knew the values for
the threshold of plasticity, we could thus caleulate the
energy absorbed and almost completely transformed into
heat, But it zeems that there exist very slow deformgption
processes, by disselution and recrystallization of matter,
which play an casential role in geological deformations and



THERMAL ASPECTS OF SOME GEQLOGICAL PHENOMENA

which cannot be tepreduced in the laboratory where rapid
delormations are produced by totally diferent processes. It
iselear that the strengths measured inthe laboratery corre-
spend to higher threshald values § than secur with slow geo-
logical deformations; we do not Ktew in what ratio, but we
know that {ahoratery experiments for thresheld volues fur-
nish an upper limit for energy dissipation, If we assume
that the compressive strength measured in the laboratory
for the Jura menntaing reaches a value of 1,000 bars {which
is an overestitnate for many of them), then ¢ = 1/v3 x 1,000
bars. For a deformation of 1 percent, the absorbed energy is
equivalent te 0.225 calfem?, which raises the temperature
0.45°C,

Sometimes it happens that certain geological beds are
much more deformed than ethers, for example, contacts
along which the competent strata slide in the course of the

folding. But if the folds are produced in this muanner, it is -

beeanse it would absorb less energy than 2 homogenous
crushing affeeting ali the strata equally. The caleulation of
absorbed encrpey taking inte account the entire deformation
will thus give us a value that is too high. As folding is cer-
tainly n slow deformation, the heat released along certuin
strata can diffuse, and we can conclude that the tempera-
ture rise rasulting fram o folding sueh 25 that of the Jura or
sub-Alpine ranges is at most a few degrees and probably
much less, There ¢an be zenes where the peneral average
deformation is much higher, but the temperature rize, gven
if it roaches one or several tons of deprees in places, s cer-
tainly much too fow to be able to explain the metamorphism
which is often assoeciated with strongly deformed zZones. The
inverse relation can alse be suggested, and it may be said
that when the temperature is raised sutficiently 20 that new
minerals nre formed, or older minerals reerystallize, this
reerysealization allows a slow rock deformation, even under
the action of gquite weak differential stresses, which could
allow n Jarge.amplitude deformation with enly a moderate
expenditure of energy,
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79 Heal produced by faulis

This situation is different enly in the case of faults
whuose displacement can have a finite amplitude in o very
short time, particularly at the time of earthgquokes, The
heat dissipated by friction along the surface only diffuses
over a small distanee and the tempernture can increasa
appreciably. This phenomenon is much more important
than in the preceding seetion, as this temperature rise ean
modify the frictional conditivns and allow a mueh ensier
movement, Of course, it is only necessary to take into ac-
count the effective pressure, which is transmitted by the
solid and which is less than the total pressure by the
amount of the pressure of the fluid which saturitos the
rock. In certuin cases, the fact that this fluid pressure is
high ean reduce the friction and facilitate the movement.
Let p be the narmal component of the pressure, fthe cocth-
-cient of frictien during the movement, which we will can.
sider as eonstant, and v the speed of the movement. The
power dissipated by friction per unit surfnce is pfiv, and its
equivalent heat g is dissipated on the two sides of the fanlt
The temperature distribution at a time ¢ after the hegin-
ning of the movement (z being the distance to the fault) is
given by

x

E =-‘I- J’: _1... qI ¥
C Jy Vimat N ral Vi (7-15)

Inthe plane of the fault, this reduces to 8 = (¢} V ffme. It is
casy to see how quickly this temperature increase occurs,
Suppose that p = 100 bars {i.e, the hydrostatic pressure at
400 m), f=\, and the fault velocity is v cmfs. Then ¢ = 0.8
calfem? - s, which gives # = 90V, This temperature can also
Le expressed os a funetion of the displacement £, = vf and
the duration of the movement 4 = Gh.fv/7.

When large carthquakes occur, fault displacements are
of the order of one to several meters and the movement
cecursinafraction of a second, The formula above would in-
dicate a temperature of several thousand degrees, but such
a temperature would obviously modify the frictional condi-

e =&t luar (it =
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tions. This must have something to do with the formation of
alickensides, which are semetimes obzerved in a displace-
ment af anly a few contimeters and which must lead to Very
low friction. But especially, this heating cin inerease the
fiudd prossure and this reduces the effective pressure trans-
mitted by the solid, which alone produces the friction.

It can happen that hydrated minerals, such as pypsum,
serpentine, and porhaps poethite (hydrated iron oxide) may
exist along the fault. Onee the dissociation temperature is
reached {105°C for gy psum, 450 to 500°C for serpentine, and
150 to 170°C for goethite), the mineral decomposes and the
water Hberated contributos to the increase in the lacal tuid
pressure. This effect can make that pressure equal to the
total mechanical pressure und suppress all friction, allewing
the displucement to continue without any resisiance,

Ifthe total pressir: is less than the oritleal pressure of
water, the heating in the plane of the fault muay vaporize the
groundwater and the pressure of the vapor may reach the
value of the tota! mechnnical pressure, which will alss lead
to a suppression of all Frictional resistance.

But if such an event cecurred, heat diffusion would im-
mediately begin to lower the temperature, leauling to a drop
in fluid pressure, and thus the frietion would Teappoar,
Disregarding the fact that the system can e [peally unsta-
ble, with accidental pressure drops succeeded by pericds of
nearly ne frictien, =n idenl state ean be conceived wherehy
there would exist only enough friction to maintain the tem-
perature in the plane of the fault at a value for which the

fiuid pressure equaled the mechanical pressure. It does not
matter if this is continuous friction or a series of shocks
where friction sccurs briefly between opposing rough arcas
in the Mault surfuce. The heat flow In calories persquare con-
timeter per second necessary for this case will vary 45 a
function of time. [t ought to be sueh that

n 1
g, = -q—'.' —_— prTalle gy
el Vigai—o
f_qttd
—+ .._q__ g 2
o Viral
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knowing that .
ﬂ. —_ E! J’rj ._1_..._ E-J’.‘Hf Eﬂ- {T'lﬂ}
C e Voot

The approximations which were made do not justify the ef-
' i atisfied
furt necessary to solve this eguation, and we con be satis :
with a limiting solution g{t) = g, VLAV + Vi —1,). J‘l‘us
expression shows that g{f) will finally decrease as 1/2 V.

Toable T-1 .
=4 =ik Hy & 1 100
g =q, ~ 0.5E5 GAa14 02350 1361 a.05

But it can egually well happoen that the {luid released,
the presence of which lessens the {riction, can escape, and it
would require 2 greater release of heat than can be provided
by friction to compensate for its loss. In particular, this situ-
ation ean occur when friction vaporizes groundwater, The
steam can escupe when the plane of slippage reaches the
surface, which is necessarily the case for a landslide, and
several examples are known in which this process has
played a role.' RBut this leakage which oeceurs at the periph-
ery of the fault will play a relatively less important role
when the sliding surface is more extensive, and it appears
that when this sliding surface exceeds 1 km?, the steam leak-
agt is unimporiant,

But the Eteam can also infiltrate the surrcundings of
the fault plane, compresasing water before it, if the rncrk ?s
sufficiently permeable. Te analyze this phf}numennn. it is
nevessary to account for the apparent compressibility of
water (taking into consideration the elasticity of the ]".:Gres
in the rock). ! the mass of water per unit volueme is wnitten

13, Gegual and A, IMerhoud, “Geulogic et dynamlque de I'teruulvment du !Ik!ﬂnt
Granier, dans le Munallf de Chartreude en Novembre TH8," Hull, S8GM (2d agrla),
Sec. 1, no, 1. pp. 2924, 1573 ] .

J. Gogael. Why Arw Large Landilides Diferant from Small Ones?, In Barry Voight
(ed ), “Ceolcgy and Mechanicn of Rockslides and Avalanches,™ Fennsylvania Btue

Universily Press, '
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as &1 + A%, Darcy's law allows one to write
T :

FIRTES) awh Py | . {7-17)
where u is the permeability. Equation (7-17) is identical in
form to the heat equation. The fluid pressure, which as-
surmes farge values in the plane of the fauilt, is thus
propagated in the ground in the same manner as the tem-
perature, If the propajsation velocity of the fluid pressure is
more rapid than that of the temperature in a permeable
rock, the steam driving the water would muke contact with
cooler rocks where it would condense, and it would require a
large increase in temperature along the plane of the fault to
compensate for this condensation, Conversely, if the tem-
perature idiffuses more rapidly than the fuid pressure, the
vaporization will progross evenly and the pressure can easi-
ly be maintained, '

For an intermediate ¢ase, n more detailed description
incleding the heat of vaporization can be undertaken to
calenlate the temperature—greater than that strictly nec-
es3ary to guarantee vaparizatien under the existing pres-
sure—which must be attained in the plane of the fault in
order that the pressure is maintained in spite of steam pene-
tration into the fault sides.! However, it will sutfice to com-
pare the equations for the propagation of the pressure and
temperature in order to ascertain that if {u/3A) < athe pres-
sure will be maintained, but not if (pfEa) > .

The apparent compressibitity of water A i3 of the grder
of A =4to7x 10" bars™' and uf& < $to7 % 10°7, and depend-
ing on whether w=1 or 10 percent, this pives u < 4 to
7% 107% to 107 Thia permeability should be expressed in
darcys if the water viscosity was 1 centipoeise. At high tem-
peratures, the water's vizcosity deecreases (it is four times
lesa st 108°C and eight times less at 200°C) and the limiting

Tewn Coyguel, Lo rila do 1'cau ot da la chaleur duns lea phénomines tectaniques, Rer.
firopr. Fhyu. fieaf, Lign, vol. X1, na. 2, pp, 153-183, Apnl-Mey 19646
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value of the permeability should be reduced in the same
ratio,

The limit which has just been caleclated should not be
considered as a fixed limit. The processes deseribed would
certainly be able to act if the permeability was of an ovder of
magnitude less than the limit considered above. In addition,
it suflices that this value of the permeability be valid avera
small thickness, since if the mevemoentis rapid, the heat and
pregsure inercase will only penetrate a small distance (gev-
eral centimeters or several decimeters). An impermeable
stratum in a litholopic series composed mostly of permeable
strata can allew slippage aceording to the mechanism en-
visaped, if the slippage fellows a steatigraphic contact. Near
the limiting eondition, it should be expected that even if the
vapor pressure increascs, it will only partially reduce the
value of the effective pressure,

When the friction is reduced by such a process of vapor-
ization, we have scen that, even thouph the velocity of mo-
tion is only several eentimeters per second, the frietional
resistance falls rapidly after a very small displacement,
Thus, it is perfectly possible that the beginning of move-
ment iz not simultaneous along the entire plane of the fault,
Al the moment of rupture, the loss of the shear stress
{(which occurs becavse the moving friction ig leas than the
stationary friction) leads to an elastic defurmation of the
two sides of the fault with the rupture propagating at a fi-
nite speed fhut mueh preater than the relative velocity of
the two sidea). The berinning of the vaporization process
con follow the prapagation of the rupture with a slight lag,
and ap for the total resistance to rliding, which resulis
from an average taken ovar the entire surface area, we will
not have Lo consider successive phasea as for the displare-
ment of a specific surfuce element,

These phenemena can play an important role by allow-
ing displacements of large dimensiona 2nd by facilitating
overthrusting, which constitutes ane of the structural char-
agteristics of certain mountain ranges such us the Alps or
Canadian Rockies. But their thermal role remains very lim-
ited. The ease of gliding greatly reduces the mechanicsl
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encriy absorbed and thus the total heat produced. The
tetnperature rise remains confined to the itnmedinte noigh-
borheod of the gliding surface, and as soon as the move-
ment is terminated, this heat diffuses away and the
temperature quickly returns to normal. The briefrness of
heating (the duration of which can be counted in minutes)
explains why we generally de not observe matamorphism,
which would allow us to estimate the maximum tempera-
ture attained by the presence of charucteristic minerals.

7-10 Motamorphism

We have seen that the thyrmal equivalent of mechani-
cal enerpy dissipated in tectonie deformations remains, on
the average, very limited. The temperature rise demanded
by metamorphiam cannot be caused by these prucesses. On
the contrary, we will sce in the next chapter that the
mechanical energy expended in these deformations must be
considered as derived from the peothermal flux,

The essential euuse of metamorphism must be consid-
ered to be elevated temperature {without excluding the pos-
sibility that this high temperature otcurs only in rocks
carried to great depths by tectonie defnrmations) at a given
pressure, amd the rock could include a fluid phaze whose
role can be impertant. Under these conditions, certain min-
erals are no longer stable and others ecan repluce them.
There is crystallization of new minerals or recrystalliza-
tion of old ones.

This recrystallization, cccurring in = solid bady, is
strongly influenced by the system of mechanical stresses
which vecur and which determine a preferred orientation
for the erystals. This constitutes one of the most striking
features of metamorphic rocks. At the same time, this
recrystallization permits a relatively slow and easy defor-
mation of the rock.

From a thermal point of view, we will not have to ke
concerngd with the conditions that produced the tempera-
ture rise which ia the origin of metamorphism und with the
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physical state of the Aluids which can play a role in these
processes,

The schematic model of a batholith studied proviously
and the heating which results in the country rock can give
an idea of the necessory delay period for an appreciable
temperature rise in a large volume of rock. Even if such a
model does not seem to satisfrctorily explain the tempera-
ture rise in metamorphism, it is actually not clearly under-
stood how we could represent this temperature rise.

Mineral transformations, characteristic of metamor-
phism, imply a certain heat of reaction. As a general rule, a
temperature increase must promote endothermic reactions
and the heats of reaction can be several iens of calories per
gram of new mineral. This can appreciably slow the heating.
Guitard and Fenteillea remarked that when a sedimentary
cover lay on an older basament which had experienced a
prier metamorphism and whose constituent minesals were
thus in a high temperature equilibriem, the'hgath.d of the
basement would be much faster than the heatingiof/the
cover where the fgrmation of new minerals absorbs heat.
Thus, we should count on, if not a discontinuity in the max-
imum temperaturg ptitained (attestod to by the metamor-
Phism), at least a discontinuity in the gradient at that tem-
perature, This is what has been ealled the basement ¢ffect.

7-11 Paossibla fuld phasgs

Certain secondary aspeets of metamorphism, and in
particular vein deposits, are often attributed to fluids
eirculating along figsures. To deseribe these fAvids, the
words hydrethermal and preumalolitic are often used, This
last word implies the action of & gas or a vapor, It is useful
totry te specify the ditferent fluid phases which may be in-
valved.

We have previously deseribed the way in which two
phases, water and sieam, are no longer distinguishable for
pure water beyond the critical point (221 bars, 374.11°C). But
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the same question should also be examined for mixtures or
solutions,

Carbon dioxide {for which we do not have to distinguish
hetween liquid and pas, the eriticul point being very low), al-
thouph it has a mutial solubility with liguid water, can con-
stitwte a distinct phase from water, while, like all gases, it is
totally miscible with stearn. The limit of existence of theso
two phases extends beyond the critien? point of pure water,
up to a temperature which slowly decrenses as the pressure
increases (350°C at 3635 bars, 300°C at 600 kars). However, it
is doubtful thut the “wet CO,; phase” plays an appreciable
geological role,

In the presence of an excess of solubla salt, the salt con-
tents of water and vapor phases in equilibrium with each
other are generally very different, They are nat equal at the
critical point {as opposed to the properties of pure water),
and above the critical point of pure water there can roexist
two distinet fluid phases with very different salt contents,
For sodium chloride, the cooxistence domain between the
two phases extends up to the fusion point of anhydrous salt,
The pressure at which the two phases are in equilibrium is
luss than the vapor pressure of pure water, but the pressure
continues to rise beyond the eritical temperature of water
unti! reaching 38% bars at 600°C. Then the pressure de-
creases and 15 equal to atmospherie pressure at 504°C, the
fusion peint of pure salt. The dense phase then consists of o
molten salt whose fusion point is lowered by the gresenee of
water in solution, and there is also a paseous phase, a mix-
ture of water vaper and sadium chloride vapor (whese vapor
pressure is small). At a suflicient temperature, there is thus
8 continuous passage from the aqueous salt solution to the
melien salt.

For other less seluble substances—particularly for
silica—there exists a eritien! point for saturated water in
equilibrivin: with the selid phase. This eritical point is
slichtly displaced with respect to the eritical point of pure
water. Nevertheless, the laws of gaa mixtures (addition of
partial pressures) arc totally inapplicable and the solubility
of gilica in supercritical water ja relatively high,

GCEQOTNEILMICE

At the fusion temperature of silicate selutions, water
can be disselved in the melt with a percentage {on a weirht
basis} which inereases much less quickly than the vapor
pressure of water, and which can po to 3 percent at 500 bars
and 4 pereent at 4,000 bars. Conforming to the law of Fas sol-
ubility, this pereentaye decreases slightly when the temper-
ature increases, In additien, it is known that the presence of
this water greatly lowers the sohidification temperature of
silieates (from 100 to 200°C). But if the silicates erystallize, it
is in an anhydrous form and water must be released. Thus,
again we are ¢oncerned with twe phoses, one of which is
identified with Lhe mixture of molten silicates and the other
with supereritical water, saturated with respect to the silica
and other oxides which are present. This aqueous phase is
liberatied at the time of silicate selidifivation, and if it vs-
capes along a fissure, its temperature and pressure will vary
and thus it can release the oxides which it held in solution.
Such is the origin of hydrothermal veina, It is only near the
surface, depending on the temperature distribution, that
supercritical water will reach ¢ither the liquid water do-
main, where the salubility is high for many substances and
where mineralization can occur to form an ore deposit, or
the steam domain, in exeepiionally hot region, making a
fumarele. Well before rezching the sucfzee this will have
essentinlly no solids in solution and will contain practically
no impurities ¢xcept other pases,

Thus, it does not seem necessary te distinguish be-
tween pneumatolitic and hydrethermal deposits. There can
be a difference between the deposits formed at the expense
of the valatile phase in the vieinity of n magmain the course
of crystallization (perhaps certain pegmatites) and thosze de-
posits left by thermnal waters at moderate depth, perhaps
with differences caused by the temperature and the pres-
sure. But it does nol seem that there can be a fixed distine-
tion between the twe discontinuous fluid phases.

It would theoretieally be different in the case where the
salid constituents were seluble ensuph to act Itke sodiom
chloride; the water vapor phase would be able, in the path
by which it escaped to the surface, to meet the saturation
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cuitrve anil pass from the vapor state, with a very low concen- CHAPTER EIGHT
tration of dissclved salt, to the liguid state with a ecapacity '
fur consideruble dissolved salt. This passage i2 what has gEﬂthErmiCS on a glﬂbal scale

been called regrensive doiling {i.e., in fact, a condensation). [t y
would be marked by a very strong disselution of previeusly '

deposited salts, appearing as corrosion. But it does not scem

that this phenemenon, which has been theorized, plays a

very important role,

The detailed study of the aclubility and stability of dif-
furent minerals and the cenditions in which they ean be de-
posited goes beyond the scope of this book and will not be As soon as the existence of a gradient and thus a
further discussed. geothermal fux was discovered, the question was asked
about the origins of the heat so dissipated. In the eighteenth
contury, the answer scemed evident to Buffon: the earth
was cooling off, and he tried te estimate the earth's age ac-
cording to these cooling conditions. Not pussessing nny valid
theory of heat, he measured the cooling times for musket
balls and connonballs of various diameters {(from | te & inl),
heated in his kilns at Montbard. These times being propor-
tional to the dinmeters, he unhesitatingly cxtrapolated
them to the dimensions of the carth and gol an age of 63,000
¥r (according te his manuseripts, Buffon hesitated between
this figure and an age ten times greater), One of his errors
wasto consider a ball as cooled when it could be “held in the
hand without the hand being burnt.” This obviously corre-
sponds to a thermal gradient much higher than that of the
earth.

The caleulation of Buffon was performed again several
times during the nineteenth century. It inspired Fourier to
censtruct his theory of heat and was finally brought up to
date by Lord Kelvin.,

- In the meantime, Helmhaoltz’s attention had been
drawn to another source of energy, which is essentinl for the
stars, particular!y the sun but which is not negligible for the

) earth: in the contraetion of a celestial bedy under its own
gravitational attraction, from whaut may be taken to be a
cleud of matter initially dispaersed over larme distances,
pravitational potential energy is dissipated and the greater
part of that energy is transformed into heat, Thia cnergy
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suffires ta explain how the stars were brought to very high
temperatures, and it would have rupplicd enoupgh solar radi-
ation for 10 millien yr, which led Lord Kelvin to give this as
a limit to the ape of the solar system, but not without incur-
ring some objecliony from geolopists,

It is well known that the discovery of radiosactivity and
then nuelear fusion completely changed the perspective of
this problem. Even though the earth’s rocks are low in ra-
divactive elements, their radionctivity is such that the heat
produced is of the same order of mapgnitude as the pecther-
mal Aux and thus constitutes an essential factorin the ther-
mal history of the earth. On the other hand, nuclear fusion
reactions, such as occur in the transformation of hydrogen
te helivm, have been able'to supply the selar radintion for
4.6 bilYion yr, which ia the nge attributed to the solar system,
and will continue to do so for an even greater langth of time.

In a plobal thermal Lalanee, it ¢itn be shown that possi-
bie chemieal reactions do not play an appreciable role, On
the contrary, tectonic aetivity, by which rocks are deformed,
mountain ranges raised, and energy dissipated in earth-
guakes and perhaps in other forms in relative plate dis-
placements, represents a mechanical energy which must be
accounted fur in a total enerpgy balance. Again it can be
shown Lhat this term is very small compured to the peother-
mal fAux; it can thus be imagined that this mechanical
energy ¢an be derived, by a mechanism to be specified, by
conversion from thermal enerey bt not the tnverse.

In the encrey balance, the magnetic feld, or rather the
enerpy dissipated in the course of its modifieations, repre-
zants a much less important term. Hut ita greot significance
e Lo pive us information about the repime existing in the
earth’s core, of which we possess little knowledpe.

Thus, the idezs of the thermal history of the earth for
two centuries have eveived in a quite radical manner. Even
now, the temperature distribution in the internal repions of
the carth is eertainly the most poorly understood physical
property of the carth, particulorly because the study of that
distribution is inseporable from hypotheses of the carth’s
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oririn. It is hardly necessary to state how uncerta.. theose
hypotheses are, .

We are going to undertake in more detai! the study of
the different terms in ah energy balance just sketched to
show how their orders of magnitude can be estimated. Af-
terward, entering the domain of hypotheses, we will try to
show how the thermal system of the earth as a whole can
be imagined and connected to its eriging,

8.1 Cooling of a solid sphere

Obviously it is not very satisfactory to compare, as did
Buffon, the cooling of the earth to the cooling of a cannon.
ball (i.e, treating the earth as a homogenous sphere in
which the thermal parameters sueh as the spectfic heat and
therma! conductivity are considered constant). Noncetheless,
it will be useful to recall the results of this model,

The hent equation for a sphere, when the temperature
distribution ig & function of the radius only, reduces to

Ef;tﬂ) - a‘;:f) ) {5_1]

This equation permits solutions of the form \
8 = Alsin &rlr)e™

The temperature distribution of a sphere with an inj.
tial uriform temperature & at ¢ =0, and whose surface
r= ? iz afterward maintained at zero, is cbtained by let.
ting & = nw/i and representing the initial temperature by a

sum of the type
9= —2R4, [{_1}'] sin (“"r) P

Ty n £

(which is equal to 8, at t = 0). This equation givea a aurface
gradient of

3 =2 o nams

B R
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An approximation to the right-hand side of this equation
can be ohtained by replucing the summation by an integra-
ticn, and thus we find that appreximately:

. . R
Vg awaitind o~ ]
2N et
This allows us to caleulate the value of the surface pradient:
af g, &
T = (B-2}

dr  Vgag 1y

The first term represents the gradient for a coeling of a half-
spiee {intinite radins), and the second term Lakes the spheri-
cal shape inte account.

On the whole, the successive terms in the series repre-
senting the tempecature div aut more and meore rapidly, and
at the ond of cnough time, only the first term remains
apprecialile. But for a sphere having the thermal properties
of superficia! rocks (o =0.01) and the earth’s radius, this
would b so only wfter o lime on the erder of handreds of
billions aof yerrs. For the age of the earth, 4.6 billion years,
the initial temperature would barely have changed and the
aurface cooling would only have penctrated to a depth
gshallow compared to the earth’y radius. A gradient of the
order of 1*Cf30 m would require an initial uniform tempera-
ture on the order of 25,000°C. Obviously, it would be absurd
to supptse that at such temperatures o solid state exista
with thermal properties analogous to those of superficial
rocks.

This was esgentially the model by which Buffon {in an
incorrect manner because he misunderstood the signifi
c¢ance of the gradient) apd other physicists reasoned tilt
Lord Kelvin, Lard Kelvin would still have found aceeptable
central temperatures for durations much greater than 10
millien ¥r, which waa the time te which he intended to limit
the are of the carth {and for which 8, = 1000°C) by his
reasoning concerning the aolar radintion.

For any other initial temperature distributions, an
analogous conclusion would be reached. The simplest way

L I T
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to show this is o consiler thiz tempearature as the sum ol a
uniform temperature equal to the initizl temperzature at the
surface and an initial temperature distribution canceling
at the surface. A calculation similar to the precedingg one
would show that this second distribution grenerally brings
only a negliFible contribution to the gradient and would
only have evolved slightly in a tima equal to the age of the
earth. The initial distribution of temperatures in the central
regions of the earth has practieally no influence on the sur-
face gradient, which depends on the cooling conditiona near
the surfice enly, In the model of o solid sphere, the earth is
much to¢ young to allow the initial thermal ¢conditions in the
central regions to be manifested in any way at the surface.
OFf course it is extremely unlikely that this model corve-
sponds to reality; it only constitutes a reference which it
was necessary to recall.

§-2 Thea role of radioactnily

Since the discovery of radionctivity in 1896, the energy
dissipation by radioactive elements has led to the reexami-
nation of the whole problem of the thermal history of the
earth. This is because the radivactive substonces existing in
the intirior of the earth release heat at a rate which could
be comparable in order of magnitude to the heat disgipated
by conduction to the surface, To be more precise, it would be
necessary to ba able to estimate the amount of radioactivity
found in the interior of the earth. First there is uranium
and thorium, Natural uranium is composed of two isotopes;
7] constitutes B of the total uranium content. @ is less
ashundant but has a higher disintegration constant. This
constant A characterizes the disintegration probability in
unit time such that the amount of radicaetivity present
varies 25 ¢4 and, in particular, is reduced to one-half its ini-
tial value in a time ¢ = 0.6032/2, often catled the halfilife.

Table 8-1 indicates, besides the values of A, the heat
releaze from 1g of the substance supposed in equilibirium
with all the products resulting from its disintegration.

16!
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Outaide of uranivm and thorium, we could ulso take
into account potassium, whose isotope *K is nearce (0.011
percent) and which is radicactive through wwo different
processes, producing Aargoen and calcium, respectively. We
need not distinguish between these processes in our study.
The cffect of Lk, whose isotope “Rb makes up 27.8 per-
cent of the total Rb content and which has a disintegration
constant of 1.47 ¥ 107" yr, is often neglected. Estimates of
the abundance of *'Rb give the same approximate figure as
for the amount of *K. The extreme slawness of disintegra-
tion justificd neglect of its heat production. The offect of
rheniuom, which s very scarce, can certuinly be ignored.’
0Of course we do not have to include the radigactive ele-
ment produced in the upper atmosphere by cosmic radiation
("'C, tritium, cte.}. Their disintepration nt the surface sim-
ply returns o portion of the incident radiant energy.
However, we will raise a very obscure point here: it ia
known that the neutrine is a partiele whose exjsicnce has
been established by theory s ensure the principtes of con-
-servation of mass and ¢nergy in certain reactions, but it has
practically no interaction with matter and ecannot be de-
tected. It is sometimes asked if the neutrinoe fiux reccived
fram the sun is such that the feeble ahsorption which would
occelr when it passes through the earth would lead to o heat
relcase which should bhe taken into consideration. This
would mean that we should admit the principle of energy
conscervation is faulty at a ecertain leve], which is ex xactly
the level in which we are interested. Some thesretical dig-
cusgion, inlo which we will not enter, seems to show that
even on this scale the effect would be completely negligible.

Tuble 31
Ayr? calfg -¥r
Rary] 072 = 10w 4.3
Ll B} 154 x 1Q*He 0.71
U {ordinary) 0.73
Th 400 w 10" 0.0
“H . 5.3 =10 021
K {ardinary) 2T X IQ
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Oneie in possession of these facis, which can be consid-
¢red as well established, it remains to eslimate the quanti-
tics uf rudionetive elements present, and this is extremely
difficuit and uncertain. Tt iz certain that the rocks accessible
ot the surfuce are only representative of a thin layer (a few
tens of kilomoeters) which makesa up the crust, and again, in
proportions which ought to be weighted,

Samples of rocks which we can consider to belong in the
mantle have very weak radioactivities {at the limit of what
ig rncasurable), and even then we may wonder if the samples
have not been contaminated during the processes which
brought them te the surface.

Meteorites, in particular chandrites, which are habitu-
ully eonsidered as being representative of the interior of
Planets analogous te the earth, also have very small per-
centages of U, Th, and potassium. Clearly, the percentages
of radioactive elemoents in the crust are much higher; but,
even the small percenlapes in the mantle and ecore may
preduce an nmount of heat which may not be negligible.

In the erust, there exist accumulations of certain ele-
maonts which constitute exploitable depogsits. Clearly, for the
three elemenits in which we are interested, they only repre-
sent an infinitesimal proportion of the total existing ton-
nage and it ¢an be shown that their thermal effect ¢can be
neplected. An osecurremee of 100,000 tons of ure_.um would
be quite extraordinary; &t a content of 1 percent, that would
occupy a sphere with a 100-m radius; the heat liberation of
2300 calfs, supposed uniformly distributed in the sphere,
would lead 10 a steady-state thermal systoem with a tempera-
ture inerease of 3.6°C ut the surface and 5.7°C at the center.
Thus, this would anly be a very loca! perturbation.

For many rocks, a nice corraetation is observed (which is
poorly expliined but is perhaps not a coineidence) hotween
the percentages of uranium, thorium, and potassiam. For
bagic and intermediate rocks, the percentages can vary be-
twooen 0.1 and 2ppm for uranium, with an average of
0.9 ppm, and between 0.3 and 10 ppm for thorium, with an
average of 2.7 ppm. On the other hand, for granites (in the
broad sensy), J percentagos are found from 1 to 20 ppm and
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more, with an pverage of 4.9 ppm, and for tharium, from 2 te
20 ppm, with an average of 9.3 ppm. For these rocks, the
potassinm contents are from 3 ¢o 4 percent.

The misleading significance of averagres should be
pointed out: they represent a welghting between sampleé
and not between the tonnuges they represent. Samples are
more often collected at the edges of massive granitic rocks
thanin the centers. Radicactive elements {other than potas-
sium) are, tn granite, almost exelusively contained in cer-
lain accessory minerals such as zircon.

M certain sedimentary rocks, such as biopenic lime-
stones where Lhe radicactive eontents are small or evap-
orites where they are practically nonexistent, are set
aside, the propertion of U in sedimuentary rocks varies with
the preportion of clay, quartz, or heavy minerals. It appears
to oscillate around an average of 2ta 3 ppm: the Th pereent-
ages have a less strict correlation than for eruptive rocks.

Certainly the “Eranitic laver” of seismologists should
not be identificd with the intrusive granites observed on the
surface and which result from refusion processes probably
leading to a congentration of Th and U, Gneiss on the other
hand should retain percentupes of U and Th much the same
25 these in the rock fl'ﬂ:]'l"l which it eriginates.

In summary, it is very difficult to give numbers which
can be considered as representative values for the averapge
radioactivity of the crust. The act of taking for the examples
average concentrations of 2 ppm for U, 8 ppm far Th, and 2
percent for K shauld not make us forret that these numbers
can be off by a fuctor of 2 in either direction. Theze values
lead t¢ a2 heat release of 3.6 x 10-+ calfg - yr, or
9.6 x 10°* ealfem®- yr; 2 thin layer of 39 km could furnish
the average geothermal flux of 1.9 pealfem®. s, This
thickness would be = little greater than the depth which is
nermally assigned to the continental erust, but we should
remember thaty the orders of mapnitude arg similary,

In veeanic repions, on the conlrary, what is known of
the crust’s composition (thinner and nongranitic) seems to
indicate a heat production much lower than the geothermal
flux, the average of which is the same as for the continents.
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To estimate the significance of those terms, we can
calculate the temperature rise if the radivactive rock was
isolated. Tt is casily found, taking into account the iaw of
variation of the quantity present as a funection of time, that
the temperature of this reck would have been raised 5770°C
inthe tast 1 biliion yv and 47.575°C during the last 4.5 hillion
yr. It is guite evident that conductive cooling in the erust is
very important on this time scale. But, if we supposed that
in the central regiong of the earth the percentayes were n
specified fraction of those taken for the crust, we would be
able to deduce from these numbers the temperature rise
which, if only solid conduction had eccurred, would only
have been alightly moditied.

It is indispensable when the thermal evelution of the
earth is considered to account for the decrease in radicae-
tive elements with time, which results in heat liberation
being more tapid in the past, Figure B-1 indicates for past
ages the heat released for a ¢omposition such ag we have
previously imagined; it is seen that 2 billion yr ago the role
of potassium in the beat release was preponderant and 1.5
billion vr ago it was the heat release by U which was im-
portant {at that time, the percentage of *U was 27 percent
of the total uranium content),

Obzerve that 1f no other indications of the earth's age
existed, the exteapalation of these fipures would lead us to
fix an upper limit for this age. From Fig, 8-1, we can also
deduce the variations of the geothermal flux during past
peological times cauged by the radisactive elemuents then
contained in the crust, But for the portion which would arige
from cooling from an initial state at a high temperature, it
could well b that this cooling rate was higher in the fur dis-
tant past.

The comparison of the Aux value 4 billion yr ago (3.5
times today's flux} with the limit which we have shown in
Chaup. 4 for the hypothesis of o thermal stratification as it
results from heat transfer by conduction would nut be com-
patible with the presence of liguid water in g permuable tep-
raint. This leads va to think that the formation of steam
plumes and heat transfers by convection must have been
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much more frequent than today: generally, all the subter-
rapcan processes in the erust must have been much more
active. This is a fact which must be considered in the study
of the lower Precambrian.

8-3 The cacling of the aarlh including radicactive effzcls

If we suppose that all radieactive aybstances are con-
tained in the crust, one way of studying their influence cn
the cooling of the carth is by consideriny the temperature a3
the sum of two terms, One term (&) satislies the heat cqua-

tion without taking inte consideration the heat released by

radicnctive substances, and the other {#;)1s taken to be zere
below the base of the crust and takesinto account the radio-
active heat release, which is of the form Zglx)e™. For each
of the four terms of this sum, let 8; = Foye ™, where Flz)
gatisfies the cquation
_oartn =K ZE g 33
ax
If the fArst term is nepglected, we have Fix) =
(—1fKY flyfy) fy —x) dy, and at the surface F{0} =
(=1}K} fdqfz) = dz. Supposing that the radicactive clements
are uniformly distributed over & thickness of 30 km, it is
then found that SF0) = 200°C.
It is easy to see that the left-hand side of the equation
is of the order of a hundred times less than each of the two

terms of the right-hand side, which allows us to limit our-

FICURE 5-1 Craph giving the heat release per cubit centimeter in 107
cal/yr, far a typieal rock of density 28 and compeaed of 2 ppm
of U, § ppm of Th, and 2 peresnt of K. The graph is given as a
functinn af pealogical time; the smount of bhieat raanicing Feom
‘each element or isotope is showt, The auperficial Active tem-
perature & has alse been indicated. and so its efect can be
Included in the study of derp subterruncan coniing with tha
hypothesis af a uniform distribution of such w rock over &
30-km depth,
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selves to the approximation furnished by the solution;
By = Zihe=™ with x4, = 2090°C, In P, 81 the fictive tempera.
Lture & is indicated.

For g, which satisfies the heat equation net taking the
radivactivity of the cryst into aceount, the condition 8 =0 gt
the surface must be replaced by the condition ¢ = 8, Thus
everything happens for &, as if, instead of cooling through a
surface kept ot a consipnt temperature that is taken as 0 C
and determined by equilibrium with the sxlerng] rediation,
this surface has been Kept at a fietive temperature 8, which
Pregrussively deereases from 1360 1o 2004,

Ina mantor Analepons Lo what was Just dong, if an igj-
tial temperuture distribution was given, it would be broken
down into threp parts: first, a unifarm distribution cqual to
the difference hotween the initinl nurface ternperature and
1300°C and which will evelve B8 we have seen ahove; next,
aninitial temperature distribytion of 1300"Cwith a superfi-
eizl fictive temperature Progressively decressing from 1300
to 2H0°C, according to the law indicated; and finally, an inj-
tial distributiun zere at the surfuce and {or whicl the syr
face termperature will romain G°C. Mt has already been stated
that this last portion would ouly bring a small contribution
Lo the surfuce pradient,

Fssentially we have to consider the second distribution
to see whet gradient results from a progressive lowering of
the surface temperature, The ealeulation cun be done for B
sphere, but it leads tg g slowly convenring serjes whaose
terms are exponentials and it does not scem useful to de-
velop this calculation here. We will study the problem in the
plane approximaotion, :

1t has been acen that if at the instant{ the temperature
at the surfare of 3 half-spaee is lowered by A6 the
subsequent temperature will be given at time r by

x
gm A8 erfe ( e ”) (8.2)

‘J. Goguel, Kote sur Iy Tefroidisaemant du Glabe, Aun. Graphys, vl I¥, nn. 3, pp. ,
253-758. 1349, At Lka Lime, we ndapted tliphtly different thermal characteriztics.

P
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If the surface temperature, initially 0°C, is afterward
given by 8, = fli), we will have

l‘-_?(:r:,r} = J:f’{l} erfc (V.:_a:r_-ﬁﬁ) dt

-

1

et
Viaelr — )

ﬂ_ﬂ - J-r f'{r}g':ﬂdf'li

where for x =10 and + =0, this exprossion becomes

od —r ALY (8-5)
3z e V—dnat
The integral hus been mlmerim}lly c::llculnlt.ed, :f:ut[:pss:.:;j
coneontrations af the Lype imlmnt:}_d uurli:t;_ d1.s“r1 ;ich
uniformly over a 30-km thickness, j'»‘r ith f{t) = Ege .. “. ieh
gives f{1y=Eqxe~*, the gradient iz found te be equa

_ 1°C4B0 m.

This showa that, because of the temperatm:c flrﬂp.ﬂ.:
the surface, a thermal fiux is:e.ue_s f{on? the earth's ::}te;ln:s
with corresponding cooling and is d1551pntcdrat I':he t.]aruﬂ-
surface at the rate of IZ!.}h j.lﬂﬂll']‘-’:;:’l’ -3, which is appr

hof the reothermal flux. ‘ '
matclli ?ﬂt::tit iz extrlr:mul}r doubtful if T.hf_- tnterior ai; L:'::?i
earth can be agsigned the thermal prul:u.-rtlcs of aup;.r 1c1rt
rocks, even if only the thermal properties of the upp ]r P;;he
of the mantle wore impertant, ns would be th; casennﬂcu-
schemuotic problem which has just been treated. In par -
lar, it can happuen that in the mantle, hi:ilt-i(.ll‘:].nsfi.'l' ]:';:::[;auc'
es take place which are much more eﬂ'e::tne' thn‘n onduc
tion. We wilt sce later that is is uqtliuubtedly -FELfH{triur_
call upon convection, For the moment, wue “m}”i-e our
selves to representing these processes by t‘r;i: crtmu
higher value for the coefficient A, and thus also for w. N
In the expression for the flux, Hoccur.s in the milmeth :
tor and the square root of ain t'hu denun?msi.!fur une er 5:;
summation sign, The efect of an mcr::asu inKizan mcrfeilhe
in the thermal lux regching tha su.rmce (or the.bmf 0 e
crust), 33 a consequence of the decling of the fictive tempe
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ature at the surface, which goes as the squnre root oi: the
eonductivity. Whenever convection plays an important role
in thermusl exchanpes at the level of the upper mantle, it
happens that in the geothermal flux, the portion resulting
from the cooling imposed an the lower levels by the therma)
evolution of the erust, represents a substantial nroportion
of the total thermal flow.

It is perhaps useful to emphasize that this effect does
not depond on the total amount of radioactive substances
présent, but on an integral in which their depth occurs (as a
moment of the radioactive substance’s amount with re.
spect to the surface). If it {3 suppesad that in sceanic regions
the processes which led to the coneentration of uranium and
thorium in the granitic rocks of the erust did not act in the
sarme way as for the continents, it could be imagined that,
cven if the tetal radicactive concentration is lower than
for the continents, this moment epuld be higher and thus
play an appreeiable role v the flux originating from un.
derground caused by cooling, which could explain the oqual-
ity of the average oceanic and ¢ontinental fluxes,

Certain of our hypotheses are very arbitrary, in partic.
ular these which concern the amounts of radionctive materi-
uls and their distribution with depth in the crust. But we
have the definite result that we do not have the right to
imagine an earth whose geothermal flux would exactly bhe
balanced by the heat released by radioactivity in the erust:
from the sole fact of the decay of radiocactive substpnces,
there results a fictive temperature deeline (and thus also for
the temperature at the base of the crust), which lends to a
flux caused by cooling, at luast of the arder of one-tenth the
normz! heat flow (and perhaps higher),

In the ealculation of the integral which yielded this
result, and in spite of the factor 147, the carliest geologi-
cal periods play a preponderant role. In fact, this anly holds
for ene of the initia! temperature distributions, that part
which eorresponds to an initiat uniferm temperature equal
te the fictive temperature due to the radioactivity of the
crust, which therefore was not initially subjected to any
tendeney to cool. It would equally well be neeessary to con-

GEQTIERMICS 0N A GLOBAL SCALE

sider the sther parts of the initial distribution, ene nenuni-
form and the other presenting an initial discrepancy with
the surface temperature,. These two terms could ensily give
contributions of the same mapnitude to the 2ctual surface
pradient.

As 2 case in point, although it docs not seem at all
probable, let us suppose an initial tempernture of 0°C ev.
erywhere and a radioactivity concentrated only in the
crust; we should add to the solution which has just been
studicd, and which corresponds to an inftin] temperature of
1300°C, n solution corresponding to an initial umturm tem-
perature of —1300°C. The caleulation in Eqg. {8-%) furnishes
us with a value for the corresponding pradiont of 12°Cra00
m, nearly equal and opposite to the gradient resulting from
the decay of radioactive substances, This shows Lthat, frst,
the radivactivity of the erust hents the underlying rocks
and, then, the erust begins to coul and a small amount of
the heat which wps aecumulated belpw returns te the
crust, There is no interest in a detailed investigntion of &
motlel s0 far removed from realily, and we only mention it
as an exiample of the way in which a temperature distribu-
tinn ean be obtazined which is appropriate to any sort of
hypothesis relating to the injtial state.

1f we knew the distribution of the radicactive elements,
it would be easy to calculate’its consequences for the tem-
perature distribution; unfortunately we lack precise infor-
mation o1 the distribution of radiocactive materials in the
mantie and especiatly the core. Comparison with metearites,
particularty chondrites, furnishes the only model which we
can apply, but it iz not kKnewn to what extent it is valid; it
can only be remarked that it furnishes us a atrong justifica-
tion for the nation of mantle concontrations much lower
than in the erust, but net zero. This confirms the conclusiona
of a purely thermal analysis which shows that the heat
flow wou!ld be much higher for mantle coencentrationa
of the order of these in the crust, which can thus he formally
exctudul. On the other hand, the necessity for an copgine for
the internal mechanical netivity, the consequences of which
are 3o visible on the surface, makes it likely that there is 3
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norzore concentration in the mantle and in the core. Our

uncertainty is perhaps even istri
! +n greater for the distribution §
the acennic regions, bution in

8-4 The dissipatign af gravilationa) enprgy in.ccsndensatic:n

_ HFImhultz's attention was drawn to the energy source
u.'lhlch is liberated when a mass, initially dispersed at a great
d.lstancu, condenses under the effeet of the mutual ur.i'{ia
tl.una.l utt:ruttion of its ports and whenever the radinl ma:r;
distributien is altercd {we will assume that the spherical
symm:ntry is presarved, and we will neglect the effecta due ¢
romt.mn}, Part of this enerpy will be foundd in the form ‘:'
e!as?m energy in the compressed matter, but the rest .
be dissipated tn the form of heat. . s

To ealeulate the enerpey liberated between dispersion at
a preat distance and a condensed state, we ean procead i
the.fallux-'ing mmanner. Consider the mass m(r)interior to ul;z
radius r, such that m =47 pr* dr. This mass exeris on
maﬁﬁ.dr.‘ri. between the radil r and r +dr, a gravitational atlf
?mct‘mn y= flm - dm)fr, and if this mass was dispersed t
infinity, the work dene would be ’ ’

ay = g(Tn) (8-6)

r

For the entire sphere, the work done by dispersion to I

mﬁmfty wu:uld bz prual Fo e frim - dmdfr, if we consider
as a Tunction of m, or if we consider a1 as a function of r,
then UV =F [¥ m dafdr (drir). '
For u sphere with uniform o i
. ) ensity equal to 551, we
h::n.e wm =it = 5,01 and dmfdr = d7r? % 5.51, and it is imme-
dmltnly. found that =162 X (551 X K15 =06 MgR
which is f X 335 % 10% arpgs = 22,4 2 10™ ergs S
w . : 1
Bl I -.';rr lhiid;?tuﬂl earth, vaing the density distribution of
ullen’s mode! A, A numerical Interrat : ta
o e gration gives the value
Tt is vasy to caleulate the clastic energy contained in
the 2arth since we know as s function of the depth the

presaure, the density, and the speeds of seismic waves,

which are given by V(i +2p)ip and \Vfp. These yield the

values of the clastic coefficients » and p The elastic energy
per unit volume is given hy

IP?
2(3x + 2p) oD

The numerical integration {using the densities of
fullen's medel A and the seigmic velecities of Gutenberg
and Richter) gives 7.88 X 10% ¢Tys {4.45 in the core and 3.13
in the mantle), which is 3.2 percent of the potentianl energy
dissipated in the condensation of the earth and ia thus not
at all negliyible.

To give an idea of the signifieance of these quantities,
remember that the mass of the enrth ia 5.976 = 1097 ¢ If the
average specific heat was of the same magnitude as that of
rocks, which is 0,185, the energy dissipated in coming from
infinity less the elastic energy, (25 — 0,703 % 10™, would cor-
respond to a temperature rise of 51,000°C!

It is known that for a mass of the magnitude of the sun,
condenaation ¢an release sufficient encrgy to raise the en-
tire mass te n temperature of several tens of millions of
degrees, which allows the peginnings of the nuclear reac-
tions which furnish the energy radiated by the sun and the
other stars,

To return to the earth, the transition from a state with
o zniform density to the present state, having a dense core,
would release 2.6 % 10™ ergs, which is 1040 calfy aind which
is enough enerigy to raise the entire mass of the earth to
5000°C if the heat capacity was of the order of that of super-
ficin! rocks (this is without taking into account possible
increase of elastic energy made possible by the increase in
prassure which took place as more dense material sank
toward the center of the earthl.

The genesis of the earth iz often imagined as the con-
densation of 2 cloud of dispersed primitive matter. But it is
aot certain that this condensation happened all at onee,
which would have heated the entire mass of the earth as we
have just seen. [t ia more plausible to imagine a successive
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gecretion in layers, slow enough to dissipate the kinetic
vneryey of rotation (hy Lodily tides or the aetion of o magnet-
ie fetd®, The heut caused by condensation would thenr Le
released principally en the surface, and it could be imagined
thut it weuld at least be partly dissipated by radiction as the
process continued. Tt is thus diffiealt to estimate oxactly
what was the heating of the terrestrial sphere as a result of
initial condensation. But it scems ecrtain that there was an
initial heating, -

In any case, the transition from a homogenous density
distribution to the present state with a highly differen-
tiated core required internal displarements of matter. The
energy 5o dissipated must have heated the interior of the
earth.

Itis nat at all certain that this potentisl enerpy dissipa-
tion had to aceur ut the time of the curth’s penesis. It is per-
fectly poessible that & certain differentiation is stil} taking
place, A tenth of the cnergy dissipsted in the transition
from a sphere with a uniform density to the present globe
with a differentiated core would have sufficed to supply
the present heat Row (1,95 % 10™ calfyr} for 2.9 billion ¥r
without taking radisactive decay inlo consideration. A far-
tiort, the enerpy dissipated In mecharical forms (carth-
quakes, plate teetonies) only represents a very small propar-
tion fon the order of a fuw parta per thousand) of the
mechanical energy furnished by the differontiation of the
core,

"

B-5 What conclusions can be drawn from lhese data?

We have tried to present the fucts relative to different
times in athermal balanee of the earth, considered in its en-
tirety, independently of the ideas and hypotheses concern-
ing itz internal constitution Bo as to dpecify certain orders of
magnitude and eliminate uncertainties which prevent any
conclusions, It is ¢lear that the thermal balance and the
temperature distribution that results from it, presently or
in the past, ¢an only be established in the cutline of o model

GEOTHERMICS ON A GLOEAL SLALE

incorporating information furnizhed b1:r other disciplines
such as seismelooy, gravimetry, marnetism, petm‘lugyf. and
reclopy in gencral, and esordinating this information in the
framework of adequute hypotheses.’

A model could be construcled to describe the present
state of the earth: what we have seen of the time scali? of all
the phenomena of conduction on an uurtrh-scxilu‘ basis an.d
the variations of the heat reteased by r:tdmractwu_y make it
apparent that such a model will only furnish vahd Fesults
in the thermal domain when it is completed 1.::. deseribe f,‘he
evolution of the earth in the course of 1.6 billien yr {which
we now know represents its age). The present L%‘mrma! syS-
tom is directly dependent on this prior evnlutm.n, a_nd, in
particular, it would not be possible to analyze it without
making hypotheses about the genesis of the earl‘.h.'.

Obviously the scope of this book tlpes not permit us to
analyze the peophysical data upen which the current h;f;
potheses on the internal constitution of the e:r.rtl? raly.
Thus, we will suppese that they are known and will onrly
call on them oceasionally to justify a choice between dif-

ferent hypotheses. ]

8- Dutline of an energy balanca

The heat Aow is not the only form in which energy of
interna! origin is manifested. Without mentioning vol-
canoes, which appear essentially as thermal phenumen?.
the most spectacular manifestation of internal EI}ETIIF 1*;-‘
folding and, in a more general way, the doformalion ©

Ay an example of duch n histarica] synihesis, mh:re_nt and Implytr-.z ':. fﬂ";;ﬂ;t
number of hypolhesoa, see: B, A Lubimari, Thrrrrrlnl. Ell:tnr:._- of the Earl h’::! S
Flurt tedd, "The Eacth's Crasl and Upper Mantie, j;-.:nr!hyulcul nmnugr:ph Thz:
53-T7, Amezican Geaphysical Unien, 1964; and E. A, Lubimova, The;lr_-.r ;[ t: r
mal State of the Earth's Mantle o T. F, Casketl {wd.), “The Earth's Muntr,” pPP-
g ; . Kew York, 1367, i .

E.Tz-cll..;llugzl.:::!“: Jabart, “The Phyaicel Conatilution n“t‘ The I:.:rth._ glnlrtrrllk E:;:d“,
Lutdon, 1965, Abao ave Geophysique it I Cyorggu el ft‘kF.J. l-.r_s:yrlupmlm E u.l :- " .
1971; J. Coulamb wnd G. Jobart {ads ) “Trolte de ‘u:phy_a:q“ fntarna, vni , ;:
som, Pars, 1573, vol 2, 1576 J. Coguel, Turre {conslitution inhfrﬂ. EMT:::IPMET_L-
Univarsalis, Pacls, vol. XV, 1674, pP- 467-9T3; B. Gulenberg (ed), “Internal Conet

tlon of the Earth,” Dover, Mew Yark, 1001,
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E,T—,}:f,:lT}?:lthti}l-pbe;w‘]s t.-.rhj:h .f'm"m mountiins, It is now
o U i , *n, is a mnmﬁ-.&utfnn restricled to the econti-
- i : genernl tha plates which mgke up the crust {or
W}?lr:hofc;:(::wt}i li‘:husiphun'." plide with different speeds
e Pt oLy j i
bt O eil by specity structures ot the junetions
fgrthL,Et uls at Ienst try to estinate the order of magnitude
’ iy ﬁnf_.l‘g:.-? lhh‘!ﬂpated Ly these different plienomena. One
:e::: I:fﬂll;ff*sl:ulmr.l g of prespl‘.‘.t fectonic activity is the exis-
toqae of L2 ,; .:l.ulal‘:es Thanks to seismopraphs we have
Iﬂ:],g;]iun]g é‘h{. L If-_n‘1n;'_:. af ol earthqualkes sbove o certain
fontih m, o (e} L.‘!tlmﬂ.ElD'ﬂ ul‘thz.a enerpy they release is dif-
o= m;gnitutgelres :;.5 An mtermedlar!:' an empirical definition
cart};g!uakus ' a|n' 1 then enerey estimates for some chosen
S » which Jenves mwom for egnsiderable uneer
N, nﬂ;‘t ;},gﬂmmu?r corlcudvti that f{‘am one magnitude to
e ne .+ e energy changes in & ratio of about 63 and the
nmth::::;w:n 2 ratio of 10. It .is clear that the larger
o % represent the mest important contributinn to
N eqzii:l;:b:netrgy ru!t:-as:_zd. The figure proposed, 10% erpgsfyr,
e :}f o to 3 %107 kW - yrfyr, noting that the major
F this enulr:_,g is dissipated in a few seconds.
hat g:;tsiie ﬂftﬁﬂlﬁr_nic energy, for which we will suppose
Hﬂﬂlﬁm.m]: nsrer: rate r_-;.m be ll'l]il.tljl 08 representztive of past
gaological k@S, lect.onic encrgy is partially manifested in
e creatton of relied and party by the deformution, some.
T.u’rlle?r t'j;-r}r stronyg, oF rocks that are mechanically resistant.
mlie;t::i :’.::ist:,rhta cn]t?;];j.te the potential energy of the visible
i 1sing the statistics of surfaces classified by altitude,
chis expre?sm! by the hypsographic curve. The potential -
:n;:gy ufcfjntznuntn.] rclief is calculated separately with re-
lF 't 10 50 |1evel nnd gives 4.7 X 10" k], and the potentis)
;.;:irg;;nnf;lrﬂut:f}i\t a cunsf::mt ocennie depth is 29 X% 101 kJ,
iy rl:-nera h{e lnstatic cnmpenEt:l:tiﬁn inte aceount, To
n copia o ﬂhtl}e.ﬂ:‘ correspond density deficits situated at
fpomn thi‘ let make us .undurn:-stimntu the previous
tion of the 4 ratis uef th‘eidunﬁlt}' u_f the crust to the varia.
b Ienslty which dl:u_armmes the cempensation,
monly taken as .6 gfem®. This gives 2.67/0.6 = 4.5 for the
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continents and 1.67/0.6 = 2.7 for the oceans, to aceount for
the Archimedean pressure. In reality, these facters are
guite poorly determined, the subterranean dunsaities being
hypothetica!, and could be in error by from 19 to 20 percent.

Geology shows us that ancient relief was destroyed by
arosion and that ali the relief that wu now observe resulted
from relatively recent upheavals (e, post-Miocene), even
when the material raised had been deformed at a much ear-
lier tirme. We will suppose then that the rate of energy dis-
sipation in the formation of relief corresponds to the cre.
ation in 10 mi'tion yr of the continental relief equivalent to
that now existing. The ocennie relief is in tolalty much
ohler, anl its ereation should be spread out over a durativn
of 200 million ¥r or perhaps more. For the continental
relief, 4.7 # 4.5 = 109 HIF107 % 315 = 107 =6.7 X i kW,
The creation of sceanic relief in 200 million yr would absorh
(B0 — 4.7) % 27 x 10900 % 10Y X 8.15 X 107 =107 X 107 kW,
which is in total about 8 x 107 k1Y,

it is very difficult to estimate the energy absorbedl by
rock deformations beeause we only konow that the stresses
under which they were produced (for very slow processcs
which esscntizlly tesult from recrystallization) were Cer-
tainly much less than that which we ohserve in the labora-
tory for rapid deformations by different processes. We know
that the total energy absorbed is divided between deforma-
tion and creation of relief in such n way that the total
enerpy absorbed, for a given deformation, is a minimum and
inust be reflected in comparable orders of ynagnitude for
these two terms.

Plaie theory implies that over the entire surfaee of the
globe rigid plates formed by the lithesphere ilide with re-
spect to the internal regions of the earth by means of the
viscosity of a region called the asthenogphere, with 2 speed
of u few cuntimeters per year. The best indieation that we
have for the viscosity of the asthencsphere is furnished by
pestglacinl readjustments in Scandinavia. For a surface
arez whose diameter is 2,000 km, half of the janstatic
disequilibrium has vanished in 6,000 yr and this delay can
hardly be attributed to anything else than a viscous action.
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Ifthe depth of the asthenosphere is preat, a viscosity of the
order of 107 polse would be dedueed. IF the asthenosphere
has only & limited depth, we would naturally find smaller
values, inversely proportionzl overall te the cobe of the
thickness, which would be of the order of 164 poise for a
thickness of 100 ki,

Let v be Lhe speed of the plate in centirmeters per year.
We will set the thickness of the asthenosphere as
h x 100 km, which gives a value of the shear siress, pro-
duced by the coeflicient of viseosity times the pradient of the
speed, of 5 2 (630} %€ 315 % 10-" dynfem? and of the work in
a year af (ne?fh) % 310 = 107%™ ergfem 1f v is the root-mean-
squitte plate speed for the entire earth, the total power is
(e} x5 X 10" kW. Forh = 1, v = 2 cinfyr, and 7 = 16", we
find 4.5 X 10" kW, and for k=31, =107, und v = 2 cm/fyr, we
find 6.6 ® 107 %W, We would find u power of the sume order or
smaller if we suppesed a thinner asthenesphere with a
lower viscosity. It is very probable that this viscosity varies
greatly with depth, but it would be of little use to intreduce
in the model a'viscosity law of which we know nothing.

From the collection of these ¢stimates, rough as they
arg, we ean conclude that the mechanical energy spent in
tectonie processas must be of the order of I or 2 % 10" kW,
which is very small compared to the geothermal fux of
2.56 X 10 KW, Itis thus very Mhkelv that we should look for a
mechanism by which this mechanieal energy ean be derived
from thermal peocesses without, Rowever, necessarily ex-
cluding a direct transformation ¢f gravitational polantial
encrgy caused by differentintion of the core, or as a con-
sequence of other density differentiations in the midst of
the muentie, to mechuntcal cnerry,

It is easy to show that the hypothesis of a contraction
cauted by the ceoling of the earth, which was sugrgested at
the begrinning of last centary, would not be satisfactory. Te
show this, it suffices to calculate the mechanical energy ac-
cumnulated in elastic form resulting from the stresses due to

' cooling. These stresses increase in propartion to the time,

and thus the elastie energy increases as the time squared.
The averapge pewer zvailable {s proportional $o the time thut
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the stresses sccumulated, But the calenlation done' for the
most rapid conling imaginable, which is that of the mode] of
Buffen, without considering radigactive effects, shows that
these stresses would have had to aecumulate for a time
period greater than the age of the earth and would rEfj.'.'.‘h .
vulues of hundreds of kilobars, which no rock could with-
stand without rapidly deferming. Thus, we can formally
climinate thiz old hypothesis of contraction.

B-7 Canwveadtion

The anly mechanism left which we can invoke iz that. af
conveetion currents. But wo should be repdy to rur,:ugmze
convection in untsual forms. For example, the eruption of a
voleang, in whieh the weight of the averburden, consisting
prineipally of consolidated lava, exerts pressture on the lava
reservoir which allows lighter melten1ava to rise to I;‘he EUT-
fice, can be considered asa form of convection (see Pir. 8-2).
1T the molten lava, before solidifying, released velatile sub-
stances which contributed to lightening the lava and eaus-
ing it to rise. a process of gravitational diferentiation would
be ndded to the thermal convection. N

Convection implies a uniform chemical compasition
(with the reservation that differentiations vll.fh'lch could
occur in the course of convection could contribute to ac-
tivate the gravitaiional potential energy). The increase in
density with depth between 400 and 900 km in the r:*arth,
which scems to be too great to result {from compression of
matter alone, is attributed to the appearance u_f hij.‘;:!l-p‘:‘es—
sure mineral phases. The best known ia the splnl:.l form to

which oltvine can invert abeve 2 pressure which increases
with the magnesium concentration. But ather transforma.
tions are also possible; silica cun appear in the form of

ne cslimation dr I"energie mécanique disponltle dans Is rontracion
2 wal, 2, no. 5. pp. 305- 400, 2965,
liquer las defarmatlons tees

ean Gogscel, U
par refruidiasement. Terfvnuphpaic . g
Jexn Oopuel, La coantraction thermigue peut-elLe np. ; f
tuniquest, Sull, Yolroratogione, val. XXXIL, no B, pp. S2-104, :\apnll.l j§i1m
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FIGLRE §.2 Bketch of a Mawaiian voleans showing how a lave cruption
cin be considered as o type of conveetion.

stishovite anhove 100 kbars, with a density at atmospheric
pressure, Freuter than 4.

Convection alse implies a certain fluidity, but we shall
gee that the viscosity can be very high; but it is necessary
that weak stresses can ecause 3 very slow deformation
without it being necessary for the stress to exceed a thresh-
old of plasticity.

Convection ¢an only be produced if the thermal gra.
dient is greater than or equal te the adiabatie gradient
which corresponds to the lemperature variation due to the
change of pressure with depth. As best we can guess from
mineral properties studied in the laboratory, this gradient
may be of the order of 0.25 to 0.30°C k.

From the moment that a thermal gradient cxials, it
gives rise to a heat lux by conduction which does net inter-
fore with convection. The latter implies a heat teansport by
moving mutter, and it is to this heat transport that Carnot's
principle cun he applied in order to caleulate the maximum
proportion of heat transformed into mechanical encryy as a

function of the temperatures at the base and top of the con-’

vective system. This proportion will be given by the ratio of
the termperature diference between the base and the top
and the absolute temperature of the base. If the height is
limited, with a gradient nearly that of the adizbatie gra-
dient, this efliciency must be very low.
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But the viscogity in the midst of this region is certainly
high, and part of the mechanical encrgy produced is dis-
sipated by :v'lscasity in the movements of the currents. It
could even happen (which is what we observe in many con-
vective movements which do not have an externa! effect)
that the total! mechanical energy produced is dissipated by
viscosity; in general, this will be the case for 2 substantial
amount of the energy.

As = first approximation, we can pive a description of o
system of conveclion curtents relative to the averagoe situa.
tion, which has a regular thermal gradient. For any sort of
model of currents perturbing this regular gradient, we will
consider a distribution of the thermal perturbation, through
a factor A4, and a distribution of velorcities, alse through a
factor, that will by eharacterized by a4 typical voloeity V. Let
L be the characteristic dimension which defines the seale of
the motion. The velocity gradients are proportional ta ViL;
the stresses which result from these pradients go a8 g Vir,
the power digsipated per unit volume as ¥7/L? and the tota!
dissipated power groes as VL. In addition, the fluctuations
in density are proportional to A A8 if A 1s the coefficient of
thermal expansion and the pressure variations go as A, A8
The mechanies! power furnished is equal to an integra!l ex-
tended over the product of the veloeity times the fluctuation
in the pressure gradient with respect to equilibrium, an
expression which must vary as LT3 A4,

Inorder that this system of currents can aect ynder the
conditions we are considering, it is necessary that
MAGVLAK VL) exceed o eertain numerical value which
depends on the convection medel and on the definition of tho
velacifies, the dimensions, and the variations of the charae-
teristie temperature. This ratio is equal to Af.? AdtmV, and it
is aiways possible to take ¥ small enough, whatever the vis-
cosity, so that this ¢condition is Tulfilled. But the dissipated
mechanical power jg given by an expression proportional to
13V AR A8 will not take too larpe of 2 value and will not
exceerd the temperature difference between the base and the
top of the system, which limits the mechaniczl power which
can ba produced, It is likely that this limitation aces and is
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lower than the limitation resulting from Curnot's prineciple.

The preceding vonsiderations suppose nothing about
the form of the convection currents or the moedaol which rop-
resentsthese currents and which can—as we have indieated
at the bepinniny of this section by an example—take the
most diverge formas, It is not possible to undertake a caleula-
tion of such models Lecause their particularities can result
from quite complex phenomeng such as viscesity variations
with the temperature.

In faet, there exist no models of convection currents at
present which can be put to an exact calealation even by
eimplifying the representation of physical properties {vis-
cogity taken as uniform and independent of the tempera-
ture, ete). There are models which lend themselves to
caleulations caneerning the initial stape, for which, suppos-
ingr 2 thermal perterbation, we can investigate whether the
movenments of the fuid will permit the perturbation to
amplify or disappear by conduction more rapidly than the
movements caused by density differences can avgment it.
This is a stability caleulation annlogous to the caleufation
wedid in Chap. 3 to analyze the possibility of a convection of
a very dilferent nature in a porous roek). We have no valid
mathematical mode] prepared to account for convection in
full development, assuring an effective heat transpart, fur-
nishing mechanical power, and absorption of part of that
power by viscous friction.

Now, piven the dimensians of the ecarth and the ox-
tremely hiph viscosity of the mantle, it is indispensable to
give an idea of the orders of mapnitudes of the currents
which we are considering. We can derive them by apprexi-
mate reasoning relyingr upon very rouprh models,

The simplest way te represent a linear convection cell
of width 2z, depth 2b, and length ¢, is to write the speeds of
the Auid: '

oy En':u‘.:llsil'Esinmi
b 2n 2h

V= =z, 80 —= oo ﬂ
e 31 %a 320
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The temperature in an ascending or descending current
muist be characterized by its differcnce from the adiabatic
prafile (it would be more correct to characterize the current
by its entropy, which is conserved). If (7 is the superadiabat-
ie pradient (excess of the actual gradient over the adinbatie
gradient), the margin of possible variations in temperature
is 266 and the differerice between temperatures in the cur-
rents and the average ja 66 sin {rxf2a). The variation of the
density due to thermal expansion is pyh A, and we will take
p=3,9="500x=51t08x10"% and for the viscosity, n = 10%,

Itis easily found that the power dissipated by viscesity
from a cell is

: 1

W e 288 gt (%) (8-8)

The motive power rasults from the vertical dizsplace.-
ment of the Nuid occurring in a pressure gradient maditied
by the variation of density, and it is found to be

o

P = 2ac (2) gorGut* (8.9)

Tu pet orders of magnitude applicable to the earth from
these formulas, we will express the vortieal velocity ¥V in
centimeters per year{V =1, X 314 X 107% and the height of
the convective system, 2k in kilomelers (R =5 X 1074, and
we wilt extend the caleulation over the entire carth's sur-
face by taking an average radius for the system of 5,000 km,
which pives a surface area of o X 10" {which replaces 2ac}.
W will express the superadiabatic gradient § in degrees
Celsius per kilometer, which means Swgou il

from these substitutions it is foutnd that £ =
10' 5§t kW and W = 10" V¥ kW, and the heat Mux trans-
ported by convection over and ahove the flux trunsported by
conduction equals 2.7 X 10" AV calfs or 10%4V KW, an expres.
sion wlich conld take excesdively large values for some mod-
als which have been praposed. Thus, it is the heat flux to be
transmitted which will litnit the temperature differences of
the convective current to smaller valges than we have
|lowed as the pousible maximum {GA); it may also happen
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thm,thei vclpcities ire amaller or that the currents instead
of distributing themselves aver the entire available sur-
face, as our model supposed, are much more localized.

. From the preceding formulas the cendition c¢an be
gwven that

Ves (’—*)3
100 {8-10}

If 5§ =1 {it can scarcely be imapined that § will exceed a
value of 2 gr 3). this mives & velocity limit V = 1cmfyr fora
systom 200 km high and V= } mfyr for a system 1,000 km
high. '

These formulas shew us how the power furnished
l_.'.'!ep::nds on the height of the system. Suppose that the veloe-
ity is balf of the limit and also that 5 = 2. We will then have
V =(kf100¥ and the power furpished will be gi;ren by
F = 2w 1047 kW, of which half will be absarbed by the via-
cosity and the other half will be utilizable.

Nmﬁ“ ecspecially the exponent of A in Eq, (8-10); the
mec}famca! power which can be produced by convectior; ap-
pearing in the mantie where the thermal gradient s dl:;tur-
mined in ancther way (very likely this gradient is clgse to
!‘.he melting-point gradient which is produced by pressure)
;ncruases enormously with the height of the convective sys:
em.

Our caleulationz are much teo rourh for us to ebiain
the value of the power furnished; Carnot's ;}rincip]e imposes
amuch surer limit, But it should be remembered that o r:;.rn-

. vective system with a small height, of the order 2k = 200 ki,

wi.!I furnish insufficient mechanical power and that a
thicker system, of the order of 1,000 km, scems much more
probable. The maximal veloeities of the currents could then
be of the order of a meter per year.

On the whole, it appears that we can retnin the
hivpothesis of convection currents, originating from a ther -
mn? flux in the mantle and producing mechanical ener
which iz mar]ifested in internal activity of the earth. Bﬁi
the model utilized for these calculations should absolutely

GEOTHERMICS 0N A GLOBAL o, .iE

nat be considered as a.description; actiial convective cur-
rents can be guite different.

Remomber that the viscosity very likely changes with
depth, and the action'of dissipating energy through viscous
friction by currénts locally raises the temperature and
reduces the viscosity; it thus appears that the current forms
are certainly very different from the forms discussed
previousty. In particular, ascending currents, hotter and
less viscous, tend to be more rapid, thus geeupying o small
eross-sectional area, and are separated from larger descend-
ing currents by a slippage surface atonm which the tempera-
ture will increase sufficiently to preatly reduce the viscozity,
rather than by a zone with a regular velocity gradient.

We must emphasize a difference betweett the convee-
tion currents that we have the opportunity to observe and
those currents which can exist in the interior of the earth.
In the first type, inertia plays an apprecinble rele, and, n2 2
consequence, there is u tendency for the eurrent system 10

maintain the same sort of motion. It is not the same for-

currents in the mantle, where the kinctic energy, with
velocities of the order of magnitude prevously indicated, i3
totally negligible. For harmonic models which lend them-
solves to caleulation, it can be shown that the kinetic
encrpy corresponds to the energy absorbed Ly viscous frie-
tion in o time which is of the order of tis 8. As o con-
sequence, nothing exciudes the possibility that the move.
ment is very irregular in time with alternations of halts
{when elastic energy is arcumulated) and more rapid move-
monts.

Finally, let us remember that all the considerations on
the power furnished by any system of thermal convection
currents ean he folse if there is at the same time a differen-
tiztion which s expressed by o density difference {at equal
temperatures} between ascending and descending currents.
A lighter residue then will accurulate at the top of the zys-
tem and a heavier residue at the bottom. Such a progressive
differentiation could have continued since the beginning of
geological time and furnished s considerable part of the
mechanical energy dissipated in tectonic events,
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These theoreticel considerations show that the hypoeth-
esis of convection currents does not run into any ebjections
(atleast if they exist over a sufflicient height). But these con-
gideratinns o not rive us any valid indication of what their
form or their depth could be. - :

What indi¢ations of these characteristics can we obtain
by other methods? There is a deeline in seismic velocities at
a depth of arcund 150 km which has been interpreted as in-
dicating the heginning of fusion and which marka the top of
the asthenosphere, This interpretation is usually jin-
voked o ullow plate gliding wnd isostutie readjustments, It
is natural to asspme that the upper limit of convection cur-
rents nlas oecurs there. What is their base? Maodels have
been proposed by different authars attributing a quite small
heipht for these currents. This seems unlikely given the dif-
ficulty that there would be in producing the energy dis-
sipanted in tectonic processcs. It is poorly understood how
heat transport by conduction alone could exist beneath con-
vection currents without producing thermal gradients lead-

‘ing to other zoncs of incipient fusion. It seems that it is
much mere likely that these currents occur over a large ’

diepth in the mantle, and there are no peremptury argu-
ments to dispute such 3 hypothesis.

The clnssical meehanism proposed for plate tectonica is
in {act a form of convection, in particular the ascent of in-
trusive rocks, basic or ultrabasic, in fissures which mark the
openings of rifts. It is known that the magnetization
aecquired in the earth's feld in prior times by rocks in the
eourse of their cocling is the origin of magnetic anomalies
parallel to the rift on both sides. Actually, the geothermal
flux is rreater than normal {up to eight times) on the axis of
the rift and up to 100 km en ¢ither side, The additionai
amount of Aux by eomparisen with the narmal value can be
of the arder of 3% 10%calfem? - yr, which for a supplemen-
tary annual thickness of 2 em of intrusive rock effeetively
represents the heat liberated by a cooling of 500*C over
60 km of depth. But it is quite ¢vident that such an average
balanee would not completely deseribe the phenomenoen, and
oll models propoesed to describe plate actien include a
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geothermal interpretation, destined to interpret the dif-
fusion of heat away from the injections.

The descending convective branch in the lithosphere
and even lower would be represented by the subduction of
plates under a Pacific-type island are (or under a continental
plate like South America), But here, the gregthermal flux dis-
tribution, with higher than average values of about 2
pcaliem? - 3 behind the are, is not 30 casily interpreted; the
flux distribution makes it necessacy to invoke secendary
phenomena (relusion, secondary cells of convection, ete)
which remain very hypothetical. But there apain, the
gecthermal interpretation i3 essential for all proposed mod-
els of plate action. However, the detailed analysis of such
models takes us away from our subjeet, and they can be
found in descriptions of plate theory.

The arrangement of conveetion currents in the asthe-
nosphereis probably relzted to the behavier of these convee-
tive phenomena in the plates themselves, and this must be
reflected in their general dispesitien, with aseending cur-
rents in the vicinity of mid-ceeanie rifts and descending cur-
rents in subduction zenes and along mountain ranges which
resulted from compression. But it ¢an well be thought that
certain geometric constraints which appear in the case of
plates as transform faults which offset the rifis do not act
on the currents whose axes c¢an take much more supple
forms. Are there other areas of ascending and descending
currents which should be held reaponsible for the evalution
of certain repions in the midst of plates such as uplifts
ffollowed by erssion) which would result from weak com-
préssion or depressions which permitted the accumulation
of thick sedimentary basins and which could result from a
small extensien?  can only ask the guestion. )

It has been pointed out recently that some veleanoes
sequences appear more and more anciant as the distance
from the region of presently active volcanoes increszses
ithe best example is furnizhed by the Sandwick Islands).
This may be taken as a consequerce of the gliding of
a plate sbove a fixed heat source which has been iden-
tified gs o plume of hot material escaping from the lower
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mantle at points which have remained stationary for dura-
tienx appreaching hundreds of milliens of years. Although
the deplh from which these plumes issue réemains very
poorly determined, it is a first indieation of what could be
the arrangement of currents in the lower mantle. But of
course, there could not be any ¢jectien of material by a cer-
tain number ¢f quasi point sources unless it was compen-
sated by the deseent of cooler material, perhaps over a much
greater surface arca and with a very small velocity, Tt would
he genmetrically improbable that the descent was produced
radially in every direction in a sphere. It can be imagined
that the system of ascending currents has the form of a
network hirt that the upward motion tends te reach greater
and greater velocities and be concentrated at the intersec-
tions of the network. This arrangement is what would be
expercted of matter so completely solidified that the viscosi-
ty is very high except where the dissipation of energy by
vigcous Triction raises the temperature.

The existence of convection currents in the lower
mantle is made very probable by an interpretation which is
given teday to the origing of the internal magnetic field. It is
thought to originate in the core by magnetohydredynamic
processes. These processesimply, as a source of energy, con-
vection currents of thermal origin stirting the molten iren
which constitutes the core with velocities mueh higher than
in the mantle, of the order of 100 kmfyr. It can be shown that
for such speeds, the Corielis force enused by terrestrial rota-
tien is not nepligible and tends to make cireulations predom-
inate in planes perpendicular to the axiz of rotation, This
yieldsthe N-8§ component of the rverage magnetic field, The
displacement of conductive iren in the magnetic field gives
rise to vleciriec eurrents whieh, in their turn, maintain the
magnetic feld,

Cne may wirh te know the ameunt of energy spent in

.the creation and modifications of the terrestrizl mapneiic

field, but this can only be estimated and that only by
defzult. However, let us indicate the elements of the
argument. If the portion of the marnetic field which
represented the effect of a central dipole, and which consti-
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tules the essential portion of the ficld observable at the sur-
face, was caused by electric currents eirculating on the sur-
face of the ccru_"it would correspond to an energy of
6.3 % 10® args, which is 2 % 10* kW - yr. But if the cuUrrents
which produced the field cireulated in 2 sphere of lesser ra-
diug, this energy would increase aa the inverse of the radius
cubed—amd there are many reasons te think that the cur-
rents are in fact distributed in the volume of the core. Thua,
we are led in che ealeulation of the energy of the magnetie
ficld, to vonsider successive terms of its harmonic develop-
ment, zlthough this development is a purely mathematical
artifice: these terms are simply added, Now, it is observed
that the energy corresponding to each of the terms of order
4,5, 6 7, and 8 would be of the same order as the energy of
the first term (cantral dipole) if the curreats which caused
them circulzted in o sphere ¢f radius 2,650 km, which is
three-guarters (77 pereent) of the radius of the core. Qur ob.
servations, recessarily confined to the earth's surface, do
not inform us about higher terms, but it is perfectly possible
that they also correspond to energies of the same order and
represent local irreputlarities of the field of the core. The
totat energy of the field, then, at a minimum is 10 to 20 times
grenter than the number previously eited, ard could even be
groealer. Thfnretica]ly. the maintenance of a magnetic field
does not absorb any energy, but its creation and modifica-
tion does. At the surface we observe variatiens o the mag-
netic field with periods of about 1,000 yr. But befere dedue-

ing an order of 2 magnitude for the energy absorbed from

this period, it is necessary to remark that if the activity in

the core implied more rapid variations in the magoetic field,
they would not he sbservable 4t the surfaee because they
would be compensated by induced eurrents in the cenduet-

ingr lower mantle. It is this fltering in time which limits the

obsurvable rate of chanpge at the surface, and thus much

more rapid variations of the field in the core are not at all

exeluded. In total, the facts in our possession risk teading us

to a grave underestimate of the power absorbed in ¢changes

of the magnetic field, which would be at least 197 to 107 kW.
It would also be necessary to take into account, besides
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the power dissipated by the joule effect, the power dis-
sipated in electric currents in magnetohydredynamic phe-
nomena, and it is likely that the thermodynamic eflicieney of
the convection currents in the core, which allow these phe-
numena, mist be very low, So much so that the heat fiux
penerated in the core must be much higher than the above
firures, ) .

[t is very unlikely that such flux can be transmitted by
conduction through the base of the mantle without leading
at least te partial fusisn, It scems that the most likely solu-
tion is to admit that convection currents occur over the en-
tire depth of the mantle.

E-8 A hypothelical model 1or the mantla

The extrapslation of properties measured at the sur-
face lead us to think that the melling-point gradient of the
ultrabasie silicates which must constitute the mantle (but
what is the gradient for high-pressure mineralogic forms?
is distinetly bhigher than the adiabatic pradient. From
this it can be concluded that if the convection currents
maintain 2 pradient nearly that of the adinbatie, then the
mantle must have begun to ervstallize atits base. But in re-
ality, near the fusion point the adiabatic thermal prafile
biecomes entangled with the thermal profile of solidification.
In an adiabatie transformation, it will be the praportion of
solid and liguid phases which will vary, the solid phase in-
ereasing toward the bottom. This is not incompatible with
vwhat is known of the form of convection currents in the
lower mantle,

From the preceding, we can imagine that in the
mantle the temperature everywhere would be close to the
temperature corresponding to the beginning of fusion, giv-
ing the mantle the ability to deform with perhaps a very
high viscosity. The fusion conditions of ultrubasic rocks are
nat sufficiently well understood at high pressures, where
minerals take their high-pressure foerms, to permit us to
caleulate the temperatures; at least we can say that this
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depends only on determinations which are in prineiple pos-
sible in the Inboratery,

Such a distribution of temperatures is certainly not a
simple enincidence. First, let us imagine an carth that at its
beginnings wus heated sufliciently 5o thut all mutker was
molten. Differentiation of the core could then easily oeceur
with a complementary production of heat. As zo0n as radia-
tion had sufficiently cooled the surface so thut a solid crust
could form, the conductive transfer through the crust would
become very slow, in spite of the relatively high thermal
gradient existing there. On the other hand, convection
would continue to geeur in the mantle beneath anid assure
easy heat transfer to the hase of the crust. The interior of
the earth could then cgol until the moment when the begin-
ning of solidification rapidly inecrenscd the viscosity, Butg
this solidification could not run te its ultimate end becouse
the latent heat of solidification would not be removed by
conduction throuph the solid rock, riven the low valuo of the
gradient inherited from the prior convective system,

If, an the contrary, the earth was formed cool, it would
progressively heat up by radicactivity and compression and
we would have to cencede that this heating had reached, at
least in some plzeex, the fusion temperature, Then convee-
tion wauld start which would atlow removal of heat murch
more easily than by conduction alone and would limit the
ternperature increaze in the molten region and repularize
the temperature distribution there, ITthe enlire mantle had
thus reached the fusion temperature, the analopy with the
preceding imagined situation of an earth formed at a high
temperature would be complete. If it is conceded that the
mantle anly reached the fusion temperature in a few places
over a limited thickness, the fusion temperature would per-
tnit the establishment of & conveetive system and the dif-
fercntiation of the core would remain to be explained. Thia
raises enouph diffieulties so thar it seems to us that this
hypothesis must be discarded.

Recz!l that the model we imapined would not have te be
stationary; the deerease of the percentage of radicactive
substances in the crust would necessarily lead to a tempera-
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tiere decline at its base which is inevitably reflected by con-
ditiong at the top of the rmantle. It is perhaps necpazary to
admit that in the lower Precambrian the convective system . .
occurred over the entire depth of the mantle, thus assuring . appendlx
its homogeneity. In contrast the erust beeame chemically

differentiuted and lighter. We have zliready noted that the .

geothermal lux and the gradient ought to have been higher

then, which would have important yeologic:! consequencas.

In eonclusion {sec Fig. B-1), from the upper Precambrian, the

top of the mantle must have cooled, solidified, escaped con-

vective action, and made a mechanical conneetion with the

crust to form the lithasphere. It can be asked in what way E:ﬂ:ltﬁcuma
such an evolution would be translated into the tectonic,
magmutorenic, and metamorphic characteristies of moun- erflr) = erfe{z} = ‘T"m"‘*r;f“mﬂml""
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Table A2

FProgerivwa of waler and of salarated sloam

Temprrature, Frressi re, Latent heat, Specific volume,
bare enllg em¥p
Waler Steam
100 1.014 L7 1.04349 1,673,
124 1.9554 sIG G 1.0603 aslg
140 36136 5125 1.0748 8.6
150 G186 497.1 1.1021 306G 85
1RD lo.nzy k0.2 11275 123, 6a
pditi} 15,500 461.8 LIMGE 127.18
220 L B 441.25 1.3900 mG 002
MG 33.48 419.45 14291 Bl&vd
268 40541 mT2 1.2755 42,148
250 64,14 26H.6 1.232] an, 1z
. 18 14] _ L2 3360 1.4036 21.643
324 112 8% ™51 LAToz 156.451
Ho 14408 245.5 1639 10773
350 186.74 172 1894 6.943
37418 L21.7%% ¥ 5.1
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Foreword

The heat underneath the Earth's crust seems a highly desirable cnergy source; al-
terpative to oil, gas, and coal. The Earth daes not give up her energy readily, stil
gecthermal enerqy activities are progressing on a broad front worldwide wherever
possible,

Ogperational fitlds ate increasing in numbers, ond new and improved technologies,
especially new turbine designs and deep-well pumas, coupied with Reat exchangers
at the surface, are leading to much greater operating eflicienty.

Yer, at a rule, geothermal power stations, with a few pxceptions, are inefficient in
eanverting thermal energy to electric energy, because of the overall low tempera-
tures. Alsz the highly mineralladen waters in the grothermal reservoirs increase
uperating expenses through scale formation, thus complicating the proces Gt ex-
tracting the heat.

Geothermal energy is not expected ta play a large overatt role in the Unized States,
But it can have repional signiticance, especially in the west. For developing coun-
teies, however, gecthermal energy, especially in volcanic regions, may be the anly
economic farm. Eleciricity distribution systems there are too smab! 1o justify nu-
clezr power stations, but the compardiively small fizo af geothermal poyer sta-
vcns (s the scale of electrizily supply systems in these counb ex

Thiz Encrgy Technology Feview is based mostly on studics ¢onducted under the
duspices of various government agencies, znd the Last chapter describes proprie-
tary processes gheaned from U5, patends.

Hecaure (he information in this book is aken from many sources, it is possible
that certzin portions may disagree of eantlict with other parts of the boek, Thisis
especially true of monetary values and ppinions of future patential. We chote o
inzluze these different points af view, however, i1 order 10 Mmake the bogk mere
valuable to the reader, Cost ligures provided are thase given in the report cited,
e date of which s always given. When the dates af the cost figures themsdlves
e given, we have included them. -



" Faoreword

Aclvp wmpasition and production methods develaped by Koyes Data are em
ployeo .o bring our new durably bound books 1o you ina mm|mu:n of time, Spe
cial Iech'nques are used 10 close The gap between "manuseript” and “completad
book.” Industrial technology s progressing so rapidly that time-honored, tonven-
tiona! typeseiting, hinding and shipping methods are no longer suitable. ¥e have
bypassed the delays in the corwentional book publishing eycle and provide the
user with an efective and gorvenient means of reviewing up-to-date infarmation
in depth -

The Tahle of Contents s prganized in such a way as 1o serve as a subject index
tnd provides casy access to the information contained in 1his book. The primary
sources on which this book s based are listed a1 the end of the volume, as are the
patents (by comparny, inventors 2nd numbers).
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4 Geothermal Energy

earth is an immense reservoir of heat, and for over 3 500 million years energy
has steadily fhowsed fram the interior o the plangt’s surface,

Mar geatnermal energy in fact does not derive from chemical processes. Like
the oiker major energy dptions-solar, kusian and fission power—geathermal en-
ergy resulls liom nuclear processes, [Some keat alse is generated by compres.
sion and friction ab crustal faults and plate juncteres, Exgthermic chemical re.
artions may contribute heat in some locations.] Radicactive thorium, patassium
and uranium distributed more or fess evenly in the earth's crust yield heat as they
decay. These elements are wery longlived, with half-lives of teveral billions of
yoars, and thelr heat witl continug without fail for millenia.

Vhile the earth's store af thermal energy is tremandous, the heat's pracrical
valye depends on the ability to effectively employ in This becarnes increasingly
gifficuit as tho heat grows diffuse: it is impassible when the heat lies behind
rock shields tens of miles thick, Geathermal energy, like petroleum, is trans-
ferred 10 the surface through welis, and these cannct be drilled commercially
beyond about 10 km (33,000 fi) beczuse of high cost and technical limitations.

For most of the earth's surface, lemperatures sccessible by drifling are too low
to be econcmically employed. Gegthermal development thecefore involves a
search for heat reservoirs relatively near the earth's surface, Many valuable siteg
have been found in the United States and in other areas of the world, The pat.
tern of such discoveries reflects the basic geologic structure of the planet,

Flais Tectonics

The carth's crust is composed of giant piates of solid rock, These are in motion
refative to one anather, Where thoy speead apart, malten rock underlying the
crust flows upward and buwilds onto 1he receding plates. Where the plates im-
pact, the crustal rock it [orced downward 2nd melts inlo the interior, At these
junctures beat travels from the molten interior ta the inhabited surlace {Figure
110,

High woleanism 2long crustal faz!ts reveals the vpwelling of magma which brings
intesnal heat near to the surface. Fissures at the plate junctures #'so allow cool sur
faze wuters 1o penetrate downwards to great deaths: when heated, the water retyms
Lpward by convection, $0meimes appegring at the surface as hot springs and
geysers, The inlrusion of magma near to the surface znd deep circulation of
surface waters make the earth's high interior emperatures potentially available
for use. Alang the plate junctures, therefore, lie the most pramising high-tem-
perature geothermal areas,

In the Unitect Statez, 3 ptate juncture runs from the Gulf of California north-
ward, ingfoding the San Andreas fault, afong the Cascade Mounzaing of Oregan
and Washington to Alatka, where it parallels the southern coast through the Aleu.
tian Islznds.

Anoiher hish-temperature structure runs along the Rocky hlountains, Thermal
springs and geysers at Yellgwstone Mational Park are the most craminent Log:
thermal evidenge of the mid-continent strocture, These two geologic leatures
ere part of 2 major geothermal area covering the weslern conticental states and
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portions of Alaska. The Hawgiian Islands are a discrete voleanic DOCUrANCE NOYL
closely assaciated with a major crustal structure. But certainly near-surface
magma chambers are a rich geathermal base far the istand starg,

FIGURE 1.1: EARTH CROSS SECTION
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BIGH-TEMPERATURE RESERYVOIRS

Volcanic intrusion te ar near the surface and deep circulation of surface warers
along crustal faults form high-temperature geothermal regimes. Four types may
usefully be distinguished. Thesa are {1} magma, {2) hot dry rock, {3} warer.
daminated, and {4} vapor-dominated systems,

‘agma and Hot Dry Rock

Vhere magma chambers lie sufficient!ly near the sucface to be ponetrated by
drilling, they are themselves a potential resource, Their very high temperziures
{7097 10 1600°C) make them both attractive and problematic. The hazards of
drilling at swch extrerne temperatures and 3ssocizted pressures are greal. One
sizdy of the present ability to direetly tap magma is underway at Sandia Labor-
atares, with field teste anticipated for Hawsii (2). -

Ilagma chambers rarely lie near the surface. More generally, MmagmEa intfugdes
fust close encugh ta the surface 13 heat the overlying rock to high temoeratures.
To te utilized, the rock's heat must then be brought to the surface. Water nat-
urally present may torm a hydrothermal conveetion system. (f water 5 nat pres-
ent—hot dry rock-it (o tonie ciher heat transier medium} must be sspplied.



Geothermal Energy—The Resource
and Its Environmental Effects

The rmaterial in the foflowing sections has been based upan a re-

poft by D.M. Sacarte af Rencwable Energy Resaurces Project
(PB 201 744],

THE VALUE OF GEOTHERMAL RESOURCES

Every point o the globe rests cn an ocean of me'ien rock a1 1000°C, Heat
from this immense reservoir Ilows sieadily 1a the earth's surface, where i1 ap-
pears mast dramatically s volcanoes, hot springs and geysers. Bul valuable gea-
thermal resources are more widespread than these special disslays. 8road geo-
thermal belts engircle the entire planet, In these aceas, the earth's heal is ag-
cessibte and foems a valuable, multifaceted resource,

Ouer the eenturies numerous beneficial uses have been discovered (or geolhermal
resaurces, Hel springs have traditionally ticen gathering places for recreation,
and during the thirleenth centory, the Larderetla hot springs af Haly provided
sutfur and othicr minerals for trade. Later, boric acid weas carnmereiatly pro-

duced, and In 1004 clectricity was first generated from the earth's heat, again
al Larderell,

With improvements in exploration, well drilling and electric conversion technol-
oGy, geothermal resources have became available during the past decades on 2
broad szale. The growing demand for secure enetgy supplies has also mrade their
devglapment ¢specially desirable, As a source of clectricity, geothermalb resources
glonally supply appraximatcly 1,590 MW ol power from over a doron feo-
thermal areas, The Goyzers dry-stieam ficld north o Szn Francisco (the anly
cammercial power development in the W3] generales about 503 MW, which is
susquale to wpply a ¢ty of one-hali million.

Equally important globally are dieect heat uses [or geothermal resousces in apri-
culivre, industrizl processing and for heating and cocling of builcings. Thea
Saviet Union, Hungary, lceland and New Pealand tar exceed ciher countries in

2
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i icati ; thoi 1s almost 6,000 MW, In
direct application of geothermal crergy, thair use tota t 6,
the Unitad States, geothermal energy is used directly for heating at Kiamath
Falls, Oregon; Boise, Idahc; and in other scattered locations {Table 1.1).

TAELE 1.1: APPROXIMATE ELECTRIC AMD NONELECYRIC GEOTHERMAL
) ENERCY USE M 197%

Counbry Electrc Pawer (M09 Mon-Elecine MW
[rperalomy Flannsd
Hungary eiiiaa mmamaras L0y
fceland 3 H4 -3 ]
laly A0k 15 1%
Japan [ L) b 5
Mexica 79 1 T
Hew Tralind 7a 19 10
Uniled Slales 3} 1% 1%
USSR Y o) 3100
H Salvadar camrkrb ¥ asLimmnan
Gundaloupe PR i
Turkey ... HiH
TOTAL 14 1k 5944

Source: Reference (1}

Geathermal resources can help limit new electric power demands anc} reduce
consumplion of natural ¢35, oil and coal. These limited {uels ¢ould instead be
conserved through direcs cse of the earth's heal.

Safe Enevgy: o additicn 1o their gnergy potential, geothermal power projecis

- are environmentally safe compared to coal combustian and ruclear fission, Geo-

thermal cesaurces can he produced and waites disposed thraugh wells with lim-
ited disturbance to the land, to ground and surface watees or ta othur natural
resources, |0 contrast, surface mining of coul a_ru:t uraniurm distupts large [3rud
areas and wildlife habitats, and produces estensive water and air pallutten,

Ceothermal power plants slso ara rclaliuclyl clean. ) They ct_l;-atn ne rmajor _pnf-
lutants comparable in guantity or complexly Lo ar polfutian fm_m coal-fired
plants £50,, M0y, particlates) or ta radiosclive wastes from fission reactors.

A1 all stages, therefore, geathermal development _U”ETS 3 oecure gomestic Erl‘rﬂrgv
supply with comparatively mirar enviranmental IMmpast. And omher land Lses,
fach as farming, are not excluded by geothes ’”al. facilities, h‘t Tro Gaysers,
cattle grazing and recreatianal hunting cantinue in the area of geothermal oper-
ations; and large-scale geathermal development has f_or slr.-:uerp.l ducades beeq'm_:lm-
palibsla with vineyards, orehards and seed crop farmeng in tha Larderello disinct
of lialy.

RESCQURCE CRIGYN AND POTENTIAL

In terms of its poieniid, the pretent use of geothermal energy it small, Tha
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FIGURE 1.2: SECTION QF IDEALIZED GEQFAESSURED AESERVOIR
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As a rgsult ef faulting, these aguifers are partitioned into large vaalts, in same
caset bundreds of tguare miles in extent [12].

Shale and water are psor conductors of heat, and water has a high hea: storage
capacily leboul five times that of most rock|. These lzyers of trapped fluid con-
sequently have stored large quantities of heat energy, Temperasures of tha Tlu-
ids range from 90°C o ower 200°C (2007 1o 40Q0°FY. See Figurs 1.3,

The unusuzl temperatures zre thought 1o result not anty from the low condae
tivity of the contined formations, but a’se from unusually high heat Hlow. The
sulid crust along the Gulf Coast and underlying the continental shelf is belisvag
10 be comparatively thin, with high-iemperalore magma close to the suriace (3.

Grothermal reservoins along the Gulf Coast in addition have twe valuable zspects
not typical of geothermal formatians in the ather western states of the 1.5,

Gegthermal Engrgy—The Resource and 115 Envicanmental EF 9

FIGURE 1.3: MAXIMUM TEMPERATURES RECORDED IN EOAEHOLES
IN CAMERON COUNTY, TEXAS
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The reservairs have unusceally high pressures, and the fluid is generally saturated
with natural gas. Fluid in the reservoirs is 8t extroordinary pressure because it
is beering part of the weight of averyling rock, that is, it is geppressurad.

Typical reservoir pressures may range, varying with depth, from 5000 psi to
13,000 psi 110). See Figure 1.4,

This mechanical pressure can ke converted to electricity with eficiency 25 high
as SG%, and in some instances, it may account for half of the availabfe electric
energy for the geopressured reserqair {10,

The ather resource coasticecent, methane, /s expected to asist at saturation in -

maost Gulf Coast geopressured reservoirs {111, 11 selebility in the geothermal
Iaid varies with tamperature and pressure, and therefare, the amount of methane

produced in 3 barrel of fluid will depend on specific reserveir conditipns {90,

Sec Figure 1.4,
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The ratz ot heat transfer 10 the surface it the gritical factor, and this depends

an the rock lemperature and on the surface 2rea in contact with the water., The
water must circulate in the rock. U the rock is impermeshle-the expetted situ-
ation—il must be fractured 10 creéate a large surlace 2rea for heat exchange 10 the
water. Explosives or pressurized viater may be employed. Under prossure, wa-
ter induces a vertical "pancake" fracture in the rock, and coal water will extend
the frocture by thermal stress (30

If the rock should happen to be naturatly permeable, a reverse problem may re-
sult. Unless the permeable area is confined, injected Jluid may simply be lost
without achieving a circulating system.

A5 may be expecied, hat dry rock areas are exiensive compared with hydro-
thermal or magma sysiems. Hat rock at (emperatures above 290°C (550°F) has
been estimated 1o underlie 95,000 square miles [61 millian acres) of the western
United States at a depth o & km (16,400 {1} [4), Magma systerms are o special
cas¢ in which melten rock i accessible ta drilling, Hydrothermal systems are =
hat rack farmations where cireulating fluid occurs naturally, transporting heat ’
toward the surface. -

Well costs will be oritical te the economic fenibility of hot dry rock develop-
menl, These relate directly to the depth at which suitable temperatures are
reached. In addition, rock fracturing technigues to allgw heat transier sl must
be demonstrated,

Hydrothermal Convection Systems

Vapordominated and waler-dominated rescrvoirs are two types of bydrathermal
convection syizems which difter basizally anly in the amount of fluid present,
The gealogic structures are the same, A deep viater-Dearing strata of permeable
reck [agquifer) pesmits fluid cireulation to hasement high-temperature rock.

Two types of aguifers may be identified. One 1ype, which includes sandsigne,
is rawher like a fine-pored rigid spongz, CHher aquifers result from fracturing ot
othervise bnpermeable rotk. Any parmeable rock lormation can serve as a good
geothermal reservair: The Ceysers {impermeabte goywacke with fissure norme-
ability): Lardarello, Italy {earbonate rock with karstick permeability, ia., lime-
stone region heavily structured and faylzed): Wairakei, Mew Zealand (fissuied
ignirmbrite): Otake, fapan fpermeable deltaic sandsl €5). T

Above the aguifer in high-temperature formations, an impermeable cap rock pre-
vents the rapid diffusion ol the reservcir heat. Faulting is generally presens and
restricts the lateral logs of geathermal fluid. A fluid's natural tendency 1o cir
culate in columns also recduces ditpersion of hear (8).

Fluid s most convection systems hes originated at the serface fram precipitation
of rain or snow, The ifuid has percolated downward through porows topsocil ang
then along cracks, faults and through permeable rock strata. This form ot fluig

is termed meteoric {6} )

hgt all geothermal fluid is meleeric. Some originates in the underlying magma,
WWater is also tragped dusing the formation of rock strata. These types of fluid
are termed magmatic and connate. The geopretsured gaothermal reservoirs of
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the Louisiana and Texas qult eoast are the mast important GCourie..w i the
United States of connate geothermal {hod,

Warer Doeninated: As the volume of figuid increases in a reservol, boiting at
depth is prevented. This is due to the rapid increase with depth ut_ hydrostatic
pressure and the corresponding boiling temperature. Under those c:rr.ums}a_ncus.
a water-dominated reservaic i3 farmed, with temperature and Fress.lme equilib-
riums controlled by fluid girculation, Hydrostatic prnssj.rrelmll fall sufflmeml.ly
1o permit boiling if deep fluids which hawve retaingd their high temperature cir-
culate to near the surfage (6.

Vapor-Dominsted: Dry-steam or vapor-dominaied reservoirs may oeeur vm?n a
shallow table of water lies near 3 {usually deep) hign heat source, with mn_ inflow
af water restricted to no mare 1than reservalr lasses. Hvdrc_nsm:u: presiule is
tharety limized, and the Muid will beil at depth, Under an wpermeab_re cap rock,
a s1eam systern rather like @ pressure cooker forms, Some steam venling is usu-
ally present, and surfage watees will be heated by the steam and steam conden-

sate {6}

MEDIUM-TEMPERATURE RESERVOLIRS -

High-temperatus & reservairs |¢Cated along crusial fauh‘s are not the only &x-
ploitable geathermal formations. |n those samas locations, lower l_'l:_mpﬂrnt;:pra
reservoirs may exist where 1he source-heat is more remate, mare Eilli_!used in reach-
ing the surface, or less completely trapped {5). . IF reservairs aro similar except

for ternperatere, the higher temperature formalion s tha mare valuable, Highar
wmperatuses intarently €an do more work. Neveriheless, lower temperalure
fluids may warrant explaitation,

Ancther type of medivm [EMperiiure resenoi may e:fist far from crustlal Taulis.
Pock strata in the crest which conduct heat poorly will accumulate regional tlmal
tlow and can torm a medium temperaiute regime,. The temperalure of 2 partic-
ular strate will depend bath on il heat conductivity and on the heal flow at

ihat bocation,

The sedimentary basin of southwestern Hangary is an important example of this
type of formation. At depihs of 1,800 w 7.000 meters, geathormat wells pro-
coce B5% to 130°C water |71, This is twice the temperature rorrally expected
ar 2000 meters. The Hungarians make EXTENIIVE U5H uitlhrs FEtOes LR N Space
teaning and for agriculture. Several haspitals and factones and 2,1_00 apariments
are heated geathermatly. In Budapest, 5600 apariments BJ':!L-SI.I-DPlIEd with geo-
trermal hot water. Farm uses are equivalent 1o over 400 MY of power, T!'m
eosts of grothermal space heating in Hungary, even hefore the rise of oit prices,
were Fess than nalf the alierngtive coal, oib and Ratural gas prices (11(B}

GCeoprenurad Reservoirs

i i isi If Coasts is anather
The tedimentary hasin dlong the Texas and Louliiana Qu
mecium-lemperalure regimme, At depths from 1,500 1o 15,000 meters (5,000 to
50,000 f1}, connae ftuids in porous rock strata several hundreds to thousand:
of feet Thick are sealed between impermestle layers ot clay mad shale [91410].

Sec Figure 1.2,
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FIGURE 1... TEMPERATURE, PRESSURE AND METHANE CONTEMNT EX-
FECTED FOR OULF COAST GEQFRESSURED RESERVOINS
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Source: References (9H1M

GEQTHEAMAL BY-PRODULCTS

Liethane in geopressured reservairt is a by-product of the geathermal system. It
is produced by the aotion of heat and pressure on organic sohstanoes deposied
in the sedimentary basin. In ditferent formations other types of by-products

cccur. Klinerals and gases dissolve in water, especially 25 115 temperature increases,

Rotals amd insofuble minerats intermixed with the soluble elements atso become
entrained in geathermal 1luids. In the paat, potash (KCI} and carbon digxide
kave been commercially produced near Midand {7).

Water itsell may in sorne cases be an important geathermal by -prodhuact, The

iluid heat may be used through distillation ar other processes 10 deminesalize
the water {12). Where water it scarce and valuable, as 1n the Imperial Valley,
production of bheth water and minerals may Y¢ peonemical. A 1.5, Bureau of

Reclamation projest i testing this possibilivy at East Mesa in the Imperial val-
ley {14},
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EXFLORATION

Explaration must locatz a field capable of supporting electrical qeneratiun at a
feasibla cost. The factars which determine the suitability of a given reservair
are its tamperature, depth, fluid productivity, fluid quality and praductive life-
time.

The first step in exploration is a review of existing litecature to identify pros.
pective areas, Features are sought in the geology, hydrology and surface char-
acteristics incticative of geothermal potential, Attrastive pm-:ibili:i_r:s are pursued
by examination of the site using various geophysical and geachemical survey
teehniques. Gesthermal development fights should be setured for the most
Promising areas,

At this stage, prospects ate surveyed further and lemperature holes lecated.
Temperature holes rangs in czpih from several feet to a few hundred feet and
are used o measure incresses in temperaiure {(thermal gradient). The normal
thermal gradient benwean 15 metess and 150 meters is appraximw_:!'n,r 3'C per
100 meters. In general, geothermal exploration seeks thermal gradients at these
depths in excess of 7°C per 100 meters {15). )

Surface exploration methods are inferential and can ba misleading in numerous
ways. Meverthelsss, they give fzirly strong indications of a geothermal reservair's
depth, minimurmn temperztere and fluid characteristics, On the ather hand, they
do not reveal the reservair's ability to produce fluid {15k

fleservoir productivity is cantrolled by its fluid supply and permeability {the
rate at which fluid can move through the aquifer). As a rule, these factors are
determined anly by drilling inta the formation. Permeability, for example, may
vary even within a reservoir. Local variation is characteristic of fracture perme-
soility as found at The Geysers or Wairakei, New Zealand 1E].

Remaining major urknowns after surface exploration reguire that geothermal
exploration undertake desg crilling, Well location is dictated b~.r1 resualls from the
preceding exploration, as well as tacal tepagraphy and other en‘wrunmental fac-
rors. |f a strong producing zone is encountered, the well-bare i3 cased an!:t.pre‘
pared for 1esting. Additional siep-out wells are usad 10 prove the reseruoirs
production capacity (15].

Exploration Risk .
Iz }s important o remember that exploration dogs not nems&rily p_rande F d§$-
covery. Almost certaindy severdl tracts will be surveyed before linding one suit-
g for deep exploraiory drilling. Meither will all tracts warrant equally thar-
augh examinaiion. -Explocation expenditures will differ batween them,

Te eirimate explorazion expenditures required to discover a producible reservoir,
ona needs a schedule of probable successes, Table'1.2 is based on an pslimang
af satictical success developed by Robett Greider of Chayron C!|l Company,  On
the average, according to his figures, 64 tracts of 1,500 acras will t?E cxplnrml
before discovery af 2 field eapable of supporting 200 MW in electrical generation
7.
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TABLE 1.2: SCHEDULE OF PROBABLE SUCCESSES AND STATISTICAL
£OSTS N EXPLORATION ’

v
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port 5 %54 of power. Ar 40-acre spacing with back-up wells, 3 200 H‘ Y field

Mo, of  ELk-Weght=d
Expboratian hieihpd GuueTiwrt  Trapw Cam
CHﬂD‘lf k Crophyucl 3 43000 [ $ 2,560,000
Land Aequibilion (Fhacm) § 5130 32 § 1680000 -
Additipral Crophywcs 15000 L H $ 480000
Temperature Haley 4 000 M i sl D00
Tent wowll 1p 5000 M
al bure 3 Jad D00 % § 400000
b) canng LEO0 4 _§ Mem0
Sublilal 3 RN 317,860,000
Three Breprout wrlln $1.00%, 00 1 % 1214000
Tl'l-l.lrE Chpwr patieriih § 000 1 § B OO0
Total $2.237,%00 $13, 522,000

will occupy 2,000 acres.

FIGURE 1.5: ELECTAIC POWER AS A FUNCTION OF MASS FLOW
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Source; Feference [17)

For the 200 MW figld itself, investment in exploration up 1o ftep-out wells is
$597,500. The statjstical cast, however, i3 311,380,000, To this stage, the dver-
all success rate is one in twenty. Meglecting tax penefits, this figure gives the
risk burden for investment to this point in the exploration venture,

Beyand the need lor 20% return on expendifures, no special risk factors are ap-
ptied ta the step-out wells and testing. 1 greater uncertainty exisis at this stage,
expected statistical cotts may ba significantly greater. As catculated, total invest-
ment in the discowered field s 52,232 800, Overall costs leading 1o the discovery
are $13,822.000, Therefore, the sucoess rate tor investment in exploration
through step-out wells is just under one in six.

Leasing: The importance of land costs in the overatl expenditure far exploration
shauld be nated. Fairly esrly in the evaluation of lands, cantrel of the geother-
mal inierests it secured, Without such control, the property and, consequenily,
the investment in gxploration may be loat 1o another pany.

The cost of 1he gﬂnthermal property lnterests aleo increases as e:pior.a'mn o
gressively proves tha land's potential, Early tontrel of a promising area is thers-
fare encouraged.

Property investments are strongly atfecied by risk, The table af probable suc-
cosses (Table 1.2) shows one influence of uncenainty, It is estimated that ot 32
tracts leased, on the average only one will be productive. At $7/acre, this invesy-
ment is the third largest companent of exploration costs, and i35 waight may
force small explotation companies 1o 1orege all but the least costly {promising}
fands.

Uncertainty in locating and sizing a prospective reservoir also influences Property
investment by forcing the cxplorer 1o lease large traets. Feom Figure 1. gt is
seen that 2 well flow of 40 kgfs [4B0,000 Ib/he) from a 260°C reserveir will sup-
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Source: Reference (18]

Temperature, well Tlow rates and well spacing determine the minimum ares nec
estary 1o gonerate 1 MY af power. These factors vary considerabiy hetween res
ervoirs, but for purpeses of discussion 10 to 15 acres/MIW is taken as 1ypical.

In Figure 1.6 a 200 a0 field (9 to 10 km?) is placed within a parcel of 7,500
acres {30 km’}, Ag secn, there is Im.[e rocm for errar in locating the field centar
or estimating its total size, In the "best case” {A), no more than a SO% error

in location [1.5 %m) is permissible. Under less optimum conditians (B} an error
of 50% {2.5 km} could place 40% of the resource outside the 7,800 tract

Location of the reservoir may in fact be subject 1o great ercor. At Ahuachspan,
Salvader, the tharrmal contar of the roservair 35 7 km from the nearest surface
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discharge. e Kizilders, Turkey, the thermal center is & km fram the up-flow
center. Efeflecﬁon of convecting vater in these twa systemns results from litha.
Ic_.gu: barriers, In other instances. groundwater May mask and detlect thermal
discharge raay kilometers from the source §16).

FIGURE 1.4: LOCATING A 200 MW FIELR {9 TO 10 KM WITHIN 7,500
ACRES {30 KW

1.5 km {50%)
margin for error

6 km 3 km =

? 0.5 km {10%)

margin for emmor

& kmn & km

Scurce: PB 251 744
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Estimation of reservoir size glso is subject ta wide errar. This proc was en-
countered in the LSGS assgssment of geothermal resources. Ceder ol-magnitude
ditterences were noted there.

To compensate for such ungertainty in placement and sizing of 3 prorpective
reservoll wWithout extensive exploration, 'arge areas of land mest be leased. The
effect on statistical investment is considerable. Tracts of 15,000 acres, rather
than 7,500 acres, would require an overzll exploration budget imcrease of 139%.

Geothermal exploration is a relatively new endeavor. Consaguently, not afl
woarkers in the field concur with the risk estimates given abowve, Table 1.3 com-
pares cther estimazes that have appeared in the literature; more than a factor of
thres separatet the kigh and low estimates.

TABLE 1.30 ESTIMATES OF EXPLORATION SUCCESS RATES

Eunloratian Thaw Cond Surceds Faig  Presert? Vilur

Ceophysical § B0 tew $  syL000
In 3 L0000
Explaratory Wil 545,000 Lol § 1125000
- , 15%, 4 2.84%.000
T 1 180000
Subiotal § 545000 33, b OLERG T
5% § 3,420,600
5w, 210,180,200
Thiet Stepout Walls 51150000 BJ-85, § 1,5%3.000
w % B30 000
5% § 2.0 00 .
Trating § HO0CT 5% return | S
Towl 31435000 &1 B4, L1 %54 1 mallion
-1, 34.1.55.4 million
1% 3125 mullics

Source: Acferences {191{201421){22]

RESERVOIA DEVELOPMENT

Varigus cambinations of temperature, depth, fluid quality, produetivity and
langevity may yield a commercially producible peathermal reservoir, A moder-
ate-termperature, near-surface reservoir, for examnple, may be as attractive for
de.elopment 45 3 higher temperature feservaid that is more saline or lies at
greator gepth.

A reservolr is sUitable For power production, though pnaly if the deviloped fluid
czn be economically matched to an electric generation facility. Therolore, unlike
petroleumy and other mining operations, figld engineering and powur plant de-
tign are fused intg a comprehensive reservoir dowstapmant program,

Field Development Sosts

Fluld Temperaiure: Qther things equal, the ctst of praducing geathermal elec.
tric power declines with incressing fluid etipersiure. Boih the heat vilua
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{enthalpy) of the fuid and the cificiency of electric mfr.fersiun LI EIFN“’H‘“_H
Righer ternperatures. In addition, kigh-temperature welis tend v |nr%d':1|::e uilr ;
at a greater rate than lpw-temperature wells. Consequensly, less (vid 18 reqlu 2
te generate the same amount of pawer, and fawer welkt are nagim| o SeppRly
the fhoid,

The impertance of ternperature can be seen in Figure 1.7, which urﬂPthﬂﬁﬂﬂrd‘
ing to temperature the number of wells required 1o gercrate EU'LT* "‘W"; f? power
(23). The cumulative effects of reduced fluid enthatpy, conversinn €HIRIENCY
and well profuction at lower temperatures result in an exponentlal Increase in
tupply wells,

FIGURE 1.7: WELLS TO SUPPLY 200 MW AS A FuncTiON OF RESEAVOIR
TEMPERATURE -

ttwannnra - Bty
Multiple Flask

vorr 50T e
Reservair Temperature [7F)

Souece: Derived fram Helercnca (23}
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Piant cosis also zre lower for klgh-temperature raservoirs. Smaller o tates in-
volve smaller pining, turbings and hest exchangers, while increased plact effi-

ciency permits smaller capacity cooling svstems, Thosg components constitute
majar capital expenses in geotherrmal plants (24},

Reservoir Permeability: The rate at which fluid can be produced fram gesther-
mal wells depands on aquifer permeability. The effect of permeability on power
custs can be inferred from Figure 1.8, which plots required supply wells for 3
200 MW plant as 2 funciion of well (mass! flow rate (18).

FIGURE 1.8: WELLS TO SUPPLY 200 MW AS A FUNCTION OF FLOW RATE
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Source: Derived from Reference (18

Welf Dapeh: Drilling costs increase dramatically with depth, It is shis fact which
makes most of the earth's immense heat inaccessible. The exact amount spent
ta drill @ well varies with site and formatian character. Average casts are réveal-
ing, hawever, and several estimates appear in Table 1.4,
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TAL .4: DRILLING COSTS FOR GEOTHERMAL WELLS
Dapth Toul Con Avrrage Mearginal
{hen) 5 <o CottMetar (%] ... Faference
a5 f 50,000 100 100 113}
1.0 150,003 150 200 t1g)
150,000 150 - {18}
20 470,000 210 ¥ {19}
A00.000 150 150 (18]
306,000~ 520,000 16E-216 - {20}
an 813000 25 3 119)
500,000 167 200 115
A5, 000- 710000 170-260 50 o]
5.0 1,000 000 ranil 50 {18
635 000~ 1 055, 000 wo-239 250 {30}
10 8,000,000 EDO B {18}
2,750,000 300 B 240 {20

Source: Derived from References {1811 193i20)

While decper hc:f!es are mare expepsiue to drill, they generally produce higher
temperatuie flugds. Savings associated with higher Huid terperatures must
therelore be weighed against higber dritling costs.

Field Development Risk

Success in drilling develeprment wells is not guaranteed even thawgh 2 producible
reservoir has been discovered, As Previously noted, aquifer permeabiility is not
upu.lurm throushout a geothermal reservoir. Wells may fail 1o encounter s sutfi-
ciently permeable, produciive region within a genecally sirong ressrvoir,

Difie:rent estimates of fuccess ratios for development drilling bave appeared in
the literature, vanging from 66 10 90%. (See Table 1.1 The rate of SuCcess

will necessarily depend an the character of the producing formatian, hut using
these figures, the statistiea) invostment in development welis may be' abiained.

If 50 prndn_.-:tian -..-.I-ells are needsd, a BE% success ratio implies 1hat a total of
75 wells will be drilled; with 0% success, 56 wells will be drilled,

Using SE00 00D as the cost for completed wells and $400,000 for unsuccesstul
wells {no production casing, etc.}, the Tollowing expenditures result:

TOTAL WELLS TOTAL COST DIFFERENGE
75 $335,000.000

57 600,000
36 327 400,000

At a 0% return on invesimens, the ditference in well costs would be £i,500,000
per year. This cafeulation assumes, howswer, that unsuccessiul devtlapm;:nl weils
have no value., Actupily, this may not be rue. A supphy wetl failure may be a
very usaful gisposal well, Power plant effluant generally must be eliminated by
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returiing it 10 subsurface sirara. For waterdominaizd reserveis, e, supply
well needs an injection well for disposal. Drilling risk is therefore reduced by
the fraction of unsuccessful wells which arg valuable far gther purposes, On tha
other hand, any estimate af feld development costs should inglude expenditures
for injection walls,

Reservoir and Well Lifetimas

Perfarmance of geathermal walls and reservoirs over time is 2 major uncertainty
in qeathermal developrnent. Geotheemal well-life varies betwaen 10 and 20 years
tccording to the nature of tha flaid and its rates of production and recharge
{25); thete same factors affect the lifetime of the reservair (2G]4273[28).

Shart Lifetime or uncertainty about production lengevity induces rapid amoriza-
tian of capital, Any reguirement for rapid amartization strongly affects the cost

of power.

The anneal returns gn explgratipn investment in 3 200 MW field calculated for
amortization pericds of 10 and 20 vears appear in Table 1.5. The present walue
af return corresponds 1o the statistical investment a0 exploration previoushy cal-
eulated (Tabla 1.3). A 10% discount Factor wos used.

TABLE 1.5; AMORTYTIZATION OF EXPLORATION COSTS FOR 200 MW
FIELD

Present Yalue _Anngal Rerorn (20 yr) Annua! Aetem @20y

o ornllon £6%5 03T = D47 miliswh  $4T1.000 = 34 mllipkwh
 millhon §984 000 = 0.7 millakwh '4706,000 = 0.5 mablvkwh
$12 ullion  $1,867.000 = 1.4 millshwh $1,412,000 = 1.0 milinkwh

Spurce: PB 261 744

The calewlation revezls the strong impact of a short amortization period.  Amor-
tization of any [nvestment over 10 years cather than 20 years with a 10% dis-
count rate ingreasses the reguired annoual return by almost 0%,

POVWER PLANT DEVELOPMENT

Plant design for a particular geothermal reserveir is selected acocording to the
chaczeter of irs fluid. Dry-steam resarvgirs, like The Geysers, produce steam that
may be used almost diceclty in relatively inespensive turbines. For water-domi-
natcd reservairs, planeg design is dictated by fluid temperature, mineral contant
and the quantity of distalved nancondensible gases fe.g., CO;, H;5).

Loca! water supply, meteorological conditions and environrnental sensitivities
alyo aifect plant selection. Cooling and makeup water requircments dilfer be-
tween designs, and dizcharges 1o the environment vary between them.,
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Three basic design options have heen advanced for water-dominated reservoirs.
These are the thashed steam, binary Muid and total llow systems. :

Flazhed Steam Fiant

The bailing point of water increases with depth due 1o hydrostalic pressure. If.
fluid pressyre is allovsed to drop 2t thal lemperature, a portian of the fluid will
flash to stear. The amount of steam produced depends on the original emper-
ature and the pressure decrease.

VWhen geathermal fhuid is withdrawn without maintaining 1he reservair pressure,
some of the fiuid flashes to steam, A flashed steam plant employs this steam,

and the remaining fluid is ducarded. A seen in Figure 1.9, a large perccntage
of tluid heat value is lost with the discharge.

FIGURE 1.8: PERCENTAGE OF HOT WATER FLASHING TO STEAM AS
A FUNCTION OF TEMPERATURE AND PRESSURE
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The flashed steam plant is attrastive despite considerable waste of il heat
value because it emplioys simple 3nd relatively inoxponsive steam lurbines, [0
stafled plant cost is approximately S200/AY {17). impioved recovery of {luid
heat can also be schigved through multiple-flash stages. In general, multiple-
flash design is preferred because of savings in supply wells and other field de-
velopment costs, even thaugh it significantly incroases phant complexity and gost,

For fiuids high in minerals or noncondensible gases, however, flashed stzam

plants may be impractical. Flashing results in deposition of the solids, an2 nan- |
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mpdensible gases greatly reduce net power praduction from steam turbines
{Figure 1,101 [B4]., Moncondensible gases may also create anviranmental prob-
lems. When released froem the floid stream throwegh flashing, they are disc‘:'uar ed
to tha atmosphero. Hydrogen suificte is one such gas which in srmatl quantltii
it both poisanous and extremely naxious in odor.

FIGURE 1.10: EFFECT QF NONCONDENSISLE GASES ON NET POWER
QUTPUT AND COST
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A flashed st ;
airs ;‘SE;HH? plant may also be vnattractive for moderate-temperature reser-
. m yield fram such fluids is very low, and the consequent incregse in

znly wall casts boe ibiti
b we omes prohibitive, Under these conditio i -
Sian OPLions moy b crotert e itions, alternative de
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Binary Fluid Plant

A binary fluid plarct utilizes a hea exchanger 1o transfer heat {rom the produced
geothermal {luid to a sccondary Tluid. The secondary fluid (9., Freon, iso-
butane] 15 chosen to hawe & boiling paint significantly befow the temperature of
the produced fluid. 1n this way, the seeandary fluid is vaporized ang used 10
drive a turbine. Capital cost estimates for binary plants range from S300/kW 1o
S500/kW (28)1171{24).

The Linary cycle has several attractive feawres compered to the flashed steam
plant, (n the first place, the sysiem can Le tailared to the temperaiare of the
geothermal fuid o capture 8 larger percentage of the fluid's heat vatue, This
advantage is especially marked at femperatures less than 200°C {304,

The binary cycle is able o utilize saline brines. This is an important strength.
Two types of scaling oceur in gecthermal systems. Some deposition fesults when
the temperature of the fiuid is reduced. Sitica scating is of thit type and is com-
mon.to oll geathermal plants for watec-dopminated reservairs. 15 severity depends
an the solids content of the fluid,

The second type of scaling results when flyid pressure is reduced. Depositian of
calcium carbanates, for example, resslts from pressure reduction, Fressure drop
alsn causes silica deposition. With binary cygles, the geothermal iluid pressurce
can be maintained, using pumps 1o circutate the fluid from supply wells, 1o 1he
heat gxchangers and baek into the reservoir through injection wells, Part of the
plant's elegirica! cusput must be consumed to power the pemps, but in this way
some serigbs scaling problems are zvoided gnd others considerably reduced,

Unlike Nashed stezm planis, binary lluid plants 2re not aflected by the noncon-
dermsible gas content of gecthermal fluids, Electric conversion it nat impaired,
znd noxious gases fuch as hydrogen sullide are not allowed 1o degrade local air
guality. The endire fluid stream s totally condined and returned 1o the reservolr,

Total Flow Plant ' .

Electric conversion in the total flow plant employs 2!l of the prodoced fluid with
a specially designed nozzle znd terbine. Ore proposed design uses a Relties] sorew
which ratates as the Nuid expands aloag its anis 123). Anather type is designed
somewhat like a waterwhiee! (319, Both types have detign efficiencies greaer
than Binary ar multiple Nashed steam cycles. Figure 1.11 compares the effi-
ciengiet af flashed steam and binary eycles to the Lawrenge Livermore Laborg-
taries helical serew expander,

While steam torbines and Binzry fluid heat converters are well known and tested '
rechnologics, the 1013l flow systems are a5 yel unproven designs. Wheiher theo.
retical eificiencies can ba awained in praciica a1 reasonable coyts i 5300 10 be
demnpnstrated. .

Scaling and the refease of noncondensible gases are problems this design shares
with flashed steam systems (32].
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FIGURE 1.11: COMPARISON OF GEOTHERMAL POWER SYSTEMS
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GEGTHERMAL ACREAGE AND RESERVES IN THE UNITED STATES

Acicags

Iﬁximni: three million acres in 82 Iocations have been clossified by the .S, Gep-
ogical Survey as known geothermal resource areas (KGRAs), These sites are
furrently the most pramising in the country far gecthermal development, An
additional {100 million acres are considered prospectively valuable for qesthermal
develomnent. Acreages within each state are given in Table 1.6 and indicated
<0 the aecampanying maps {Figaeres 1.12, 1,132, and 114} (3311340,

The federal government gwns litt'e land in Texas, Lowisiana ang Hawad, and np
area designations have been mads for thesn states. Mevertheless, all three contain
'.ralu_a]:ﬂe geothermal areas, 1n Texas and Louisiana, qeopressured reservoirs un.
derfie an extensive regian wtatling appraximately 375,000 km? 1836 million
acres) (93{11).
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TADRLE 1.6: CLASEIFIED GEOTHERMAL ACBEAGE

Geathermal Eneegy

Prospectively
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FIGURE 1.12: MAP OF CLASSIFIED GEOTHERMAL ACREAGE IN ALASKA

ﬂ KGRA (13671 Valuable (19567 KGRA (1975]
Alaska e eeieieeas ‘e BE.160
Arizona hdaraeeat 1694 000 320
Califomia. 838,000 16,324,000 1,399,709
Celorade ... ...... 2,602,000 20,825
Hawali* e b iaieearseas imaaaea e
Idaho 16, 000 14,102,000 120,042
Lowisiand® i i erreceeeeee T ameeacaaeas
Montana 18,000 6,126,000 58,655
Mevada 13,00 13,200, (KK} 487 940
Mew Mexico 140,000 7414000 198,687
Cregon Crderaraaes 14,432.000 367 452
Texas* ) britreereea memracaans b e ieeraaeaans
Ueah . 4,554,000 118,2
Washington ... 3.236,000 35,612
Wyoming cranaa 43000 ..., -

"Hawaii, Loubytans and Texas contain wery ftle federally-owned land, The U5,
Ceofogical Survey has not classified landy, although ectensive grathermal re-
paurces occut in thece states,

“Yellowstone National Park includes grothenmal resources. These are pot de- IH.-.
o+

velopable under curent regulations and the acceage i Aot incladed herr. —-— i

Source: Refercnces [(33){35)
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Hear iz an ubiguitous form of energy.  Beneath every point an the earth's surface
lies an peean of magma a1 1000°C, But available technslogy aad the costs of
retource developmen: limit geothermal “reserves” to a fraction of the earth's
tolal heat,
As mentroned abowe, in 1975 the L5 Geplagical Survey completed an inatizl CAFLAMATION
agsessment of geothermal resources in the United States (36, The study ealcu- n .
lated the armount of heat energy Stored in geothermal farmations hotter than A Baara o Rabrerind denee bme e Prgrim Spciege
15°C to a depth of 10 km. [Hydrothermal systems were assessed only 1o a depth fi’-’i o Grraee Spunp Bava and Oimea Coriera

of 3 km.} The portion of this resource base available for development with
existing fechnalogy was afso estimated according to three separate cast assump-
tions. Geothermal resources recoverable at costs competitive with current engrgy
rosources were designated "reserves:” those recoverable a1 costs between one ang
Iwe [imes current erergy prices as —paramarginal resourges.”  "Submarginal re- .
ouTERs. werp exlimated to be recoverabls @t more than two Limes presen: eherdy

casls, Socuree: Reference 124)

Ak Y etk Prirmgnc iy
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Goathermal Enargy

FIGURE 1.13: MAP OF CLASSIFIED GECTHERMAL ACREAGE 1N CALI-
FORMIA, NEVADA, OREGON AND WASHINGTON
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FIGURE 1.1%: MAP OF CLASSIFIED GEOTHERMAL ACREAGE v ROCKY

MOUNTAIN STATES

LT

ouTH aunoTs

o . . ala? a f 7
I% a
B a % o
s = O o . a" Ca g
] L]
r - -
EXPLANATION mrad . l_—-|
ettt G s P 1 Pty e T el = I
A & UTam < coLHALDD
L |
(] el
Arras Wiy yoir Frospas pemly J.E 0 nﬂ
fdaka O e e
) B T @
| S J PP . - %
=t o I a
Menlana s T o
| S— ) [ 1T YT Y
° u = awgn
Lt o TS "%
il |, e o5 .
e Werie
| P mHaca Loentlen By, L Lanlgna

Source: Reference (34}

By

mlw WEAIED




2B Geocthermal Energy .

Tortal stored heat a5 calculated in the USGS study 15 shown in Table 1.7, Esti-
mates of recoverphle electric power were made only for geopretsured and high
temperature hydrothermnal convection rescrvairs. Those appear in Tables 1.8
and 1.9. No estimates werg made for the ather geothersnal formztions a5 elec-
Ujc conversion technology was no! considered adequately developed.

(9L} Bouaidjay  AINDg

Their beat content, however, is very great, | heat in igneous systems were ex-
tracted and eonveriod with the same efficioney as in high-tempearatere hydro-
thermal reservoirs, the power from 120000 x 10'% calories would be approsi-
mately 3.2 million megawares Tor 100 years [(109,0001,200) » 23,000 =

3.2 x L.

The USG5 estimates show that geot“ermal resources have a large glectric gener-
ation capacity. High-tempuratuee hydrothermal convegthion Systems are ovaluated
&t approwimatety 30,000 MW for 100 years, or 1G0.000 MW for 30 yeoars, at
prices between one and two 1imes current power costs. While anly a portian of
total geglbermal potential, this represents a significant fracfion of the countiry's
present eleciricyl capacity of some 500,000 M.

Althoush lorge, thess tontative hest and power estimates are in fact conservative,
A paucity of lacts concernipg peotherma! lormations led to minimizing assumps-
von:, The asseggment of igneous systems, for example, included 4B out of 151
identified voleanic intrusions within 13 km ol the sucface, and asturmed thal no
prehesting or recharge of these chambers had ever orcurred. IRiection ar convecs
tion af fresh tnagma dramazically increases the available beat of such formations,
but minimum assumptians were adapted in the absence of ather evidence, Acg.
cording ta the USGS researchers, ignecus hest coniene may be at [east ten times
greater than the assigned value (38)

The assessment of known hydrothermal conveclion Systems similarly minimized
calgutoted heat yvolacs, Toemperatures for most reservoirs were estimated agcord-
ing 1o 1he chemical campasition of geathermal Tluids ar the surface, These chemi-
cal "thermameters” pravido rough approximations and in many instances may
underestimate resarvoir temperatures {37),

The WSGS calculation accounts for heal stared in hydrothermal reservoirs anly
to a depth af 3 km; this is the depth of current geothermal drilling, but just
half the depth commonly reached today by ol wells. 1t gssumes no heat re-
tharge by tieid convection from below 3 km, and unless sther information is
available, the top of the reservoir is set at 1.5 km.  Thess assumptions vield 2

reservoir thickness of 1.6 km.

As pointed oul dn the USGS repart, 2reas assigned to hydrathermal reseevoirs
also may be toa small by as much a3 three orders of magnitude {x 1,0000, In
many instanctt, ng infarmation was available {0 establish areas, and they were

er at 1.5 km',
At a consequence of thesa assumptions, many of the evaluaed hydrothermal

systems were Bssigned A volyme of 2.25 km?, This figure moy be compared 10
volumes determined for relatively well-explored reservoirs. See Table 1.10.
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TABLE 1.9: RECOVERABLE ENERGY FACM ONSHORE GEOPRESSURED RESEAVOIRS OF TEXAS AND LOIS ANA

{Pizn Moximizes Total Racovery Over 20-Yeir Period; Mo Pressure Decling Below 2,000 psi; 17,160 Yells: Subsidano
of & o 7 Matary)

Huasl in Fercent Heal equivalent  Conversian Eleingsd MY for
pere Muade, Trcavery sl wall-head cHiciency energh, 3 yrany
£10" *cal]! (et pnly) [1d'aly! MW ceng!
Cull Coua gropreviyred fAluids in
srdarmdnns ol Tariiry ags; .
aprzyied onoihord pariy only, to
depih ranging up la F m. 10,94
Thetmal energy 17313 94 G.oa 14,080 1,483
Methanr (thermal equlvatent) 14 2 ' *
Mayxhaniral !;‘\!1“!
{the rnal equivalenl) 94 0.ss 9 BT 13,39
TOTAL B AN - LT ] TTa 490
Oiber wnasacieed panty of Culf :
Coaul graprestuned environment, '
on-1hars 0 ell-vhaie 1a 10 bm* 12,000 " >500 = 50,02 =166, 700
Ohber gropretaun g .
AT ireaments 12 10 um'* 11000 =150 2 5, 000 o M) M)

FThermal enepy wnly, Wir's ol op gt ateml by bhrad ol i Basieon ol o0 maloen baimrh of -.ul

Tl plane srwme § 10 mt gy Mow vane pee el and srburaties of wpter itk methoir, bt el dons Lickag,

“Liarh o s lerien sl radegy, §ORW arat o aque el ot 0 1000 dm pupdded ftaiiagidy S 00 pae

"Latamitry made b 10 g0 pradwiodm ptrmd_ doshvesstd b K pe 5 e colgereal wilh mther svimaies ol thiy Semled
*Moribaar psknmdd fpuerkd bl R gerd R ally b tﬁﬂmll‘r

TR b Prrt SO v B Moy pada mar ], Sepending on and imkmekratal end BIRE £oM4

Thevmud rquivslent gl porihans g byded on hrst 2l wrB-basd ot rededed fopas fiirsl gy, crcaet sl pant Righly sproadaber brtanir of wadanes
Ptk dirt andl po rn s ik e W penipably largety 1 uleman g inad

“Hom Fria bl aenr ot pd bl rmne e oed Rhely b ornisd o Calikivituy gad s el

§1904)3 FIUSLUOIALY £1| pUB 82n053Y PyL—ADJ3Ug [uuaioan

Source: Aelerence [36]

"ABLE 1.8: AECOVERABLE ENERAGY FROM U5,

HYDROTHEAMAL CONVECTION RESERVOIRS

*
I L
- Heat in Hest i Conversion Benrficlal Ebrctrcul MW for -
ground wrll-hesd rhhicieney heat neTEY X yed !
(10" cal)! {10 gz}t {13 caf]l MW crml)t
High-temperature sytlems
[ 15FC; [or grnezatan .
of elecitacity |
ldeniifled rencunces 7 L 0.08 ¢ 0.2
Rearevrs 1,500 1.7
Paramarginal revources 1500 11,700
Submarginal resources 1,000 LR
Undiscoversd rerourcen 1,x0 M 0{ftoDl At 11s.J00"
Intermedipte e mperature
sralems (96" 2 1RC; mannly
non-eberincel wasd
dendibied rescurces i 1] 0.4 mnT
Undipcavered resdurges 1,01% e g 5Lt
TOTAL 1.7 kA L] 113 LI W] 133400

N tcal fa Boluen-tam Calorien) boequieslend b beet of cembuiiian of 530 milion Reecch o @il or 124 Mellion shor 1901 of cosl

Ihiaurerd redgrdry lafice 035 dor o]l donwechier rretuboH

harmal roecpy 1ppl e d gty 1 e fnteaked ihermat{anp-sleciaceliune 187 sl od brnelins | ean,
MY pral Lor b AGD WA bt M prarsh, e wessr, & yer 1810 RESHE Lal rrpegy Muel Br lovaled or tud reingele gloee o the psirntial 1up ply.

o wuppiead iy ol ertncat eaeeg y, werald oequere s lepe | L

ladullschert gaea
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svillatee to proediz] Aembp or ta eubdivad e v reserven. pArAmrLinal, end suBmadgiral restunee
AUt ef sletral erergy: | R conl tnequivalent Lo 1000 Yer produred cantinuously for 1D prars.
Py dhat vt B MW igrd gl electnn iy cih be produred B onair of 3 X3 MW Tor 30 pran.

wmall b byt o evtlunidn ol aysteme ik empwraluse bripw 8,
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cource:  Reference {3G})
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TABLE 1.10: WOLUME AND ELECTRICAL ENERGY FOTENTIAL FOR 13
WELL-CXPLORED QEOTHERMAL BYETEMS

Bactrcal Pateriial

Sysiem Velume® ¥ (MW fo 3 yran)
The Geywrra, CA 140 1570
{Bry Slewm]
Surprise Valley. CA LN 1190
Long Valley, CA 5 [ 2o}
Salon tra, CA e Lul
It gerral Walley)
East W, CA -] B0
[mperal Walley)
Heber. TA 100 - Bl
[irpr 2in] Waliey) "
Brawhey, CA 2 i)
[lovperia] Walley)
Browawr Jbot Springe, Nev, L ¥ +20
Grady a1 5pings, Mew. | !
Steamont Springs, hey. 16 1% '
Vales Caldera, H.ML 0 106 )
Covr Fort -
Sulphurdale, Utah s pr, |

Yelawpiore Nar'h Ferk, WY 3 {wuh & 5 hm? > 12,0l
&ry steam ayptem]

“Theae ngtume +s0matry s themuror Wmiet by Ty hypothunicd exchuom of
Lo VLA i e el D ks B B

Souree; Reference {18)

The volumes of explored fields suggests that idemified but unexplored systermns
may often be larger than 2.25 km? by a1 least 2 fagiar of twenty, This is sup-
ported by evidence that extinct volcanic/iydrothermal systems typically have
ranged from sevieral tens 10 hundeods of cuhic kilgmeters in velume [37),

For purposes of calcutation, a Jepth lirmit of 3 km and minimurm area assign-
rments of 1.5 km' are uzelu! since areas, recharge rales and depths are not known
for most of the reservoirs, [t is important o note, howsver, that these assemng.
tiors resull i minirnum values for hydrothermal resenes

The identfigation of new hydrothermal sysiems will, of course, multiply geo-
thermal resepves. Tha USGS report suggests that now discoveries will total 2bout
tive times known reserves, One indicalion of tha extent of undiscovered reserves
is the gmounr of land classified kpown Or prospedtively calkiable {or geothenrial
gevolopment, Thess areas and the areas zssigeed in the USGS tudy 12 icendi fed
systoms appear in Table 1,11,

-

TABLE 1.11: AREA COMPARLISON FOR IDENTIFIED AND POTENTIAL
HYDROTHERMAL COMVECTION SYSTENMS

Hydral b mal Devvacton Briirms Aran {kmll

Iehtr died high-iemperiiurg 1 500 [E:Uﬁt'll."l-tJE-d'I
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TABLE 1.11: (pontinued)

Hydrathermal Canvacts Sritema Arny “_ml"']-l
Idmard.od M v Lrngaratar i 3 00
Errdwet oD hermgl misourncel arkas 1600
Froapactivtly yaloabds gasl 400,000

Source: References (33)(27)
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ENVIROMMENTAL EFFECTS-OVERVIEW

The widcspread belief that geqtharmal resources represent a relatively "glean,”
non;:foli_utmg ENErgy source resenily has played an impartant rele in heightening
pul::l_llt interast in geothermal development.  Althouph knewtedge of e rolated
;’nvlmnmensﬂ! impacts is still incomplete, geothermal resources do appear to of-
er severdl significant environmental sdvantages aver alternative energy sources.

Since geotharma! Enérgn.r must be utilized or converted in the immediate vicinity
of the resoures 1o prevent gxcessive heat [oss, the entire fual cycte, from resource
extraction to transmission, is located gt one site.  Unlike fossil foel or nuclzar
pawer prudluctiun, i which large land arcas are regquired for processes such as
mlmng,_rehning. transportation, fuel processing, and waste disposal, geothermal
energy is not a technolegy that requires 3 massive infrastructure of fasilities and
equipment and largs amaunts af wput energy, )

Al:hctugh geathermal develapment Negessarily invalves some disturbance of the
farth's surface, the sffects are not as severe as are thoss reseiting from the sur-
tace mining t_:i coal or wranivm, Funhermoree, the controversial safely issues that
E‘Iave been rased about underground coal mining and the conseguences of a ma-
tor accident during nuelear power praduction do not grise in cannection with
Jeathermal power production.

Anather environmental benefit arites from the fact thar those geothermal power
Pants that use steam a5 a warking fluid 1o drive a turbine do nat need an ax-
ternal source of water for cocling purpases, because the condensed stedm is re-
cycled for that purppsg, Thus, they da not place additional demands an scarce
Veater supplies.

I addition 1o these environmental benelits, the develapment and application of
Grothermal pawer would reduce the demand far alternative fuels currently in
eritically short supply [specifically, oil, natural gas, and uranium).

Unfcrtuua:ﬂv,_ r_mu.rewr,' nat atl the patential environmentsl elfects of gzotheemal
einerg-.r are positive, Among the mosy signiticant adverse impacts of the explora-
ign, devclepment, and prodoction of geathermal energy fsee Taplo 112 are
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wal constituents of the geothermal Huid {s1eam or hot water) and subturface
rock; averall charscteristics foealagy, hydrology, topagraphy, vegetation) af the
develgpment site, both above and below the ground surface: and engineering da-
sign technologies wsed 1o produce energy and control pollution.

Depending on the site, geothermal pawer production cowld result in gither equiv-
aent or substantially iower pollution levels than thase produced by a eoak or
cil-fired plant of ideniical capacity. Thus, generalizations about the magnitude
and significance of the likely environmental impacts resulting from geathermal

developmen: must be based on carefyl, site-spoeific ana’ysis that takes sach of
these factors into acconnt.

Bath the likelihood and patential severily of the possible impacts of geathermal
develogpment warrant c2reful consideration in determining the significance of any
impuct. Even if the likelihood 1that a cergain impact will oceur 15 relatively small,
it requires rlose attention if its consequences are potentially serious. For £xam-
ple, air.l_'lnugh at present it s considered unlikaly that geathermal development
would induee & major earthquake, the extensive damage that could result from
such an event justilies its further investiqation, g '

Jecausa geothermal development has nat been widely pursued, both the likeli-
1oed l!'ld severity of many immpacts are still relztively unknown, Extensive in-
ormation is available for oaly a few sites, such o5 The Geysers and tho Wairakei
dant in Mew Zealand, Projections of impacts at other locations where develop-
nent is plasned ace still preliminary and highly speculative. Since tncensiva re-
earch on environment2l impacts is only just being initiated, it will be saueral
edrs before a detailed understanding of actoal impacts 15 developed .

hi_s section describes the major impacts of geathermal resource development on
arinux aspects of the envirpnment. The anticipated impacts of developing the
v0 mast immediately promising types of hydrothermal convection systems,
wpor-dominated and hot-water, are discussed in detail. Becausy available infor-
ation on the gther types of geathermal resources is limited, the probabie im-
s astociated with their devadppment arg noted byt not discussed extensively.

AND USE

"though the exten: and severity of land disturbance is refatively less than for
her retources, geothermal resopree develppment does have several significant
nd-use impacts, These impacts relate to: (1) the total acreans requicements
r developmen: of a geothermai field and the extent to which the land s s
pred, (2) the compatihility of geathermal development with adjacent land wses,
d (2] protection of sensitive land areas.

weagy Requicements

'@ development of a geothermal fisld requires the instzliatian of drilling pads
- E‘JPE"H and reinjestion wells, surmps, by-product processing facilities, acoess

Idz, pipalines, generating plants, cocling towers and transmigsion lines. Tabla
‘Y otters figuras for the avernge amounts af land required for sach of these

*. The tatal land area required 1o cevelop a grothérmal reservoir is primarily
unction of the glectrical capacity of the generating plants, tha number and
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densily of supply wells [which are, in Jum, dependent on the inherent charatg-

1wistics of the reservoit), and the topography of the site. Impacts resulting from

these requirements are inherent In the development procedure.

TAZLE 1.13: LAND USE REQUIREMENTS FOR A TYPICAL GECTHERMAL

DEVELOPMENT SITE
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Faciors Affecting Acreage Requirermnents: The Girst factor, electrical capacity,
is the easicst 1o comprehend:  she targer the genctoting plant, the more steam
is required to aitain a given level of output, and the moce wells most be drilled.

The second factor, well spacing, 5 influsnced by several considerations:  first,

welis must be Crilled inte specific (arget areas-zones of subsurface fraciuse whaere
the heat reservelr is located —without consideration 1o tepography, surface condi-
tian, qr watersheds, Second, the inittal rates of steam flow and the constiluents

of the steam may intluence Sevw many wells must be drilled and whether ausil

{ary faciities, such as those required far the reclamaion of chemicals or eanden.

sation al sieam for wallt sugplies, are Dol

Third, whethet the field develapment palicy is rapid or slew has a rmarked ef-
{ect on well spacing. ftapid development is achieved by drilling more wells per

acre in @ eluster arrangemen:, with relatively short pipelings feeding steam to gen-

erating unitt locased at the center of the wells. With a slower rate of develop-
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mert, wells are more widely spaced, and relatively long main supply lines arg
fed by 0 Mo extentive network of feedar systems (29,

The third factor, topography, can aleo influence acreage requirements, As the
slope of the land increases, the total surface area required for development in-
crezses, because slope support rust be provided and cui-and-Till banks stabilized

* {2]. Heavily slaped arcas, as at The Geysers, often reguire doulle the acreagg

far a given activity.

The amaunt of surface [3nd disterbed in a geothermal development area ranges
from 10 1o 50%, with 20% as the avetaoe 12}, Scaling up from the acreage
presently used at The Goysers, a 1,000 MiWe facility cansisting of ten 100 MiVe
units with & well spacing Jensity of 1 well per 58 agres, would cover 2,025 to
3,645 hectares (5,000 10 9000 acres] or 21 to 40 square kilometers {8 o 18
squrare miles] of land., Q1 this amount, an average of 20%, or 40% 1o 729 square
kilometers | 1,000 10 1,800 acres) of surtace area would be disturbed physically
through chearance af vegetation, grading, and paving. The curren: spacing at The
Geysers i5 lower than will gecur if addivipnal wesls arp dritled to ex)ilait marginal
areas. In that casc, screage requirements prehably will be greater,

Variabifity in Land Reguiremenis: Figures on land requirements vary consider-
ably from Whose resarded for the geothermal operations at Lardarelio, Itaky, and
Wairakei, Maw Fealand. Based on 1370 ligures at the ¢ry-steam fiold of Lardar-
ella, 13 gentrating wnits supplice 8 toral copacity of 360 MWe from 467 wells
distributed over 168 square kilomelers (65 sguare miles), a ratio of 1 well 1o

6 hectares |89 acres), )

tn 1971, at the Wairakei potwater Ticld, G1 wells supplying a 160 Mve power
plant were concentrated in a compact well Lield of lgss than 2,59 yuare kilg.
meters [1 square mile), 2 ratio of 1 well 13 £ hectares (10 acres). Thus, & com-
plete 1,000 LwWe facility based on 1he much more demsely develaped Wairake)
site would require 15 square kifometers (6,25 square miles) for 381 wells.

Wherever possible, impacts have een compared on a8 quantitative basis. How.
ever, a quadalitative compacison of Who totaf land requircments of gestharmal
energy and alternative engrgy rasources it difficult 1o make because of the com-
plexity of the fue! cycles or the alernatives. The wpecific acresge requirements
tor the equipment common 10 all 1ypes [such as power plants, coaling owers,
and electrical transmission lines) are toughly the same for any 1,000 Mive fa.
cility. MNoreover, specitis qeothermal equipment, such as drilling pads, does nat
usuatly take up more space than il or natuzat gas drilling equipment.

However, the dilficulty in comzaring alternatives srises in atiermpting 1o deter-
mire whether the taial amouat of land required far all oiber tuel types (Fuel
pipelines or transpoctation Lines, processing facilities, storage and disposal facil-
ities) can redgonably be agtributed solely to providing 1,000 MYe of electrical
(=L TSR C]

Compatibility with Adjacent Lznd Use
Ancther fnpariant land-use issue assodiated with geathermal development is tha

excernt 1o which such dovelopmant is compatible with surrounding land uses.
Passible adverte effects to adjzzent land could result from the changes in the use
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ol the land at the site, human zctivity. 2nd noise and pollutan: emissions: Fur.
thermare, such impacts are likely 1o be long-term in relation to the life of a geo-
thirrrnal field,

To date, the vse of geotherma! resources for the generation of eleciricity has oe-
cuered primarily on undeveloped lands. Consequently, geothermal development
has radically altered passive multipuepose land uses such as wildlife reserves, cat-
the qrozing, and walersheds,

As a result, whatever valuo these uses once gave 1o the land is now diminished,
To the extent thar whe scenic and esthitic charactenstics of undisturoed land.
scape are replaced by noise, odaor, built forms, or defoliation, the changes are
nal cspecially pleasing. Human activily in Lhe ared most sometimes be resiricted,
especially during testing, when the dangers of well blowauts are greatest, restrig-
nons that could lead to the overuse of adjacent arcas,

The impact of geothermal Jevelapment on the productiviey of adjacent lands is
nat yet fully known, but appears 10 be mimemal, Cne important exception is the
adversa eflect of land subsidunce, which results from the withdrawal of geather-
mal fluids, Subsidence of adjacent tand is a major adverse impact that cou'd
drastically reduce the value ol the fand affected if easjy damaged facilities, such
& irrigation canals or buildings, ere present, *

Sutitidence is not rare, 11 has cecurred at Walrakei, Mew Zeatand, and Cerro
Pricto, Mexico: but =o far the economic effects have been limited by the relative
rermoleness of these aeas, Both are hot-water fields, which are appareatly maone
wvulnerable to subsidence. I subsidence were to aoour as extensively in tha agri-
cultural Imperial Valley, there would be major adverse economic impacts. To
tha extent that reinjectron of geathermal fluids may prevent subsidence, the im-
pacts would, ol course, be less,

To daze, the impacts af geothermal develapment on land fertifity appear 1o be
minimal, During most of the 60 years of field dovelopment at Larcarella, [1aby,
tor example the surrounding tand has hod vasied egriculiural uses, Today, pipe-
bines traverse vineyards, orchards, and farmlands with no known detrimental
gffect, At The Geysers, wildorness surrounding the development area has re-
mained largely unaifocted. Extensive studies are presently being conducted to
identify ad:ditional ¢ffects on the surrounding eeosystems,

Some concern hzs been expressed at The Geysers about the extent to which im-
proved access 10 the wilderness area proviced by new roads would increate resi-
dential and industrial growih, especiglly over the extended life of the field. To
date, development of The Geysers has spurred neilher residentizl nor industrial
develppment, ’

Effective ernistion controls, noise muffling, proper plant and equipment design,
and cqntinual manitering of adjocent orezs, in other wards, comprehensive plan-
ning and conscientious management, can contribute significantly to the preven-
tion of agverse effects. .
Frotection of Sensitive Lands in the U5,

The Geothermal Steam Act of 1970 precludes tha gegthermal development of
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cartain environmenially fragile land arezs in order 1o profect their i I“."d'
wse yalues or unique characteristics. The pratected lands are generally public .
landt acquired vwith federal funds, and include Tands resecved for Mative American
Indians, lznds administered by the Maiional Park Service {including Yellowsione
Havuonal Fark), lznds within national recreation areas, 1ands wsed for fish hatch-
eries, wild!ife refuges, wildlife or game range lands, willdlifc management areas,
waterfawl praduction areas, lands registeced in the national wild ang scenic
rivers system, and lands reserved 10 protect and conserve species threatened with

exiingtion,

The possibility that gecthermal development will gause damage 2 certain lypes
of tensitive ar critical land areas—such as vzluzble farmland, mature or near-
mature [orest, or historical and archealogical sites—has also resulted in varion
teasing restrictions. Certain lands administered by the Department of Agricullure
and lands withdeawn under the Federal Power Act (16 USC 818) may be leased
only with the consent of, and under the conditions preseribed by, the govarning

legislation (3},
Resaarch Meeds

An implicit issue facing geotherma developers is the trade-off between the use

ol lang for geothermal snergy versus izs use {or recreation, watersheds, ar agricul-
turg. Un some areas, this wrade-of! may be a central barsier to the rapid develdp-
mant of geotherma! resources, There is a need Lo determine mare specilically,

in terms of economic and natural resources, what productivity may be lost when
lands are developed far thair emergy patential.” Discuption of aguifers, emisgion
of potentially toxic substances, erosion, and subsidence—each of these may posg
a threat to the long-term produetivity of adjacent lands. Learning to measure the
potentizl for harm, and adequatety cansidering this through the instrument of the
environmentsl impact statement, is a primary research need.

The potential a'so exists for geothermal development 1o benelicizlly alfect the
productivity of adjacent Jands, For example, geathermal cevelopment may If:_:-clh-
tate water reclamation in semiarid and arid regions, This and other possibilites
teed to be identifiad.

GEQLOGY AND SOILS

The stability of surface soil and subsurface gealogic tormations can be aftected
in @ number of ways by the acthvities related 1o developing geothermal resgurces.
Amang the most significant potential adverse effects are turface soil erosion, land
surface subsidence, and inducement of seismic activity.

Erosipn

The explaitation of any gecgthermal resource necessaily invalves site clearing,
which cisturbs the tand surface, particufarly during the imigial siages of i:ln-.retnp*
ment. On stecoly slaping sites, extensive cxrth-maving, ar 'cu_t-and-fill, ) may
also be required for the construction of access roads, anilling sizes, steam pipe-

_ lings, power planis, and slectrical transmission lingt, Suth aciivities imvariatly

remove protecti~e vegeletion and therehy aceelerate ernsion of exposed soil by
storm water runaff if protective measures are not taken, The eroded soil is &ar-
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Control of Subsidence: The primary technology available 1o prevent subsidence
is the reinjeciion of geothermal fluids 1o deep wells following power production.
While highly promsing, the application of this technique may be limited by at
last six unresalved problems.

(3! Vhile some compaction is efastic and reversible, 1he wilhdrawal of
thuids con cavse the breeversible collapse of some of the air spaces
Of poris, .

(2} Geotherinal flsids sometimes cantain a large amount of dissolved
solids, such as stlica or ¢alcium. |f the lower temperatures of the
reinjected fuid cause these dissolvec solids ta solidity or precipi-
taie, the reinjection pipes could become clogged; thus reducing
the permeazbility of 1he zquiler, Cancern about this prablem has
prevented the wse of reinjection at the Wairokel power plant,
where the geothermal water hag a high conten: of dissplved siliga,
Such preblems could be solvedt by placing chemical additives in
ihe hot water to keep Cissolved solids in solution; howewer, their
use may crezte another pooblem: bicause additves increase the
dtrility of the hotl waters to dissolve sofids, they dissalve more
solids in the hast rack anca reinjected, Subtequent wte of the
geathermatl hot waier coaraining increased dissolved solids waold,
M e, worsen pipe clogging. This wype of problem represents a
majgr uncertainty in the development of geothermal energy.

{3} Reinjection could lower the tempurature and Whus the EMErYy POIER:
tial of subsurface geothermal waters.

{4) " Orly part of the goothermal fiuid may be availabe for reinjection be-
cause part af the Huid used In the olecliical genecating process may
be diseharged 28 water vapor lram @ cooling tower,

(5] Whils ruinjection, particolacdy of the comcentrated brines characteris-
tic of the Imperial Valley, may not always be praczical at the site
voiere the fluids were wizhdrawn, reinjection 21 100 geeat a dis-
tance may induce seismic zctivity and consequent earth movement
at the surface.

{C) The cost of creating rainfection wetls for hot-water systems can bg
quite high reiative 1o other less environmentally desirable means
of iluid disposal, thus increasing the cost ol geothermal pawer,

Further research will be necessary 1o evaluate the |ikelibood of subsidence for
warying ressurce types and under different geohydrologic conditions, as well as
te resclve the potential problems of reinjection as & ¢ontrol technotogy.

Seizmic Activity

Seismic activity induced by the withdrawal or reinjection of geothermal fuids is
a patential hazart of geothennal development. & connection bolween suSsur-
Tace fluicd pressures and earthquakes has been suggested recently, A series af
earthnuakes recorded at the Rocky Mountain Acsenal near Denver, Celorade,
for example, fallowed the injection of waste 1luids 1o crysialline rocks a1 2
depth of three miles (5,000 meters), At Rangely, Colorado, earthquakes have
been assotisted with the injection of fluids ta oil ficlds 2s a way to incresse pro.
duction. It is hypothesized that similar events could occur as a result of geo-
therma! development.
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Maroral Relavionship with Georharmad Basources:  Ceothermal resources and
seicmicity occur naturally at the same locations: the gnstable conditions In the
garth's crust thas create geoliermal resources are the same conditions that pro-
duce faults and earthauakaes. o fact, the presencc of seismic activiby 15 om-
monly used 31 a propseching foal in the scarch lor geathermal resoutces  As
noted previousiy, most of the geothermal resources currently being developed
are located in zomes of recent voleanic or tectonic acrivity, which are ofien lo-
catad algng the marging of major crustal "plates.”  Active faults in sorme geother-
mazl| areas appear to create zones af high permeatnlity that peemit canduclion of
heat ta the surface and keep open the cavities in which geothermal sieam farms.

r

ticroearthquakes, Lhat s, earthquakes with magnitudes of lets than 4 on the
Richter scafe, have been obiarved near many major geothermal areas sround the
world, tncluding The Ceysers and the |mperial Valley, Avarlablo data suggest
that geqthermal zones experienca mare frequent microcarthguakes than do im-
ridiately adjacent aress. However, earthquakes having magnitudes greaied than
4.5 and tha porential 10 couse significant surface damase have rasely been oh-
served in geatnermal areat, 2lthough they may ocour nearby.

The apparcnt diffzrence in $isemic activity within geathermal areas and ouEside
is exemplified by the Imperial Valley earthquake af 1240, one of the largest 1o
accur near a gegshermal area. YWith a magnitude of 7.1, it caused faulling, which
extended most of the distance between the geothermal fields just south of tha
Satron Sea, Colifarnia, and those near Cerra Prieto, Mexica! but never inte the
geothermyal areas (Bl

One possible explanation of this ditlinetizn is that the frequent micraearth-
quakes in gegthermal areas act to telieve regiond! tectonic s1ress, thus reducing
the possibility of a major carthquake, |n immediately adjaeent areas, where no
continwal stress release ofcurs, major earthquakes appear 1o be more camman
118 .

Te date, thera is no evidense o indicate that geothermal activity has increased
the seismicity of an area; both The Geysers and the Wairakei sites have boun
monitored and no effects reporied. However, because dlata are insufficient to
reach any reliable conclusions, detaited seismic monitoring is being conducted
at The Geyiers and the Imperial Valley.

Underground nuclear detonation, which is correnudy under consideration as a
wehnolagy for fracturing hot dry roek farmations, has been related tentatively
Ic the inducement of seismiz activity. L'nderground experiments with nuedlear
detcration at the Mevada test site of the Plowshare Program have created small
afiershiocks, which represent the release of nateral $train energy. Even 3t seh.
stantial distances, damages have Lieen reported to builgdings as a direct resuly of
the shocks cpused by these underground nuclear detogations. Based on these
reports, the use of nuclear fraciuring near populated arpas iy probably imprac-
tizal {3,

The rack formations of the Gulf Coast gecpressuréd eeservair, the third type of
geathermal resource, are highly porous and permeable. The Faults in this area
2Fe NGl lectonic, but result from relatively mingt graund saitling due 1o conginu.
ing depasition of sediment, Under these gesiogic cenditions, Huid withdrawal
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ried in:o sireams and subscquently deposited, raising muspended tolids levels and
causing sediment buildup on stream botloms, Both incressed levels of suspended
solids and sodimentation can be harmiol 1o fish and cther aquatie species, Al
though erosion is most severe when the soit is exposed during construction, $ig-
pificant crotion fram cuts, 1ills, roadsides, and culverts continyes throughout all
development 11oges. Earth-moving activities may also disterbk national drainage-
wirys and slopes.

While some increase in the rate of erotion and scdimenmtation can be expected
with virtually all types of geatnermal development, the extent of Lhe iacrease
varjes widely, depending an particular site conditions and developmen: practices.
At The Geysers steam field in Mortheen California, for exzmple, the combinatien
ol steen tlopes, poor sail structure, and high seasenal rainfalt and runofi rates
renders the soils highiy crodible, '

Becaizce a steep dope 15 alwo a site concition that regquires substantizl earth-rnov-
ing. exiensive erosion has occurred in the past, Freguently, (il material has
tlumped ardd 2oil and roek tlipped above cuts into hillsides {foltowing the con-

struction of drill pads and roads, partioularly when built on agrive landslide areas,

Degradation of nearby sireams by siltation has also eccurred.

In cantrast, at the development sites having fiatter terzzin and lets erodible wails,
the impacts of geothermal development have been lass severe. Moreovar, since
the land disturhance associnted with geotherma! develepment is not nearly as
severe as that caused by the surface mining of caal or vraniom, & smalier total
emaunt of erosion is likely to occuar. .

The impacis of soil erasion and carth moverment during geothermal development
can be mitigated significantly by applying readily available erosion control tech-
niques. Draing, match, ond matting can be installed; revogetation melsures Can
be taken: and the tomal land area disturbed can be minimized. Such technigues
sre currently being used on Al U S {gderat lands, becavse lederal leasing regula-
tians require that distuibance 1o vegetation and natwrd] drainage be eninimal,

AT The Geysers, the state of California has recently bedqun 10 carefully reguiate
earth-mouing activizies on the langs it awns, thus markedly reducing the severity
o! eroticr-retated irepacts and highlighting the need for sizz planning prior 1o
development,

Subhsidence

Land subudence resu'iing from the withdrawsz! of geothermal fluids from the
earth is amony the most serious of the polential impasts of geothermal cevelop-
ment. Wertical subsidence and zssociated horzonial ground movement can o
cur wheneyer suppert is removed trom beneath the grownd; sugh moverments
have occurred throughout the Unitcd States as a result of the pumping of ground
Waler in numerous locations, a5 veell at guring the develozment of minss and

ail fields, .

Whenever subisurface fluids, such as ol or water, ars withcrawn, 1he cause of the
resulting subsidence is the same: a recuction in tha fluid pressura that supoorts
the cvervling rock causes a marked increase in effective siress and suhsurlace
compaction, or the collapse of nores in the rock structere, I peoalenss Lelds,
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which are 2reas of unconsolidsied or semiconsolidated sedimentary ragh contdin-
ing pore spaces, subsidence has cecurred but has becn successiully contralled by
injecting water around the periphery of the field to rmaintain fluid pressures.

Likatitood of Subsidence: Land syubsidence has not occurred during the deve’op
ment of the two exisiing vapor-dominated genthermal fields at The Geysers and
in Lardzrcllo, italy. The lack of subsidence has been attributed 1o the gealogic
contitions under which such systerms form. One of the fundaimental conditions
comsidered necessary to formatian of a vagor-dominated syitem is a campetent
host rock; Lhat is, rock not subject to compaction and, Therelore, not subjest 10
subsidence {41,

In contrast, hot~water systems are expegted to bohave more ke petrolecm res:
grvoirs and subsidence is mare likely o occur unless subsurfoce pressures are
mainiained through fluid reinfection. |n \Wairakei, New Zesland, where geather-
mal voaer is dischanged 10 3 river rather than reinjected alter being used to gen-
erate power, 1013l vertical mosverment has exceeded 3.7 meters (12 foat) since
1956, affacting an ares of over 65 square kilometers {25 sguare milosh, Hodi-
Iontal mavamen! alic has been recarded (B,

Significantly, the ares of maximurn subsidenze eccurs oulsida 1he praduction
figld, which means that subtidence could aftect the property of adjacent lang-
gwners inore than the iminediate development area,

In Cerro Prieto, Maxico, & hol-yater field located near \he Imparial Valley in
Califomia, whsidence vwas recorded some seven miles outside tha well field emn
belare extensive production began (G). At this site, gesthermal walers have been
discharged to an evaporation and sedimentation pond rather than reinjected,

Land subsidence has serious implications for the {uture development of the Im-
perial Valley's geothermal resources. Potentially one of the mott promising geo-
thermal areas, tha valley is lectonically active and may be subsiding naturally.
Since most of e valley is a flat, fertile plain with extensive agricultural irriga-
tion systerns, subsidence induced by geotharmal development pould caute serious
damage,

Concern sbout this issve has led to extensive studiss by the U S, Geologieal Sur-
vey and the state of California's Division of Oit and Gas. To monitor the extent
of suhsidence caused by both gegthermal develapment and naturally accurring
processes, surface benchmarks hove been mezsured since 1973, Rescarch 10 de-
velap a reliable cormputer simulztion modsl of the subsurface environmental ef-
fecs of geothermal development hai been funded by the Matignal Science Foun-
dation and i5s nearing completion.

Subsidence 15 2l10 @ concern i developing goopresiured reseryoirs such as those
locaizd along the Gulf Coast. However, two conditions arz expecled to reduce
he likelibood of seosidence there: the desp location lfrequently more than
10,000 feer or 2,000 meters) of the reservoir sugaested by praliminary enginger-
tng propesals, and a seal of cap rock abowve the reservair. Furthermore, the pre-
vious withdrawal of sil and gas fram these zones hat not yet resulted in detact-
abde subsidence (7).
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"Thermal 5™ hlew put in Seplember 1957 as of 1975, i1 was discharging abayt
B0.000 kg/kr {176,000 Ib/hr) of stcam and noncondentable gases 10 the aimos-
phere. Since e discharge ts stesm, air poflaticn 15 & greater concern tham wva-
tes pollution, However, the hatmful substances being released 1o the atmosphere,
sugh a5 mercury vapar, may conthibute to local water polletion if removed from
the mimeosphere by rainfall,

Erosion ard sedimentation associated with the canstruction of drilling pads,
roads, transmizsion fines, and power planis can have a significant eflect on the
qulity of nearby sorlace wilers unless carefu] manitoring and preventive con-
tfol measres zre implemented. Recently, staie and fecderal agencies have oi-
rected 1hal increated attention be accorded 1o limiting ergcion and sedimentation
at The Geysers. These efforts have proven successful in regucing the potiution
of neazby surface waters.

The mast erious water pollution problems are likely to develop during power
plant eperation, The Geysers uses a production method in which relatively pure
sleam passes through tuthbines, is then condensed by contact with coling water,
and is tinalfy cvaparated in a codling tewer, However, the rate of evaparation
from the cooling towers is slower than the rate at which the tteam is fed inta
the turbines. Same of the s12am condensate must consequently be ramaved in
another tashicn. On the averzge, 80% of the sizam iz evaporated through the
cooling 10wers, leaving 20% as "blovadown® water (10},

From 1860 t5 1871, the blowdovm wastewsater at The Geysers was discharged
directly inte a stream {10). There, the ammonia 2od boran contzined in tha
condensate caused some surface water pollution and harm to aguatic life. Since
1671, the wastewsater has been reinjected 1o the sieam reservoir rocks,

Of the various disposal methods, reinjection is considered to be the most advan.
togeous because the pollutants in the wastewater do not gome into contact with
relatively pure surface waters and grouncdwaters  To ensure safety, reinjection
wells must be carefully encased 1o prevent the leakage ot geathermal brines 1o
thallow agquifers.

Once introduced 10 the subsurfaee reservair, the wasiowater boilt ang produces
steam, in effect artificially recharging the resarvoir. Because it has proven 1o he
eflective in preventing both surlace water and groundwaier poltution, it will be
used In fsture expansion at The Gevers.

Each 103 tMWe of gencrating eanacity at The Geysers produees a relatively smal|
wastewater flow of over one million gallons {3, Y85 cubic meterst per day, vol-
urne that €an e handled adequately by ong large infection well, An expanded
1,000 KiWe of gencrating capacity would produce over 10 million qallons

37 B5) cuhic meters} per day, reguiring 8 to 10 large injection wells, Figure
1,15 shews the expected water pollutants contained in the condensate refurn wa-
tor of 1,000 MWe of generating capacity at The Geysers,

Power plant operztion at The Geyiers producss wastewalsr containing a moder-
ate amount 0f 1ozl soblids. The guantity of to1al solids produced doring paver
generation is higher than that produced by nuclear or fossil fael plants. How-
ever, these teehnolagics also genderale large ameounts of pollulants during mining
and processing, which are not involved in geothermal energy production {see
Table 1.14).
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or reinjeclion at geopressured rescreairs is net expected to induce seismic aclivity.
However, conclusive information for this assumption is not ye1 svailable.

Munitariag andf Provention: Operating procedures that would reduce or eliminatg
the possibility that geotherma! devetopment could induce seismnic activity are not
well kngwn and will require carefid investigation if further research indicates a
probahle seismie hazard. Faor (ke present, strugiures in gecthermal areas, partiou-
larly those housing superheated $ieam and water, should be designed o with:
tand naturally eceurring, local edrthguakes, Since this type of design is often
exgensive, the likelihood and patensial magniiude of an evarthguake should be
determined befgre detign criteria are established. If additional research shows
that earthquakes of magnitudes greater than 4 or § are highly unlikely 1o ocour
in & geathermal development arez, only moderate atiention would need to Be dj-
rected 10 structural precadtions, except where faulling may ocour near the sur.
faze (8). - -

Reiearch Moods

Alth:ough the erosien-related impacts of geothermal development can be signiti.
cant, they are gredictable for 2 proposed site and can be controlied with avail-
abte technology, Canseguently, ditile agditional research needs to be undertaken,
The possibility af land subsidence or induced wismicity a1 3 particufar site, how-
ever, is difficult to predict; and the acdequacy of availzble comirsl measures, sueh
2 reinjection of gegthermal fivids 35 uncertain.  Extensive research is currenily
voder way in the U.S, 1o develop adequate control measures, and actual effects
are being monitered at development sites leased by the federal aovernment ta
privatg operators.

Mast pragrams to manitor subsidence have ¢stablished local ang regional networks
ot intercannected surveying fleveling) stations. Elevation is measured repeatedly
ut these stations to detérming the degree af subsidence over time, The instru-
menis used include tiltmeters, which measure surface defarmation, and extensom-
eters, which can be used to ditferentiate deeq subsidence resulting from the with-
drawal of geothermal Nuids and shallpw subsidence resw!sing trom groundwater
PUTTRIRG.

The interagency Imperizl Valley Subsidence Detectipn Commitiee is presently
mgnitoring subsidence in the Imperial Vatley, COne monitorieg technigque nol be-
ing emploved that could provide wseful data is 2 gravity reading. While not as
accurate as detailed, "firgrorder” |pveling, gravity messurements can be perfotmed
rapidly and inexpensively.

Ploreover, when taken in conjunction with first-order leveling, gravity readings
pernit estimation of the net losses of geothermal fluids rom a reservoir andd the
surrsunding arca, Both are imporiant parameters in determining the uitimate
life of the field and the optimum level of production.

A owide variety of technigues can zlso be cted 10 investigaie seismic effects.

Priar 1o geothermal developmeni, sorisble, high-lreguency seismogrephs choulg
be vsed o esiablish levels of background seismicity, logaie arezs vrseitable for
reinjeciion, and Lelp locate the geatherrmal resources, Mamote sensing techinigues,
such as SLAR {side-looking radsr), and falsecaler infrared and conventional
aerial photographs, ¢an also be employed to idemity surface features that ingi.

a
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cote active faulting, During the actosl development of new gecthermal felds, a
network of permnancnt seismagraphs can be installed to identify any induced
seismicity. Such a network is presently being installed in the Imperial Valley and
should be installed in other prospective geathermal areas as well,

A variety of research is currently under way to evaluate the feasibitity of rein-
jection at geothermal sites. While these studies appear 10 address mast af the
irnpaeiant questions, 3t least ore adZitonal problem should Be investizated: how
16 prevent ceinjection-weil plugging. To understand the chemical reactions that
occur berveen geathermal fluids and the geologic formations into which they

are infected, basic research on 1he precipitation of silica, calcium carbonate, and
ather dissolved mingrats is needed first.

Applied research should be conducted on the preventian of wellplugging and
the refated problem of mineral cdepeosition an operating equipment. Based on
this research, the potential for both stabilizing gegthormal {luids against the prg-
cipitation of minerals and deliberately inducing precipitation before the fluids
are reinjected showld be assessed, Labaratory studies should be cenducied based
an actaal samples fram propoind dowelopment areas,

WATER RESQURCES

Ll
Geothermal developmen: raises three primary concerns related 1o water resources:
wazer poflutian, effects on hydrology, snd impacts on local water supplies, ¥a.
ter pollution may rewlt rom the disposal of fluids withdrawn from subsurface
geologic reservairs following their wss for testing wells or generating power.
Large-scale withdranwal and dispasal of geothermal fluids may zlso alter both the
surface and subsurface hydrofogy of an entirg dovclopment area.  Finally, geo-
thermal development may affect local water supplies in the largely arid Ameri-
can \West, .

Water Pallution

The pollution probfems associatad with vapor-domemated systems are generally
mare rmanagezhle than those xmseciaiod with hot-water Syiiems, becadse the wa-
ter from the geotherrnal s1eam iz ofsen relatively law in pollutants. MHowewer,
water poflction can occur during any stace in geathermal development—well drill-
ing, construction, ar power plant operation.

Seurces of Potfution: Muds used during the early stages of well drilling may con-
tain various substances harmful 1o water quatity., To prevent the conteminasion
of surizce waters, these tubsiances, together with rock dust and the wasiowater
used in the drilting oparation, must be isolated. At The Geysers, sumps with an
impervigus lining or steel tanks are currenthy used to store drill cuttings and
veaste fluid during drilling operations, Mantoxig watles may be permanently dis-
posed of o a sump if [t is protected from ergsion; however, WOXIE wasies must
be ramsporied to an agproved waste disposal site.

Vell Bloweuts could #lto ereate water pollution. Tha Califarnia Division of Qi
end Gas requires thal blowour prevention equipment be vsed during the drilling
of all gecthe:smal wells as a con:rgl if pressure conditions become unfavorable,
Cnly cne well has blown out during the drilling phase &t The Geysers. Well
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TABRLE 1.:%: EXPECTED WATER POLLUTION EMISSIONS FOR ALTERNA-
TIVE ELECTRICAL GENERATING FROCESSES, 1,000 Mive FLANT

Swspanded Solide .« Disglved Sslid, ..
)
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Process 0000 eaaaw i ow .. IOTEIC LOMS DT Year® . oo r o
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Gearhermal {The Geysers)
Mow: Column A urder each procest includes 1otal poltutanis genarated duning
power plar operaliom, Column 8 incudes total gallutanis during it
giher e Lmining, ete.d,
Souree: Relerance {111
"Aounded 1o the nepsest tilyy,

"7 Mat avsdable, )
e praduced by a Bypathetical 500,000 bbldday refinery of which 34,0004 bhldday

are rosidual Tuel @il 10 supply a 1,000 Mwe power plant
1 Taral solids by evaporafion.

Suu:i'v:u: Reference (11)

wipreover, the technology of reinjection o the geothermal reservoir, now being
applied a1 The Geysers and planned for hot-watar cevelopment sites in the west-
ern U.5., would, if successiu!, almost eliminate the major cause of water pollu-

tlign.

Mot water systems pose far more difficult water pollution prablermns becauss
wastewaters 1rom tosting and production are more ahundant, mare water paliu-
tants are contained in the yeathermal Nuid, ard large amaunts of coaling witer
arc used, At Wairckei fa 143 MWe plant), approximately 30 million galians
{112 600 cubic meterst of waswewater are disposed of each day from the con-
densed elflusnt and the excess water not flashed 1o steam. Thiz is a far greater
propartion than is produced at The Geysers. Such large amounts ol wastevater
muit be disposed of in an environmenially safe manner,

Characieristics of Geozhermal Elvids; The gqualicy of geathermal hot waler—ins
physical and chemical characteristics, including impurities roch 3 total suspendad
solidy—varies widely. While some geathermal hot waters cantain relatively fow
pollutants, most contain a refatively lorge amount of dissolved solitds ano heuwy
matals because the high 1emperatures of the brines intrezse the dissalution rate
of solids and taowy metals in the rock {40, Radioactive olements such as radium

and radon alsa may be present.

The quothermal hot walers ot Cerre Privto, Mexico, contain 1.5 ta 2% totzd dis-
solved solids {15,000 to 20,000 mg?, compared to & va'ue of about 35,000 il
for seawater). At the Imperisi Valley in Califaraia, zhout 75 miles narth, geo-
thermal waters are schsiantially mare saline 2t most incations; brines with dis-
sgfved salid concentratians {typicaily over 25,000 mgfl and sameiimes reaching
260,000 mgfl, or 26% of the tctal) are found in many wells (G)

In shasrp contrast, at certain other lecations in the western L5, geothermal hot
waters aiz sufficiently pure to be used for aprizulture and industey, For exemple,

-’
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geulhermairwamrs are used for stock watering in Klamath Falls, Qregon, and

for di‘:‘ml‘:sm: hot water sepplies in Baise, idahs, In legland, gemhnrnmfl waters
are: widely used for bath municipal heating and domestic purpases (4,

Tha Speeial Problem of Waste Disposat; Based on the variability in the amoting
and type pf dissalved salids in geothermal fluids, a number of different methads
for disposing af wastewater from drilling and power plant operation have been
tesied and used. Thess include direcr refeate to surface water bodies, evapora-
tion, surface _:preacﬁm; 10 shallow aquilers, desafination with subtequent wates
reuse, and _remfecu'on 13 the preducing retervoir by yse of deep wells. The salec-
tunn_of a dispesal method has depended on local hydrologic conditions, the '
quality of the wastewater, and enwvironmental regu'ations. ’

The only exu:rmive cammercial experience wirh hot-water system waste digpesal
has bes_.-n outside tha United States, and some af the methods used in other
COUntrgs are not aceepiable in the ULS. because of their harmiul environmental
efIFCIs. For imstance, at \Wairakei, New Zealand  wastewaters are discharged into
a river near the plant, substantially increasing the arzenic, sulfur, and mercury
leveis of the river. At Cerro Prigio, Mexico, production Wastewaters aru separ-

ted from the geathermal fiuid and then stared in a large evaporation and sedi-
mentzation pond {8 km® or 3 square miles in size for the existing 74 MWe plantl.
.n:s the waters in the evaporation pond became highly szling, developers plan to
dischirge them inta nearby waterways having high natural sa'lin':w.

A major concern in the Impeniat Valley of California is 192 salinity level of the
Saltan Sea and various shallow anuifers. Local water supplies are limited and in
great demand far agriculture, Because water supnlies already contain larga
arngumsl ot dissalved solids, additional salinity must be provented. The state of
Cah!urnlla has prohibited the discharge of waste Tuids with high dissotver] solids
content iate either surface watcrs or shallow agquifers,

in cump!v_i_ng with this restriction, wastewdters praduced diring test drilling at
the Imperizl "u"a”ﬂ‘.-: 2re stored i plasticlingd holiding ponds from whigh the wa-
;er esaporates. This disposzl meihod prevents infiliration to groundwater and

135 thus {.?r praven elfective. However, the very large volume ol wastswaler gen-
erated during actwal power plant operalion fimils its use; the rate of cvaporation
15 no: £33 enouch for large volumes of wattewater,

A% 3 reugh indication af the magnitude of the problem, a 1,000 MWe plant in
lf:hﬂ Imperial Valley is estimated to require tie disposal of appraximately 50 bil-
[-;::nqn gallens {18,830,080 m?) of brine per year contuining 53 milfion tons of solids
ch Thus, the most probable long teem disposal method for wastewster fram
Power Blant operation seams ta be reinjestion to decp wells. Initial rests of re-
LNJ:IZHI:::H hn-.-ulprm-en provmising, {n a year-lang experiment, 2,727 liters {600
sRlONs Ger minute wera suzcesshully injected inte a single wetl without reducing
TJJL- abality of the formation to receive water (3). However, 2 number of com-
Piax technical problems remain to be solved. .

;Jﬂs::rmatﬁlqn, v:.hich has the addi{ional benelit of prodecing veable Fresh water
or a locality, is another zlteensiive for wastewaler dispoial, Haowvmever, bocaute
the expense of desalinaticn increases with the salinity of the wator the tech-

notogy i prabably limiteo to waters with dissolved solids concentr.:nfon gl
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tydrologic sysierms and the characteristics of geaihermal waters that would dis-
clote thelr presence in susfate and ground waters, Data would be particularly
useful in waler sarples from surlace waters, shallow groundwazers, and geother-
mal reservoirs, Detailed labaratary anglysis ot the chemistry of geothermal fluids,
similar o that erformed o determing potential reinjeetion prosbems, would

alze he helplul in deteemining patential water gualivgy probloms,

The liguid wastewaier dispased of during geothermal operatians often fontains
a vzniety al ¢chemical compounds. Because wasiowater is 2 potential spurce not
anly of waler pollution, but also of water suppty and commerciaity vatuable
chornical by-products, kigh prierity should be assigried to develcping economical
melhods of producing fresh water {desalination) and extracting valuable ¢hemi.
¢als such as boric zcid and sulfur compounds.

NOISE

Perhaps the most ubiguitous environmental disturbance sssociated with geother-
mal development is noise, Loud, continuous noise occurs during both the drill-
ing and pradoection westing o! geathermal wells and the gperation of the plant.
Mevertheless, noise does Ao reprezant % immed.ze g concern as do some of the
ather environmental impactis of geothermal develaament because its efiscts are
timited to the immediate area under development. And because the heatth and
welfare effects of noite are well documented, this seetion reviews those eftects
onty Lrielly and then focuses on the sources of noite at a sie,

Eftects of Noise

The harmiul health and welfare eflects of expoture to excessive noise lpvels or
vibration aver & prolonged period of time range fram the relatively minor, such
as temporary task intedference and irritation, to the severe and permanent, such
a5 sleep loss, physiclogical siress, speech (mpairment, and hearing foss, Since
the exwenl of harm is related directly o ihe Ireguency and duration of exposure
1a high noite levels, workers at a geothermal site experience 1the highest risk.

MNoite standards eitablished by ke U5 Oceupational Safety and Health Admin-
istration [OSHAL require Wiat exposure of waorkers to unmaliled noise at levols
sbove 95 dB{A) be limted {13). Several gesthermal development activities pro-
duce naise 31 levels clase 10, or substanzighy higher than, this level. Persons n
the victnity of a gegthermal site may be expossd to cantinuaus noiss af levels”
virying frem 60 to 120 degibels, depending Jpon the ongoing development
and distance from the noise sourca,

In addition ta direst healih and welfare effects, the noisa ganzrazed by geo-
thermal development may have other aguerse impacts. ln communities with
litzle indusiripl cevelepment, resicents may regard the continuous noige associ-
ated with geathermal development, even 3t a relatively jow lecel, 25 an inir-
sion intg their previously quict environment.

Animal behavior also is affveled by excessive noise, which has been showrn to
cauze changes in the size, weight, reproductive aztivity, and behavior of farm
snimalz, |n some wildlife species, thanges i mating behaviar, predatar-prey
retatiomships, and territarial behavior have been abserved.
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Sauresr of Koue in Geothérmal Deelopment

Hich noise levels are produced during each of the major phases ol gecthermal
development: wel! drilling and production testing, constructian, and plant op-
eratian.

Well Drilling and Production Testing: The process af drilling and testing gea-

thermal wells is comprised of a nember af separate operatfons af varying dura-
tian in which tteam under high pressuse escapes to the atmasphere, generating
high noise lovels. Some of these cperations can be effectively muiiled, athers
emit gszentidlly unavoidalile naise,

At vapor-dominated sites, only the shallaw portion of 3 well can be drilled by
wsing mud as the circylating Muid. For much of the procedure, compressed air
must be ysed as the circutaling (uid when penetraiing the probable sieam rone
to awid clogging or damaging the sieam-producing rock fractures. Air drilling

is much lauder {120 dB{AM than mud drilling [75 to 80 oBLA)], primarily from
the harizantal pipe [("blow line"]. The engines operating the air compreisor alsg
Eroduce a goep resgrant sound that carsies for considerabile distances, OfF the
wial drilling period of vwo to threz months Iduring which drilling is conducied
24 hours & day), about ona-thira of tha 1ime is spent drilling with compressed
anr. .

Oriliing companie: have experimentad with a wide variety of methods for con-
trelling air drilling aoise a1 The Seysers and have tested several types of mulllers,
Reconily, significant recuctions in noisz have been achieved by directing the dis-
¢haraz of the blow line into a large “air sampler,” a large chamber designed to
Capture loose rock certings. Injection of water into the air sampler, a method
ariginally developed 1o increase the amouat of rock captured, also reduced noise
:;10:!. Thega techrigues have Been employed extonsively in wetl dilling at The
Oy sars,

Qnca drilling is completed, the noise levels associated with extraction do not
grop significantly. A well must first be dllowed 1o "blow” freely far three 1o
six fays ualil the accumulated dust and rogks are removed. Maiso levels during
the procedure approach 118 dBIAL 1t is nenerally cansicered infeasthle Lo muf-
fle this operation, because only 13752 rocks blawn up under pressure would
damasge currently available muliling equipment.

Following she clean-out, the well is tested to evafuate the steam reservoir and
production raze ty celeasing steam from the well o the atmosphere. The ac-
fompanying noise lavel is high [approximately 118 dB[A, Several types of
mulflers have becn used in an attempt to controd testing-related naise. Ong of
the mas: etioctive, a "rock muibier,” significansdy reduced the noisc level by

2% c2{A), from 118 w0 89 (A}, zccording Lo tests by Union Qil Company (10},

A tompleted test or production well is discharged or "bled” continuausly into
the atmasphere through a small diameter pipe (Glced linch, which permits releases
af 5 10 10% of the total patential stezm flow. The neise associated with bleed
live dischargey is relatively low, abour 56 dB(A), and can be lowered to 65 dBLA|
by wenting the line into a rock-liled giteh. While this tischarge conzinues until
e cower plant #5 aperational {pottisly moce than 2 year i delays 2re ENZOUN-
tered}, an attermpt is usually made ta limit this source of air and noise pallutian
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35,000 mgfl. The economic feasibility of desslination has alto been guestioned
tiecause o less heat is extracted {rom the brines, fess electric povwer €an be pro.
duced. Thus, ab refatively low temperetures o tradecd! exists between the pro-
duction of power and the avzilability of fresh water,

Hydrology

Geothermal developrment at The Geyiers has no: as yer zltered the zrea's sarfaze
hydrolagy significantly. However, continued withdrawal of geotkerrnal fiuid
could reduce the ampunt of waler in the deep stearm reservoir and in the rata gf
water [low 2nd possinly chznge the temperature of chemical characteristics of
mearbry thermal springs,

Fressure decling tests indicate that The Geysers reservoir s almost a closed sys-
tem; that is, it it Aot bewg recharged with water at 3 rate sullicien? to pravent

a decling in sleam pressure 25 enerpy s produced.  Although some of the flaid

is restored threugh aeinjoction, geathermal stearn ai The Geysers should be viewed
2% a depletable, rather than 2 renewable, resource.

Large-seale eatraclion and reinjection of hot-water yoothermal fluids in the Im-
perizl Wialley alsd may cause changes in the subsurface hydrologic system. The
lack af comprehensive, reliable data on subsurface bydrology makes impossible
the determination of whether longierm power production wou'd ultimately de.
plete the geothermal resaurces of the Imperial WYallay ar ather hot-water systems
in the United Siates, [nwestigations at Wairakei, Mew Zealand, suggest that geo-
thermal pnergy could be developed at 3 rate that permits production for an in-
definite period of lime (9],

Reinjection could 2se help 10 maintain the longterm productivity of the geo-
thermal resource. Research invelving computer simulation of resource behavior
it wnder way to identify the meost effoctive lang-term production strategy (inglud-
ing e rate arnd method of withdraws! and reinjeclion} for both hot-water and
georessured reservoirs.

Water Supply

Geothermat power production may also reguire the sse of water for ¢ooling pur-
poscs. At The Goysers amd other vapor-dominated systems, waler can be sup-
plied by the geathermal resource in the form of condensed steam, thereby eliry-
nating the need for an external source of water, A similar cooling $ystem can
he wsed in a flazh turbice hot-water plant, However, in & binary flukd system,
beczuse the geothermal hat water is reinjecied directly ta the geothermal reser.
voir once i1 has passed through a heat exchange Cordce, it is nof available for ug
in coobing the Freon or isobuetane wsed 10 drive the turhine, and an cxternzl
source of water i§ nteded,

Currend Atternatives far Cooling: The cogling water can be pravided te a gea-
thermal site in ong of throe ways: with a "oncothrough™ coaling system, in
which externat water, frequently from a river or lzke, is viilized ance for coaling,
ano then dhacharged to it soLTce; with 20 evaporative or “wet” cooling 1ower,

i which the external vater is vvaporated 10 the aymosphere: or with 2 “dry”
cooling tower, in which the fluid is conded by air and continually circulated in

a closed system,
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The water requiterments of these systems may vary widely. Once-througn sys-
teens and wet cooling towers require substantial ampunts of water; dry coaling
voviers wery little. Their environmental impacts alsa vary substantially. A once.
through cooling system is currently used al VWairakei, New Zealand; however, the
patential for thermal pallution of surface water limits the applicability in the
United States.

Mew Degigns far Sofi-tndeveloped Resources: Preliminary designs prepared by
fechiel Corporation for a 10 MWe demanstration binary powar plant with an
cuanorative or wet cooling tower indicate that 830 gallons per minute ot make-
up waier is required, af which about 20% is blown down and reinjected 1o the
resereoir. At this rate, for a 1,000 MiVe plant, 32 000 gallons per minute lal-
mast 134,000 acrefeet, or 185 mitlion culic meters per yeard are required. Thig
amaunt is substariially greater than that needed by alternative powvier generatich
syiiems because tha thermal efticiency of a geothermal plant is low.

Alernatively, a dry {aircooled] cooling tower could be used. Based on present

prozotype designs, ary cooling towers zre expecied to be 30 ro 0% more costly
than evaporative toveers {11) and may reduce the already law thermal elficiency
al the power plant,

A moderate guantity of makeop water is required 1g aperate hot dry rock sys
1ems. Reouirements are estimated to he about 26 800 gallent (100 ¢} per day
for wells supplying 100 MiWe of thermal engrgy; at this rae, 1,325,000 gallans
{5.015 m®} per day (1,484 acre-feet, or 4,830,000 m? per year) would be needed
to supply a 1.000 Mwe plant, assuming that a binary power plant with 20% ef-
ficiency is used {11}, Additanal cooling water would, howaver, be required o
coal the isobutane or other waorking fluid.

Research Meeds

In any geothermal development ared, impacts on waater quality, hvdrg!nqv_, arvd
local water sapply can be predicted only on the basis of comprehensiva, site-
specific data,

Geologie and hydrologic date are usuzlly obrained fram deep 1csi wells driiled
during explaration for geothermal fluids. Prsufficiont dzta are often D_htalr‘aeq
from such wells at shatlow and intermediata depths, Data on the vertical vaniz.
tion af water level, depth, temperature, ard pressure; and on rock permesbihity,
Forstity, and cementation, should be coliected in each zore. To provide i lr?Or-
Gush understanding of local hydratogy and determine whether reinjectian is likely
10 ke successiul, tesr wells shoukd also be drilled on the periphecy of gesthermal
aress, where temperatures decrease fapidly and rock cementation accurs.

In many geathermal argas, datz an rock parosity and permeability are insufficient
o 25se8s the hydrologic nature of the reserveirs. \Welllogging techniques un'mlg
radiczctivity {including gamma-garmma and neutrgn logs) provide the most relis-
blz means af estmating porosity aad permeability, Where appropriate, such
teennigues should be zgplied to new wells (bath deep and shallow! in geothermal
Sreay,

To asteny impacts on water quality, data shauld be collected nat only on the
sandarg water quality paramesers fe.q., distolved solids) but alzo on the loca!
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by timvng the completion of production tesiing 10 coincide with the completian
of the power plant, Oecationally, wells are a'lowed to vent a1 foll pressure for
several houss to prevent the buwildup of condensate, Because this operation is
not usuaily muflled, it produces gbout the same noise levels [118 dBIA) 23 de
wnrud fled test wells.

Weil Llawoes, or unanticipated venting, rarely occur ¢uring the drilling phaze
of gecthermal development, The neise emitted when they do accur, however,
is oxtremely toud, pratably as loud as an unmofiled tost well. I net controdled,
hlowouts can continue to be sources of air and noise pollution for axtended
periods of time, At The Geysers, “thermal™ wel! No. 4 "blew out™ in Septem-
ber 1957 and s sull discharging some steam into the aumosphere; however, this
Lliwvoul has been partinlly controlled and is na lanner a signilicant noise source.

Drilling noize levels pose foss of 2 problem in hat water than in vagor-dominated
systerns, Wl drilling and production testing for hat-water syitems is a far ot
noisy operation than {or vapor-dominated systems because mud, rather than gir,
% used &t the circulzting fuid, Also, the period of time required for driliing in
hotawater systerns is somewhat shorter, 30 to 45 days rather than 2 10 3 months,

The most significint noise associated with hot-water wells 35 that emitted during
production testing for power gencration, when 20 12 25% of the hot water is
Mashed Lo steam. 1T unmuffied, the noise of the exponding steam Could reach

a level 23 high as 100 dBIA) at 50 frer. Well blowouts could also produce high
noise levels. Following the testing peried, the wells are completely capoed and
thus ceate to be a source of naise,

Consirveiion Activities: Full development of a geothermal field involves zon.
struction of access roads, steam pipelines, generating plants, and electrical trani-
missicn lings, Construction of senerating plams requires the longest period of
time. Dwuring this period, the operation of garth-mowving and construction equip-
ment {su¢h ac large trucks, bulldozers, tractors, cranet, and cement mixers) gen-
erates noite levels familiar to anyone who has experioncad a city building con-
struction site,

Maise assecizted with construction astivities can often be contralled through the
wse of engine malllers and other sbatement techniques. However, construction
equipment 5 generally opecated at the same time hat producticn wells are being
drilled and tesled: the simultznecus lield dewlopment ang plant condtruction
prases cagw high nose levuls,

Piant Operation: Operation of a geothermal power plan: also creates high noise
levels, A1 The Geysers, the most significant conlinuous noise sources are the
cogling towers and jot gas ejectors, which relvase roncondensakble gases from the
candenser. The noise created by the !ans in the cooling towers s continuous,
bu? is eenlined by the structure 1o the immediate viginity of the plant. YWhile
the jet gas ejectors on older units a1 The Goysers emit congiderahie noise, neEwer
units are acoostically insulated and are cherefare conside-sbly quister,

instatlation of mproved air pellution contrgl equipment designed to transfer
gases from the jet gas ejeciors o other lacations in the plant for the removal of
hydragen sulfide may alto reduce the noise omitied (rom the gectors. The par-
ticle separaios: and the movement of steam through the steam lines alsa repre-
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gnt tiqnificant scarces of noise. Anather loud but intermi:.tem noise source is
the veniing of stzam fiaes during plamt shut downs and accidental steam ling

breaks,
Rewtsrch Meads

Tre noise levels produced by any type of geothermal development are largely
derermined by the actual equipment used and the operating procedures fn!tuw-ed,
¥hile the geothermal industry has conducted extensive research and Ej‘p““”"'ﬂ”'
ratian on noite centrol, moch of this rescarch has taken the form of . srouble-
shooting” aimed at conurotting individuat operations such as welt dnl!mg ata
specihic site. A need clearly exists for comprehensive resca;:h on ngise conursl
and tha covelopment of appropriate equipment and operating progedures.

Ambient noizse levels 3t new geathermal sites should be menitored 10 determing
noise intensity, frequency, and durstion before and during dE'-rclopment.‘ b ad-
ditign o sitesperific dats collectian, a more gencrd, comprehensive engineering
study should be undertaken 1o InaiyZe in detail each geathermal gperation t.ﬁnt
produces noise in the development of bowh vapor-daminated 2nd hat-water fizlds.
Existing equipment and procedures used 1o reduce noise levels during each op-
eration should be compared in terms of effectiveness, refisbility, cost, and cnviran.
mental impact, and specific procedures and eguipment recommended for use,

AIR QUALITY

Noncandersable gases and particelates accompany the geothermal steam rel:eased
10 the strnoishere during well drilling, praduction testing, and plantl operation,
A1 sufficiently high concentrations, several of these substances, particubzrly hy-
drogen sulfide, can have harmful effzcts on hurnan health. The odar of hydro-
gen sulficde can alsa be regarded 25 cesthetically objectionable.

To date, no significant health effects resulting fram Emisﬁﬂﬁ? of hydrogen sul-
fde or other air pollutants during gegthermal power productian haue been docu-
mented, either ar The Geysers or a1 geothermal power planis foreign countrigs,
Hawever, relatively high emission levels of various air pallutants have M.En. re-
corded at ceathermal power plants in other countries, and maderate emission
tevels of hydrogen sulfide have been documented a2 The Geysers.

Sinea dats on health elfects, air pollutant emission levels, and _ambier_;t akr quaI.-
ity at gestbermal develoamant areas aee still incomplete, the air quality i pacs
tat will resclt from (ull-scale geothermal development at sites cutrently in tha
early stages of exploration and develspment cannat be predicted accur:_a:el*.r,
Hovmver, becayse the concentration of air pollutants in gmthcrmallfluuds tlam:l,
thug, of e sisam reteased to the atmeiphece) varies widely frqrq site 1o site,
te develapment of bettar methods to evatuate and contrel emissions is gener-
#ly considesad 1o ke one of the most important envirgnmental issues associdted
with gecthermat development.

Typer of Pollutants

The types of polluzants likely to resalt fram geathermal development are pri-
rasily determined by the chernical compasitian of the gecthermal fluid at 2
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rite, Both ihe 1otal guantily of gases i the fuid and the relative cancentration
of their constituents cepend on the geochemistry of the underground reservair,
The chemical composition of the geathermal fluid can vary substantally in dif-
ferent reserwvoiry, at ditferent wells within the same reservoir, and even during
the lifetime of a single well. Thus, the levels of patlotants emitted during geo-
thermal operations can alto vary widely overall. Tabkle 1,15 compares the com-
position of geothermal steam a1 The Geysers and Viairakei.

TABLE 1.,15: COMPARISON OF RONCONDEMNSABLE GASES IN STEAM
FROM WELLS AT TW0 GEOTHERMAL POWER PLANTS

. Range of Concentrationt Medwred [ppmd . ..

. e e Gayiuis ... VYiairakei

Gan Low High Avirage Averaga
Hydrogen fulfide 5 1,600 23 40
Carban dipx ide et J0.600 3,7e0 G600
fethane 13 1447 164 5
Ethane 3 19 - 1
Ammoums g 1.0€0 104 B
Ritiogen B B33 52 3
Hydsogen " 213 56 0

Seurce: H_Ef&ren:es (5] and (10}

The gaseous emissions sssociated with the geothermal production of electricity
differ considerably from those sssociated with nuclear and fossil-fueled predas-
tion. Since qeothermal processes operate withost combustion, the resulting
gasecus emissipns are the reduced compounds Iprimarily hycrogen sulfide, am-
mcnia, and hydrocartons such g3 ethane and methznet of elements contained in
the geothermal Tluid. 1o the Buerning of fossil duels, these clerments are found in
oxidized farm as sulfur oxides, nitrogen oxides, and carhon dioxides.

In vapor-dominaied systerns and in the "ilash™ steam process used with hotwa-
ter systems, 1he geotnermal stezm contrins an assertment of noncondensable
gasas, Carbwon dioxide represents the main companent (75 to 95%); ammoniz,
methane, hydrogen sultide, and nitrogen typically @re present in smaller quan-
tities; and gases such as radon, mercury vapor, and argon are present in race
amaunty 0],

Small guantizies of minuie pzriculate matter {incloding rock dust, heavy mazals
such as lead and silver, and borond are alzo fikely to be in suspension in the
eteam,  Mezsurgisents at ites throwlhout the world indicate that because the
chemistry of geathermal fluids in both vaper-dominated and holwaler sysiems
can vary 1o widely, neither Iype of sysiem inherently resulis in more air pollu.
tion than the other. ’

Patential Health Hazards
Szveral of the noncondentable gases ermitted during geothermal power geteration

pose potential health barards, To date, the emission levels associated with exist- |
ing geathermal power plants have generaliy not been high enaugh 10 cause mait
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of the effects: however, berause the nature of the geoihermal fluid vuoes cone
siderably from site 1o size, secious effects cosld ogeur at new develapment sites.

Hydragen sulfide and ammonia present the greatest polential hazards: carbon di-
gxide, although usually present in higher concentrations, is sormewhat less signibi-
cant. Mercury and radon are of concern because they are 1oZic even at layy ©On-
centrations.

Hydrocan Suifide: Hydrogen sulfide is a highly toxic gas. Hs direct elfecis on
hemans range from a naxious, “rotten-egg” odar and eye irrilation 2t low con
centralions Lo respiratary damage and even dealh at hich concentrations {14].
Although atmaspheric dilution of geothermal steam generally prevents ambient
hydragen sulfide from reaching dangerousty high levels in the immediate vigininy
of s1eam releases, concemirations may be wwiiickent W0 create an occy patioaal
health hazard for workers. The potential hazard of this gas is increased by the
fuct chat it cannat Le detected by smell at Lthe hinh concentrations which arg
most dangerous,

Hydrogen sulfide is chemically reactive, and readily converts to other compounds
of sulfur, such as sulfur dipxide, sulfur trioxide, sulturie aend, and particalates
imeral sullides and suifatasy. Conversion is particularly likely 1o cocur in crban
2reas where ambient axidant [ese!s are high {13). Recent research shows that
this canversion frequently opours within hours or at maost several days following
intraduction of the gas to the atmesphere. The other sulfur compoundds into
which hydrogen sulfide 35 converied also have significant negative heatth eifects
en hurrang, including increases in irritation (3 the respiratory fystem.

Although the odar of thesa compounds does nol constitute 3 nuisance as does
hydrogen sulfide at simitar concentrations, ey are af greater national signili-
cance overall as air pallutznts because they are emitted in large quantities by
etationary sources” such as fossil-fuel-burning power plants, Thus, geothermal
emisHions of hydrogen sutfide contabute to raising ambient lewels of sulfer ax-
ides regionally. This is particularly important because sullur dioxide is one af
the “criteria pollutants” tor which EPA sets znd enforces naticnal ambient aif
quality slandards under the authority ¢! the Clean Alr Act and its 1970 amend-
ments. Grothermal emissions of hydrogen sulfide may also contriliute to re-
gional climatic problems, such as increasss @ the acicity of ranfall.

Ammonig: Most geothermal stedm £onidins ammenia at levels oo fow (0 pow
a direct kealth hazard. Moreover, 85 with hydrogen salfide, atmaspheric diffu-
sign rapidly lowers ammaonia levels to acceprafie values. Inhalatian ol high con-
centrztions {1,000 ppm) of ammonia, which can cause extensive Irritation of the
eyes and upper respiratery tract, coughing, 2nd vormiting, is thus a rare DCcur
rence. However, if ammania reacts with other chernicals ta form mare toxic
compounds (such as with hydrogen sullide to form ammonium sulfated, hazmiul
enviranmental impacis on husman health and certain plant and animal species
may reule (14,

Curbon Diowde: Carbon cioxkde is present in pgndilutad gecthermal steam in’
Guantitics more than twiee s toxfe level. Bacause it s a normal comporent of
thy atmasphere, it tends to diffuse rapidty and therefore dogs not usually pose
a major danger. However, the sccumulation of carbon dioxide in terrain deploes:
wani {ehich £2a cocur as a resolt of 115 greater density than Jick, may resultin
high concentraions in ghe ambignt ai.
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Aercury: Mercury, which can be toxic 12 living tistue, is 2 known constituent
of some geethermal thuids in trace amounts, Beceuse of its naturdl tendency 10
Vaparire, mofcury can he vimitted to the almasphere \hraugh natural releases of
steam as well as thote caused by geothermal development, and ean bé washed
fram the aimosphere by raindall. Mercuric compounds are spluble in water and
thus con be absorbed by liviag organisms dircctly from water or indirectly
through the lood chain.

Rafon: Radon 222, the only radigactive qas, it found in trace amaunts in the
non¢ondensabls gas particn of grathermal sweam. [t is produced by the degay

of uranium in the rocks of the geothermal reservair. Alithough anly a minutg
amount of rofea is piesent in geothermal eftluents, 11 very presence has caused
comsiderable concern, Onge introduced to the atmosphere, radon agts as a source
o highly toxic decay products. Yehile radon isself does not accumulate in hy-
man beings, it has a relatively short half-life of 3.82 Cays, and breaks dovwa into
"daughter praducts” that readily attach & other particles in the atmosphare.

Thess pacticles ean. in tarn, attach to human tissue. Increases in lung cancer
at imdustrial sites hawve been gesocialed with exposure to radon and ils doughiter
products. A concentration standard of threa picocuries per liter has been set
by the siate of Calitornia for the radon-222 concertratian in the air,

Sources of Air Pollutants

The major sources of air pallutants emitted during geothermal power production
are |1} direct releases of geathermal stedn duting all stages of development and
{2} releases of noncondensable gases during plant operation,

Viapor-Domirtated Spstems: I vapor dominated fields stach as The Geysers, dry
steam i1 released 1o the atmotphere when the steam-producing Zone is penstiated,
duning sebseguent woll ceanout, tnd agein during moduction testing, Rescits

af exlensive tosts at The Geysers indigate that the average initial steam flow of

2 well is 68,000 kg/hr {150,000 thihr), aithough initial sieam flow rates a5 high
as 172,000 kgfhr (378,000 Ibfhe) have Deen recorded.

An average well producing 68,000 kg/hr of steam w’th an average hydrogen sul-
fide content of 222 parts per million would result in the emission of 15 waftr

{33 le/krh of hydrogen sullide during well testing, A successivl exploratory well
at The Geysers will be cleaned and tested for approximately 20 days; during 1kis
tirne an average of 7,200 kg {15,800 1b) of hydrogena sulfide is emitied per well,

Fallowing preduction testing, the well is discharged continuously through a bleed
line until it is gonnegted to the power plasit. The average steam arad hydrogen
sulfide Mows through a blecd line are small, 450 kg/hr {950 1b/hr) and 0.1 kgfhr
t0.221 ikdhrl, respectively: however, the time period of discharge is varieb’e, and
can ba as long as several years. The total estimated guancities of alr pallutgats
released 1o the atmosphere prior to pavwer plant operation for 1,000 Mu'e of gene
eraling capacily locatcd ot The Geysers #7¢ shawn in Table 1,16, These quan-
tities riprescnt combined total emissions from well drilling, clean-out and produs:
tion tesling, and nat rates of emissions per unit of 1ime,

L
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TABLE 1.16: EXPECTED TOTAL AIR EAUSSIONS AT THE GEYSERS rrlOR
T0 OPERATION OF GEOTHERMAL WELLS FOR 1000 1% OF GENERATING

. CAPACITY
Tt
Caonstituent ' Matric Tam®

Siram 1209 i
Caibon dioxick 456 « 10" .
Ammecnia BAG « 10
lerhare o4« 10
Hydrogen sulfide 604 2 10
Nitrogen and argen 3.63 = 'ID:
Hydrogen 1.1 = 10

*Calodation Misnwes that well Hafing continuge

for approximately 2 manthg per well, )

Source: Relerence {11}

Dneantralled Blawauts, which hrwe gegurred infrequently during well drilling

and procuction testing, also represent a source of air pallution, Pover plant op-
eration represents the most significant scusce of air pollution atseciated with
geotherrmal power groduction. At The Geysers the selids and particulates arq
removed n g ":cnuiiug]l s,gparat.jr" built inte each s:eam fing, In existing

unils, the steam is cooled in direcs coniact with circulating cooling water. About
cne-third of the total hydrogen sulfide, ard most of the other nongonrdenszable
gzses in the steam, are continuously emitied 1o the atmosphere.

A parsion of the gas, including abaut twa-thirds of the watal hydrogen sulfice,
is distalved in the candensed geothermal fluid, circulated to the coaling tower,
and then released to the atmosphere, along with the sveparated water (10). A
sma'! amount of the hydroegen sulfide (less than 10% of the wotd) i3 naturdly
oxicized o elemental sulfur and sulfates in the cooling tower and is reinjecied
13 the subsurface reservoir along vith the excess condensed water {15,

Ceoncentrations of hydrogen sulfids as high as 0.87 ppm have been regorded in
the ambizag air a1 a sampling station loczizd elose 10 3 coaling Lower nezr The
Geyiess; tve average of 44 measurements taken was 0.126 ppm. OF 1.218 meas-
urements taken at 37 sampling statigns in the Jrez, B4% recorded hydrogzn sul-
fide fevels tower than the Catilornia standard of 0.03 ppra 16).

Takle 1.17 compares the total air pollution emissfans that would De penerated
by a 1 GO0 MWe geothermal plant located at The Geysers with aw pollution emis-

sions from fossil-fual and nuclear power plants. The relazive signilicance of each

of those sources can be assessed in terms of the total weight of pelluting sub-
Stances relpased. Caloulztions af this weight are based an the Jverage sieam flow
for each source, size of the powar plant, period of aperation, and concentration
uf nangondensable gases in the steam.

The compariscn shows that geothermal power plants are not necessarily = cleanes”
than fassil-fuel planis, Furthermare, the cdor of hydrogen sullide emitted by
fecthermal pawer plonts creates a nuisance that does notT occur with the sulfur
disxigdes and sulfates emitted by fosul fuel plants, Expericnce a1t The Geysers
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indicates that it is 1echnieally feasible to reduge hydrogen sulficde emissions dur-
ing power plant operation by as much as 5054

TABLE 1.17: AIR EMISSIONS OF ALTERMATIVE ELECTRICAL GEMERAT-
ING PROCESSES, 1,000 Mwe PLANT

Hydro- Parttig-
Proces 50 NOy o3 ) CO carbons WMy, H;S ulatan
e s ta e s aeaaaas At i 1ORI PEF YEI v v rbnn r b a s aa i aa
Huthear ight: 50 42 1] - - 3 - -
waler reariar]
Coal B OO0 38,000 " 2000 400 - - 73,000
Rrvidyal Tuel @il 37,000 25000 " 700 470 - - 150
o 20,000 18,000 T 423 0000 2000 - -
Matural gas X Xopod ' o 34 - - 5
gon 27 * 20 11 — - -
Low B synthmic 5600 13,000 - - - *
natyryl gat Urom 1,600 - * G590 5 - 12 E D00
coall
Geathermal {The v} 0 250 00 4 15000 15000 1,70 i
Cayaers]
T v] 1] - ] - - - 1]

Mare: The (3 row ol er edch procets delnes emigsons during power plant ooarancn; Hoend
rows dedine ermnsions during oiher seepy [Mining, Hransportasion, ete.h

*MNol availablr.
“*Emissions from 2 hypothetical S00,033 B Aday refinery which produces 34 000 bbliday '
residual Tuel oil 20 supply 3 1,000 MW poweer Plan
*F*Neghgitle.
t Agsuming D0% reduction of uacomendled by rogen sullide emistions due 19 wie af hydra-
gen subfuly abatement equipment luncantrolied emintions are 17060 metre tansfyrl.
T15ee Tasde 1,16 foo wotal pollutant emissipas from wells prior to power Glant Gperation.

Sourge: Aeference (111

Hol Wamr Systerns:  As previously noted, geothotmal steam derived from hot-
walgr systutns may contain eider mare of feaer air pollutants than does steam
from vanordominated systems, The likely emissions resulting from development
of a new hotwwater system can only be estimazed based on |1} detailed. site-

sprtilic anatyses oF the chemisiry of its geathermal fiuid, and (2} men:toring of
cirissians and ambient air quality.

During v.ell deilling and production iesting, sieam ltashed irom geothermal hot

wiers may repeesent 20 10 25% of 1he 10130 {fluid, depending on its tempedatire,

For comparable Yevels of electricity generuted, the total guantity of steam re-
lessed Lo the atmosghere during these phases is probably comparable e thar
emitted at The Geysers. The resubting air pollution is strictly a lunevion of the
amount of nancondensable gases in the sToam.  Sinte the hotwater wells tan in
same ficlds be Mcapped” or complately shut ol after production testing, well

"bleeding” priar 10 po-ver plany operalion may 0ot represent a source of air pal-

lulign,

Curing aperation of a flash-torbineg power plant, the system currenlly used ar
botn Cerro Priesg, Mexico, and Wairakel, New Zealand, noncondensable gases
are vented lo the almosphere; (nws, aic poltutien control techriques similar 1o

Geathormal Engrgy—The Flesource and Its Epviranmental EF* *« G3

thoswe at The Geysers should be #pplicable. In the binary-fluid type of generat-
ing wnit, the neotsermal kot waters would be reinjected directly 1o the produe-
toa reservair following vse and ne afr potlotion amissions would peour. Howe
ever, binary dod sysiems are still exgerimental.

At Warakes, New Zealand, geothermal stearn is relatively "glean:™ [t contains
only about ane-fifth a8 much hydrogen sy tice as steam at The Ceyiers. This
145 MW¥e plant discharges about 14 kgfhr 1308 Ibfir) of hydrogen sulfide g
the almosphere ar concentrations of ahout 5,000 pam in the stack gas. Ahout
live times this amount is transferred to the plant's cooling water and discharged
inte 4 mearby river (18], In contrast, geathermal steam at Cerro Prieto, Mexico
contans subgiantially more bydrogen sulfide; emissions of this gas from a

37.5 MWe unit have been measured at 355 kofhr (780 b/ {170

PH‘!II!TIlﬂﬂl".I' estimazes indicate thar steam from the geathermal fluids of the (m-
ferial Valley vwill also contain large amonnts of hydrogen sulfide (15}, At the
expenimental 10 MiVe generating unit at Nifand, flashed steam will be "terubbed”
to remoue the poiluting Gas. Mowever, available data are insuflicient to assess
accurdiely the 10130 quantities of hyd:ogen sulfide and ozher air poliutants that
would be emitted from a genthermal power plant in this ares.

Aesearch Needs -
(,

The air poitution problams currenthy reeeiving the greatest attention are those
felated to hydrogen sulfide emissions. Most of these approaches focus an treat-
1ng hydrogen sultide alier it reaches the turhine in the power plant and do not
frovice far pollution abatement during periods when the plant is thut down for
Malnidnance or repairs, Increased emphasis should be placed on contralling hy-
dzogen su'.f.'_da befare it reaches the turbine: rot enly would this control pally-
:inn a1 a!l+ times, but it could improve the operating etficiency of the plant as
tek, dust, and other Joreign particles are removed from the gerathermal $leam.

Vihile hydragen sulfide is known to be harmi! at high cancentrations, little is
kna_wn aboyt the pomible health effects o leng-teem expoturo 1o Inw'cuncen-
Lations. As these effocts could include irfitation of the respiratory system and
wterferemce with e transpart of axygen in the human body, Wey should be
tharoughly investigated, Research should alsa be conducted ints the time re-
Quired o1 fydrogen sulfide 10 exidize 10 sulfates and sulfuric acid under varying
Wapographic and climatic conditions,

'g:hﬂ d,,:.elﬂpment of control technologizs for other air pollutants, such 25 arsenic,
nmonia, mercury, and radon, will be important if the madeling and monitaring
E_rfo_”ls currently under wiy show that these compounds would be rofeased in
“9ubicant quantities at geathermal develapment sites. For examgple, researchers
1 New Zealand are currentty experimaening vath famoving silica and arsenic

:::':m geothermal wastewaters by adding slaked lime 1o precipizate calgium sili.
4,

"_"‘:!Eﬂilng_lv precise and Systematic technidues must be developed 10 monitor

ar poltution in gectherma! development arvas. Sophisticated chemical and radio-
chemical sampling mathods must be developed, for example, to determine tha
EGJncl:ntratsons of all harmiul subsiances at & site ang to distinguish between the
eilects of nawurally-ocgurring and developmenttelated patlurang Jischarges,
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Remaval of harmiul 2ir pollctants fram the gases discharged at 3 qestherma!
fazilily may create solid waste disposal problems. The icezl woluticn s the de-
welopment of an econamicatly feasible technology ta reécover wasie materials in
usalle form. To encourage this solution, high prigrity should be assigned 1o the
develgpment of hybrid geothermal facilities that combine chemica! produtiion
and power generalicn,

THERMAL POLLUTION AND CLIMATE

Gecthermal development can alsa have a variety of thermal and climatic effects.
The mast serigus are caused By the release to the armosphere ol waste heat, wa-
ter vapor, ind carbon dioxide from geothermal wells, giearn lines, and power
plams.

Grothtrmal power plants emit larger amounts of waste heat than do fossil fuel
o nutlear power plants because ol their fower **thermat efficisncy®: that is, less
of the ta:al heat energy contained in the geothermzl fluid s converted ta plec-
trical energy. For example, a typical generating unit a1 The Geysers utilizos
aboai 785 MAWa of input energy to produce 110 MWVa of electrical outpet, for

a “prirnary efticiency” of 14%. At the Wairakei plant in Mew Zea'and, the pri-
mary gtficiency it approximardy 8%, In comparison, fassit ‘uel and nuclear
power plants have primary efficiencies ranging from 32 1o 429, thereby produc-
ing rmarkedly less waste heat (see Table 1.18).

TAHELE 1.18: EXPECTED WASTE HEAT EMISSIONG DURING FOWER PLANT
QPERATION FOR ALTERMATIVE ELECTRICAL GENERATING PROCESSES,
1,000 MWe PLANT (kitowartt-hours/year}

Tatal Wasie Hrat

Procey ix 13'%)
Mudear [Tight-warer reacior 1.86
Coul 1.2
Aesidual fual qit 1.2
Matwral cas 1.2
Lew Btu synthetic raturyl fas

[lrom coall . 1.2
Grothermal: The Geysers 45"
Walrakei T Al -

"Ditchargad 1o air,
"'3.3 w 10" iy diseharged 18 air, and
5.4 « 10" i1 discharged 1o warer,

Source: References 111115

Wazte heat and water can be discharged either 1o the a'mpsphere O 0 waler,
In rerms of environmental impacis, an imgortant radea’l is invglyed: while the
discharge of waste heat and waler vapor to the atmesphiere czn hows negative
climatic eftects, discharge 10 bedics of water £an have harmiful hiplogical effects.
Since waler quatity elfecis are commonly consicered the mare harmtul, the
vend in power plant constructlisn has been toward aumotpheric dischiarge with
e cse of cosling 1owoers,

3eothermal Enargy—The Resource and Itz Envirenmental Efects A5

Cooling tower desiges for any type of power plant, inclucing a geotherma,, gre”
of tard basic types: the camvantional "wet" or gvaporative cooling ower, and
the dry coaling tower. In the former, the steam [rom the rkine eniers a can-
denser, where i1 1§ reconveried To water. The stearm heat it transferred to cirgu-
lasing water, and the warm water then transferred to the wet cooling tower,
where it it broughs into contact with a flow of air, which causes evaporation.
Since the ¢ooling water is lost through evaparation, the supply must be replen-
nhed continucushy. .

1n 2 éry cooling tawer, the water circulates in a closed system. It is cooled by
a flow of air created by gither mechanical ar natural draft, as in an automobile
radiaiar. Only the heat s transferred 10 the atmosphere, Since watcer 15 not lost
through gwaporation, a dry cooling towar dogs A0t réquire a continuaus source
of cooling water; consequently, i1 reay be more desirsb!e emvironmently than

a wet caoling tower in focalities Raving limited water supplies.

Dry coding towers are significantly more expensive than wet, and may reduce
tha cperating eflicienty of the power plant 2s well. This i$ why only wet cogling
towers navg Leen canstructed for lamge power plants 1o date, Their offects at
tossil-fueled pawcr plants have included a slight heating of the atmasphere in the
wiginity, increxsed humidity, and ocessional fogging. These impacis are generally
considered 0 be minar and local in scoge,

At The Geysers, about 80% of the geothermal steam is discharged fram wet cool-
ing towers 8t waler vapor containing waste heat; the remainder ix reinjecied to
the tteam regervolr. The resuclt is 2 slight hezting of the atmosphere in the v
cinity, increased humidity, and occasional fogging, A greater incidence of plant
disgase resulting from higher hymidity has been noted in some nearby areas,
Some vegetation has also been "scalded” by direct releases of szeam from wells
and steam lines.

Al Wairakei, 3 liquid-dominated field, the water of a nearby river is used far
eaoling tne gearhermal hot waters (2 once through cooling sysiem). The waste-
WATErs remainicng afier Steam $eparatian are also diicharged to the rver. About
hall of tme tgtal waste heat remains in the river: the other half enters the stmos-
prere along with the wate: vapor. This method has resuited in 3 heating of the
river znd extensive ground level fosging near the plant {19) bt is thus unlikely
that this syslem would be used at ne~ geathermal power plants.

In genersl, the climatic effects azsaciated with existing geathermal and canven.
tignal power planis using cooling towers are considerad o be relatively insignifi-
Cant in comparison with oiher enviranmental impacis. However, their significance
will increase as larger plants are bui't, Maoreqwer, il 3 geothermal resousce is bg-
cated in an area whose topagraphy and loea!l metaarological conditions limie
adequate a:maspheric dispersd af heat and moisture, the problen of local weather
mothfication cou'd be significant.

Praliminary anatyses of the patential for weather madification resulting fram geo-
thermal developrent in Lake County, Califarnia {adjacent to The Geysers) indi-
cate That ten 55-h\We generzting units utilizing wet cooling rowars could increase
the foisiure content in a small closed basin by almost S0%, probably leading to
sorme increase in fog and icing [19).
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Larger scate climalic effects are also thought 10 be possible from geathermal de-
velepmen:, The emission of large quantities of hydrogen sulfide might inerease
the acidity of raintall in 4 region whith would lead o cofrosion and harmiul gf-
fects an veqetation and wildlife; and the emission of carbon digxide could rap
keat in 1he fower stmosphere, therchy raising the earth’s temperature (1he so-
ealled "greenhouse eftect”). While the scale gf geothermal developrment world-
wide is unlikely to he large emough to eauge such significant ettects, the advan-
tages of menitoring the climatic eifects of gegthermmal development are clear,

Rescarch Needs

Research into the thermal and climatic effects af geothermal development has to
dale been assigned relatively fow pricrity becaute these offects appear to be less
significant than other environmental etfects, However, eectain potential impacts
are serious engugh 1o warrant fusther investigation. In particalar, chamger in the

acidity of rainfall should be carefully menizored throughout she regions surrgund-

ing geathermal developenent, and any resulting thamiage to aguatic species and
terresiiial vegotetion and wildlife assessed. The PH and sulfate tevels of rainfall
sheuld be analyzed, not anly near geothermal development areas but alsg jn the
surrsending region, bath priar 10 and during geathermal developrment.

Il extensive geothermal development is planneg in aress where topography and
lacal vreather conditions fimil atmaspheric ditfusion of the heat and moisture
refeated {rom cocoling 1owers, as 1 does in narrow, closed valleys. extlensive ocal
climatic data shouldd be collogied. A data base for Rredicting the likely oxrent
of weathar madiflication should include ambient wing speed and d‘ire{::jﬂn. rain-
fall frequency. humidity, andg lempiralure, Simitarly, it the develapment af a
particular gesthermal site invalves significant thermal discharges to lakes or
steodms . monitoring data on ambient water temperatares, How rate, snd currents
should be coblectod,

FiISH, VEGETATION AND WILDLIFE

The development of geathermat resources inevitably causes some disturbance ta
fawral Biclogizal systems in the vicinity of a development site; primarity, land
disruptions, air and water palluting emissions during well testing and powsee plant
operition, and increased levels af noise and homan activily, The entent, severity,
and leng-1erm consequences of the disturbance vary consicderably from gilc 1o
site, depending upon the geochemistry of Lthe gaothermal resource and the de-
valopment technclogy emptoyed,

Canscientious spplication of sound management 1echniques and pallution con-
trofs can redace, but nat eliminate, the disturbance. Monetheless, the disturk.
ances to biglogical syslens caused by geothermal development are less severs
than is the development of alternative {uels that require large land arcas for min-
ing, tranzporiation, and ProCessing. :

Types of Impact ¥

Grothermal dovelopment may affect natural bioloagicat systems by reducing the
diversity {the inds ol speciss in the ecosystem) o the total number ol plants
and arumals in an area. These impacts ray be of concern it the species eazen-

Geathermal Energy—The Resource and Its Environmental Effects &7

gared are rare or if the disturbed hebitat is ir_npor‘tant W@ Iarlge pop. o, Fl:;d
exampla, extinction af the Devil's Hole Puptish la species Lelicved Lo have “'.s,
i the weestern LS, for several milriun_wurs} would be regredtabie bcn:‘::me af 153
rarity, antiguity, and unigue ch.u.!.c:erlstici:' but the loss would nat a.lEL‘.T} any
other species. O the other hand, deﬁlru?:mn ol an etuary would have fac-
reaching consequences for numerous Specics,

In addition, careain species may be valued for their beauty, for the recreational
opporiunity they prownde, for their sconomic value, or fur‘ all Ih.lzte reasons,
Show goese, deer, and redwad 1rees are exarmples ot species which may ba
valued for any or all af the reqons cited,

An extepsive body of legislation protects certain cateqories of wu_!dhfe from d:;:-}
turbance. The mast far-reaching, the Rare and Endangered Spe?ms Act of 19 o
grants the Department of the Interior numon:y tp prevent dﬂ'-fE-O::me'nt in ?:_Ehi
where threalenes species of plants and immalsl v:wll be adversely affeciod. With-
oul adeguatg baseline information, maps of ICHIIEﬂl areas, and_ knn!.vledge of 1he
interrelatzignskips of the plants and anir_n.'l.[s in.the area, especially in a desert
ecorysiam, subsioatial harm can occur inadvertently,

Sources of Adverse Impacts

The causes of 2dverse biotogical impacts associated with gemhermai dmiu_pmem:
thar cou'd tead to a reduction in the diversity or population 1,“"":!5 ol specics ore:
land disruption, erosion and sedimentation, water elffuents, air pollulang emis-
sions, noisg, and haman activity,

Land Divruprion: The removal of earth and L’EﬁFTiTiG::I from an ared 10 acc_c:m
modate gecthermal development can réduce hab-.t:':r; kill small podents, r{zphiur:s.l:“3=
ar birds living an the lana surface; and ¢auss erosion.  An average nrlf Wholt
watal land for geothermal activities is cleared 13) _an::l is changgd sulficiently in
character o affect habitat, I this 20%, approximately hall is n&etliur.f for per-
mangnt buildings and tacilities, such as_ruads .?nd ponver plants, '.'eI:!:_h recl;m::
atiginal vegetation to be replaced with impervious surfaces. (n addition, brjr{d
zlong stezm lines and immedigtely surrpurding drilling p:]ds, permarent bui

ings, and facilities may be temporarily cleared of vogesation |31,

The clezcing of a site for geothermal development usually has the fulla.'_nl-.u.r:giad- .
vorge effacts on an area's naotural hiological systems (13 (11) .ThE nuln}uiuiia 77!
part fer ghe ared is altered as the thsicu‘li aspects ol 1the halitat are "IW:‘d'. or.
12} Specific 1ypes of habita: {such as an “ndge_:l, dependent uporn mr.np;za_tl I-Il'i
retatignehigs, are severely affecied. {An “edge” effect occours when trmje.is
of vegetation adjnin gna ancther, as when a shrub Iayqr ahbuts 2 grasslan: ,“ nnn
"edge" makes the enviranment doubly ua:uahr?_ I?or instange, many sr‘na‘. gal
species can browse en grasses and find pratection in the shrubs} {S}PILm.er .
ropulazion levels may result unzil the tite revegetates. {d) Surface soil temper
ture and maisture zre altered. [5) Ercsign may be accelerated,

The recoverability of vegatation varies by species, s{:ih_ dimqn: condtitions, _and
severity of disturbance (3], In egol, muifr, MOUNTAINGUS FeGIoNs, areas n-:ar:u
nated by grasses and shrubs recover relatively qu!r.l\.lv; forestod arpas, hl.‘]l.ﬂ.w'.n:—.‘r,Ia
reguirz o moch langer recovery time. In dry regions, where the Ecm[.r?mms ar
fragile, the amoung of nime necded 10 restore 2 site 15 far fonger. Churing the

A
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The outiogk for the Improved contrel of sultur emissions is promiging. The
recenlly developed "Streiford” process, which is to be instalied at new generat-
ing units al The Geyzers, it expecied to remare 8% 12 90% of the sultur prier 1o
release. This process is expocted 10 work on the "flashed sieam” hot-water sys-
term as well, The binary sysiem invodves no reflease of poltutants] Research
projects are ongeing to delermine the tnreshold fevels of varicus species of fith,
wildlile, and vegearion to toxic gases, acid rain, heavy metals, angd steam; and
to gauge e effects of long-lerm exposure at sublethal levels.

MNoite and Human Acrivity: The impacts of noise gn natural biological systems
fiee ol yet been researched extonsively, Some studies have uncovered no Bvi-
dence of ¢ffects on animals in their natural habitais at 2 reasonahly short &is
tance from the site (20). However, other sticies aré being conducted to measure
subitler charmpges inchuding those of behavior and physiology (211, Of particular
importance is the possibdity that poise in frequency ranges inaudible to the hu-
man €3r may aflect animals adversely. Loud, conbinuous noite may also alfect
animals who denead on agule hearing for protection, hanting, of mating,  Particu-
larly scnsitive specios need to be identified. U animals were 10 permanently
gbandon their habital as a resu)t of noie, the ecosysiem would probably be al-
fectid adversely as well,

The impzets of hyman activities on naturab biclogical systems are gven more dif-
fitult to measure. |ntrosion fay pose @ severe threat 1o SOME species, tot rela-
tivuly little 1o others, Associated dangers such gs firg, litter, and rarbage may
pose threats to foraging animals. Yet, at The Geyzers, deer and cther animals
have betn reporieg to graze near the drilling site and steam pipelines, where they
find warmih arrd forage in the winter, Desert ecosystems may be threatened
mare sevedely by human intrusion then epland forests and grassiands.

Fesearch MNeeds

To maintaip the diversity, produgiivity, and stehility of an ecosyslem sebhject to
intrusicn from gzothermal developmen:t, extensive, site-specitic exzminations of
gxisting ezogystens must be conducted in patential gecthermal zreas prior to de-
velopment, Such investigations are vital to the devalopment of management plang
fer those activities that can feguce harmful ellects 1o the biotz. Amaong the
haseling environmental indermation which must be collected are (1]:

{1} Idenufication of plant znd animazls speties present, their digtnibution,
and population sizes;

{20 Dettrminalion of oritical ecological charazteristics, that is, eharacter
islics of the environment tha: play @ urique or particularly impar-
1ant role 10 a specios ang thus are critical 10 their unvival;

{3} Idemeification af any species present classified 25 "endangered"” or
"“threazened;”

{4} Life gycle characteristics; )

{5} MNulritonal requiremuents and suseeplibility to disturbances af any
ceitical, threatened, or endangered specics present.

Examination of the envirgnment prier to development most be fallowes by
moniEaring to cetoel posiible changss during develgament and. subseguent ap-
erations. The eacly, identification of.impactt c2n prevent unnecsssary and ax-
weme harm, 2nd the information gathered can be ol potential use in alher re-
caareh nrnag.

Geathermz! Energy—The Resource and 1is Environmental Effects Fa

hlace widespread undersianding ot the imporiance of early siudy and ... ¢ cili.
gence in applying sound management prattices appear 1o be the greater needs
in pralecting naturdl biglogical systems.
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The matecial for this chapter has been basrd vpon Procesdingt of
the Second United Nations Symposivm on the Developmeni and
Lhe of Geothermal Pesources, May 1475 (PR 262 501, FR 252 502
and PO P62 503} preparcd by Lawrence Borheley Labarstory, Uni-
versily af California. The voluminous reference material included
in the Proceedings has been omitled in thew excarpis.

WORLD GECTHERMAL DEVELOPMENT

The material far the following sections has been based upon "Pres-
ent Statws of Warld Geothermal Development,” prepared by Ene
ergy Section, Centre for Matural Pesourees, Energy apd Transpart,
United Mations.

f Althouah the use of quothermal hot water lor Salecolagical purposes bhas been
known lor hundreds of years, the utilization of geotherma!l energy for the pro-

. . ducton ol elccurcity and the-supply of domestic and industrial heat Jaes only
lrom the early years of the teenligth cendury.  For B0 years the goeneration of
glectricity fram geotherinal energy was confined to ltaly and interest in this now
any specialized technology was slow to spread elsewehers. In 1943 the use of
geothermal hat water for space heating was pioneered in leeland although if was

. not until 1969 that elegiriciky was first praduced Dum geathenmal stgam in that
tountry.

During the decads following 1950, intensive exploralion work was undertaken
in Mew Zealand, Japan, and the United States, which led to the commigsioning
of geothermal pawer stations in 1958, 12907 and 1960, respectively. Thus, prios
ta 1950 therp way comparatively litzle global activily in geathermal energy 2nd
. despite the excellent prospecis existing in many develaping countries thay were
. for tha most part wnaware of their petential in this field.

-
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recovery period, however, the land is not totally starife; some animal species can
forage on germinatian scedliags. Caroful plant design and road placement can
auoid excessive disruption of the land surfice during geothermal development,
Avoidance of the "edge™ and criticaf areas such as breeding grounds, salt ficks,
wotlands, and surface water bodies ean help keep the immediate ¢nvironment
bialogically productive.

Erosion and Sodimentation: Disturbance of the surface soil of an area through
eration interferes with the fortiliey of the scil and i1s ability to retain maoisture,
Topsail, the mast fertile part of the sail structure, is often covered over or
cumped. Small rogt systems are turned over and sail steucture is aliered, caus-
ing additional crosion 3s the soil i logsenad. Erasicn lowers soil fertility and
thus red uces the food available to suppert the surrounding environment. Sail
grosion also increases sediment loads in furlace walers, which, in turn, reduces
the gualily ol streams and their capacily 10 SUpport squatic organisms, Nutrients
in the soil are leached away to the stream beds, accelerating stream eutrophica-
tion,

Scdimentation in ¢riticnl parts ol strearms, such as spawning &reas, can increass
turbidity, which reduces the penctration of light in the water. This makes it
citficule for fish to find food and for aquatic vegetation to grow, In addition,
congenirations of mercury and Gther 1race melals frequently found in sedi
ments have boen related 1o concentrations found in fish and agquatic vegetation
living nearby. :

The problems of erasion and the resulting sedimentation of waterwiys have
proven 1o be particularly trochlesome at The Geysers, begause the drilling <ites
re jocated on steeply sloping hillsides which receive high rainfall, But even
in this stiting, the adverse offcets can be greatly reduced through measures de
signed to contral erosian, preserve the topsoil, channel any runoff ima an ap-
prapridte treatment system, and guickly Fesiore the vegstation of emporarly

Cleared sites,

Warer Efffusmis: Water pollutants resulting from geathermal activity {driliing
ruds, geo:hermal tuids, and heat from condensed sieam| can have severe effects
on agquatic ammal file and vegetation if ranoff or discharges enter sireams. Nu-
margus elements and compounds, particulidly Rydeogen sulfide, chlerine, am-
raonia, baron, arsenic, mercury, and sugh heawy metals as tead and silver, are
toxic 10 aguatic vegoiation and Jith 2t varying concentrztions. Each of these
fmay be present in geothermal fluids or drlling muds.  Kost treshwater fish are
alco sensitive 10 rapid changes in pH or lemperature,

Giritting muds and cuttings normally are dispesed of in 2 dump during test drill-
ing and production.  Accidental discharges may, however, ooeur, and reach bodies
of water. The feverity of theic effects depends largely upon their chemical ¢on-
stitwency ond the duration of the discharge (31, .

Ceotherma! ftuids, particularly in hot-water fields, are ofien highly saline, con-
tain heavy metals, and bave wery high temperaiures. In Wairakei, iew Zealand,

a hotewater dicld where reinjeciion techaiques are not practited, the composition
af disposal in the nearby river and lake was analyaed (194 High levels of grenic,
mereury, sulfur dioxide and hydrogen sulfids were found in the water, the
suatic vegetation, and the fish {e.g., mercary compounds ot levels 1oxic @
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humans, 0.5 mgfkg cr 0.5 ppm, ware found in trout weighing more than 1.25
kilagramst. Two large fish kills have been notea in the nearby fake and the
number of tract in the immediate area of the plarg Bas been reduced, although
they hove become mare abundant just upsiream angd dewnstream.  Lake Arati-
atia, below the Watrakel plant, has fewer phytoplankton and zooplankion fpedies,
the first finks in the faod chain for figh in the lake,

The development of adegquale reiniection Iechnigques far hot-water systems will
help protect the enviranment from the adverse effects of geothermal fluids. The
development of an adequate reinjection technology will be particularly signifi-
cant in areas where economically valusble or sensitive fish, wildlife, or vegetation
exist, such as in the tidal basins along the coast of Teasas and areaz of the west-
ern LS, where fragle desert ecosysiems can be disrupted easily and restored
anly alter long periods of fime, i sver. -

Air Poltutant Emifesfans; Gasesus ermissions from dey-steam tields contain a
rurber of potentially dazngerous produets, ineluding hydrogen sulfice, carbon
dioxice, and trace amounts of radioactive cases. Studies to measure the buildup
of these emissions in vegetalicn, agualic organisms, and chRimals are just heing
initiated, Recent studies of the egg and fry of roinbow trout, fur example, indi-
cate that this species is vulnerable even 10 very low eoncemirations af hydrogen
sullicde [a%ove 0L.OCE ppmd 19).

lnestream concentrations of hydragen sulfide at Wairakei have probably exceeded
these Limits; batanists have reporied filzmenious sulfur boceria, which thrive
only in the presence of sulfide growing in mearby lakes, Rezently completed
studiss supperted by the National Sgiencs Foundztian and the Fish and Widlife
Service repert previously unsuspected damage by hydrogen sulfide o coniferous
trees and some 1ypes of shrubs and plants. They also report highly wariable sen.
sitivity in vogeration: the most sensitivk appear 16 be immature plants and plants
under steeas from aridity (200121},

Sulfur cioxide, in particular, could have especially adverse effects in humid 2reas,
whare it gxidizes ta sulfur trigsigde and sulfuric acid. Miflions of research dollars
have been tpent to determine th= detrimental effects of suliur compounds in the
aimosphere. Campaunds have been shown to “acid rain® or "acid snow™ {a re-
duetion in the pH of precipitation), which can husmn thy feaves of trees end shrubs,
as well as heighoen the acidification of water bodies, The acidilication of fakes
kas, in turn, been related to the widespregd destzuction of fish habizats (220,

%,
Anather possinle hazard results from trace amauaes af radioagtive elements pras-
ent in geathermal emissicns. While radon aod Gther radioactive elements have
been siudied 1o determine their effacts on humans and animals, the possibility
of radigarctive substances becarning concentrated in the fatty tissues of organismi
and Transmitted throush she food chalm a3 a result of gecthermal development
hat rct besn investigated. The crobatility of such an occurrence i3, however,
judges to be mocerate ar slight (229,

Sream emittions can %50 have more direct and immediate effects. Trees in The
Geysers area nave been scalded: birds and other wilclifg that come in contact
with the stgam are also in danger of Being burned,
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The decade to 15970 was marked by 2 greater realizatign of the benelils of geo-
thermal enerqy, particularly following the Lnited heto-s Conforence on Mew
Sources of Energy which was hedd in 1961, This rmesiing, attended by repre
sentatives of many developing countries helped 1o cohhicize the possibilities of
viilizing grathermal energy as an indigengus means of producing electricity.
From 1964, rising interest im geothermal development was characterized by the
starting of many preliminary investigalion prejects. particularly in developing
Countries,

A growing interest in the development of geothermal energy was the reselt of
itz demonstrated economic advantages over the utilizalion of {ossil fuel alterna-
tives. Geothermal power stations were seen 10 be more econgmical in small
sizes and less copitalantensive than eonventional plans and this was of particular
imterest to many developing countries having smafl electrigity systems and many
compelindg cemands for their limited capilal resources.

At the end of 18973 events took place which had & dramatic impagt on the global
energy scene. The restriction ol ail supplies and quintupling of world oif prices
gbruprly changed the economic base which had governed the international energy
ecaonomy, These conditions caused consequences ¢f such magnitude that energy
problems have since become a major concern both of governments and the inter-
national community. .

in the light af this situation, strenuous efforts are being made throughou! the
world to develop those indigenowut energy resources which will substitute for im.
paried oil sugnlies. Gegthermal energy 15 one such resource which in suitable
locations now offers even morg attractive econgmic possbilities for replacing oil
in the generation af electricity and the supply o} heat,

In many developing countries, clesiricily systems are sill too small 1o supgport
nuclear power stacions large encugh to be economical and this alternative cannot,
therefore, be purtued. However, the exploitation gl geothermal energy in jhose
sma'l developing countries sitvated in volganic regions may 2ssume greater refa-
tive impaoriance than in larger amil mare developed nations.  In addition, the
comparatively tmall size of geathermal power stalions is better suited to the pres-
ent scale of cleciricity supply systems in mast dereloping countries.

For the laregaing reasons, the exploitation of geathermal energy in suitable de-
veloping reqions of the world is likely to astume Inc/easing wnporiance. As will
be seen from tha following survey, the utilization of geothermal resources is tak-
ing plage mainly in developed countries, However, it can be anticipated that,
under the stimulus of current condilions in the international energy Tield, the
transter of appropriate technology and experience 10 developing cauntries will
procood onoan wrgent Basis and will result in rapid progress.

The euploization of geothermal energy can ke revimwved by subdividing it in ac-
cordance with the basic characiesistics of the heat source. Thus, the Tollowing
status review of geothermal energy resources can be conveniently cun:idergﬂ by
placing them into the categorics of

f1] dry steam fields;
12]  wet steam tields; wnd
(2} hot water fields,
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DRY STEAM FIELDS

Although dry steam fields appear to ba much less common than wet steam fields,
they account tor the greater part of the eleciricity now being produced geo-
thermally.

ltaly

The use of dry steam for elegtricisy production was pioncesed at the Lardarel o

geothermal lield and development in ltaly had resuited in an installed genecsting
capacity af 381 MW by 1970. The use of large quantities af geothernal steam

over 3 period of many years, particularly in the boraciferous feqion near Larders
ellg, has mecessitated a continuous well drilling program 1o maintain the output

from axisting power stations.’

In view ot the dilficuliies encountercd in increasing stearm supply from the Lar.
derello and Monte Amiata arcas, considerable atrention is being given o enhanc-
ing electricity produclion by replacing atmospheric turbines with condenting
units. These will have lower specific steam consumptions and allow mose elec-
tricity 19 be generated from the available stcam, As part af this program, a new
15 MW condensing turbogenerator wis added 10 the Serrazzano power tlation
at Larderello during March 1975, Any substantial rise in the use of geothermal
energy in | taly must depend upon the discovery of now Tields and, to this end,
the State Electrical Power Board and Matianal Research Council are participating
in joint etforts to explore promising areas.

During the course af such an esploratory program a1 Travale, 20 km sautheast
of Lorderelln, 2 well was drilled in 1972 having a production capaciiy of 15 MW,
in 1B months this wall was coupled 10 a 15 MW atmospheric terbine and has
operated continuausly as 3 remotegontrolied base foad power station.

In 1973 a new discovery of steam was made near ML Volsini, 50 km southeast
of Monie Amiata, and deep drilling is proceeding with & view 1o tho installation
of a 18 MW twrbogenerator similar to that installed at Travale.

The drilling of five wells at Alfina, 710 km narth of Home, has established the
presonce of a water dominated field, and @ water-steam Separation plant is under
Construction, '

Further exploration will begin shortly in the pre-Appenine bglt lying batween
Larderetla and Maples and it is expected that at least 19 wells will be drilled an-
nually for the next five years. The total installed capacity of geothermal gerr
graiing plants w ltaly stands at 4206 MW,

Japan

Japan hag considerable geothermal resources which, while cansisting mainly of
wel sigam, include an inportant dry steam field at Marsukawas. Japan's fiest
geqlhermal power station was commissioned a1 this location in 1966 with a ca
pacity of 22 MW, After overcoming varicus problems it is now operating sug-
cessfully a5 is evidenced by itt 1973 generation load factor of 94%. Plans have
been made to extend the capscity of Matsukawa to 90 MW,
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During the course of a survey, the Electric Power Development Company of
Tohoku located a ory steam lield at Omikobe on the island of Honthu, Produe-
tion at 1his field it being obtained from 10 welly at a depth of only 38 m and
work is under way on 8 power slatien installation of 25 MW capacity which
wias 1o be i service during 1975,

United States

The only dry steam development in the United States at present is The Geysars
field in Caltifornia and his i5s being rapidly exploited. The speed of development
can be gawgad frevn the installed genersting capacity which was reported to the
Pisa Symposivem in 1970 as 78 MW and stands ot 500 kW, making it the largest
geothermal power plant in the world. Tha sapidity with which plant capacity has
been increased 15 due to a considerable extent to the use of the largest sizes of
geothermal turbagenerators 1o be found anywhere, Six have been instlalled with
capacities of 52 MW while the unilt commissiored in January 1975 has a capa
city of 103 MW, '

Rapid progress has also been assisied by gearing develapment 10 the reservoir
study results which have heen accepted, thereby avoiding the empirical well test-
ing previously carried out over long perigds.

Since The Geysers plant is linked 1o a large interconnected electricity network,
there will be no difficulty in operating it at a high load 1actar. This will result
in the maximum savings [rom displacing the output of power slatians burning
expensive Tuel oil.

WET STEAM FIELDS

Vet steamn fields occur more frequently than dry steam Nields and although they
hawe been less importamt lor the production of eleciricicy, it is anticipated that
the current wpsurge in geothermal Jovelopment on a globul scale will discover
rany such 1ielos and thereby ingrease their relative importiance.

Japan ' -

Jepaneze pxperience with the production of etectricity from wet geothermal
stoam dates [rom 1967 wilh the cammissioning o the Qtake power Slation in
Kyushu, Goedugical conditins throughout the country are particulady favorable
far the eccyrrence of geothermal energy retources, and the impact of the present
world energy situation bas provided 2 streng developmental stimylus to further
exploratian, '

The 17 MY Otake power station was (Gllowed by a 10 MW installation in 31973
at Onuma which supplics olegtricity Tor the use ol the Akita factories of tha
Mitsubishi Company, .

Kyushu Electric Power Company has begun an exploration project at Hatchobary

noar the existing Otoke power station. Wot steam has been found at & depth
al 1,00 m g seven wells are in produclign, A geathermal power ttation of
€0 MY capacity was oxpeciod Te bo in torvice duning 1976, Present indicalions
arg that this fietd will be able 1o support @ gonerating plant totaling 200 MW,
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Further development has been jndicated 21 Kattukonda which i sitcated berween
Matsukawa and Onikobe, Exploration has been successhul and a 50 MW power
glation has been planned. It is expected that this field will eventually ba cap-
able of supporting a 200 MW installation.

r

It must be added that considerable ationtion Is being focused at present in Japan
on environmental guality and the development of geolhermal pnergy is consa-
quently taking place against a background of environmental conttrainis,

Meys Zealand

Following the tuccessful development of the geothermal resources at Wairakei
and Kawerau, exploration was exfended to other areas of New Zealand, Of
these, the most promising was lound to be sitvated at Broadtands where maxi-
mum temperatures of up to 295°C were found together with high well yiolds.
The development of this genthermal fight for clectricity production was delayed
by the discovery of a large natural gas field which was utilized in preference 1o
geothermal steam. Under the changed conditions which have pravailed in the
overall energy field during the recent past, priosity has boen given to the develop-
ment of Broadlands up to a capacity of 120 MW,

Mexico

Geothermal exploration commenced during 1968 in the Cerro Prieta region of

_ northern Mexico, Production wells were subsequently drilled to an average

depth of 1,300 m and each produces the equivalent of 5 MW ol power, Follow-
ing the successful testing of the field, two 37.5 MW steam turbagenerators were
instalted in March 1973, Althgugh some degree ol calcification has been ex-
perienced with the production wells, this has not been cxeessive and operating
experience wilh Whis installation has been good.

Drilling of further welis would double tha size of the power station. During
the caurse of the drilling program $team was located at 2 depth of 2,000 m at
a ternperature of 344°C. It has been estimated that the a7ea exploited by pro-
ducing wells is capatile o1 supplying up te an ultimate capacity of 40D MY,

leeband

Prescrt condilions in the international engrgy field have focused renewed auen-
tion an geathermal exploration and a new steam field was lacated at Svartsent
in southwestern lceland as a result of an exploration project which started in
1972, '

In the northeastarn part of Icetand at Kralla, a steam Tield has been evaluated
fram 1he resulis obrained by drilling exploration wells. As a result of Lhese pre-
liminary tests it wat decided to commenca drilling production wells during tha -
summer gf 1975 with 3 view to the conttruction of a power stalion consisting

*of two 30 MW generalors.

Chils

Geotharmal exploration in Chile began in 1667 under the aegis af a United Na-
tiony technical assistance project #nd FECONNAISIARGE SUTYVEYL wars carmied out in



the thres aope I Tatio, Puchuldiza and Polloguere. As a result of this e
CONRALLINCE, « A geolopics!, geochemical and gecyihysical exploration sur-
vey s wore Untertaken in Puchuldiza and E| Tatio. Following this work Lthe Ei
Tution area was selected for exploralion drilling, and {rom 1970 to 1972 cia 4
dismeter vells were completed to 600 m, Yhe highest lemperature encountered
was 240°C and the maximurm steam production was equivalent 10 appraximately
1 MW per well,

This slim hole exploration program was followed in 1973 by the drilling of
seven B production wells to a maximum depth of 1,800 m. These wells en
countéred permeability problems and although two produced steam eruivalent
ta 7 AW each, the perfoimance of the others was disappaointing.

At the end of 1974 exploration was resumed at Puchuldiza. Draring 1974 &

Tezsibility study was commissioned, direcied 1oward the construction of a 15 MW

POWET Station to utitize the stearn availablg, M s hoped that Turther drilling will
enable the plant capacity 10 be increased t 20 MW, In view ol the neeqd for
rotable waier in Chile, arrangements were made with the government of the
United Kingdom 1o finance a pilat desalination plant which was connecled tg one
ot the small explaration drill hales. This plant is being used b evaluate the
possibility of corresion and staling problems arising in {arge-scale desalination
plants besed on geothermal hat water. '

The government of Chile has se1 up a Nagionsl Geathermal Enterprise to be re-
searnble for cantrolling the production and eommercial aspacts of geathermal
encigy development,

El Salvader

A geathermal survey was started in El Satvadar in 1965 under a United Nations

techn.cal assistance project, In 1969, work was concentrated an the Ahuachapan
gesthermal lield where the highest temperawre located was Z37°C. In this phase

of the project five wells were drilled which proved to have wificient steam for
a 30 MW pawer station,

Water disposal posed a problem at this site since uic could net be made of the
Pz River because of the quantity of effluen envisaged lor 3 torge-scale develop-
ment of the lield and the downstream use of the river for crop irrigalion, Cone

sicderable-atiention was therefore given 19 the question of reinjecting well affluent

inte the resenvoir and 2 suitable reinjection syslem was construcied and tuccess:”

tully tested in December 1970 1o take the full output of ohe of the praduclion

welis, Centinuaus reinjection at 2 raie of 91 Ifsec wat carried out for almost

six months during 1971 wizhout natizechis iliea deposition intide the well or

interference with the temperature of producing wells located anly 400 m Wiy,
h :

A reservolr chuely carried out in 1971 estimated the Ahuachapan reservoir al

40 kra? with a minimuem eaergy reserve of 5000 MW years based on singhe stage
ftzshing. As & result of this evaluation it was recommended that the field be .
initially developed in Uiree stages of 30 MW mach. |t was also considered feas
ikle, on the basis of the ficld resis, 1o reinject into the ncal reservoir a1 1600 C,

In 1971 a powner station frasibility study was prepared and recaemmended the
initial insiailation (19750 of 2 20 MW geothermal power plant

"
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The quvernment of Bl Salvader planrad to install & second 30 AW unit during
1976, followed by a third in 1979,

Turhkmy

In 1967 a geathermal exploralion project was commenced in Turkey under the
Uniled WNations Technical Assistance program, Initial scientitic surveys carried
put under this project identified nine geothermal prospects in Western Anatolia.
During the course of more detailed investigations a deep borehale drilled in
1968 revealed the oxistence of a wet steam field at Kizildere. Twelep Qther
wells were subsequently drilled in this area between 1963 and 1571, directed
teward the evzluation and development of the tield. Of these wells, cight vorra
sublable for production and the highest temperature encountered was 206°C.

Unloriunately, the Hashing of the hat water durinyg i1s passage up tha well bare
released cartron dipxide causing calgium carbonate to deposit as scale in the well
angd in the surlice equipment, The rate af scaling wis so rapid 35 to restrict
steam FHow over a short period of Lime and prevent economical operation af the
wellt for power production. ,

in view af the impartance of this problem, special tests were carried out with a
wiew [0 the eitablishment ol some practical operating regime which would allow
the lield o be wsed for power production, The best suggestion was directed
toward keeping the geothermal fluid in a liquid phase by purnping it out of the
well it a pressure high enough Lo avoid flashing. However, this solution would
have required 1he use of deep-well pumps operating at a depth of 400 m. Sinca
this was beyond the scope of current experience, the dea has been abandaned
until such time as [uture progress in this Beld improves i feasibility,

Although it has nat been possible ta procesd with the developiment of the
Kizildere field tor the large scale production of electricity, a pilor greenhause
scheme was $iarted in October 1972, Under 1his project a 1,000 m® plactic
greenhouse was erecied close 10 one of the production wells and heated by air
blown through a radiator through which horehole water was eirculated under
pressure o prevent s¢aling,

More recenlly, geothermal exploration work has been carried out in Turkey close
to the city of Afyon, A short distance from the city, weils drilled into the
Omerli hat springs have located water at 100°C, 1n view of the possibilities of
using this hat water o supply heat to the city of Alyon, a deep drilling pragram
was commenced during 1974, Tha lirst weli drilled under this program resulied
in the production al 20 Ifsec of water at 100°C.

HOT WATER FIELDS

it has been established that some parts of the warld cantain cansiderablo de-
posits af hot water which form large réservoins of low-grace heat. Althoush in
many cases this heal cannot be used economically for the direct production of
glectricity, it can be a cheap source of space heating whore climatic conditions
enable it 1o be used at sufficiently high load tactars. [t is becoming increasingly
recognited that the uta of gealhermal water for space heating is 10 be preferred
to the burning of a highly refined petraleum product at TCOUC in a powar sta-
tion boiler if the end product is ta be air at 21°C.



In winwe n! thr. climatic conditions needed far the development of tpace heating,
the exploit %[ geathermal hot waters has so far been concentrated in Ice-
lend, Jagaan, S5.R., Eurape and the L.5.4,

1

Iceland has a lang history of ulilizing geathermal hot warer for space heating
and this interest has been maintained guring the course of the last Five Years,
Snace heating for the city of Reykjavik is now supplied completaly from goo-
theemazl sources, in addition, the hot water supply system is being extended to
ihree commuaites totaling 75,000 pegple in the vicinily at Reykjavik,

In addition to a histery of the balnealogical use of geothermal hot water extend-

ing over bundreds at years, Japan has used this heat source widely for hothauses,
fish farming and animal raising.

ft has been vstimated that hot water may be found in over 20% of the arca af
U.S.5.R. territary. Considerable development ol this resource has already taken
Rlace and geothermal hot water is being used to supply district heating, domestic
hot water, greenhouses, and animal hushandry installations. In addition, the use of
the binary cyele for the production of electricity from hor water was pioneered
by the LLS.5.R with the commisiioning of the Pauzhetka power station in 1967,

The cur!stiderable deposits of hot water in the mdirﬁentaw Hurgarian basin have
been ulitired for many years for districr and industrial heating schemes as well
a3 hothouses and animal rearing.

I:_1 same itstances het geothermal water has been located as a result of drithing .
il exploration wells; examples are Romania, Crechoslovakia, and the Paris basin,
In Romania, genthermal hot water is being used on a pilot basis for gresnhoutes
and the methane chizined from the water is being utilized 10 supply peak heat-
ing temands.  In Czechoslovakia, geothermal hot water (8 supplying a pilot green-
kguse installation and the United Natioas has given advice on proposals Tor using
n_;e:?thermaT heat in district heating, This proposal is of particular interest in that
it involves an examination of the feasibility of feeding geothermal hot water into
the existing district healing scheme of Bratislava, -

tn the United Stares a small geothermal district heating schemn has been in opera
tion for many years at Klamath Falis, Qregan.

OTHEA EXPLORATION PRODJECTS
Ethigpia

During 1970 2 geothermal ¢xploration prgfect commenced in Ethiopia wnder the
United Mations Technical Assistance program. The first phase ol this project was
direcied towird identifying hydrothermal areas in the Ethiopian Ail{ yystem and
amessing their relative wechnical prospects dor delailed exploration ang subsequent
development, Quring tho course of the sufvey many gas and water samples ywere
collected ang snalyied and the results were presented in the Foem of @ technical
ol

A a result of this survey, areas of special geothermal pramise wers identified in
the Lakes District, the Awash Valley and ihe Northern Danakil Depression. The

-
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second phase of this project initiated [n October 1974 has been formulated to
conlain proposals Tar geotechnical siudies in the Lakes CHstrict leading to the
selection of drilling sites and the drilling of production wells sufficiont to supply

a pilet power station with a capacity of up 1o 10 MW, Since the Lakes District

s comparatively closa 10 Addis Ababa there will be no difficuley in aksorbing

the output from such a geothermal powser station in the Addis electricity network,

Concurrently, with the carrying out of detailed geophysical and geochemical in-
vestigations in the Lakes District, an ecanpmic feasibility study will be under-
taken to assess the possible economic impact of developing geotharmal energy

in the aother fwo regions. The cost benefit analysis obtained from this study will
bo of considerable assistance @ the governmaent in deciding on the priorities for
subtequent gecthermal development work.

India

Since 1973, goothermal investigations have been carried ocut in Endia at Puga
Valley. Ladakh. As a reswit of this work steam and hot water at temperatures
wp 1o 1357C were found in some shallow wells from 30 to 90 m deep. To utilize
1his gecthermal fluid and also chtain valuable eperating experinnce, the govern-
ment plant to install a 1 MW pilot geothermal power plant. .

The United Mations will carry out 3 1echnical assitange praject in geatharmal
resource exploration far the government of lndia. In this project, further investi-
gative work will be undertaken in the wans-Himalayvan region as well as the area
ol West India 1o the south of Bombay,

v

indanesia

Since the Pisa Symposium, the compilation of an inventary of geothermal areas
has been continued by the Geological Survey af Indanesia with technical assist-
ance from Mew Zealand. Az part of this program, sik exploralory holes waere
drilled during 1977 at Dieng in central Java., {0 March 1874 the Indonesian State
il Company (Pertaminal acceleraled surveys in Java and Bali and these have
now been completed in West Java av Banten, Kamojang and Derajar,

At the end of 1974, deep drilling was commenced al Kamojang and two wells
were suecesslully complated. On the basis of the results achieved at Kamojeng
plans were made for the construction of a power station having a capacity af at
least 30 KTV, The deep drilling program is being extended to cover a more detailed
investigation af tha Derajat amd Dieng areas.

Kenya

A program of geothermal exploratipn was commenced in Kenya during 1970 as
3 United Matioms technical assistance project. Alter preliminary exploration
18515, a production drilling proqram started at the end 6f 1873 and continued
for over 2 year. QF the four wells deillad in this phate, the first did not produce
but the tecond had an initial tow eqguivalent to approximately 6 MW, The out
put from the remaining two walls was low, in the range of 1 10 2 MW, and tha
genaral indicaticns are that permoability may present a problem ac this location.



[ ]
Testiog + g garcied pul on wells 2, 3 and 4 with a view 1o ehblaining detailed
informa f teserveir behavior. The government of Kenya has bought a drilk
ing rig an-. wiienes 1o cONLinLe 3 reservoir asscssment program.

The hish cost of generating electricity From oil-fired power slations in Kenya
has improved the competitive position of geothermal energy and it is antigipated
that a geothermal power stavion would be econamical even with comparatively
modest well sutputs.

Philippines

Explgration projects have been carried out by the Union Oil Company of Amer-
ic3 in the Tiwi and Los Banos aress of Luzon, Both projects have been success.
ful in logating sieam, and production wells are being drifled. Un the basis of
results achieved the government has placed firm order tar the supply of four

50 MW turbogenerators for two separate power $laiions.

Concurrently with developments in Luzon the government of New Zealand is
praviding assistance with geothermal exploration at Layte, indications are that
it may ke possible to gensrate up to 100 MW irom this geothermal area.

IRDUSTRIAL USE OF GEDTHERMAL STEAM

Geotheemal sivarn is being wsed for indusirial processes in two countries. leeland
which posses 2 diztomite drying plant, and New Zealand, where geathermal
steam (s used for 2 wood pulping mill, several small industries and 8 hotel air
conditioning systerm, Despite the present conditions in the energy field occa-
sioned by fuel @il price rises, there doet not seem to be any pronounced upsurge
w interest for the industrial use of geothermal steam.

Althaugh geothermal steam and hot water ara ohtainable in abundant quaniities,
they cannal be transmitied over long distances and must therefore be used rela:
Uvely clase to the well head. Since industrial processes also need raw materiafs,
their development in geolthermal zreat must depend upon the gecgraphical coin-
s cidence of raw material and heal sources,

In additian, the proximitly of a market 1or the finat product is also of consider-
gble importance.  These locational restrictions explain why geathermal steam
has not been more wigely used for industrial processes. .

It is ciear from the 1aregoing that the industrial use of gecthermal steam is de-
pendent upon an intearated appreach covering all the various aspects invotved,
In some inflanccs, particularly in developing countries, it is possible to envis-
age ruch an approach.

For example, ihe development of a geothermal fietd could result in the pro-
‘duction of cheap power, which in turn would allow the use of pumped irriga-
*tion 1o suppert agricultural and animal raising industries  Such industries
could then greate a demand for industrial stoam lTor crop drying and food
Processing. -,
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GEQUHEMICAL TECHNIOUES IN EXPLORATION
The material for this section has been based upon "Summary of
Section T{l—Geochemical Techniques in Exploration,” by AH.
Trugsdell of U.S. Geolagical Supvey.

Geothermal fluid ehemistry finds its wirdest application in cxploration. Explora-

* tion agtivities have resulted in chemical data on thermal fluids from iprings and

wellt throughout the world, Methods for estimating subsurface temparatures
have been proposed based on chemical and isalopic analyses of surface and well
discharges. Chemical indices based on trace constitvents af spring fluids and de
Posits, altered rocks, soils, and soil gases have been proposed as aids to geather
mal exploration, Chernical moduly of interaction af geothermal fluids with res-
ervoir rocks have been constrected. Studies of slteration in geotharmal SYLLEms
have sided gaploration and exploitation. Finally, studies of geothermal raro
gases suggest that although most are atmospharic in oriqin, excess 'He in some
systemit may come from the earth’s mantle. - -

Chiemical studies also assist in the exploitation of geothermal resources. Analyses
of produced fluids indicate subsurface temperatures and produciion zones, Prob-
lerns ¢f scale depasilion, corrasion of piping, snd dispesition of environmentally
harmiul chamical substances in geathermal fluids have been studied and solved in
same applications. Plans cantinue for the recovery of valuable chemicals from o
thermal tluids.

Mahon‘s Classification -
L

Mahon characterizes geathermal fluids as ariginating from volcanic and tubvelcanic
geothermal tystems, which may be either water or $team systems, and from non-
voleanic geothermal systems. Valcanic water systorns arn usually characterizog at
depth by waters of the neutral sodium chlotide type which may be altered dunng
passage 1o tha surface by additien of acid sifate, calcium or bicarbonale compa-
nents,

The cancentration of chioride may range from tens to tens of thousznds of ppm.
The arigin of the water itse!f is daminantly metearic, and the concentrations of
readily soluble components such at Cl, B, Br, Li, Cs, and As as related 1o their
cancentrations in the rock, to the subsurface termperature, and possibly to cantri-
butions from deep fluids related 1o the voleanic heat source, Other less solrble
constituents such as 5iCh, Ca, Mg, Bb, K, Na, 50,, HCO, and CQ, are controlled
by sulisurface temperature, mineral solubility, mineral equilibria, and pH, Gases
in these systems normally include €O, H,S, H,, CH,, N, snd inert gases, with o,
predaminant, and constitute 0 (0 5% by weight of the decp (luid.

The near-surtace fluids of valcanic steam {vapor-dominated) systems are low in
chloride {except for fundamentally unrelated high-ternperature volcanic lumarales
with HC1). They contain only elemonts saluble in some form in low pressure
steam {H,5, CO,, HBO;, Ha, NH3h The gases sre similar to those in valcanic water
FPysiems. Becauss of their relative rarity and becausa vapor rather than liguid is
produced {although |iquid may predominate at depth], the geochamistry of thess
fyitems |5 nat well understood.



Nonviteanic qeothermal systems have a wide range of water compgtitions and
concen ns, lrom dilute meteone waters 10 connate walers, metamorphic
VWaters, ol field Lrines, The conliols an their compositions are less well
kngwn thian hose of volcanic waters.

Armdrizon’s Classifjcation

Arndrgson classilies leelandic thermal Tlyids as related 10 (1] temperature, {21 rock
type, and 13) influx of seawater. Low lomperature waters [<S150°CH are the re-
sult of deep circulation in regions dominated by conductive heat flow lup to

4 to 5 hiu, which is above average for most ol the world) and are characterized
by low dissalved solids conmlents (200 1o 400 ppm) gnd gases dominated by
nitrogen,  Higher ternperature waters 2> 200°C) result from intrusions of igneous
rogks ang are characterized by higher dissolved solids contents {700 to 1,400
parts por million) and by gases with large amounts of CO;, H5 and M. Fluids
in silicie rocks tend 1q be higher in Cl and other dissolved solids than fluids of
the warme 1emperature ' basyl fic rocks IF seawater s not involved.

Classifications of Ivanov and Kononov and Polak

lvinov proposed a classification of thermal fluids based on gas contents, which
has heen prpanded by Kononov and Polak, Fluids directly refated 10 volcanic
processes are characterized either by H,;5-CO, gases and acid sulfate or acid sul-
fate-chloride walers in the oxidizing zone ar by N,-00; gases and alkaline so-
dium chloride waters in the reducing zona.  Fluids related 1o thermometamorphic
processes have high CO, gases and carbonated waters, which may in part be con-
nate. Fluids of deep circulation but outside of voleanic and thermometamarphic
zones have M, gases and dilute sodium chlaride sulfate waters.

Kongnoy ond Polak further divide valeanic fluids inte “geyseric” with H,-C0O;
gases and “riftogenic” with H, gases, which oegur in spreading centers and
characterire the highest temperature (3= 300°C) geothermal systems. 1t is only
in "riftagenic” fuids that anomalous contents of *He and H;S with £5 near
zore are expected. Parts of this classification are apptied in detail 10 Icelandic
thermal flyids by Arnorsson, Kononov and Polak.

Although this classitication may need modification based on the chemistry of
fluids in drifled systems, it has the advantage o1 fogusing allenlicn on geoiher:
rmal gases, which deserve maore study. The oceurrence of excess *He in the
hydrothermal fluids of Kamchatka, Lassen, and Hawsii and of Yellowsione
EMS values noar rero suggests these Tluids are "riftogenic” when, in fact, they
arg far from present spreading centers,

Classtfications of White

Feviews by D.E. VWhite of mineral and thermal water chemistry have greaify ine
luenced most workers in this field, Space does nat allow adeguate description
of his watcr dlassilication schemes, which have evolved as more chemical and
isot{opic data bocame available, In brief, meteoric waters daminate shallow ¢rys
tal circulation and mix with more saline doep waters of all rypes,. Meoteoric
walors may 4o circulate deeply wnder the influonce of magmatic heat and -
ceive additions of NaCl, CO;, H,5, and other substances Trom rock lesching,
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thermal metamarphism, and possibly magmatic Huids, Thes mogerately s3line
sadium ehloride deep waters uf volcanic association undergo near-wurfsce rock
reactions arid atmospheric oxldation to form the range of gbserved sirlace vol-
canic waters. Oceanic water is incorparated in maring sediments and, by ex-
tended |ow-tempreratyre reactions, becomes evolved cannate watar.

Decp burial and higher temperature reactions cause expulsion of highly altered
metamorphic waters from rocks undergaing regiona metamorphism, Magmatic
witer hax been dissolved in magma but may have various uitimate origing, The
existence of juvenile water new to tha hydrologic eycle is certain, but its recogni-
tion is doubtful. Recent work by White and his cowarkers has elaborated the
chemical distingtions between hot water and vapor dominated systers and de
moanstrated the existence of thermal water of nonmetgoric origin in the California
Coast Ranges.

Geathermametan

Where {luids from geothermal convection systems reach the surface in springs
ar wells, the chemical and isolopic compositiens ol these fluids may indicate
the subsurface temperature and low patierns, as well 35 the rechaige source,
type of reservoir rock, and ather impartant parameters of the system. Compo-
nent concentralions of fatios that can be related to subsurface remperatures are
cafled geathermomaters. Chemical geothermometars may ba quanlitative, sa
that specific subsiurface temperatures may be calculated, or qualitative, so that
only relative temperatures may be inferred.

Quantitarive Chermical Goathermorreters: The theory of quantitative chemical
gecthermameiers has been discussed by Fourmier, White, and Triesdell. These
thermomaters depend on the existence ab temperature-dependent cquilibria at
depth which are ruenched or frgzen during passage to the surlace.

Because the widely-used Ma:K geothermometer fails at temparaturcs befow 1007
to 120°C and yiclds improbabiy high temperateres for solutions with high cal-
Eiurm conlents, gn empirical NakCa geothermometer was proposed by Fournier
and Truesdell. HaKCa temperaiures have been found ta be close 10 quariz-
saluralion lemperatures {or thernal springs of Nevada by Hebert and Rowman,
bui Ma K 2mperatures appear 1o be equally accurate (or 2000 1o 300°C lowr-cal-
cium wetl Jischarges, and may correstty indicate fluid temperatures and moyd
ment ih drilled systems

The cation [Na:K and MaKCa) grothermameters are useful inoinitial ovaluations
of the gegthermal potential of large regions bocause they aie less allected by re-
equilibratian and near-surface dilution than are the silica geothermometors,

Cation qecthermometers, although empirical, apparently depend an equilibria be-
tween thermal weaters and aluminosilicate mineralt origmal to the hosl rock or
produced by alveration. [f equilibrium iy not achicved, Or if the mineral suild is
unuiaal, misirading temperatures may ba indicated. Thus, cation ceotherma-
meters muyt be used with caution in gegshermal systems involving scawater, bae-
Causg in many of these, equilibirum with rocks probably is not reached becawse
of resistance to chamical change of the concentrated sglution and apparent Lem-



pUralure “lose 10 those indicated by cold seawater. However, in some high
e a :atlicrmal systeins, spawater cloes ;ppear 1o have pearly equilibrated
wath rack undd indicated Tempesatures are clase to those obsorved in drill holes.
Agid sulfate sarings in which sifica and cations are leached from turface rocks

are not suilahle for chiomical geothermometry, hough acid sulfate chloride
waters of duep origin give reasonable indicated temperatures. Cation {and silica)
geaithermemeters may also give misleading results when applied 1o waters in
highty reaglive volganic racks, especially those rocks with high contents of por
Lassium or Lo warm walers that emerge in peat containirg 5oils.

Although many sther high temperature chemical equilibria exist, most of these
cquilbria are affecied by subsuriace conditions other than temperature, reequili-
brate rapidly, or are affecied by other reactions daring ascent to the suriace.
These equilthria ean, however, be Used as qualitative geothermometers and, in
specialized circumsiances, a5 quantitative geolhermometers,

Mixing Models: Althaugh mixing of thermat walers with cold near-surface walery
limils the diret application ol chemical geothermometers, the gilution ang cogl-
ing resulting lrom mixing may prevent recquilibration or loss of sleam and aflow
the calcuiation of deep temperalures and chemical conditions.

The warm spring mixing model depends on the assumption of conservation of
enthalpy and silica and on the nontinear temperature dependence of quartz soly-
bility, The Leiling spring mixing madel depends on assurmed conservation of
chloride and enthalpy and reequilibration with quartz alter mising. Proper ap-
phication af these mixing models depends therefare on the fulfillment of & rumber
of assumptions, the validity of whick should be considered in each case, The ae-
curacy of mixing model calculations depends ta a great degree on measurement
or accurate estimation of the chemistry and temperature of local cold subsurface
water. For these calculations, a5 weil as for isotope hydrology, collection ang
analysis al cald waters should be an imporiant pan of a geochemical exploration
frogs am.

Companents other than silica and chigride may be used in mixing models. Tha
temperature and salinity of @ hypothetical concentrated high temperature com:

ponent have been calcutaled by Mazor, Kauiman, and Carmi from ™ contents
and by Mizutani and Hamasuna frem sulfate and water isctopes.

Oushiaiive Georthermomerers: Quatitalive geathermometers may be applied 1o
spring waters and gases, fumarole gases, altered rock, soils and soil gases. Ratios
and contents of dissolved hot-spring constiluents and gases resulting from high
temperature reactipns, hut not susceptible to quantitative temperature calcula-
ticn, are usetul for indicating subtudace flow paths when siting wells.

The most important apphr.atmn of gqualitative geothermaomcters is in preliminary
exploration gver large areas. "Blind" ¢convection systems may exist or surfaca
fluid flovss may be incanspicuous or difficult to distinguish from nonthermal
saurces. In these cases, it may be possible to analyze surface fluids for disting-
tive "geathermal® components. .

Izotope Hydrology and Thermomatey

1s0t0pe compositions and rare gas contents of geothermal Tluids have been used
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to indicate sources of recharge, time of circulation, fluid mixing, and subsurface
temueralures,

Hydrofegy: A majar discovery resulting from early measurements of the oxy-
gen-18, deuterium, and Lritium contents of thermal fluids was that gral meteoric
water overwhelmingly dominates recharge of most geathermal systems.

In general, radinactive isotopes bave not been successiul in indicating 1he circula-
tion times ol geothermal systems, This resulls from the generally long circula.
tion times involved [except for some Larderello steaml, which are usually be-
yond 1he range of tritium dating: fram the large quantilies af meiamorphically
produced old CQ;, which prevent use of "C measurements: and from the coem-
mon admin wre of young near-sur face waters with old deep waters in surface
thermal discharges. Recent improvements in Jow-level 1titium analysis may im-
prove the sitvation, The radioactive Ar isotope has a halflife of 269 years,
which allows a dating range of 53 10 1,000 vears, 2nd has been wsed success-
[Wlly o estimate a < 70-year age for water in a Swiss thermal spring. This anal-
y&is, although difficult, should alsa be possible for drilled high-temperature geo-
thermal systems

Geathermameiry: Certain isotope geothermometers equilibrate more gdowly
than chemical gesihermomerers and are capable of indicating temperatuzss in
lhe deeper parts of geothermal systems. By considering a number of chemical
and isotopic geothermameters with various rates of equilibration, it may be pos-
sible 1o caleulate the temperature history of z thermal water.

Although gas isotope geothermometers are the only ones available for vapor.
dominated systemns, they feave much to be desired s practical explaration tools
for hot-water systemns. Equilibrium may be achicved only below drillabla depths
{CO;-CH,) or continue up t& the sampling point [Hy-CH,, H.-H, D, and mist
geothermal gases [(especially from hot springsh are o low 'n methane that col-
lection and separation are difficulr,

For hot-water systems the most usefu! proven isctope geothermometer may be
the iractionation af oxygen isoigpes between water and its dissalved suliate,
which appears 1o equilibrate in geoihermal reservoirs at 1emperalurcs as low a5
05°C, and to recquitibrate so slowly during fluid ascent to the surface that awj.
dence al temperatures abave 3O0C is preserved in some hot-spring waters.

In the rather special circumstances where water and steam phases may be sep-
arately analyzed, or steam analyred and water isotopes estimated from oiher
samples, the liquid-vapor fractionation of deuterium o '"C may be used to rst-
fmate temperatures of phase separation. This has been done ar Viairakei, Campi
Flegrei, Italy; Kawah Kampjang, Indonesia; and YWhite Istand, New Zealand.

Hare Gar Studies: Rare gases {He, Ne, Ar, Kr, and Xe} have been analyzred in
grathermal Huids and shown 1o indicate the source of waler recharge and, less
tertainky, the mechanism of steam less. Ne, *ar, Kr, and Xe are not produced
M racks and do not undergo chemical reactions. However, they are alfected by
Phase changes and their distribution hetwecn linuid snd vapor is tereperatuly
dependuar. For this reasan, their contents in geothermal watars that have not
boiled indicate that recharge walers are meteoric and allgw calculation ot tem-
#eratures of last equilibration with the atrmospheara.



(LR TEHE
their ¢ar,

W suhizurfage boiling, the water phase is depleted in ﬁases ang
.Alion paiterns may indicate dilution and boiling mechanisms.

An CTxample of Exploration Geochemistry

The role of chemistry in geothermal exploration is well illustrated by investiga-
tiuns at Ef Tatie, Chile 1hat were madde in gonjungtion with geological and geg-
physical studies by lew Zealand and Chilean tcicntists with United Mations
support. EI Tatio lies at an altilude of 4,250 m in the high Andes. There are
ower 200 hot speings, most of which bail {at BS.5'C at this altiwwdel and deposit
sinter and halite. Many of these springs were analyzed for major and minor
components and some, alang with cold springs and snow samples, were analyzed
for "0 and deuterium. Fumaroles were analyzed lor gases.

The analyzed spring waters showed narrow ranges of CI:B and Na;Li ratios, in-
tligatirg homoageneoans thermal wager a0 depth. Waters of the northernmost
saring group weee rather ynilorm in compasition, with 8.000: 200 ppm chioride,
5i0; contenis of =260 ppm, and NatK weight ratios near 82, Ta the south and
wESt, spring waters have lower Si0. contents, high Ma:K ratios, and C contents
af about 4,000 1o 6,003 ppm, indicating mixing wilth near surface walers,

Direct application of chemical geathermometers to high-chloride spring waters
intticated minimum subsuriace lemperatures averaging 160°C from quartz sawra:
tion, 167'C from MNa'k ratios, and 205°C from MaKCa relations. Maximum in-
dicated temperaturcs were 188°C {quartr saturation), 210°C (Na:K}, and 231°C
IMaKCal. The boiling spring mixing model of Truesdell and Fournier, not yet
developed at the time of the original investiquticns, can be applied to these
spring watess assurning that thote 1o the north were nat diluted and that those
10 the 5o and veest were rmixtures wilh cold dilute water [t = 4°C, C! = 2 ppm}.

Average calculated subsurface temperatures are 208'C, but the maximum indi-
cated temperature of 274°C is considered to be 3 befter indication of the maxi-
mum aguifer emperature. Some of the high-chloride EI Tatio sorings issue at
temperatures balgw boiling, and warm.spring mixing calculations, assuming cold
waters ol 475 and 25 ppm 5i0,, indicate an averane subsurface emperature of
265°C {standard deviatian 13°C),

The patterns of Cl contents, 50, conlents, Ha:¥ ratios, and Na:Ca ratios were
interpreted 19 indicate that ¢old near-suriace drainzge from the east was enter
ing a shatlow aquiter in the western and southern areas, and dilvting high-chloride
waler rising lrom gigaler depths,

Deuteniem anatyses ol e thermal waters agrecd! with the general pigiure of
nzarsarface mixing, bot supgosted thal 1the deep recharge was lrom higher eleva
N precipilation with lower degterium vatues, Cold water samples brom the
higher mountains 1o the east also tended 10 have lower deuterium values than
lacal precipitation and were considered possible recharge waters,

Fumarcle gas znalyses alio tugqested movement from £asi 10 wes?, but at shal-
leser depths. Eatiorm fumaroles had moch higher cantents of CO, and H,;5 than
Grhor gases, and higher ravios of Hy5.C0;. Coantitative intorgretation of gas
congenirations is difflicult becauso ot the effects of roek reaclion and fractional
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separation inio stearn. Fn gencral, gases tend to decsease in COy and H,S con-
tent and in H;5:C0; ratio with lateeal flaw. |n retrospect, more weight shoubd
have been given to the fumarale chemistry in siting exploratony wells,

On the basis af resistivity surveys and spring cheamistry, six slim holes were
drilled 1o about 600 m depth. In the west and morthwest, holes 1,2 and 4 en-
eountored maximum lempergtures of 212° to 230°C with tomperatore inversiohns
toward the bottoms of the wells. In wells 3 and 6, in the southwes:, temperas
tre inversions were not found and 25470 was measured in well 3. Seven pro-
dustion wells were located near well 3, and the bost of thesa [welt ) tapped
fluids of 263°C.

A shallow fabout 170 m) aguifer at 160°C was encountered in the Trucls dacitae,
which is probahly where mixing with nearsurface water occurs 10 produce the
lower chiosride waters of the western and southern sprnings. Deeper aguilers in
the Puripicar iqgnimbrite (500 to 800 m} and the Penalirt (Salado) waffs and Gree-
cias {700 to 900 mi were at about 2307 and 200 to 260°C, respectively,

Comparison ol drill hole and spring analyses indicates thal the mast concentrated
wring waters are undiluted samples of the deep thermal fluids. The guartz
taturation, Na:K and MakKCa genthermomeier temperatures are {ow, indicating
considerable subsurface reequilibration. The mixing calculation temperatures
are, however, furprisingly aceurate.

Lateral subsurface flow from east b west, indicated by water isolopes, and
lumarole gases, was confirmed by drill hele measurements. Tritium contents of
drill hola fluids suggested that the Subsurface transit time was 15 yoars funusu-
ally short for gqeothermal waters), but small additions of young near-surface water
would alto explain the results. The early msSistivity survey did net indicate lat-
eral flow, and a resurvey was made after the exploralory holes were drilled, Thit
showed a much larger anomaly that could Le interpreted as dug 1o deep laterd
1. -

Two chloride inventories were made to estimare the total heat flaw from the
heat:chlaride ratia of the thermal waters, which wat established Irom drill hole
lluid temperatures and chloride contents. These were not very accurate bacause
ol salt accurmulation at the surface, but indicated a heat Now of 30 to 50 x 0%
calories per second. .

El Tatio 15 very favorable for the application ¢of geochemical methods becguse
there arg 3 targe number of springs with capid tlow from the thermai sguifer,
and the surlace chemistry indicated subsurfage conditfons with reasonzhla ac-
curgcy. Gas and isotope analyses correctly sugsested subsurtace flow patterns,
and chemical geathermameters and mixing madels predicted temperatures af
increasing depths in the systam.

GEOPHYSICAL METHODS [N EXFLORATION
The material for this seetion has been based upan “Geophysical

Maethods in Geathermal Explorgtion,” by G. Pdlmason of Nakicnal
Energy Authority, [celand. .
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A tew ysical methods may be said W be well established in geathermal
work, t, 5 praved their uselolness in numerous geathermal exploration pro-
jects. Bul improvements afe needed, and in recent years there has been a
marked glfort to test new melhods or new variants of older methods,

The strateqy of geothermal exploration is olien somewhat hampered by a lxk
of understanding of the pepthermal systems, and by the variability ol the geo-
logical environment, The hol zones beneath surface therma fields constitute
the outlels of Maore axtensive systems, about which very little is known as
reqarcds vertical and hosizontal extent,

205t exploration work in kaown geothermal fields is concerned with mapping
the qeometry ©f the relatively shallow vpllow zone, but it is also possible
that the deeper parts may be guite as attractive from an exploitation point
ol view a5 the shallower parts. 1o fact some of the deeper syslems may be
entirely without an upliow zone; they may be hidden. The most suitable
methods of invesligating such systems would in part dilfer from those mast
suitahie for the shallow.er zones,

A lurther complication is the thermal state ¢! tha 1lbid, whether one is deal-
ing wvalh awvapor-dominated syslem or a hotwater system, Some physical bulk
properties of a porous rock, for exarmple, resistivity and density, would be
quite dillerent i steam reglaced the hot water in the pores. Such ambiguities,
like many athers in tha jnterpretation of geophysical data, have 10 be resolved
iy driliing,

Heat Flow {Theremal Gradient)

Anomaloys curface heatr flow by conduction may e used as ant indicalor of
waler canvection at depth. The heat flow can be found by drilting shatlow
holes and maosuring the emperature profile and the thermal ‘conguctivity of
the core rock. tn crder to interpret the heat-low valuer in terms of water
colvection, it is necessary 1o know the nonmad regional heat fiow pattern as
undisturbed by hydeathermal activity., The average heat Mow of the earth
i 1.5 Ly (B2.7 mi¥/m7), but relatively large systematic varialions occur be-
tween different goologicyl provinces. The highest values oecur near diverging
plate boundaries 35, for example, in lceland on the Rlid-Atlantc Ridge, whera
"normzl™ valugs & considered 13 be in the range 1.7 to 7.0 hiu deponding
ch distance from the axial zone,

In Mew Zealand and in Japan a different pattern 35 found with high values
of one side of the volcanic zone and low values on the other side. Such a
pattern appears ia be charscteristic of the sorcalled subduetion zones.

Heat-flow surveys may be suitable for exploring the boundaries of a hydro-
therms? field. In a unitorm geological envirpnmeni only gradient measure-
mentt ore necded, but when the thermal condugtivity varies Iram onc hele to
znother, it may be pecessary to take this inta account. |a some cazes, wariations
in thermal conducTivity may be estimated fram the borehele geological Ings

\“hen goochemical indicators of reservois temperature are available, the gradient
meawrements may ailow an estimate 10 be made of the minimum hele depth
niecied to reach tha roservoir, .
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Geothermal gradient or heat-flow sunveys are useful for detecting weak beat flow
anamalies, some 5 to 10 times the normal heat flow values, which may be a3
socialed with convecting water al relatively great depth. When the heat loss
through the surface is greater than about 100 1imes the normal heat flow, as
accurs within hydrothermal areas simpler and less expansive methods may be
used 1o map the shallpw temperature tield.

Mapping of the lemperature at a denth of, say, one meter iz useful for the pur-
pose of extimating the natural heat flux from a hydrothermal area, 25 has been
done in great detail in. New Zealand, As an explocation tool for guiding sita
selection for deep drifling. 1he shallow temperature surveys are ©f limied value
because of the low elfectiva depth penatration. They are also rather time con-
S ming,

Thermal gradient surveys have been used in seweral countries. [n ltaly a hole
depth of about 35 m has been used, but in lceland a depth of abour 100 m it
considered necessary, The depth nesded wili depend on the geological condi-
tions in each area. YWhen the surface rocks ara very permeakle in a considerable
depth as in many areas af active volcanism, gradient surveys may nac be practic
able at zl,

Thera are spveral examples dermonstrating the usefulness of gragient veys in
geothermal exploration, §n fceland in the low-lemperature area within the capi-
tal, Reykjavik, qradient surveys have markedly quided the salection of iles for
deep production drilling. The grodient surveys have autlined four areas of anom-
alously high surface gradient up to 5007C/km. Production drilling in three of
these arpag has been succestiul, yielding water at-temperdtures of 80" 1o 140°C,

A mare recent example is from Marysville, Montanz, wiere a heat llow anomaly
was discovered in an area with np known hot-spring activiey. A favored interpre-
tation of the anomaly was that it was due to 2 cooling intrusion at deph, Sub-
saquent drillings encountered water at @5'C showing that the anomaly is dus to
convecting hot water ag depth,

Aeriil Infrared Surveys

Infrared azrial surveys of thermal areas in several countries indicated Lhat the
threshold sensitivity of the method for detecting abnormal heat flows was in the
range 150 1o 700 hfy, that is, roughly 100 fimes the parmal heat flgw, The
main reasnn for this celatively low sensitivity is the high noise level caused by
variaticns in the tharmal properties of surface maraals, whicls affegt the ther-
mal radiation tent out. The radigtion comes fram a very thin surface layer and
the method has therefore practically no depth peneteation,

It is possible that a more refined processing of the infrared data can lgwer some-
what the treshad i for detection of geothermal anemalies. The infrared
method hag an important application in mapping the surface distribotion of hydra-
thermal activity. The imagery may be of help in relating the conliguration ol
the hot areas to ‘arge-scale structural [eatures, For example, faults or caldaras,
which may conteol the discharge of hot fluids ta the surface. Furthermare it
provides 3 record of surface activity which may be tomgarzd with simiar re
£ords at & later dale to study the sifect of exploitation on the surfaca thermal
manifestatians



Electrical F-="«livity Surveys

Elecirical . Lvity surveys have been wsed in geathermal explovation tor over
25 years Initially they were made with the classical Wenner or Schlumberger
electrode conliquratien using Je current. The depth of penetration was small,

In recent years thore has been 2 marked effort to 123t various other methods,
both de and electromagnesic, partly in an atlemnt to increase the depth penetra.
lion under the conditions of low rear.surface resistivites which usually ocour in
hydratheemal areas, and partly in an atternpt to find faster and cheaper methods
tor reconnissance surveys of relatively large areas.

There s 3 areat variety of methods thay can theoretically be used to map the
subsurface resistivity distribution and the problem is 1o select the most suitable
me:hod from 1he point of view of fizld operations, processing ot the field data,
and inte:preting the resiits.

Geathermal reservoirs are offen, but nat always, characierized by low resisiivities,
The resistivity depends on a number of parameters, the most important ot which
are porosity, salinity of the interstitial fluid, and temperature. The effect of a
temperature change is greatest at low temperatures, less than 100°C and becomes
small above 200°C. {n the deeper parts of a hydrothermal system the resistivity
is therefore mare affected by porasity and salinity variations than by tempera-
ture,

An increasiog resistivity with depth i a grothermal system may mean that the
norosity changes fram, far example, intergranular or vesicular parosity to frae-
ture porasity, which is not necessarily adversa from the point of view of fluid
Braductian. The effect of temperature is probably grestest in horizontal profil-
ing where lateral variations in resistivity are mapped.

Comirolled-Source DC Methods: Thesa methods are the most common ones in
geothermal exploration, Electrie current is sent into the ground through a pair
of elegtrodes, and the resulting powential ditference neross another pair or pairs
of eloectrodes s messured. Apparent resistivities are calculated derectly from re-
lztively sirple formulas. Deplh soundings are carried ool by varying the elec-
wode distances, ard interpretation in torms af a vertical resistivity swructure is
usually made by means of a set of thegretical curres.

For thallow resistivity turveyst any one of the electrode arrays can be used, The
Schlumbergar array is the rmost convenient ane for tlepth soundings, It has cer-
tain operational advantanes aver the Wenner array in that fower mavernents of
the clecirodes are required. Furthermgre it 2llows the offect ol irregular lateral
resistivity variations 10 be deleclud and correctnd 10 a certain extent. This may
be impartant in qeothermal wark,  For harfzantal prefiling, the YWenner array

is more canvenicnt because of the regular glecirode separations.

The practical limitatian sn the depth penetration ol the Schlumbrorger array s
the lung wite needed (o the current glectrodes. 1! the resistivity is low, a very
high current is neeced 10 obtain a measurable voltage briveen the rolerntial
clectrotdus. Furthermore, in hydrothermal areas, a very lgng elesirode array
Lsualty means that heral resistivity virigtioos am affegting the measuraments,
thus making interpretation difficult. Often the masimuam cufrent arm of the
Schlumberger array is limited 1o 1 10 2 km in geathermal work,
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Bipole arrays aveid some of the difficulties associated with decp Schlumberger
soundings in geothermal areas. Very high currents are needed, several tens aof
amperes, but these are more s2faly used with short currentelectrode stparadians
than wilth lbrg ones.  Under favorable conditions a depth pengtration of sevaral
kilgmeters is easily achieved,

Controfled - Source Lleclromagresic Mathods: |n recent years a condiderable of-
fart has been made 10 test the syitabilicy of various electromagnetic methads i
the exploration for geothermal resources. These methods have been ysed in
minesal exploration far a long time, 1n geothermal work the requiremant of
depth penetration is usually qreater than in mineral exploration. This means thar
lower freguencies have to be used and consequently the eguipment becomes
semewhat bulkier,

Primary external electromagnetic fields induce eddy currents and secondary felds
in a conducting earth. The seeondary fields can be detected by a variety of
BurCe-receiver arrangements. Cepth soundings are made by varying either tha
source-receiver distance ar the frequency. Interpretation fs wsaally carried oyt
by a comparison with calgulated maodels, often consisting of horizantal layers.

Naturat Field Alethods: Nataral electromagnetic figlds caused by thunderstorm
activity {frequency > 1°Hz} and micropulsations in tho earth's magnetic field
{frequency <1 Hz) are alfected near the surface by the resistivity distribution
in the underlying rocks, The depth effect depends on the frequency. YWherg
and when these tivlds are suliicienyly strong in the frequency range of interest,
they can ba used 1o explore the resistivity distributian in the depth range of
importance in gecthermal exgloraiion,

There are essentially throe variants of the natural field methods which have Been
used and appear to be promising in gecthermal exploration. They are (1) the
erdinary fow frequency magnetotefluric methad, utitizing frequrncies beloyy
about 1 Hr; (2} the audio-frequency magnetotelluric (AMT) methed, which ugil.
izes frequencies above 1 Hz, mainly in the range 8 Hz to 20 kH2, and {(3) the
te!luric methed, The first two are depth-sounding methods. They might per-
haps be classitied together, but because of the different frequency ranges the
nieasuring technigques are different, The third method is a horizontal profiling
method pomarily.

In the magnetatetluric methods gne measires 1he tyo pergendicular horizontal
companents of the electric and magnesic fields in the incoming radiation, Afger
saeciral analysis or narrow-band filtering an apparent resistivity is calculated.

The ordinary or law frequency magnetotellusic method is useful tor prabing 1o
very qreal depths, from a few 16 ane hunidrad km or more. 1 place is thevelora,
mainky in regianal work where infarmation is sought on deep Lrustal resistiviey
which may be related 16 temperarure and passible heat sources. The maethod
has been wsed for this purpase, for oxample, in loeland, and gives results in good
sgreement with those predictad from regional heat flow siudies and model cal-
culations,

In geothermal exploration the direct usafulness of the low-frequency magnatctel
turic method is limited becausa of tha large probing depth and a consequent in-



SEM5, w o shalluwer resistivity variations. - & much more promising method
appears o be the avdio reguency magnewsteliueie [AMT] methed which em.
ntoys frequencies mainly in the range 8 Hz 10 20 kHz. The lower part of this
range aprears 1o b especially suitabile ynder the conditions commaenly found in -
geathermal areas. Surveys with this method have been reported irom geathermal
areas in Hew Zealand, Hawail and Nicaragua.

The insinimentation for an AMT survey is relatively simple, consisting ol two
narrav-band tuned voltmeters of high sensitivity, measuring the output from a
pair of clectrodes and from an induction coil. By varying the tuning frequency,
a sct of 2pparent resistivity vahues is obiained, which can be interpreted by a
tomparizan with theoretical curves, or, approximately, using the skin depth a5 3
depth indicator, Where the electmmagncnc noise in the audio-tfrequenty rangs
is wliciently strong and contiruout, the AMNT method anpears 10 be a rapid
and /nexpensive wal Tar reeonnaissance surveys of geathermal areas.

The third natural field methad, the welfuric method, is mainly suilable for re-
connaissance of harizantal rosistivity variations_ 11 is based on 1he assumption
that telluric currents tiowing in exiensive sheets are affecred by lateral variations
in the resistivity structure, which can be caused, for example, by variations in
gealegical structera or by hydrothermal systems. The methed requires the g
multanecus measurement of the telluric electric field 2t two statiens. From the
ratio of the amplitudes of the eleciric Tield at the two stations, inferentes may
be drawn about varfatiens in the underlying resistivity structure. By keeping
the base s:ation fixed and moving a lield station about, one can thus mMap re-
sistivity variations in a qualilative way.

The method appears 10 be a convenient one far regional surveys in order 1o de-
tect areas worthy of more detailed exploration by dipole methods.

Self-Poteatiaf Surveys: A natural field method which may be usetul in the siudy
of hydrothermal areas is the solf-patential method, Recent surveys in several
hiydiothermal areas have established that electrical de field anomalies are come-
monly Tound associated with hydrothermat activity. One explanation of such
electric fields 15 that they are associated with the moverment of condusling geg-
thermal fluids {streaming potentials], when cation encichment o the waler takes
place by preferential adsorplion of the anions by the rock, leading 1o & positive
self-potential anomaly over a zone of upward moving water,

Structural Lietheds {Gravity, Seismic, and Mognetic Survey Methods)

Grawity Surveys: These are relztively eaty 10 make in the field, but they are
dependent an good clevation control, and this may be the main cost item in the
collectian of the dala, o areas of rugged topography the terrain corrections
may be large and ttme-consuming to make, Therefore, the gravity survey me
thod s most suliable in areas of ymaothly varying reliel, One of the more use-
Tul propertics of grovity anomalies iy thal they allow an estimate 10 be made of
the 1eral anomalous mass cavting the anomaly, even though absolure density
CONTrasis Zre NGt known.

Geavity surseys in geothermal areas in different geclogical environments zppear
1o incticate that the sources of gravity snomalies may be |1} hydrothermal altera

-’
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uon of reservoir racks: {2} a high p:opartion of intrusives; and {3} structura)
faatures, for example, faults, calderas, batemnent structure.

In the New Zealand geathermal areas, positive gravity anomalies are cansidered
16 be due to rhyolitic domes and 10 hydrothermal alteration of she reservogr
rocks. in the Imperial Valley of Calilornia a correlation has been noted berween
positive gravity anamalics and high heat flow. The gravity affect is considernd
1o be due 10 metimarphism of the sedimentary reservoir rocks. In Jeeland, the
high-temperaturs arear #e ofien associated wilh major volcanic centers, and
positive gravity anoémalies ecommonly found in such areas have been intorproted
to be due either ta a high proportion of intrusives or to metsmorphism, of both.

There appear to ke sound argurnents for including a gravity sirvey in any maar
geothermal exploration program, in particular in areas of smooth nelief and poor
gerological exposures.

Cre other important use of gravity measurements in geathermal werk is con-
rected with eaploitation. Withdrawal of 1luid ‘rom a hydrothermal system may

slead to nat mass transfers that affect tho gravity values meysured in the oreg,

Such changes can be very conveniently manitered by measuring the gravity values
at # set of fixed bench marks in the area undar exploitation, as has heen done

at Wairakei. The method is cheap and rapid, snd is likely 1o became 2 standard
procedura in any major esploitation of gecthermal tields.

Sedfsmic Refraction Method: Seismic refractian appears 1o be gquite useful in
volcapic areas, especially lor structural studies in conjunction with gravity sur-
veys, since the two physical nroperties, dengity and seismic velogity, are ampiri-
cally related. 1f a gravity survey shows an anomalous mass distibution, it can-
not be unambigugosly inleroretad in terms of strocture without furlher informa-
tign. A seismic relraction survey is likely to provide such information, for ex.
ample, on the depth to the anpmalous mass,

Retraction profiles have been measuered across some af the high-lemperatura
areas in lgeland as part of 2 regional survey of selsmie erustal structure. A sais.
mic boundary 31 & depth of about 1 km has been correlated with 3 geologica!
section in 2 drill hole in the Aeykjzoes thermal ficld. It is of some interest
that aguifers apprar to be mere abundant in a Jeeger high-velocity lyg = 4.2
kilomerers per secand] matesisl than in a shallower lower-velecity matarial

{vp = 3.0 %ilemerers ger second) which i5 more porous. A simifar rezult, thag
the highest-porosity rocks are ngt always the most productive cnes, has been
reported [rom the Kaweraw gepthermal field in New Zealand.

A disadvantage of the seismic refraction method is that explosives or equivalent
soufces of seismic waves are needed in the field. |t is advisable that refraction
surveys bw preceded by gqravity surveys, which may indicate anomalous strugtures
s well =z help in planning the relraciion suneey.

Magneric Surveps; These have been carried qut in many geothermal Fields. Their
use can be ejther a5 3 struCiurdl mechod or as & method of mapping charges in
the magrelization of rocks caused by the hydrothermat fluids, Magneric angm-
alies in New Zealand geothermal fields have been interpreted as being due to 3
conversion of magnetite 10 pyriza. Such 2n effect would remain in extinet hydro-
thermal syttems,
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Cpimgn b en divided on the usefulness of rmagnetic surveys in goathenmal
exploration.  The magnetization of different rock units may ba quite virlable
especially in volcanic areas.  Alteration efects in a hydrothermal system would
aftect a latge volume of rock, and the best way 1o detegt such elfects W by an
aeromagnetic survey, which is l2ss affected by nearsuriace rocks than a ground
surviey waould be.

There is no doubt Lhat distingt magnetic ancrmalies are assaciated with many
high-temperature geathermal lields. Examples of this are the Namafjall and
Krafla ficfds in northern Jeeland; but it is alse known frem other areas that such
aromalies are pot always present. Test prefiles on the ground should therefore
be made belore one decides on an cx tensive acromagnetic survey in # geothermal
exploration program.

Magnetic ground surveys have becn wsed oxtensively in low-1temperature tields

in lgeland for trocing hidden dykes and faults that aften contral the flow of
thermal water 1o the surface. Drill holes are then sited so as to cut the dyke at

i certain Jepth. In some caes, the dykes ar faulls act 2s barners 1o horirontal
flow and may then form a boundary of the hydrothermal system in one direction.

Microrgrthquake Surveys

Surveys of microcarthguake actevity (magnilude of 1 to 3) in some Lectonically
active and volcanic aress have shown thal geothermal fields zre often characier.
ired by a relatively high loved of such activity. A very exiensive study of this
%ind has been made in the Reykianes peninsulz in touthwest Iceland.-

This area i$ a part of the axial rone of the Mid-Atlantic Ridge, and includes
three high-temperature geothermat fields. Continuous recordings {or more than
three years have conlirmed the earlier indications that lhe gecihermal fields have
a fairly eansistent microoarthquake activity of 3 1@ 30 events per day, with a
focat depth range ol 2 to 6 km. The intermediate parts af the anial zone also
have a high microearthquake activity, but here the pvents are more distributeg
in swarms, with guigter periods in between,

The vafue of rnicrogzrthquake surveys for geothermal studies is 2t present some-
what limited by a lack of undersianding of (e mechanism caesing these events.
The microearthguakes may be teclonic in prigin, and their depth distribution
conirolled by the tempersture distribution. 1t 5 also conceivable that they are
somehow relaled 1o 3 penetration of water into hot rock, |1 zppears that the
main use ol microsarihguake surveys may be 10 try 10 predict 1he depih of wa-
1er circulatian in hydrathermal systeme, something which conndt easily be done
with @ihoer mithods,

Ground MNolse Survoys

# high naoite level is invariably found in georhermal fields, decreasing with dis-
tanee from the surface activity. Speciral gnalysis of the noise shows (hat surface
activity produces noito with fregquencies abgve about 10 Hz, An exarmple ix

Otd Faithful with a speciral cange of 8 o 24 Hz. Lowaer frequencies, down to
atout 1 H2, are alwo usually found and are postulatod 1o be due 1o deeper water
convection.  In high-heat-flow areas in the imparial Yalley, which are without
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surface thermal activity, most of the noige enetqy is in the frequency range 0.5
to B Mz. Ground noise surveys hove been made in areas whare hydrotherrmal
activity iy known from surfzce manifestations of ather geophytical surveys,

Applicability to Different Cepth Rangas

The gecphysical methods used in geathermal exploration can be discussed ant
compared on the hasis 6f various criteria such as rapidity, cost, simplicity of
field operations, data processing, interpretation, and 0 an. It appeart 1o be use-
ful alse to ditcuss them in relation 1o the depth range that each one is suitable
for probing. Such a division will of course not be distinct, but may still be af
some use. The depth ranges will be dengted as shallow {0 10 200 m},-interme
digte (200 to 2,000 m), and deep {more than 2,000 ml,

For shallow investigazians, the greatest wariety of methods is available. Such in-_
veitigalions aim to define the area of hot ground associaled with surface thermal
acliAty. aThoy have no place in the search for hidden reserveirs,

An aerial infrared surcey is the most conveniant and rapid mathed of mapping
surface actvity, especially in areas that are little known and arg not masked by
vegelation. The thallow lempecatiere field is best explored with conventional
Schiumberger resistivity profiling. A rapid, low cost reconnaissance may also be
provided by the electromagnetic (EM) gun and the audio-frequency magnetgtel-
luric [AMT) method, although at the pretent time there 15 less experience avail
able with these methods in gemhermal work than with the cenventional de re-
sistivily mothods.

At intermediate depihs, the Schlumberger and dipole de methods appear 1o be
the mast switable ones for outlining low. resistivity zones. Tha dipale methods
can be used either as deplh-sounding or as proliling metheds.  Considerable ex-
perience has been gawned in using them and in inlerpreting the measurements.
Eiegtromagnetic contralled-tource methods may prove 1o be suitatile also, but
misch less experienge has been gathered o far with them. O the naturad field
methods the telluric profliling appears to be an eltective reconnaissance togl,
Asromagnetic surveys may be feasible if trst profiles on the growend indicats
vanations in the magnetic neld that rnay be associated with a thermal zone at
depth.

Heat-lliowr of gradient surveys are particularly suitable in the scarch for hidden
reservoirs of for exploring the boundzries of a thermal fiold. Thay areé rapensive
beemse drill noles are nented, but they give unambigeous indicatioas of thermal
anomalies. They are eifective grly where the surface roghs are of low perme-
ahility. ,
All ot the structural methods may be useful £3¢ mapging anomalies whote sources
are af intermadiate depth. Their useluiness depends on :he particular goological
E"I-'i'lrrl:lanIEnI under Cuﬂ'illefﬂtlﬂn

For geep investigations of hydrothermal reserveirs several methods can ba used,
but thewr resolution is smalier than at shallower levels. Gradient surveys far
prodicting Lemperature at depth arg suitable in impervious surlace rocks, and
dipate de methads are suilable for probing the resistivity 10 a depth of a few



kilometers if the thallower resistivities are lalerally not very inhomogeneous.
The low- frequency magnelatelluric methed permits probing resistivity variations
from a lew kilometers 1o very great depth

01 the siructural methads, the gravity and seismic refraction methods are par-
ticelarly suitable for stodying deep structures, whieh may be of importance for
controliing the flow of water, or as heat soorces. A gravity survey would norm-
2lly come {irst because it is cheaper, | major structural anomalies are indicated
they can be studicd further by seismig methods. An interprelation based on both
gravity and soismic meaturements is much more reliable than if based on only
ane ol thete methods,

In connection with deep investigations the microzanhquake turvey should be
mentioned. Focal depths of microearthquakes may give an indication of the
depth of circulation of hot water, although this needs 10 be confirmed by inde
pendent methods. |1 appears that iy order 1o have a reliable ¢stimate ol the
average behavior of microearthguake activity, a recording ume of several months
rmay be needed.

DRILLING TECHNOLOGY

The materizt Tor this section has heen based wpon T Geathermal
Crilling Technology," by W.C. Maurer of Mauter Engineering lo-
comporated.

Geatharmal Drilling System A

Gecthermal wells are curtently drillad using conventional oil dield drilling rigs

at shown in Figure 2.1, The drill pipe and tkt are rotated ar speeds of 3¢ to 350
revolutions per minutie by the rotary table at the surface. ﬂnllmg mud 5 pumped
doven the inside ol the drillpipe and up the well bore annulus, carrying the reck
euttings 1o the surface. Water-bose drilling fluids containing bentonite clay, barie
and other chemicals are used to transport the cullings, cool the bit, prevent the
tiole from sloughing, and prevent formation Huids from entening the well hore,
These weighted water-base muds have a temperature limitation of about BDOF:
improved MMuids are peeded for drilling geothermal veells holtes than 500°F {EED'C]I

Pl Hits: Mo$t geathermal deilling employs raller bits with hardened steel teeth
or tungsten carbide inserts. The sieel used in roller bits iz drawn al temperatures
of 200 o 450°F; therelore, thete bits lose much of their strength when they are
operated 8t temperatures in excess of S00°F. This leads to rapid failure of the
bearings and stegl iegth, and loss of inserts with the insert bils. Insert retention
it a problem at high temperatures becsuse slee! has a much higher thermal eo-
efficient of expansion than tongsten cérhide, and thorefore the steel expands

and reduces the compressive siresses holding the inserts inte the cutlers.

Premium roller bits conlain sealed lubrication systems which utilize rubbet rotat
ing se2ais 1o hold the grease in the Bearings. These rubber seals have temperglure
limitavons of 300" to ADO'F and therelore improved seals are needed far high-
termperature qeothermal drilling. Improved bigh-temperature lubrigants are alsa
nizpded, - -
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FIGURE 2.1: GECTHERMAL DRILLING
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Diamond bits can drill 2t temperatures in excess of 100G'F, but they drill mast
formatiant much slowrer than roller bits so their vie is not a sat::;.ac.mrv =alu-
tion,lo the high-temperature bit problem.

EBlowoul Preventers: Blowour preventers are vied to control botiom hole pres
sures and prevent Plowowts from taking place when formation fluids {oil, gas, or

* water) Flow into the well bare, This gecurs when the fluid pressure in the wall

bore is less than the farmation fuid pressure. Failure of the bloweu! préaventer
in this situatian will result in 1oss of controd of the wall.

The blawout preventers utilize either rubber annular bags ar rams which szal
aqainst the drill pipe. |n the event thera s no drill pipe in the hole, the pra-
venters seal off the entire hole area.

The elastomers wsed in these blowout preventers have a temperature limitation
al about 250°F (123°C) which is not adequate for controliing high-temperatura
genthermal wells.

Logging Toofs: Elactric logging tools are used to measure temperaturs protiles
and 1o determing the prepertics of geathermal reservoirs. Three basic types of
logqing toofs are used: electric, acaustis, and radicasiive, These logging toals
have temperaiura limitations of 400° to S5Q0°F, depending upeon the type of toal,
and therefore improved high-temperature logging (cols need to be developed for
high-tamperature geothermal wells a1 5007 w 700°F (2507 10 A70°CL.
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Comenting; Several strings ot casing are us3lly reguired in geathermal weafls in
orger 1o contro! farmavien flu
tiens into the well bore. These can
well as shown in Figure 2.2,

nectiye casing sirings are cementsd imao the

FIGURE 22; CASING STRINGS
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good cement jobs are needed in Groer lo sl oll the formation fluids and 1o

provent 3 blowout from aceurrin _
ta cantrol the well. Cements have repartedly been daveloped which have a

wemperalure limitation of OO 1320°CL which should be adequale for most
grathrmal wel &

Furforating: Some geothermal reservirs weli be produced through apan fiole
completians, whereas athers will be produced Tram cated formations. 1n the

latrer case, perfarating 5

ids and o prEvent excessive sloughing of the forma.

g in case the blowoul preventar must he closed

uns utilizing butlets or shaped charges are uicd 10 shoot
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holes through the steel casing and i ]
ro! ! inta the farmation, Perfgratl un
. H -
rently limited 1o emperaiurees less than 500, Improved pe:!nmn%i:q tu;ﬁ cur“
ta developed far hot geothermal weils {that is, S00° o YOO°F) ™

iPac.fte?;: Fackers arg ut_ih'zed in wells far many reasons including gnll-§tem test-
;ﬁm nl:s.il;?c;:rr: :Ir-::I |!‘;:Ialtndt|;w{raulic.allﬁr ar mechanically 10 sa1l aganst the

| isolate the fiuids on either cide of the ker. Th -
tomers used in these packers have a ternperature Hmitalion of E;ut -.15&': elas

;tﬁr:g:lm_ Fracruring: Hydra_ulic fractunng will be an impartant factor in the
o cg:::s tasn:ft:: :;cimump’:r: %f ‘most geathermal reservoirs. Hydraulic frae-
turi ng & {fuid into the well at prassares which
in-situ gireszes jn the rock. Once the insi i et e

5 inwitl siress is axcooded, fracbures ara
!‘urrr]ed whiich can propagate saveral thousand feet from the well bor sh
in Figurg 2.3. @ a8 sonn

FIGURE 2.3; HYDRAULIC FRACTURING
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alter ;

n[r :rm.:e[fractums are fermed, sand, glass beads, ar qther proppanis are pumged

ures ar racturé wilh a viscous fluid. VWhen the pressure is released, tha frac.

suce hi:hﬁl;ﬂgger:ausfnf?v thess materials. Tho resulting propped fracturcs pro-
d i B

nta tha well bare, 8 flow channals for the fluid o flow from the resorvoir
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Improved high-temperalure fracluring tluids and prappants most be developed

{or high-remperalure geothermal wells since existing frac fluids are limited to
temperatures ol about 3G)'F. Improved propping technigues may have 10 be
developed Tor hot genthermal wells since fome formations undergo mare daforma-
ricn at these higher lemperaiures,

Downhoale Dritting Motors; Downbole drilling motors ere used in directional
wells for sidetracking and for many other reasons in oil &nd gas wells, they will
alsa be peeded in geothermal wells.

Two types of hydrzolic drilling metors are ysed, turbodrills and dynadrilis. Tue-
bodrills gan be wsed at higher temperatures, but thay rotate at speeds of 500 ta
1,000 rpm whereas roller hits operate mast effectively at speeds ol &0 to 250
revolutions per minote, Bit life is greatly regluced at these high speeds. Dyna-
drills rotate at lower speeds (2560 ta 500 rpm), but they contain a rubber stator
which hat a temperature limitation of 350°F [177°Cl. imaroved high-tempera-
wre drilling moters are therelore needed for gecthermal drilling,

LASL Well

Los Alamas Seientitic Laborstery {LASLY has erilled a 8,819.ft goathermal wel|
of which 7,200 ft was hard dense granite. This well is cited begause it illusirates
the nead for improved geothermal drilling equipment, and it shows examples of
o improvements T ricone insert raller bits were uted to driil the granite forma-
tions in thig weell.

Ditficultics were encountered with the first insert bits used in the granite due
1o insery broakage, loss of inseris, and loss of gauge on the bits. These first bits
dritled 4 1o & It/hr anc wore out after drilling about 250 ft. Ditterent bit de
signs and insert materials were tested, resulting in impraved bits which drified
aver 600 11 3t rates of B 1o 9 ft/hr. This improved bi: pecformanca greathy re-
duced the drilling cost in this well,

LASL alsg exporienced difficulties in coring granite with diamond bits. These
diamond co:e bits, which cut a 4.5 inch {114 munl diameter core wore out after
coring ahout 11 11 These bits cost $11,000 which corresponds to a bit cost of
51,000/t of core. Much of the granite was fractured. This fractured granite
cantributed to the £hort Hie of both the core bits and the raller bivs.

Secausa of the high coring costs, LASY doveloped a four-cutter insert roller core
bit. Thase roller core bits dritled 15 1t before they wore gut, They cost shou
$3.0090 pach, which corrosponds 1o a bit cost of 5200/t compared to 1,000/t
with the diamond core bit, In additian to the redoced bit cost, tha roller core
bits drilled faster, thereby redusing the drilling time and the rig cost. The rollgr
core bits cut srmsller cores (54 mm diameser) than the diemond core bits, but
*hese smaller cores were adeguate for geolegical and core testing purmposss.

Development ol these improved bits reselted in increased drilling rates and re-
duced drilling costs in the LASL wells. This iz an example of tha typa of im-
provernent that is needed for geothermal drilling and shows that improvements
can be mado provided new malerizfs and techniques are tested,
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* Warious grganizations are condycting resgarch an more than 30 drillir._ _hnigues

These drills remove reck by four basic mechanisms: |3) melting and vaporization,
(21 theremat spalling, 13} chemical reactions, and (4} mechanically-induted stresses,

Malting and Vzpaorization Drills

Several devicgs are £3pabla of heating rocks to te 2000 to A000'F required to
melt them, ircluding: {1} lasers, 12 electron bearns, (3] plasmas, {4) electrig
arcs, and (5] subterrenes.

Thesz high-temperature drills have potential for drilling inte magna, lava beds,
and other extremely hot reservoirs which cannot be deilled with conventional
rotary drills, Figure 2.4 shows a schematic of a laser dvill which is capable of
drifling hales in any rock, Efectron beams are also capable of rrolting hales in
rock. Such a device is shown in Figure 2.5. Plasma drills {Figure 2.6} are alsg
used to melt holes in rock.

FIGURE 2.4: LASER DAL
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FIGURE Z.6: PLASMA DRILL
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LASL is field testing subtarrene drilfs which melt rock. Subterrenes can be &f
either consolidaiing of extruding types. The consolidating subterrenes drill
porous rocks by melting the rock and pushing it aside in a dense glass layer
which lires the hole. This glass lining acts as a casing 1o seal off the formation
fluids and to prevent the rock frem sloughing inta the well bare,

The axtruding subtarrenss are wsed ta drill dense rock which cannot be drilted
by consalidating sbterrenes. The molten rock passes gp through the center
ot the extruding subterrene where it ks solidified inta small particles and then
removed upward through the center of the drill stem by the drilling fluid.

Thermal Spalling Drifls

When some silicate rocks such as taconite are hested ta 7007 to 1100°F, high
thermal strosscs cause the surface ta flake off in thin spalls. Drills which ther-
mally spall rock inglude: {3) jet-percing, {2) rocket-exhaust, (3] electric-disin
tegration, {4} high-frequency electeie, (5) micraware, {6 induction, and 17} pulsed
electran. The devizes descritied abowve which mell snd voparize rock ari also
capable of spalling rock, since the spaihing lemperature of rock is lower than tha
mMELNG TEmDCrature,

A drill wihich has lound widespread apohication is the Jel-piercing drill shown in
Figure 2.7 Thiz drill burns fuel cil and oxygen W produce a 1lame temperatura
of AJ00°F. Jet piercing drills penelrale taconite at rates up 1o 40 i, The
Russfans have exlesgively tested rockel-exhaust drills (Figure 2.8] which are
similar 10 jet-piercing ardlls, except that they burn more exatic luels, therchy
producing a higher temperature flame and Righer dritling races.

Lhicroveave deills [Figure 2.9) nperating 2t frequencies of 1000 10 3000 MHz arr
capable of hpating and spalling hodes ine rock, - Induetion dritls {Figure 2,101
operating 31 frequencies of 200 1a 500 kHr are able 1o heal and mall holes b0
rocks having high magnetic susceptbility.

Intense beams (rom pulsed slectron beams {Figurs 2.5} spall boles in rocks within
microgeconds. Thete soalls are generalad by e intense heat which expands the
reck at the surlace.
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FIGURE 2,7; JET-PIERCING DRILL
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FIGURE 2.8: ROCKET-EXHAUST DRILL

Sourca:  Shapir, All-Union Hcs Inst, for Drilling Tech., U.5.5.R., Proc, No, 10,
1063,

FIGURE 2.9: MICROWAVE DHILL
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Machanical Orills

FIGURE 2.10; 'NDUCTION DRILL
. The last group ol novel dnlls are those which remove the rock by mechanicatly

induced stresses. These deills inctude: (1) turbines, {3} explesive, {3b pellet

impact, {4} implasion, 15} uitrasenic, (6} spack, (7} downhole replaceable bit,

- LT il b . {B) continuous chawn drilf, 19) terra drifl, and (10} erosion,
[TTE AT '
High-speed turbine bits {10,000 rpm) have been tested in oil wells. These bits
{Figure 2.12) were not ecanomical because of the low efficiency of the wirbing,
Explosive drills have been extensively tested in oil wells in boih the Sovier Union
and in the United States, With the Russian drill (Figure 2.13), explosive capsules
were pumped in the hole bottom at 5 16 10 second intervalt and detonated upgn
impact with the rock, Drilling rates up to 40 fu/fr were obtained in oil wells
PO [O0 - with this drill.
PR A el = i s AT . FIGURE 2.12; TURBINE BIT
Source: Epshieyn, ot 81, 1960, Tr'nns‘ra:inn Mo. 62-11712, .5, Depr. of Commerce
Chemical Crills ] D1 AMOND

CUTTEA WHEEL
The third group of novel dritls are thase which utilize highly active chemicals 1o MOIILE

drill the rock, Figure 2.11 shows a chemical drill using fluorine that is used in
the petroleum industry e cut through steel casing and to drill rock. High cost
of the chamicals prevents these drills Trom being uted on 2 targe scale.

\

TURRINE BUCKET *

EIGURE 2.1%; CHEMICAL DRILL Source: Cannon, AIME Meeting, Fall 1957

FIGURE 2.13: SOVIET EXPLOSIVE DRILL
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The peitet-impact drifl shown in Figure 2.14, was also tested in oil well
Ile-direcied stael pellots wrre used 1o break the rock. Thete pE|Tﬂt::'I‘:.'
:tr T;L::. hn_!e bonem and weiw recireu lated through the bit by the asp:'rcama: n“t'i

he primary and secondary pozzles. Implesion dril's {Figure 2 15) g
sonic drilis {Figure 2,161 can also be used 1o dritl rocks, P and e

MNgr-

Spark grills {Figure 2.17) utitize the intense pressure pulses {100 000 1o 300,00 psi)
\ , 00 psi

fgeserated by high-veltage spark discharges {20 i
_ 10 i
Labaratories has tested @ spark drill, s 108 k¥} to drill roc. Sendia

FIGURE 2 14: PELLET-IMFACT DRILL
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FIGURE 2.15: IMPLOSION DRILL
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FIGURE 2.16: ULTRASQONIC DRILL '
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FIGURE 2,17: SPAAK DRILL
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Changeanhin Bit Dnily: Sandia also tested a downhole changeable bir. This bit
comtains a series of new cutter heads so that as One Weart UL, 8 Naw ONe &an
be eycled into pasition withaut pulling the drill pipe fram e well,

Sandia is developing a continuous chain bit. The chain contains diamond ar
tungsiten carkice drag elements which cut the rock, When one set of calters be
comes dull, the chain s ratated so that a néw set of cutters is exposed on the
bit face and drilling continuet. This is repeated wntit the 5 ar 10 sets of cutlers
an the chain are work oul, and then the bit is retracted from the welk,

Prizjectile Drilfs: Sandia tested the Terra drill. With this syizem, projectiles are
lired into the rock ahead of the bit {fup @ 12-inch penetration) to fracture the
rcck and alloww it 12 be more easily rermoved by the roller W1 1o preliminary
testy, the Terea dnll peneteated Badeira imestone approximately twice a3 {ast
as convenlional roller hits, This gystem has potennal usa in geothermal wells,
aspecially in hard rock,

Eragsron Qrtls: High-pressore ergsion drills have potential tar doilling geathaerm al
witlls faster and chesper than conventianat deills. Exxaa Production desearch
Company in Conjunction with sight Giher major ¢il coenpaniet is develaping «a
erasion deilling systern wtilizing bigh-pressure bits. In prelimingry teste, Srifling
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rtd was pumped through these hits at pressures up 1o 15,000 psi utilizing high-
pressure frac trucks, Conventicnal oil field Triplex mud pumps have been maodi-
fied 1o operate 8t 1hese high pressures, thereby climinating the need for renting
frac tracks.

These tests demonstrated that high-pressure eresion bits can drill oil wells two to
three times faster than conventional bits. In one test high-pressure bits (10,000
to 15,000 psi} drilled the interval froem 2,200 10 6,000 ft in 2 production well
in 24.2 ratating hours 83 compared to 66.6 rotating hours for cormventignal bits
(2,000 psit. This high-pressure drilling systerm has potentizl for making major
reducligns in drifling costs in both il field and geothermal wells,

SPACE AND PROCESS HEATING

The material for this section has been based upon "Summary of
Section [¥=Space and Process Heating,” by H.C.H. Armstead.

The direct use of geathermal heat for space heating and domestle hot water
supply, industrial progesses, or for hushancry can be highly elficient, cince the
losses incurred are nol imposed hy the laws of thermodynamics but anly by
such imperfectiont as.mus! inevitably arise from insulation lostes, drains, and
terminal temperaivre dilferences in heat exchangers. These imperfections can

be comirolled within etonomic canstraints; they arg not dictated by natural laws,

Another important fact is that the sources of high-enthalpy natural hear at pres-
ent accessible 10 man and which are maitable for power generation are believed
to be far lets abondant than those of lower-enthalpy Tiuids which can be used
Jfor other purnoses.  Furthermore, practical applications can be found to cover
a very witle spectrum ol temperature exlending down 1o about 30°C for balne-
clogy, biodegractation, and fermentation, and even down 1o doout 20°C for fish
Fatcheries. .-

Finally it should not be forgotten that & very large proportion of the world's
energy consumplion is in the form of heart, rather than electricity. Ia short,
geothermal energy is far too versatile an asset 1o be wsed for power generation
only, It is 3lso very much less pollusting than heat produced, ai it mostiy now
done, hy the combustion of fael.

A city of about S0.000 inhabitants such a5 Reykjavik can be almost fully sup-
plied with all it3 domestic and commereial heating reguirements without smoka
ard hy means virtually innocent af any ather Torm of pollution. This is an ad-
vantage that is wared by ne other form of heat supply except hydrotlectric and
salar energy.

lootand

The volume of hailding space in Aeykjavik heated geothermalbly increased from
1.3 1o 16 mitlion m* between 1568 and 1574, an average growth rate of about
B.4%fyr. The city is now viruzily “saumied” with gesthermal space heating,
only about 1% of the buildings do not have it. The Reykjavik area atone hat a
thermal load demand of about 385 MW, anc the sales of heat encrgy in 1873

amounted to mere than 1.5 & 10 kWh, equivalent te an annual lead fagter of
abler- 442 B
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The 45-year history of the Reykjavik city heating system began L0 1n 1975
11.000 buildings and abowt 90,000 people enjoyud this public service.  Although
new thermal ateas have been browght in to meet this emendous growth, the
originally exploited Fields are ttill producing at undiminished capacity afpr
nearly hali a century.

The capital city, however, is not the only lcelandic area to be served with geo-
thermnal heating. Eleven other incdependent areas serve about 13,500 additional
prople with damestic heat, while 3 further 26,000 peaple are being acded,; alru:l
a system is being planned 1o provide mare than 10,000 pdditional peaple with
heat in the Reykjanes Peninsula under the Svartsengi project. 8y the time these
plans have been gxeculed, more than 137,000 people will ba served with geo-
thermal heat in their homes and the total heal load will boe equivalent 1o nearly
680 MW. By then, mara than half the population of tceland will enjoy theo
benefits af this service, and it is aimed to extond the praporiien (o 60 10 E5%.

Einarsion states that the district heating schemes of lceland use geothermal wa-
vers at BO® to 120°C, thovgh in one case that has been cperating for 30 years,

the tampecature is a5 low 2s 55°C. Such low- and moderate-enthalpy fields ara
preferred to high-enthalpy fields, a3 the fluids generalty iave much lower mineral
and gas content. The Swartsengl project, howover, will have ta use him-eqﬂ'ﬁ#pv
saline steam and hot water at 167.5°C. A dual purpose power-heating project

is under consideration tor Nesjavellic; this preject will use a high-temperature
field (26070 battom-hole temparature} and will produce B9 MW of power {net).

Einarsson also examines the economics of district heating and shows a p.lirnrngtric
graph of casts based on water lemperature. pipe diameter, and transmission dis-
Lance. This shows a range of costs {presumably at 1975 levels) from 4.3 to

15 mills/kWh {thermall; the lower figure represents 150°C water at the wellhead
{na transmissiond, and the higher value reptesents $00°C water transported over
39 km in a2 100 pipe. Intermediate temperatuees, larger pipe diameters, and
sharter tramsmission distances would produce intermediate cost Fiqures, Tha
costs gererally compare [avorably with fuel oil heating EXtePtlﬂerh?pi where tha
temperature is low, the pipe diameter tmall, and 1he transnission distance great,

Cin average, the price of geothermal heating in feeland was 50 to 60% of _that of
il heating before 1973 and 15 now 25 to 30%. Seothermal encryy supplied loe
land in 1975 with shour 2200 GWh [theemall/yr for space healing; this saves
Igeland zbout 300,000 1ons/yr of imported fuch ail.

Arngrsson et al give a technical description of the Svartsengi district heating pro-
ject for supplying a few population centers in the Reyvkjanes Poninsula and also
the Koflavik International Airport, This projoct represents a theemnal foad of

B0 MW {100 MW, according 1@ Eindrssonk. The wells at Svarlsengi DrﬂdUFﬂ
highly saline water 1ogether with steam at aboyt 2107 to 230°C, and this is cham-
ically unsuizable for direct heating. Frech water is therefare heated by the geo-
thermal fluids and is transmitted hot to the load centers, thul ohviating most of
the chemical prablems,

Four diffsrent heating cycles wera studisd, bui one in which steam and fresh
walter gre mixed in two stages and subseguently heated and Hadhed, 3o 25 10 de-
gas the mixture, has been chosen as the moit witable, Fifteen kilowarts ¢!
slecirlc power for suxiliary supplies iz a by-product of the process.
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Thorsteinsson deseribes the redivelopment of the Reykir hydrothermal system,
which has been exploited singe 1943 for district heating in Aeykiavik, 15 1a

20 km distant. Betore 1970 this area produced about 300 Isec at B5°C by

free How and was the principal source ol heat of the integrated system until
1850, After the development of two other oreas within the city limits, Reykic's
shate of heat preduction fell 1o 3B% of the tolal. Now the Reykir field is being
redeveloped by drilling larger bores to deptha of BOD 1o 2,043 m and equipping
them with submertible pumps, .

Produttion had already increased to B30 ifsec at 83.5°C by January 1975, and
is vapegted ultinately 1o prceed 1,500 Ifser with 2 fall in water lovel of 60 ta
20 m Irom the 1970 steady-siate level, Drawdown tests have been performed
and the characteristics of the gquiter deduced. The effects of tides and earth-
Guakes have altp been stodied, -

4

United Siates

Although there are no sizable towns o cities in the U.S A, that use only geo
thermal heat, there are nevertheless some interesting developments in the western
states &f |daho and Oregon, In Bpise, !dahe, a small geathermal space heating
stherne was established in the Warm Springs residential area 2t lang ago as 1830,
At ang time this scheme supplied sbout 400 homes and businesses, but it has
recently declined to 170 homes Ted with 77'C water pumped from two wells
130 m deep. .

A sludy is in progress for establishing a Demonstration Space Heating Froject,
spontarad by the Energy Bescarch and Dewlopment Administration (ERDA)
and under the direction of 1he Igdaho National Engineering Laboratory (INEL)
ard in collabgration wilth Soise State Unbversity ang the Idaho Buregu of Mines
and Geoloqy, for geothermally heating a group of public buildings in the city

of Baise, Ay prosent, the aanual fuel Bill for heating these buildings is $225 000,
and this fiqure 5 expecled to rise,

The 1vwo wells now feeding the Warm Sprinos area have shown no decline in pro-
cuctivily in more than B0 years, and the chemical auatity af the water s good,
The study wili cover environmental and chemical aspects, the conversion of
eAtsting instatlations, and variows methods of waste disposal inelading infiltradon
thraugh samd and gravel pits, reinjection wells, dischame ta the existing irniga-
tion system, discharge inlo the Boise River, and cycling to greenhouses, tish
hatcheries, and so on.  The cost of the sludy s estimaied al shout 52 million,

Lund, Cutver, amd Swancvik deseribe the oxploitation ol the geothermal waiers
&t Klamath Falls, Oregan, a projeet whick hes provided space heating since the
turn of the century. About 400 holes of depihs ranging from 27 ta, &80 m are
wsed 16 heat zhout 500 buildings {and incidentally, swimming pools, a milk pas-
teurization plant, and snow mefting [scilities for roads), Some of the wolls are
artcsian, with o pressure of about & psi. The tutal heat lpad is ahout 5.6 MW,

Estimated costs are given [ar different numbers of housenglds per well and are
compared with fuel and electrical heating at allernatives. Initiat investment for
3 songle well 5 usually trom $5,000 w 510,000, and the annual operating coss
arg less than 310D, Where soveral householdors share the same well, geathermal
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heating is shown 1o be competitive. A large scale district he. 2rojoct

an the lines of the Reykjavik systern is being studied, as it is obvious that
only 3 small portion of the total local heat potential is being tapped.  Addi-
tional uses for the heat, far hushandry and incustry, are abo being considered,
The well temperatures vacy frem 38" o 110°C. Downholo *bairoin™ heat ox-
changers are commonly used in ordes to minimize corrosion, with ¢ty water
as the cireulating fluid; circulation is wsually oflected thermosyphonically,

Four steam wells have been struck, and these 100 are usad with heat exchangers.

France

Coulbrols and Herault state that the French administration is secking to encour-
age thg use, for damestic heating, of hat waters discovered in the French sodi.
mentary basins in the course of oil prospection during the last 20 years, in par
ticular in the Dogger aquiler near Paris. Since the depths a1 which these hot
waters goeus range from 1.5 1o 1.8 km and the temperatures vary from 55" 1o
FI'C, it would appear that the arcas of intorist may be regarded as ' noniher-
mal,” having ternpeoratere gradients {assuming surface ambiant temperature of
15'CI anly of the orider of AFC/km, which can be regarded ;1 "normal.” The
water galinity varies from & 1o 3D ¢/l INaCl) and traces of H,S are present,

Heatl exchangers are tharefore canticderad necagsary sa that chean secontdary wa-
ter may be used as the heating medium, feinjoctian is necotsary in arder o
avaid surface pollution from the saline well waters after hawing yielded up their
heat, and alsa to conserve both fluid and heat for recharging Lhe aguifer. The
authars gxamire the problems theoretically fram the economic zod technieal
aspecls, stress the high capital cost of geothermal heating, and suggest that geo-
thermal engrgy is suitable for background hrating to be supplemented with an-
ather heal source for boosting at times of high demand.

New Zealand

Shannon reports that the extragtion af geathermal heat in Rotares For damestic
keating purposes has steadily increased since the first successhul bore was sunk
thera in 1935 There are more than 700 registered bores in that city, ranging
from 50 to 1,200 It in depth and from 2 18 6 inches in casing diamerer. Tempera-
lures vary from 49" 12 177°C, and pressures are exprricnced up to 175 piig.
These pressures ara suflicient Lo ensure dolivery (G the places regaired willout
pumping. Chemical depeosition has been sarmething af a problem, bat devp Bores
generdlly give less trouble than shatlow,

After the heat has been extracted from the geothermal fluid, the cocled waters
are dispased of in seak bores, vented at high fevel to dispase of the H;5. Heat
exchangers are obligatory in view of the noxious ingredients in gecthermal fluids
which could escapa from valves and pipe joints.

The auther discusses the chojce of switable materis!s for the various companent
Parts o} the healing systom, presents drowings 8! some of these parts, and dis-

cusses controls. Hae also gives particulars af a scheme for hedting a campley of
government buildings, representing a total thermal load of nearly 14.8 MVY, Fi-
rally hg gives soma ¢0st cats which show that althaugh the capital cost of g
termal heating is 16 and 44% higher than for coal- and ail-fired heating fespece
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tively, the zonpal running costs are 30.5 and 71% lower respectively at present
fuet price levels. Geothermal healing thus pays for itsell in 155 and 335
months when compared with oil and with coal heating respectively.

India

Exneriments afe being conducted in twa Himalayan areas, The occurrence of
peathermal snergy in Ladakh coincides with very severe climatic conditions, but
uonforunately the natural heat is feund at present only in some of the most
sparsely populated parts of the world, in particutar at Puga in sautheastern
Ladakh where the population density is only 0.8/km?®. Here, at & height of

4 50O m above wa level, the winter temperature somelimes falls to ~40°C, Mever-
theless, steam and hot water are found at depths of enly 20 te 30 m, and an
experimantal test rig has been set up to test the suitabilivy of geothermal spacs
heating.

Behl, Jegadeesan, and Reddy describe the local conditions, the 1est eguinment,
and the results gbtained. Some empirical knowledge has been acquired from
the tests reqarding buitding inslation and the corrosive praperties ol the thermal
fluids. The authors explzin how 1the Government of India has 850 condugted
some succestfu| groenhouse heating experiments at Chumathang, also in Ladakh.

LEER.

Dworay and Ledentsova, recagqaizing the complexity of the variables which govemn
the econamics of gecthermal tpace heating, have presented a paper in which the
component cost fattors are analyzed separately—borehole productian, local hest
distribution, waste disposal, heating systems, and longer distance heat transmis-
sion. Dilferent spcondary voriables are considered in each case as may be ap-

plicable-drilling cosits, hore yields, bore spacing, bare fluid temperature, pattern .

of demand, ransmission distance, jocal fuel casts (in competition], climatic con-
diticns, and 50 an. .

Difterent heat distribution systems, heating schemes, and devices are alse gon-
sidered. Graphs are given shawing the interrelationship of some af thete vari-
ahfes. The authars broadly conclude that simple loca! qeathermal hedt distribu-
tion schemes can at present be competitive with traditional fuel heating anly
when the therma! Tluid lemperature is 85°C gr more, the temperature change
does not exceed 45°C, the loca! digributicn distance does rot exteed 5 km, and
the ambient air temperature is not less than -B'C. Borehole costs should pot
excaed 100,000 to 130,000 rubles, o T50.000 in rare Cases.

Long distance transportation can be economical up to 35 1o 40 km if drilling
costs are exceptionally low, for examale, 50000 rubles per bare, Drilling costs
in the rance af §0,000 ta 120,000 rubles per bare reduce the econamical wrans
miscion distance 10 sbout 5 km, or perhzps 8 to 10 km under very favcrable
conditions of high well yields and very expensive fuel alternatives.

The authors mention the encrmoud beat reserves in the Soviet Union, but point
ouT That in many arezs the waters a:& highly minerslized and sometimes the
termperatures are rother low., Differrnt schemes are described for dealing with
highly mireralized waters and for moderais temperature waters; these involve
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heat exchangers and supplementary fuel heating. The authors ai. <2tibp A
scheme which makes paossible the use of 10w remperature fluids in combination
with a heat pump, and a complex syslem involving both a boiler unit and a

heat pump wsing the lithivm hromide process which permits the use of air con-
ditiening in summser, The possibility of recovering rare elements from highly
mineratized waters, after yielding up their heat in heat exchangers, 5 mentionad.
The authors stress the fact that high sophistication and complexity may adversely
effest the economics of heating schemes and their reliability of operation.

Process Heating—Farming, Rafrigeration, and Balneclogy

The expression "process heating” is used here very broadly to cover all nanpower
uses of geathermal energy other than space heating and hot-water supply, even
(paradoxically} refrigeration and air conditioning.

Geowthermal heat can, of course, be used far a variery of agricuftural and hortl-
cultural purpotes, for Fish brecding and for animal husbandry, all of which may
logsely be termed "farming.”  Relrigeration is also closoly refated 1o farming

as 3 means of prewrving foodttuffs, and this tag i$ 2 process that can be efipctad
by means of geothermal energy. Much of the application of geothermal enengy
o farming is 0D more than a lorm of space heating, for example, greenhouss
and soil warming. The word "halneclogy” too may be extended to cover jls
medical counterpart of “crenathpraopy.”

Behl, Jegadecsan, anit Reddy describe how the use of geothermal heating under
gfass has produced very promising rosults even in the inbaspitable climate of
Ladakh. Tha authors aleo £tate that a refrigeratian plant is being planned ra
exploit the Manikaran geothermal field in the Parbati Vatley, Himachat Pradesh,
in the Himalayas. This disirict abounds in orchards and potato farms, and it

is intended to install a 100-ton cold storage plant, using the ammonid-water ab-
sarption process, to preserve the local produce. -

Tha residual waters witl be used for spoce heating and to warm swimming poolk,
as the area is Fequented by taurists and by pilgrirns. A small hydroelectrig
plant is to b included in the project sa that the whole complex may be self-
supperiing. A gmall pilot 10 1t 151on refrigeration plant will farm the Tirst

.step in this profect.

Eirarsson briefly mentions agriculiucal and balnealogical applications of gecther-
mal energy, and states that thera are now 140,000 m? in leeland under glass,
geothermally heated. He also mentions space cooling, or air condilioning and
mentiors that he has proposed the establishment of a distriet cosling svstem far
Manzgua, Nicaraqua, 1o be adoptad while 1he city is being rebuilt after 115 destnae-
tion in the devastating earthquake of 1872

Chiostri devotes his paper to the medico-balreological applications of geather-
rnal energy. The cldest gecthermal industry i history is the wse of paeral hot
or warm waters, for pleasure or for alleged medigal reasons. The word crenc-
therapy has been coined {ar the technique of cyring and alleviating diseases by
means of tharmal waters.

Chigstri broadly discusses the whole subjeet of crenotherapy and clearty belicves
that it is of very real value. He mentions that in Haly alone 15 million people
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were treated of more than 200 thermal clinics in 1971, and that in the U.S5.5.8,
mete thag 10 million people are treated annually with thermal watars. Several
other countries have aito built up impressive "spa” industries. Apart from the
health aspectls of the matter, therg is no doubt that thermal spas are respansible
for having LUt up tourism on 3 large scale in many parts of the world. An
international catalogue of all medicinal waters throughout the whele werld i

propased.

MULTIFURPDSE DEVELOFPMENTS

The material in this sattion has been based upon "Summary of
Section ¥—0Other Single and Multipurpose Developments,” by
*  R.C. Barr of Earth Power Comoration. .

Yuhara and Sekioka have wsed lingar programming for an economic analysis of
midtipurposa utifization of a vaper-dominated reservoir in the Siramizu-gawa
area near Sounkyo, Hokkaido, Japan. Milization is shown in three stages. Tha
primary s1aq0 is for elegirical generation; the secondary stage for space heating,
greenhouses, and snow-melting on roads; and 1he third stage for mineral baths.
The mest impeortant elements for the eommercialization of a geothermal systam
sre the quality of geothermal resources, trinsportation of geothermat fluid, wtili-
7ation for power qeneration, utilizations other than pawer genération, wasie
disposal, and epvironmental conservatian.

Water desalinization at the East Mesa field in the Imperial Valley of Califernia
conducied by The U.5. Bureau of Reclamation is described by Fernglivs. infor-
mation is provided on the five deep explaration wells at 1he East Mesa anomaly,
together with results from production tests and information dealing with scaling
gnd corrosion, Two distitlazion desalting vnizs have been installed at Eos: Mess,
1ogerher with a multistage flzsh unit and a vertical-tube evaporator.  The design
criterion for this cquipment i3 200°C; howsever, the makimum temperatare of
the qeothenmal waters is 166°C. It is indicatad that elcetric power generation will
most likely ba required to supplement the costs for the desalinization pragram.

Palmer, Forns, and Green consider the concepl of locating & gegthermal slectrie
power plant on the tea lloor at continental-shelf depths. The waste heag would
Le containod in the sea (loor, which in turh would provide a preferred site 1ov
certain specics of fish and cruslacea such as the rock ayster, shrimnp, #nd the

“spiny Tobsier,”

The basis 1of the proposition of lecating geethermal pawer plants on the sea
floar is derived fram studies for siting nuclear power plants in coastal zones.
Using the United Staies a5 an example, siudies indicate thal within a coastal
belt 80 km wide, 40% of the population lives on E% of the tang and that land
cantains jobr sites for 42.6% of the indusirial sector.

Betause siting o nuclear power plant in a coattal zone prechudes multple yses

ol this land, il is coniended 1hat in oifshore, underwater geathermal plant wiuld
permit multiple uses af the coastal lands, Cffthore experience in oil and gas
drillimg and heat pipe technalogy developed by the Hughes Aircraft Company

i§ cited in support of the required underwater technalogy.
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The compatibilizy of gn onshore goo thermal 1
) v power plantwithm R H
be envisioned [rom tha other gapers in this section. o ma

Gutman describes the use of geothermal waters for the soilless growing lechnigue
r.'a:tled hvdmpupr'cs. Mo wels were required. Gutman states, "The spent wa:n?
with wpma nutrients is discharged into the ngrural drainage tyslem where it irrigates
the natufal alkaline $oif and induces growth of grains and grastes from windborne
Seed, which previoutly were unabla to germinate due to the taxicity of the alka

bine soul, "

The paper by Lbcdviksson explaing (he cancept of multiphe uses of geather mal
anergy _fur tlectrical production at temperatures between 1807 3ng 200°C and for
Processing agricultral products, marine products, and varieus raw materials using
geathermal 31eam at temperatures ranging from 100" 10 180°C. At temperatures
:Irnm 4 10 100°C gevthermal hot water may be used for hotticulturs, animat
fat:;t:?:gdg;:E:‘I;:ﬂr:surts. and space heating, At temperalures less than 30°C [ish

Lu!:lu_mssnn presents an operating analysis for gn electrohorticul aral cormplex
This includes a market analysis for vigetabiles, fiowers, and 5o on, bath Tor du;nesr
”.c. consomption and gxport, and the capital costs for cnnstmc:in'g a8 growing fa-
cility. Thn principal cast of the grawing facility is the glass and framework, It
may be mterr.-st_iqg 10 learn whather a low quality glass could be manufﬂctu}!d
uiing the alectricity from the complex and the silica precipitate fram 1he geothar-
mal brine, The analysis excludes the costs for electrical generating facilities but
d43U mes rhtat enehalt of the electricity produced will be sold in the rarketplace.
The electrical production is considered necessary for artificial lighting.

The Revk|ancs Leninwla in Iceland is an area of abundant and readily accessibie
geothermal resources as evidenced by the many surface manifostations.  Linda!
idescfltge_s the pctivities of the Seg Chemicals Complex on this penlasula, a proe
et initiated by the National Council of Icstand in 1985, The profect .was de-
Waned 1o coordinate the exploitation of indigenous |eelandic resources. Pringis
Parlv. T.Ihesa are hydraulic poveer, heat from geathermnl 'nnermr seawater, and
lﬂdu?trl:‘ll taw materials which arg found in geothermal fluids. ' Presently under
cohsideration by the lcelandic government are facilities for the commercial re-
“overy of saly, patash, and caleium chlcride from the geethermal brines.

?:irlgg the last faur years of the invistigations a weli was kept Nowing in order
o :::-. sehm_e production rates and poszible changes in the chemizal composition
he -ff! nne. The depth of the well it not given. The rawe of production of
— r::;-t year was BS kgffsec. The production then declined 1o B8 kafwen in' the
Shom wear, 57 lfg,la'suc in the third year, and remained the samg thereafter, The
mm_ul compasition '.;I'd not change.  Mineral recovery was achieved through
?:ﬁ;‘r:t_:]or_n by evaporation and frla.ctinna_l crystallizatipn, The minerals present
e inet were fu-ung to attain a solid form in the following order: silica,
lum chloride, potassium chlaride, and calcium chilgride,

:::1 ﬁf“;isﬂéftt:r was construcied 19 assist in remeoving tho water in order 1o con-

o the wau m{md. Gt.:c::he:mal steam from the test well was the source of heat

*ociated porater, Silica and czrf:iurp sullate buildup of seale commanly as-
with geothermai production is nat cansidored 1o be a grablem. Buildup



118 Geothermal Energy

ol seale did, hawever, inhibit the heattransfer coefhiclent in the evaparator when
Oaygen was permilled 1o enter the system. By purging the oxygen, the hegr-
transler coplficients are gapected 10 remain sazisiacrory.

The most exlensive technical work accomplished by the Sea Chemicals Complex:
is.the preparation of magnesium chloride from seawater a5 2 facd to electiroltic
magnesium cebls for the ulimate manufacture of magnesium,  Incxpensive soda
ash processed by qoothermal steam is @ key component in the manulfacturing
system envisioned., The productien of sedium metal, chlorine, and caustic soda
have atso been studied. Beczuse m2gnesium god sodium metal as well as other
products such a5 ammenia can be progduced using electrolylic processes, addi-
tignal attention should be given to electrolysis using power generated by gep-
thermal energy.

Geothermal Develepment Complox

A conceptualized genthermal development complex might consist of an electric
power nenerating facility, with a portion of the electricity uzed internally and
the bzlance sold into 3 transmission grid. The elesicity would be used within
1he complex conventionatly by residents and for many energy-inentive many-
facturing processes such as stelting and electrolysis for the manufaciure of
ammonia. Some steam could be diverwed from the power $1ation for process
use ar water desalinization, Hot wasiewater could be used for space heating in
buildings, greenhouses, and/or to hydroponically produce food,

Low-guality greenhouse glass could posibly be produced with precipitated silica

- in electric ovent Otherwise and lands could be made tillable with waslewaters

and ammenia-based Tertlizers from the elecirolytic processing plant Perhaps
the hot water could 18 piped under intercomples roads 10 keep them snow.fres,
Mineral baths woald be an idea! placp for residems 1o contemplate other pro-

t. guetive activities for the geothermal development complox

While the vison of a geothermal development complex is appeating, the demand
tvalae} Tor electricity and zssociated casts may econamically preciude multipur-
pose uses in areas such as the United Siates. |0 such areas it may be desirable
10 reinfect the geothermal fluids at their highest termperature in order 10 Maine
tain or prolong roseeveir life. Aeinjection would alse maximizZe individual well
hves 2nd inhibit production ceclines. '

-

Development of Geotharmal Energy
in California

The material for the lcltevding section has been based upon a
report by C.0. Fredrickson of Jet Propulsion Laboratory
Calfornia Institute of Technology (N78-18528), '

RESQURCE KNOWLERGE

California is particularly rich in geothermal resources. They include not anly

the more lamiliar hydrothermal systerns tysilied by those under development

at The G-}-vmrs in Northern Calilornia and in the Imperia! Valloy but also hot-
igneous {l.e., magma and hot dry rock) and conduction dominated (e, near-
nurrnal-temperature qradient} systerms which muy ultimately prowve to b:: much
more extensive and valuable than the hydrothermal systems. A summary of the
heat centent [heat in ground above 13°C without regard 1o recavershility) af
Calfornia’s geothermal resources based on United Srazes Geological Survey [LISGS)
esimates is given in Tabte 3.1,

TABLE 3.7: CALIFORNIA'S GEOTHEAMAL RESOURCE BASE

ldentitied Undircgyered
Resource Ty L., Quads* P
Hydrathermal
Yapar-dominated [Heam| 5 75
Liguid dorminaled Mhat warer)
Hgh temperature (5 150G G0 2000
InTar mesdaTe lamperaiure '
How 190" 10 150°C} 30 120
-igreaus
Co ndEn[ion damingrog 1700 #5.000
Mear ngemdl gradient >63%,000 a
Geapressures] Unkmown ° Linknawn

"1 quas = 10" Bty and is tauivalent ta aporgsim -
i . atety 170 mill
of gil ar S0 millign shart 1008 of coal. t #hen barralt

Source: Reference (1} -

-’
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The bt mpeiatare hydrethermal systoms (e, thuse having wmperatues
ouwer 1. ) are especially impiprlant because of their potential tor mear term
cammercial development for elecrical pawer gfeatian.

The identified hydiothermal resources in California are located In and around
"Known Geolhermal Resourge Arcas™ (KGRAs). A KGRA, as deflined in the
rules and regulations implementing the Gecthermal Steam Act af 1970

IFL 91-5811, "is an area in which the geology, nearby discoverics, competitive

interesss, or aiher indicla wouold, in the opinion of the Serretary of the Inierior,

engender 2 belie! in men who are experienced in the subject matier that the
prospects 1ar extraclion af gegthermal steam or asspciated resources are good
engugh 10 warfant expenditures of money for that purpose.”

There are 23 such <esignated arcas in the state. The USGS has the responsibility

of assessing the nation's geathernal potential. Their iniual assessminl was ré
leased in 1975 {2). 11 identilies 62 hydrotherma! resources in Calilornia with
estimated 1emperatures greater than 90°C; 36 helow 150'C and 16 greater than
1580°C. Those resources abowe 150°C zre ol commercial interest for the genera-
tipn of el¢ctrical power. Twenty eight of the 62 wdentified resources are associ-
ated with the state's KGRA=z. O the 23 KGAAs, only 5 have no identitied hy-
drothermal systems, Here "igentified” iz used in the context of having been
includid i the WEGS sssessment. U1 shoubd ot be inferred 1hat no resource
exists if not listod in the USGCS wisessment.) These fiuee include Bodiy, Beck:
“wourth Peak, Ford Dry Lake, Glass Mountain and Saling Valley KGHRAs.

On the basis of its voleanic nalure and the large numnber ol lease applications,
lass Mounlain KGRA ppopears to be a8 very promising geothermal area, but has

yet to be eomplelely assossed, There ase thermal springs located near the Saline
Valtey KGRA. Bodis, Beckwourth Peak and Ford Dy Lake weore established as

KGRAs on the basis ol overlapping geothermal lease applications. Bascd on the

Auailable USGS dala, then, the identilied sfegiricat potential in the siate is in

excess of 19,000 MWe distribured 10 9 KGRAs. These e isted in Table 3.2,
&+

TABLE 3.2: CALIFORMIA XORAAs WITH IDENTIFIED ELECTRICAL
EMERGY POTENTIAL

Electrical Energy Polaniisd

EGRA (A tor 20 years)
1. Mong-Lang Vallay E104
2 Coxo et Springs - 4500
3 S.uhon Sea 2800
4, Loke City-Surprige Valley 2100
& GayiereCalinoga 1750
6. Hebgr 878
7. Epst Masy 500
8. Brawley 330
8, Lasien . 150

. . 19200
Source: MNIB-18528
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There are large uncertainties in the resndice estimares. 1t is im 1 toorecog-
rize that the USGS assessment was Daiol oo thy limited data El‘ul'uu.u.i]!Er at the
time the survey was perfarmed (prier to 1975). .b.s‘thu USGS fnas md;c._m‘ll 131,
no singhe estimate of geathermal energy fram a particutar ared included in the
assessment shauld be relied upon as an eetablishedl iact., For some zreas the
infarmation was relatively good: for @ihers it was very poor at the Lime the
estimate was made, To illustrale the paucity ot data, of the 48 identified re-
squrces with the temperatures between 80° and 150°C, 37 have limited extent
data (i.e., subsurlace arezs and thickness) as do 8 of the 16 identified systems
sbove 1500

Whils the estimated neothermal potential of the state is large, only a small fr_ac-
tion of that potential has been confirmed by decp drilling and tetervolr confinma-
tion tests. Table 3.3 summarizes by KGRA and subregion, the geathermal wells
which have been drilled n 1he state {4){5),

TABLE 33: GEOTHERMAL WELLS IN CALIFORRIA

KGRA Total Walle
Geyiers
Geyser-Calistoga
Main Field n3
Chbar 16
Knpxelle ¥]
Littie Hosge blounlain Q
Lavelady Ridge 4]
Witter Springs v}
Cnher 2
Imperial
Brawley g
Dunes 1 \
Eas1 Mra 12
lamis 1]
Heber 16 .
Salton 523 24
Ford Dry Laka 0O
Othar 3 -
Eastern Sierra
Bodic L]
Caso ]
Mong- Lang Yalley il
Rarvisburg 1
Saline Valley a
Cther 2
Horibheast
Beckwourth i
Glasy Mountain a
Lake Coty-Surprisa Walley g
Lassen 1
Wendel-Amedes -]
nher 7
Central Coast
Sespi _a
Taotal 31

“Inclutes B Bur wail

Spurce: FReferences {4)(5)
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T 1b ot the wells drilled are siociamd we !

Ggf;e am field, o the past lews yoars tl:::::h o aectonm
trilling outside ol The Geysers and Imperial Valle
leasing of peornising foderal lands, With the BxEopti
Hr:awln-,,r, East Kiesa Salton Seqa, Surprise Valley and
BLISIENCe 20d extent of geothermal r
fitnr!hng.l On the basis of 15e number
s estimated Wit on the order gt 210 ]

The Geysers, GOO L2we in the Imperial E"ahiﬂI::rea:aciw
Valley and Surprise Valley as is inCicated in Table
tan be inferrad from the Exirapolation
provea resource on which utility comm

ent of The
has been limiled exploratory

ens of the Geysers, Heber,
i Leng Valley KGR A, the
EsRrveirs has vel 1o be conlirmed by deep

been proven: 1200 Mwe in
ks than 100 e in Lang
3.4. Addirignal resources
of gectogic and well data, It is the
timent s baseg,

TABLE 34: ESTIMATED FROVEN RESOURCE POTENT!AL
USGs

st 5 Figven
Hment Data, Resource
KGRA I [T
Geysers Caliyioga - 1 -
Brawley ;:g 0
Easn Meta 500 i
Saton Sea TR0G m
Hetay 810 300
Mong-Lang Vallay . G100
Surprise Yaliy 00 :g
Caso 4500 ) 0
Lagsen 150 Q
18200 2100

*LomaderaSly wgey Lt ST
walte end grafogic daiy,

Source: N78-18528

POlent 2l Con b wnilarrgd Irem ihk Drovcen

lf. is fxp{-cmd that _furumr Cxploration will show g

! ::;::: g;?;tr}:ﬁ'eTaI hﬂds _in the state with electric energy potential besides those
ted, explaration alkso could considerab| ] i

tsted r _ : y modity the estimartes 1o

fites identificd, Future discoveries, according to the USG5 could be pussib:-,rthu

five times the volume
e W and heat conteat of the high tem %
Alrgady identilipd. Thpss discoveries could resultglrom‘ persiEre fysiems (2150C)

(1 MNew hnowled ! i

| ge 2! the extent of an already identified
ciably infreates ity eviimared vobume, FYHE that sepre.

(£l The temp:rat_ure ol an_ identificd system being higher th;n tirst eglimateg
Iienuugh prljss-hl-.r 19 raise ome of the 45 modersrs LEmiDe rature resaurs
G The RiGREr ermperaTure Category). *

1 The diseovery of 5 previoutly unknown Hysiem

signilicant number of addi.

CEVELOPMENT OUTLOOK

Tha Eabnljw of the Steam reSources is wel| established; S02 MWe zre an-line 2t
¢a1 he:;eﬂi_.crs :Ft‘hg;“ht'v plans 1o expand development 1o an estimaled 2000 kive
PRl in the Y885 time irame. Development 3 paced by the resolution of tha

¥. due in 2 large parl 1o fimited

of wells ang resgrvoir as5essment aclivities,
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H+5 ernission air guality problem and the resolution of tand uso . Both are
feceiving congenirated attention. On the other hand, the vighility . the hat-
wiater reseurces is nal established, Linde of the hotowater resodicr potwential oot
side o! the lmperial Valley nas been groven by deep drilling, Studies [B) shaow
that the cost of power from the identilied bot-water resgurces are not now com-
petitive with ghwernative sources of eneegy. In addition, there are laege uncer-
tainties in cost and in understanding ol performance characteristics which need
1o be resolved.  As a resule there s only Limited commitrnent 18 the hot water
resources at this time,

Thers are aclive research and development projects in the Impenal Valley to
demonsirate the echnalogy and to reduce cost and perlormange uncertaintias,
These includo both test facilitigs ard pilot plants. In addition, 8 commereial-
sale, 50 Mo demonstration plant is under consideralion, While these projects
will contribute signiticantly to increasing user confidence, they in thamselves
will pot be suticient either to establigh the viability of power generation from
hot water resources of 1o assdfe the necessary commitments 1o achieve growth,

Condiriors on Commitmeat: The commitment of three primary groups it neces-
sary 16 assure a rapid increase in qeothermal electrical utilization growth; the expla-
ratign comganies, the utilities gnd the public {and 1he requlatory agencies repre-

senting the public), - )

Becayse of the iarge associated costs, there is little incentive for cxploration com-
panies 10 pursue vigorotss dzep drilling programs without some dsturante that

the resource will be ustd i 3 timely fashian, There s anly fimited utility com-
mitment tg the use of geothermal energy outside af the sconamically atoractive
Geysers stcam field, Therefors, one af 1he keys to increasing Lthe exploration
rate for the hot-water respurees is increased gommitment by the utilities. Uilis
ties do recognize that the hol-water resources are patentiably allractive sources
of electrical power, Many ate aclively considering the geaihermal energy opiion
in their growth plans. Howewer, becayse of (he high projected Costs and uncer-
tainties, they are reluctant 10 Commit at this ume,

The use of geothermal energy is 3 rew technology to most utilities and a3 3
resislt, it poses significant econormue, environmoental, tnchnical, and socio palitical
concerns and uncertainties as compared with eslablished energy options. This

is parucularly the case wich the hotwater resources and 15 some deqree even
with The Geoysers steam fighd, The utilities do acknowtedge the number of exeel-
leny supportive technology development programs and studies on the utilization
of geothermal respurces and 1hat the results 10 dale are very encouraging How-
ever, such studies and technalogy development programs are not suflicient far
wrility commitment; the technica! unknowns and econamic and environmental
uncartaingties associaled with geothermal energy are just topelarge at this time.
The four majur conecrns aret

(t)  Aeliability of eperation.
121 Auswrance of reserveir Capacity sod litelime,
(A1 Economics ol 2 geatherma plan compared with alternatives.

{4} Confidence in deselopment schadules §ie, frecdom frem lengihy

eovironmenid! dnd regulaiony Gelays). .
A3 a resuty, utility personnel Eoncerned with gesthermal enerdy generally feel
that, outside of The Geysers steam field, getthermal anargy will not be can
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sidered as o altornative to fossil-fucled and nuglear plants by a utility
campany's ..o of dircctors until its reliability and economics are proven by
2 lulb scale demonsirzsion plant. $uch @ plant would help place the utilization
of qeothermal cnergy on an cquivalent confidence base to those of oil, nuclear
gnergy and coal. In addition, the utibities witl require thal rescrvair capacity
and lifetime for cach geothermal power plant be demonsicaied by deep drifling
and confirmasion tests prior 10 their comrlment.

The third group which must alsa commit 1o geothermal developments is the af.
tected public and the associated reguldtory dgencies, Many locativies and regula-
tory agencies have limited exnperience with geothermal energy. At a resblt they
are unelerstandably retuctont to approve geothermal dovelopnants without know-
ing the potential impact. The universat desirg on the part of those agencies and
the local communities s Lthat all geathermal development proceed in an oderly,
controlled manner consistent vt 1ocal desires; mininizing any potential adverse
impact. Bath the California Environmental Quality Act ICEQA} and 1he
Mational Eoviconmential Protection Acl {MEPA] assure That sadh congerns are
addressed and resslved in the regulatory/agproval pocess.

COMMON REGIONAL DEVELOPMENT REQUIREMENTS
Heducing the Cost of Geoathermal Power

The achipverment of any growth scenario for gesthermal encrgy wtilization will
be predicated an the fundamenial assumplion that the cost of povwer praduced
from geothermal resourcey will be competilive with the cost of power produced
from coal fired or nuclear plants. Compatalive cost data are given in Takle 3.5 (&),

TABLE 2.5: COMPARISON OF COSTS FOR FUTURE GENERATING FALCIL-
ITIES [Constant 1976 Dollars)

Estimatad Total
Capetal 1nuestmaent

Extimared Price ol
Elaciricity &t

Tvpe {& k%l Bushl Ll R WWh)
Huglupr Pawer Blant [LWER} 720 B3 o9
Canventional Oul-Fired Fower

Pant {Low-Sulfur O3} 350 400 38
Combined Cyele {D6-Fired}

Power Plant [Law-Suliur Oil) 275-3%0 az
Caul-Fired FPowtr Flant S70-600 s
Hydrathermal Pawer Plant

Cleam . 250 280 20

Hat Water L7080 47

Source: Reference (B)

While there is no ynanimity af apinion among the varigus investigators wha have
estimated the probabic cost of elegiric power from hotowater rescurces, the range
of cotimated power cost runs from 40 to 160% more than the cost from Giher
encrgy aliernatives on the basis of curreas policies and technology. There are,
of course, large uncertainties in these estimates; no hard data eaist on power
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phant costs for hot-water systeims, ©r on field developoment costs. F . ihe
requirements ol specific sites can ntreduce major differences in projec.d power
costs Iroem resources of similar characteristics,

Costs of Geolhermat Fower: - The ¢ost of geathermatly derived power congicts af
w0 major components: (1] the power plant construction and eperalion cost,
and 2} the fuel cost. The portion of the busbar cost of power aseribable 1o ’
power plant construchion and operations cost depends on the actual cost of con-
struction, the fraction of this cost that is borrowed and the intarest rate on the
lazn, the traction that is invested fram the utility's capital and the cate of re-
tuin on that investment allowoed by the regulstery agency, the period of amarti-
zation of the plant, the anticigated plant availability factor fie., the fraction of
time the plant will be on-ling), and the anticipaled cost ol operations. Each of
these Tactors will vary for a given project.

Currently, there are no hot-water geoihermal power plants in the United Srates
o which 1o bose either costs or plant ovailability. Foreign plants such as those
i Mexico and Bew Zealand will be an aid to swine technology development but
will not yielg wsable costing data.

Estimates qf the cost of construction of gesthermal hot water planis have varied
widely, from as low as $150/k\We ta as high as S750/kWe (71 SR, in ks eco-
nomic analysis (6], assumed a Figure of $650/kWe, which at a 15% rate of rewurtn,
a 0.80 ptam availability tactor, and @ 30-year plant lileume, wranslates into a
bushar power cost aserilalile 1o power plant ¢osts of 187 millsfxwh, Far this
analbysis, JPL wifl assume 2 probable range of 18 to 24 milis/kWh for this portian
of the cost af power.

The gther parl of the cost of power s sscribalble to fuel coats, ie, what the
developer charges the wtility tor the geothermal [ luids. This deperwds on an even
larger and erote uncertain set of lactons 1he per-foot cost of drilling, the depih
and quality of the resource, the cycle efficicney of the power plant, the tax
treatment of costs and revepues, Lthe Time between investracat and start of returs,
the required rate ol retuen, the anticipated lite af a well, and the anticipated
power plant availabatity Tastor,

The resuliant wide spread in bushar cost of clectricity aseribable 1o fuel cost is
esident when busbar loe! cast is plotied versus flaw rate lor a variary of well-
head brine temperatures, for drilling costs of SA0CK, SGOAOK, and SCOOK per
welh [6). The datz ilustrate the variability of potential resgurce cast and also
the impariance of achieving fow weli coss and high flow rates {or the lower
tempueeatore resources.  For Ine assumptions used [ rate of return af 20%, plant
availability fagtor of 0.75, and 1977 tax policy], costs range fram g low of ghaul

. 15 milly/kivh for an enceptionally good weil (225°C, 700K Ib/h, V1.6 AXe] in

an area easy 1o drill (SA00K Awell) to shout 30 milis/KWh lor what might be con-
siderid an averune well (200°C, SOOK /b, 3.9 MW in @ roderateky dilticulr
drilling region (Z600KAvell}, 10 over 70 mallsfiwvh lor a poor well (175°C,

00K tnfh, 1.7 MWe) in a ciflicutt drilling region {SBOOK faell).

To guantify the problem somewhat more, JPL has made a rough estimate of the
cost-of pawer range that might be expected for Lthe various stenario prospects
in tha state, using relasively optimistic assumptions on flow rate and wmpera:
ture. Becoyuss the resources in many of these arcas are not yet conlirmed by
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deepn dr and in the other areas well daua is held proprielary, these enimates
are perks. LCiter descritied 25 guesses, but they seeve a uscful ilfustrative pur-
pose.

The assumptions used and the resulling power costs are presented in Table 3.6.
Ciearly, based on these astumptions none of the hotwaler resources are pres-
ently competitive with the olher energy alternatives. Given that the assumprions
prove valid, the cost af hot-water clectrie power will have to be reduced at beast
10% to bring any hot-water resources to a competitive price, and by as much as
EB% to bring all of the estirsated resources inig the COMpELITivE r2nge.

TABLE 3.6 GEQTHERMAL ENERGY COST OF POWER ASSUMPTIONS

Fantrer
Flaw Flant Field Cort uf
Tamperature Rate Can Cost Power
. [th/hr)  (Srhil SAvelll  Imilly/Ewwh}

Daiton Saa I} &00 Igwe BOD LA 33
Brawley . high 750 700 45
Mang Long Walley 220 £00 haw 00 00 . &7
Cas Hot bprings high 150 B0 55
Lazsan A

Helrir 194 5 law 500 400 14
East Mcia high 750 [7]a,0] 55
Geysors ot Water 200 Bo0 e B 500 456
Glass Mountain high 753 BOO a7
Diaglo

Swiprise Velley 125 00 o SO0 [711] 54
Wendel Amadee high 250 500 1

Source: NTE-1ESZE

Porenzial Aciions to Reduce Costs: The cost of electric power produced from
geothermal resources is determined by a number of faciors, ingtuding most
prominently:

[SF Tax traarrment of revanoet,

{6} {peratiors and maintenance cost.
171 Pant availadiliy Tactor,

iBl invesioe rate of retutn,

£1] Power plane cosl,

12] Cour ot field discovery,

13} Cost of lield develapmant.
(2) Taw weaiment ol 1hewe costs

Various action alternatives are available, They include reducing the basic costs
themselves through improved technalogy, or reducing 1he impact of those ¢osts
on the price ol power through tax treatment of costs and revenues and nveatar
rate of return. These alternatives have varying lead times, price tags, effoctive
ness o slimulating investmens in geothermal enterprises, and probabitity of suc-
ciss, A (listussion of these alternatives follows.

Reclucing Power Flang Costs — Power plan: costs, according to the SR report
(6], can be expecied 1o be about 40 10 45% major machinery costs, and 55 W
£0% in engineering, fivld eonstruction, and miscellaneous items such as piping,
clegteical wiring, meters and controls, stc. The latter costs are unlikely to Le

affected by RB D activitios, Machinery cosis cowld conceivably be recuied BY

the development of imgroved components, but wnsil 2 plant is built and cperated,
true casts will not be known, and the impacts of hypothetical imarovcments wilk
not be readily assessable. Consequently, R&D aimed primarily at reducing power
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plant capital cost in itzell is likely 10 prove ineffective in influencing . .enf con-
coptions of the futire cost of geothermal power, and wherefore present invest-
ment decisions.

Reducing the Cost of Figld Discovery — The costs assoeiated wilh discovering
and praving odt 3 geathermal field are estimated w eontribute no more than 10
to 15% of the eventual cost of power, R&D efforts to imprave explaration and
reservoir assessment technolagy, while important for other reasans such as in-
creasing investor conlfidence, or reducing regularory agency worklozds, cannot
have mare thar a minor direct impact on the cost of power.

Reduring the Cast of Field Develppment — The cost of field develapment is @
rmajor contribuber (30 to 50%) 1o the cost of power, and is amenable 1o redug-
tion in a number of ways:

1Ml Incraased power plant oycle efficiency would reduce e number gl wall re
guered 14 Wpport 3 power planl,. R&D on improved heat exchangrs, prime
mopwary, and condensers could insrease cycle efliciansy az much a5 20%. vwith
# corrmipanding reduttion in the number of welly required, Such wechnalogy
will be #upensive o develop zod demonitrsts on 3 conmmercial wcale, and
would probably not ser pommercial uie belore 1985, Post-1985, it shoutd
Fay a majar role in making maginal Delds ecanpmically attractive.

{2)  Increating the Flaw rate per wetl swould Jso redace L number gf wells re-
quired o suppart a pawer pglant. YWhere well tlow rate is hmited by forma-
tign permeability, vl stimylation teehaigues can by deusloped. RE0 ellorn
are bewrwg dhrected roward ther devklopment, Stimalation of gectharmal wells
it 3 unique protdem, however, quete dillerent from oil well tipulahion, and
the date sweh techrigues might becomg peailable is dufficult o prodict. Wnere
well flaw rate o instea] limited By choking in 1ha berehale, developinent of
suntable dowen-well pumps may provide 3 wiction. DOE has been Jotively
doveloping such pumps, and one hat already Geen tepted a1 Heber, 1) would
oot wem overly oplmatlic 1o cowunt on the availabilily of soch pumps by 1he
early 188Ds,

(A} Decrgasing the time reguired for dridling would proportonacely reduce th ine
tang:he alement of delling costs, estimated to be SO ta T0% of the tacal cost
of lield divelopment, Improved dnll bita, mods, and 3ueociated squipiien’ can
be developed wituin the AAD program, and woukd reduce Zrilling tima, Thess
improvements could ba dvailatie By tha early 1980,

[4} Eagreaving the manptwer required through autgmatian af the drilling progass
walg bave a similar gtfecl on the cost af lietd develaprment, Such o develap-
ment would bz diflicutl snd aspentive, and, if puriued, would probably not be
availatiln lor widespread use before the lie 1980s g 10905

RE&D efforts are ongoing in #lmast all of these areas, While it s diffizult a
schedule adyvancemenss in technalogy, 1T 5 3 reasonable assumption that, if the
R&D pragram it vigorausly pursued, 3 20% reduction in field development caost
should be achievable by the early 1980z, and a further 20% reduction by the
late 1930s.

Changing the Tox Treagment on Costs = The allowance of the intangible drilling
O3t wurite-off for gootherrmal wells has the immediate effect af redueing that
Portion of the cost al power atlributable o field development by 14 1o 23%,
depending on the percentage of the total cost written off. {14% corresponds 10
50%, 21% to 70% intangible.) This measure is particularly attractive in that it
provides morn capital for exploracian and is an important step in making gea-
thermal energy resources campeditive with other enesgy resources.
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Changing 1 « Treztment on Revenues — Provision of a 22% depietion gllo
ance for gee .mal wells has the immediate effect of reducing that partion fw‘
the cost ol power atiribenasle 1o field development by about 17%, assume y
COrpQlate NEOMme 1ax rate ot 45%, J Hme 8

Operaripns arr_rd .f-d'_fi.r'rr.renan.ce Coses — Qperations and maintenance costs repre-
sent !D o 0% 0.' the estimated cost of power. T it nat anticipated that R&D
will sigaificantly impact thess costs,

P.ra.r_:r ﬁlr.lrm?abmry Foctor — The cost ol power i3 inversely proportional to th
availability factor, Any increase in the avzitability lacior direculy reduces y
CosL. 'l.f.'hat the a_.s;ailabiliw facier will be, however, «ill not be knovin un1'.‘|Iﬂ::;..1MIr
operaling experience with corrmescial geathermal power plants i3 obtaineg I?af O
on Ihe chemistry and mechanics of scale lormation and scale contral, an c;;nm
nents and matenals with imaroved liletimes in geathermal Envimnr'ne::lls Gn ::;? .
rempval, and on other related areas can be cxprcied evenzoally 1o bring' g 1a :
tor up 10 Ilhl! IEU% range presently cxperienced 8t The Geysers, The present un-c.
?::DTJ-:HW in thes factoc is a majur delerrent to Utihky commitrent 16 Hut--.-.'a:r.-r
i[.-mg{.::ﬂ;ﬂﬁw;;.tl.rmjir:a.m fand a major atqunsent lor the need for a cost shared

Invc::a:r_r Aate af Rerorn — The rate of return réquited by an investor is a maj
Iar._t;_:r i the cost of power, 1o the case al the uhiities, this is set by the Puti::rr
Unh:-.lr Commissian (PUCE, o the case gf the lield developers i1 15 nal rigid *
but will vary according to the preceived risk of the enterprise, and Lhe ra':::.' '1
return availatle from aliecnasive imesimenls,  kos pmjecliur;s al the cost :I
gecihermal power assume a 0% rate of return requiret on developer investments:
this refleets a relatively high pereeption of sisk. The actions discussed that tend
t“. reduce Lhe r:?k associzted wilh geolhérmal invesiment and increase cuniidgme
:;I:Elzaue mrﬁlf;j nEquem:e on the acceplable rate of return,  If the acceptable rate
o b:rzbc;::]ul zﬁilreduced 10 15%, it would decrease the cost of geathermal

Reducing Perfurmance and Cost Uncertaintios—Liguid Dominated Resowreas

ThE. feed for a ﬂﬂlnmnsrran'oﬂ Plart: Thers are consideratdle dilferences in the
designs and operations of a geothermal plant wiing the relatively pure dry-steam
TESOUILiS of The Geysers and one using the hol-water resources.  First hot wate
::un:ams lees a-.rallla;a!e engrgy PEr pound than the steam, requirir;g mare hnl-w.-.-a:r.fr
ihan steam ‘{u_r a given electrical putput, Thut, a plant uting ho:-ater aperale
ar Inv._tr efliciersty and is moth more sensitive 10 varralions in well and cumpc:
nent {i.e, heat exchangers, plmps, (urbine, condensers, ec.) performances, I

SI-E‘EOH':L the dissalved sclids in the hor-water present a much mgre severe corio-
sion and sealing environment which could reduce both component and well lite-
tirmes and thus the plant availabitity Facier.

Third, the behavior of the rescrvgir is expecied to be different fram the pure
stuarE fiela L'xilwncnct.-_anc! mch more subject to pluggng. There have been a
number of desegn s:udae? an the use of hopwaler resources with wide variations
isr; results. Wo commercial-seale gencratiog plant Nas been buil i the United
aies uiing these resoucces, although foreign pl i i
, plants such as those in Me
Bew Zealand may be of some uselilness, oo and
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2 resolt of ha largs performance and cost uncertainties associated w g
the hot-water TesourGes utilities are understandably reluctant 1o cOmmil . 2ir

use withgut a full seale commereial demansiration.

Demansirarion Plant Desiyn Alternatives: Therg have bron cansderable differ-
ences of opinion on the technalagy that should be wsed for 3 hotwater plant;
llashed stoam or binary, The flashed steam process is the most commanly wsed
argund the world and is pased on technalogy such a3 that demonstrated at The
Geysars, A mixture of bring and steam from che production wetls enters the
high pressure flash vessel where the pressure is reduced causing an additional
fraction of the hrine to vaporize. The brine and steam are then teparated. The
brine enters 2 low-pressure tiash vessel where the presture 1% further reduced
thus gengraling more steam. The remaining brine and cogling walef blow-Coam
are then reinjected. '

The staam from the Lwo llash veszels it introgueced inlg a two-s1age Steamn tur-
bine and then is condensmi, The condensate is retsrned to almospheric pressure
for usa in the cooling tower, Performance unceriainties are based on such con-
siderations 35 enery losius fram wn-well flashing of the brise and the affect of
the corrosive brines [comparcd ta pure steam) 0n component and tuebing hie-
times. High noncondensilile 0as content could reduce the cycle glhcienty suifi-
ciently 1o preclude the cconomic use of a flastied] stEam procrss.

The binary sysiem was conceived 1a get around the limitations of the flathed
steam sysiem. It uses the well flow to heat 2 separate, organic wirking thaid,
toch as seoburane, operating it 3 o osed-lagp Aankine cycle. The hot-water is
pumped te the surlace 10 prevent invell Mlazhing fand potentially large energy
tossee) circulated through the heat exchanger and reinjected intd the reservoir.
The heated working fluid is expanded through 2 hydrocarbon turbine, eandensad
and pumped back through the heat exchanger. Because 1ha noncondensable
gases are not circulated thraugh the turbines they do not reduce turbine elli-

ciency,

The advocates of the hinary Rrocess feel that the subistantial diywnewel] pamp-
ifg povwer requirgments are more than oifsot by incroased wel! flow rates and
by much highet well head femperatures. Their studies show that the binary
cycle is particularly promising far those resources with temperaiures hess than
206°C. |t should be noted thiat the binary cycle involves more nivy rechnology
than the Mashed stcam systEm and has yel 10 be demonsiratas on a commercial
seale fie , 50 Fie] anmywhere in the world. Critical new fechnalogy includes

the down-well pumps, etficient heat exchangers and Lhe hydroeatbon wrbine.

Demonstration Plant Siting Considerasions! For a platt 1o be cperational by
1881 it must be built gn @ proven JES0UTCE. Dver the past Iwo years Blectric
Powor Fpsearch Institute (EPRY} has been spansoring a series of studies for site
erlection and dosign options For sech 2 demonstration @lant, Their slisdics
showeed that adeguate resource data exiized only for Heber in Wha Lnperial Valley
in Califoenia and Vatles Saldera, New Maoxico. However, as a resudlt ol morg re-
cent development Roosavelt Hot Springs in Wtah and East Matd in the Imgerial
Valley zould alig be considered as potenkial sites. Both Valles Coldera ang
Roosevelt Hot Springt have temperatures greater than 220'C, Both are assaci-

ated with valcanic siructure.
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On 4 ke hzad the emperatuces of bhoth Heber and East Mega are near 130°C
and are sssociated with sedimentary basing, Beczuse of the differences in geg.
logic structure and waler ternperatures it is guistionable to what degree the tech-”
noloy angd reservolr characteristics demonstrated at ¢ither Valles Calders of
Aogsevelt Hot Springs would be applicable to 1he resource develgpment in the
Irnperial Walley., (The resulis Trom a demgnstration plant at gither Roasavelt
Springs or Yailes Caldera might be very pertinent to geothermal developments

a1 The Geysers, Long Valley or Coto Hot Springs which appear to be similar

inn resource charaoeristics.)

One of the gitficolties with dota correfation from sile 10 site is that 1lashed
steam lechnology could well be wiilized al Roosevelt Hot Springs ar Valles
Calderz, while at the fower lemnperature of 190°C binary evule technology would
be required if the resource #s 1o be economically competitive, The EPRL studies
and subsequent ana'ysis by SOG&E favor the binary cycle for Heber. [See
*Heber, Valles Caldera and Ratr River Comparison Studies.” |

Demanastralion Plant Sugport Recommendztions: Because of the differvnces in
reservair propertics and requiced technodlaogies for the avallable sites fe,, Heber
anc East Mesa as compared with Valles Caldera and Roosevelt Hot Springs) a
demanstration plant with the characteristics of East Mesa or Heber is critical 1o
the repid development of the hot-waler resources in the Imperial Valley, The
Geysers, and subsequently in the remainder of 1he state, [SOG&E recently an-
nounced thal it has signed a ietter of understanding for the consiruction of a
53 MW plant 1o be located in the East Mesa Field,)

EPRI has sponsored design studies which support the development of a 50 MW
kinary-cycle demonstralipns plen: 2t Heber in cooperaiion with the San Dirgo
Ga: and Elecine Company. According 10 SDGAE analysis the cost of construc-
tinn of @ 50 MY demonstration plant and it subsequent operation over a five
year period weuld be in gxeess of STO0 million,  During the eaffy vours of plant
cporation it is cxpecied thal there will be considerable periods of time when the
plaat will be shut dows [or repair, retrofitting and special lests. As a result the
cost of power [ram the plant during the early years of operation will be in ex-
cese of 100 mills/Wh, As problens are resolved and the availabitty acior In-
creases the ¢ost of power will drop. Tha categories of risks thar could affec
the plang aveilobility inglude: N

{2t Ppwer Plant
fal Turbwne-generaiaf development.
B} Turpine-generglgr control.
{c] Crgaric woiiing fluid cartainmentL
{d} Scaling and corinion,
{g] Eatended elact-up,

(1) Bring Supply
in] Reservair proguetivity,
b} Well easings,
i} Down-hole pumps.

Tha maquitude al the investment, the peer economics, and the techinical risks
asscciated with sueh z plant are too large lor any one utility 1o absorb in its
rate base, SDGEE feels that it is essenlial 10 spread the costs and risxs ol such
an underaking over @ wider stgmens of (he public than thelr immediate tustom.
ers since aY clectricity wsers sland 1o benelit Yrom 2 speecssiul dernonstration

of ceothermal energy. For these rézsons SDGAE has been seehing suppurt of
up to 50% af the construetion and operation costs fram (he tederal or perhaps
s1ate government, Possible vehicles for this support are (he DOE Demanstration
Pregram andfor a special subsidy from the Calitornia Legisiature.
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Joint state-lederal sponscrship of the demoanstration project would provide a
¢lear signal, not ondy to the ytilities but a'so ta the exploration companies, that
there 13 a serrous commitment by beth fevels of goverarnent to establish the
commercial visbility of geothermal energy. Finally, as indizated in the SR{ gnal-
?fs,res_ a gowernment supported demonstration plont would have two pertinent
oflects: . .

11 It would ensure that commercialization decitions are nae deldayed By uave-
solvid uneyriainty about future COsts.

{2} It would alleviate the problem af asking tlectricity consumers in 3 limited
area o bear the costy of demanstraung a nikw technalogy chat will benef
a larger group.

Streamlining the Environmental Review and Permitting Frocess

The fxisting Process: Reguiztory Requirerperitt — The Califorma Environmental
Quatity Act {CEQA) of 1870 and the National Environmental Palicy Act [NEPA)
of 1870 require environmental impact reparts on any praject which may have a
significant pffect on the enviromnent, Air and watler considerations are required
ungder the Federal Clean Afr gnd Water Quality Acts. Other epnviconmental im-
pacts alts are covered including: flora and fzuna (covering endangered species),
archaeclogiczl, erogioh, roads, seitmic 2od tsunami impacis, land subsidence,
rHise, B,

Because geathermal encrgy murst be utilized essentially in sito, the approval of
the drilling of a single woll, if sucoessful, bmplies the subsequent construction of a
pawer plant. Thus, the apglication for drilling permits on private lands ar the
leasing af staze and federal lands have cavsed the responsible loeal, srate znd
federal agencies to prepare an Environmemal {mpact Aeport (EI1R) under CEQA
and an Environmental Analysis Report (EAR) or an Emdronmentat fmpact Siate-
ment {EI5) under NEPA, These reports consder nat rly the impast of the
initinl wwploratory drilling project, bat also the potential tutere developmeant af
3 full power plant with the attendant total epvirgnmental review process.

On private znd state lands the Califarnia Appellate Court has ruled that the EEAs
on exploratory wells need not consider the impact of full development but just
the environmental impaet of the exploratary operations. On ederal lands the
Farpst Service and Buregtr af Land Management are considering an appreach
sbich would allow applicants the oprians of a lease withaut a gre lease environ-
tieneal reviow with a sTipulation fhat No surface ageupancy can take place until
the envirpnmenial reviesr of tuch pecupzncy has been conducted,

Invironmental impact considerations may apply again at the time of exploratery
i characterization drilling permizs or &t plant cedtificativa revicws,

tesponsibie Agencies — The envirgnmental review and permitting processes in-
ohve a multiplicity of federal, stace arad locat agencies. In general, two lewels
ril often threa levels of government can ba invelved In the review and regula
fan of a given profect. The puklic fs invelved and cancerned at all sieps with
he right and pawer 10 act at any ume through public and political pressuse and
Mroawih the courts.

nvironstental documents must be prepared by owo lead agencies: one for the
nplotation phase and cne for tha power plant with review of the decurneni by
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toth responsible and revicwing agencies, The lead agency has thr:_ principal re-
eponsibility for preparing r:nuironmunt;lﬂ‘dncumems ard for carrying auf @r ap-
proving 4 project whiich may hove sigmhfany effect on the envirgrament; respon-
sible agencies have an approvdl right; réviewing agencies comment anly.

Responsible agencies are requited by law 10 reviey Bll'ld certilfv.r_ II:IE du-cun:uent‘;
adequacy, They apply their own standards and require specific information nec.
ewsacy to satisly their own rogulations a.nd permit requirements. |f a responsible
agency does not accept the iedd agency s cn-_.r:runmental ducumem, it can re-f
quire the preparation of additional ininrrlru:uun and further public review before
appraving the prejecr and issuing a permit. Ideall?, _Earl‘f consulation he}wezen
responsible agencies and the lead ageney should! eliminate this need, Hewe'u:urlng
acencies review and comment lonly) on environmental documents lrom their
own speciflic areas of expertise. '

Az the local level other interested parties ncluding members of the resident com-
munity and environmental groups may roview and comment on geathermal proj-
ec1s through the public hearing process.

Mumerous permits, which also require interagency review, are alsl.u ncccﬁlsnry in
addition to the environmental cocument. The primary permits include:  the
county land-use permits: the local Air Poliution Control D:su-‘c: (APCO),
Authatily 10 Construct and the Permit to Lﬂperate; Regional "n.’?.'l:er Dulalll.w Con-
tral Bozrd {RWOCE} waste discharge requirements; and 1he varipus drlling per-
mits 1or cach phose of resouwrge development,

Lead Agenciet — For geathermal exploeation on priv.ratg Ian:lls the sppropriate
coun:y acts a5 lead agency responsible 1or T.hg preparation of an ENVIFONIMENtal
docurment as a condition of its land use permit ‘or a given project. For explora-
tion an state lands, the State Lands Commission {SLICJ has 1ea\rd ageng:v respon-
sibilivy. On foderat lands the manacang Iandl ageney 1% re;nons:hle;_pnmurél; the
Bureau of Land Management (ELRY and United States Forest Services (USFSh

illi fmilt and cperations are the responsibility of the Department of Qil
Er::juggsﬁi')ﬂﬁ] on prif:te and state Iands‘and the USGS on lederal Iands:l they alia
reguire intefagency reviewe. The Californis Energy Rresources Conservatian and
Drevelopment Commission (CERCDC}Y is the lead aguncy Tqr the constructu?n l
ane aperation of geothermal power plants on state and private lands. On federa
lands this responsipility may be shared between CERCDC and the wppropnate
federal agency.

The process of environmental review under the protective acis is_rcl.‘xltwc_lv new
and in many localities geothermal development i glonoering 115 anpllcatllun: It
5 nat surphising that there are growing patns and wome apparcnt conlusichn in
its earky use,

Development Seguence — The general phases of the plant development cytlp
may be summirited as tollows: .

{31 Mutewment ond Land Acguisition: General geophysical assessmentt lor Illlu.'l'.r
prosperis are made by bndudtiy o gowernment Fallgwed _h-. thir #CQuree on
of pevsfopment righty. Envirgnmental 63Cagroumd dars it collected and an
EIA, EAR or EI5 it prepared m appropiate for ttae, lederdd or povate
Landy. Following eavironmentst review the land i icased (lederal of Harel
we¢ munlaraines deillinn maw ctack dorivatal.
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(21 Ewplaration: Drilling permit; are obtained with aporopriats review bor
exploratary drilfing. Far private 1and she €17 15 anppdaved gt (his time,
Explaratign deep-drilling proceeds. Uiially several wells are faguired.

131 Pesource Characierization: Following a successful discovery, prrmils tor
restorce charactenization drithng and weting are otlained, Drilling and
iesiing procesds 1o determing the Magnitede and characieristics of the
respurce.  Unlity commitment lor commareal resource drevelopmant is
I0UGhT,

4] Plant Cartilication: The devaloping Utility seeks approval of the power

Blant additign, Included wre the “lotice af Intent [NQI and Application
Tar Carification (AFC) eevimws, Generally, detaited plant design and the
applicanon for the field devalopment PEFRITE B oceed in pavallal,

(8]  Plant Constructian: Production walls #ra drilled and the power plant is

cansirucied,
The key regulatory steps are: .
111 The snvironmuntal review [EIR, EAR or EIS) and associued land uwe
permis.

(21 Drilling peimit for explocanion,
(¥ Drilling permins far charactarization.

(41 Plant cerudispion [NOI ang AFC reviewes), wf Jdrilling permirs for pro-
duction.

If the various reviews go smoothly (which Senerally has not been the case), the
first plant ean be brought an-ling in approximarely 8.5 vears on private lgnde
and 8.5 years on federal lards. The explotarary drilling and plant construrtion
require 6 years. The various approvals and reviews account for the additiognal
2.5 t0 3.5 years. The approvals can and have 1aken even langer,

Permitting Delays: For varicus reasons the regulatory process is arduoos and
time consurming. It is cited by industry as ane of the main cautes for the lack

of geothermal energy dovelnpment today. They would like to see it $ream.
fined. The following are some of the reasons for delay:

{1 Interagency Coordination: With the mMultiplicily ot agenciec There are gQues.
tiong of juricdictional authotity and coordination ssdciated waih frothermal
energy dovelgpmont, Each agency has responsibilities establivhed By Jaw.
Hawever, no 3gency has thd duty or authonity of coordinating Lha requice-
menls of other MpEocres. Retuliing delsy is manifested in both mulipis
¥ty reviews ol single regulatory sTems and in Lhe dillesing egquiremenic
of the yaviowt sgencies assotiated walh a prospec Live development aes.

1A Agescy Retourte Limitations: The pregaration of 4 complete and drrailed
EiA. EIS or EAR places a heavy Jasd oa the repourcer (hath Manpawes
#cd dallaes) af the lead ayeney which fan roalt in a delay in compleniga
of The review, Lack of clanly in Driodities can compound The rtkultan
deliys. On prvate land the diday will 0Ccur when applying for an explora-
ey drillng permiT ar alteraately on application Tor characterisation drol-
92 on stawe or federal land it will ccour prigr 1o leasing or prige o charac-
terirahon drillirg, The agency resaurce probles i compounded an Tedgral
1ands whers tha responsible agency may naw be requiied 1o meke & 2om-
phete land mansgement siedy of the aotire ares to be leased AFegeral .Land
Falicy and Mansgement Act of 1675].



134 Geagthermal Energy

{23}  Limatod Epvironmenial Background Data: Envirgnemental review has bean
hainpered by Hinited dala on the résouice atsel! and it environrensat eliccts,

(41 Unelear Requirements: |0 many cases the requitements of the varieus agen-
riey 2re nongtanderdized, unclear and Locogrdinaled, Addiuonally, mare
dala may be requested several Wmes curing L Feview proces,

impacr of Fermitting Defay:  Even with the corrent low level of developmient
i the state, the existing roview requirements have saturated the limited statfs
of the involved agencies and industry alike, However, it geathermal energy is
gcing to be braught pn-line at an increased rate, there will he a signilicant in.
creaze in lezse apgtications, envirgnmenlal revizws, drilling permils and notices
of intent lor power plant constzuciion. | streamlining actions are not taken,
the reguiating process itsell will be the factor that seriously constrains ithe geo-
thermal energy gronwth rate, ] B

For the most part industry is nog seeking to avoid enviconmentsl requirements,
Insicad, they would like 16 see thete requirements defined [and, il possible, stan.
darctized) 5o that they can take the necessary steps 1o comply and get on with
their project, Industry if seeking assurance that these projects will be revieweg
and acicd en in a timely fashion. To this end members of industry have indi-
cated that they would Lke ta sce some form of contrel owver the regulatory prog-
&5 invalving some ar all ol the following:

(1]  Dealing wiih ealy one agency a1 rach jurisdictions! evel.

2] Each anency wish grothermal jurisdignion to "thow cause” why they thouold
have weh jurisd.clipd.

[37  Instuwtion of 3 masimum tine limil for proceising permic applications, with
exlenyom oaly lor cause, (Califermig bas pased AR BB which ewtablishes
Lme limits lor decisions by respontibie agencms.|

14y A clesr definition af data regquingments,

{3 Concurrent permit apaleatan proacising by each geathermal enbity,

Permirting Program Recommendaiions: There it a geners! recognilion and degire
by the parties irvolved, both the agencies and industry, that the problems wilh
the current reyulatory-permitting process should be resolved.  In November of
1978 the firsc step to this end was taken by the convening of o State Fedzral
Geothermal Regulsiory nterface Workthop at Asilomar, California, Representa.
tives of indostry 2nd local agencies also were in attendance. Topics cavered in-
tludad environmental revievs, well operations, power plani siting, nonelectric
projects and water ang air gquality regulations. The workshop developed tecom-
mendalions on buproving the permitting process, (8],

Bztad on the results at Asilomar, two clames of actions ara recommended: one
directed 31 sirearnfinipg the permitting proces: and 1he second directed at de-

wEloping the environmenial date and criteria necessary to speed avaluation of the
proposed projects.

Stezarptining — First, L must be recagnized that the agencies now involved in
réquiating grothermal development generatly have jurisdictional authorizy and
responsbility, established by faw. A% 8 result, in the off-times groposed, one-stog
permitling piocess is not feasible. Sucamlining the process, if it is to ocour,
must be bosed on the knowledgaable cooperation and consent of the responsble
agencies. To this end it is proposed that a joint state-federal interagency permit-

I R T
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tasmciated with the complete development process from 251 J. _ a0 10 less
than 1 wear,

Environmental Data — The second st of actions is directed at gathering the
environmental data necessary 1o evaliate the pnfential impacs of the proposed
development in a timely fashicn. Development is paced by the need 10 guther
the necessary environmental taspeline data which take? over 3 year Gf more, _Im-
perial County presently is completing a twa year project Ir.hrecw:ed @t gathering
the necessary bascling and envirgnmental n[fn_-:;s data n:lnch will allgw them 1o
act on geothermal developments without additional major delays. The four

. counties 2t The Geysers hawe reguesied federal government suppart lor a two

—

year program in that 2rea, 11 can be anticipated that other areas I.I-.r':ll haug}lmia
lar needs. The cost of gathering the necessary enmr_unmental haseline data is
hinh and generally bevond the means of |oeal agencics. Itlhas beun suggﬂsteld
that the state and federal gavernment subsidize the gatharing af much ol this
daa.

Finally, hecause of the need for environmaental eliscts da:_a throughout Lhe state,
it is sugnrsted that a centralized source af Igf:ﬂtha-rmal enlwmr_nmengal data be
astablished and chacged with the responsibility of gathering, ineioaing nnq dis-
tributing data fram published reparts, £18s, etc. A centralized source will be
etfeciive anly if it i1 responsive Ta user nudstand can supply the needcdl data

in the form required for Timely decisian making by the regulatory agencies.

Accelerating the Leasing of Federal Lands

Current Leasing Starus: Timely access to the pazential geothesmal resources on
tederal iznds it important to the state, Of the 1,400,000 acres of KGRA lands
within the s1ale 55% are under ederal jurisdiction. It is emm;::ed thal the
lzrgest fraction of the state's geothermal potential and many of the more promis-
ing sites are on these federal lands. In tho Centhermal Steam Act af 1QI?II_J Can-
grass provided for geothesmal leasing and development af federaﬂlv ndmlmstereq
lands, Under the act those lands associaind with KGRAs are suthject Lo compeli-
tive lease sales; the remainder tq notcompelitive leasing.

cEver lgasing of these lands has been slow, Requlations implementing
11-11{::? ::f E;:::mz EfTE?CIiVE in January 1674, To 1877 only 109 000 aercs consist:
ing of 60 tracts in four af the state's KGORAS have been olfercd furrcgmpetutwa
teate safes, Bigs have been received and ccepled on 26 tracts considting af -
36,600 acres. The KGRA tands lcased are admhl'lme:ed by e BLI; nane are
USFS lards Thers have been 595 noncompetitive lease applicatians in Cali-
[genia: 287 have been rejected and only 108 issund.

The process gl i$uing 2 lease an federal lands can take on the ordar of 28
months. A year is required 1o gather the NeCessary cnwmr}men:al blﬂkl;rn'un.d
data for the fease block under consideration. Piext an Environmental Analysis
Repar: {(EAR) is prepared, with appropriate federal agency inpul, which evalu-
ates whether the proposed leasing and subseyuent grotheernal development
wolld be done in keeping with established nnwrcnrpnmn! and requlatory sgzn-
dards. In enviropmentally sensitive aréas the EAR is gensrally nat an andec_luata
assesseeent and 3 more detailed EES would be required. The E.?.H or EiS s
then subject o public and further agency review and leasing s'.lpurlalmns pre-
pared. This pracess determines if and where lezsing of the lands included in
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the study arca are to occur.  [Marnmally only 8 fraction of the lands studied are
offercd for leasel With 1he approval of the EAR or ELS fease sales arg Lthen
hetd. 4% hat been the cose (o date the process can be drawn out substantially
where potential teasing activities have been challenged by the public as weli as
by the reviewing agencies.

The leasing process is lime conseming and requires a subistantial commitment of
manpuwir and money, Genthermal leasing is just one of many of the respon-
sioilities ol the two key Tederal agencivs) the BLM and USFS. In addition, it
does nat téem 10 have high priority. A% a result leasing is hampered by the
limited stafll ang funding within these agencies.

Scenario of Federaf Leasing Requirernonis: Tatde 3.7 summarizes the [easing
schedule requirgments fur 'L power and development projections {scenanas) and
associated acres. |Aoreage requirements assume 2,500 acres are ieguired for each
potential 200 Mye site and 10 potential sites are required for each successiul
size. On subseqaent capansion of powes resourses il is assumed 5 potential sites
are reguired For each soccesslol site.)

TABLE 1.7: SCENARIO OF FEDERAL LEASING SCHEDULE

Required Requited
Laase Dale Acrel
15t Prionty "

. Lang Valley " Grarelbanher" (LUSFS) April 1878 20,000
Com Hot Sprnns {RISM/BLM) Houembwer 1978 45 000
Greyters "Homestrad Lands” (BLM) Jaoasary 1979 & 000
East Mesa Add tiors IBURSELM] krly 1678 17.000
Glass Movnuain [LSF S - Al 1950 5 000
Lagsen [LSFS) Al 1980 45 G
Vhentel Amedee {BLKY April 1981 4 Q0

2nsl Pracrity
Long Valley-Mona Adtirions (L5F 51 April 19481 £ .00G
Glamit, Cunes, Ford Dry Lake {BLA) June 1301 30,000
Dech wourth, etg, (USF S| Ao 1983 5000
rgnrille {BLM) Apail 1934 2500
Aandshurg, Bodee, Saline Waliey (BELM] Apail 1984 25,006
Wity Springs, Cow fauneain (B LW Apcil 158G 5,007
Lovelady Ridns, Littka Harse April 1947 S0 000
Mountain, et [USFSSELRL)
416,000

Source: WIR-1852H

The lirst priority sites include those logated primarily in the Eastern Sierca and
fsartheast subregions which are recognized as having large pelential. Their de-
veiopment lorms the basis lor the |arge increase in geothermal power generating
capacily in the post- 1885 nme period. Also indoded are D000 acres of home-
gteadd lands in The Goysers steam fisld which have been until recently ticd up
in litigation and Burcau of Reclarmation {BURS lands at East Mesa which are
immediately adjzcent 1o the Republic leztes. The sccond priarity sites include
thase with wedelined resource porentizl and those which are smaller in size,
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Their development would eontzibute o power onlinge in the post. 1. .ime
perigd, At a recent mecting (9) with DOE and the BLM, USFS, and I5GS the
priorities and schedules derived fram the scenarios were sdopted as pragram
gaals. . .

Faderal Leasing Program Recorwnendations: The timely leasing of the ledera!
lands, particularly in the Eastern Sierra and the Northeast subrenions, can be
critical 1o establishing a signilicant geothermal energy option in Califormia, A
substantial increase in leasing activity can be realized providing:

(1]  The feasting aof geothermal fands in Cahlornia receives & mucih higher prioicy
wilhun the BLM and LSFS,

{21 The budgeis and stalfs of the reypanable agencies are increasad,
{30 Leusing priositics are basod on resourca pelentil,

{4) Compliances with gther requirements (9., Nitiasnal Forest Minagemaent
Acl and the Wilderoess Act) 31 not Mlowed 1o delay (RESN] SILvilikE

SUBREGION DEVELOPMENT

The five gagthermal resource subregions discussed below are shown in Figurg
i

FIGURE 3.1: GEQTHERMAL SUBREGIONS OF CALIFORNIA

-
N

1. THE CEYSERS
2, IMPERJAL VALLEY
3. EASTZAM SIERRA
4. KORTHEART

5. CENIRAL COASTAL

Source: M7H-18578
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The Geysers Subregian

. bt e
Geysers subregion has the estimated pc{:entual ol contnbut;g% gvgﬁ?j%?wle
The ﬂ-f,| y ating capacity 1o the state’s energy needs by it of the con
ol electriz g'mfr EGE?G Liwe by the year 2000, Thicugh 1985 most A
Ll'._r 195{] an_t:ll1 {;:hrfmm the <1gam resources. Post- 1985 growth will be dep
:r!nb::nl:;c:r:!op:wnt of the potentially large hot-water resgurces.

ion i ' Calistoga, Loveledy Ridge, Knoxville, Little
. sublr!:ﬂlﬂ:n‘ mdudd:'s'i;rtzf g:::;?l?g:fsgand is located in portions nil Cﬁg.:rst.;,
poiy f:numa‘m anﬂa .:: Sanorna and Yolo countigs about 120 knlumlct; :Iose "
e w-el'ldml:lnu, IThl?: %ive KGRAs consist of pbout 420 000 acres wit e
0! F['a"clxul ers-Colistoga KGRA, Owver 300,000 acros are stale. R
3B0,000 in the f‘"""zurm[] acres assooiated with the TD‘L:Ir s.mylle::r, ouErl':.:gz KoRAs
:;;ert;i:’r?:;wllc‘f[é;ﬂm'acrﬁ are uncer BLK anf l::f:gesr !ﬁ;.::;-n“;:[-iﬁw e e o,

. _ i

sld;rihl',r"n";::r:stienit:::é If::;s lit;:ilifetr{;ﬁnf?gﬂ,ﬂﬂﬂ acres gf land currently under
catice, - '

lvaze in the subregion, (100,

i i i -Cal~toga KGAA, is a relatively unlqulle
The main Gt.*\,rse'rz':ﬂ:li?;_l .:nt::ti?nztizmpgu 1;t‘|agll w1_1'u:h could pxceed ?I‘ngﬂc;;ﬂ:.fe,
dry steam. r!‘:mut i5 very compelitive right now with other suu:ce: l:rlw pinel . Re.
CQF’:“'-'"-TW tod in the high industrial interest and development DED:(} emhr;rmal
o refrt*;:tcd r.lant has been undersay for aver 15 years, Ower 'E o
wgurce d“':":bﬂpmcrill.cd Yehen 1he Pacific Gas an?l Ele:trlnICump;E; umit 11
m::: E:r{in!ee;: 1974 i}. raised the inslalled e!z:in:.latll :a‘:r:;:nc\; rt:pany h.a s
i : [ wan world.,
ing i cothermal inst2llatian in the wol
;ggagdlt;i;?L?tI gﬂﬁ MWe ol capazity by 1885,

1 lilgrnia
The Califprnia Department of Water FI:s.qu_rcﬁ;c::::ri.:;\l:;:h:g:mci.lhﬂ sers
i in ghiaining el |
noy are slse interested in o ing e ; e
Pﬂ"_'-'er ﬁ'?f-,ur:mc strang wncheations that mgmfl:anlqrmt Wal:rcr'f:ahm ot
presen in the sutmegian. A well at Sulphur Bank Mine gr:lh 'u ot water
pmwm&:ature of 1B6™C at 1,520 meters {11). The USE‘i I;’;:umpwatg; ot
:p:r?:;i: in the greater Geysers area. However, 1the extent g
i

sources has yer to be proven by ceep drilling.

! i he first addi-

ezrs davelopment at 1the Geysers has slowed. L!mt ‘.I;:f E:c e
I.“ recent ¥ t after the provistons of CECA hadrgcr:e inwo &l e
t!on 1o be Tegh Rile the progodures ond data requirements for 1 ;.‘Ij e Tvrtro.
siderablu 1.1L e i15 were bring defined and the problems associale s
e ncrf?;?r:n?'eggzm were being resalved. In 1976 tm: ;c:caluﬂn:::i F:. et
O i . ity s ed to PGEE for units 12, 13, 1 -
:e::j?f{:h?:?f :;il:u.:;l:;‘:roﬂ:'ztj?:aa:itt 14, iz expected o Le onding in 19748,
H}: A )

i ion of

has been a seériouwt problem holding up thet fmlhe;ax;};n;ﬂs vl
i o iron catalyst systerm was insialled on unic 11. A hos It
The Gﬂ'vscr!-'-_ An :rr:IITI on the remainder of wunits 1 through 12, Euup_.w 5sC
wel a rf'lrﬁs'ltq;r;: succewding units, Under the Nerbern Sunc;r;:l H.slemi“igm
il b? . o I Distnicis LAPCD) pule 56.1 enagted in 1976 ( c;d ;u 8o5 o
rnulf:;::z:ri?‘tﬂtlgemrs tickd, which were ‘lE?DI!hIh{gn;;sL ﬁf g:d.;';emrmined b

1850 ards zlter : ed

b: I;E:T:T;l:f:fé:::fiier ESTIS'IJ;;B.“I::::M ofn a review Of air quality, emissions
the i
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and metecralogical dagg avdilable at 1hat timae,

of the steamn ficld ang the hotwarter fig|ds that
succassfur,

M is impartant the expangign
thesz atatemant Programs he

12 through 15 ang the H;5 abarement aroblems they haye stipped their sched.
vieg ta 1981, Tha maintenanca of the new schedyie requires that anplicatigns
tor anproval of unizs 16 and 17 pa Oranted in 1979 {23ssuining successiul resoly-

tion of the ahatement problem}. The geathermal resourcas for these twn vni
have been proven,

The quothprmal explaration for the furiher expansion gt the gream field has
Cenirated on the Cob% Mounials area closest (g the existing Geysers lield in
County and in Sonoma County south of the current fiplg. Most of the land,
associzted with the main Gaysers §iald have been leaseq, There are, hawaver,
approximaety 5000 acres of faderal homestead lands in this ares to which the
8L has given high leasing Briorizy. Because gf tha 13tk of resourncs aLsessmgny
data there iy URCEFLAINGY a5 10 the neeq dare of the i2ating of the federaf landg
in the four outlying KGRAS, Ta have ta lease ait of the federal lands in thosg
KGRAs 0n 3 short schedule is a real cancern t2 the BLM ang UgFs for as many
FeClired 1o lezse the federal laags: more than ther

con-
Lakn

85 10 separate £153 could be
5121 could hzndle {13).

There is a reg) passibility that i) development activities
at The Geyip:g could come 1o a Complets halg,
€oncerns and land gy conllicts ha

an the further Expansion
in recens yeary environmenra
ve slowed the extension of The Geysers fiold
into Lake County, a Prime recreational area. Many of tha resicents and loeal
requlatory agencies fee) that the tEchnology emploved at The Ceysars has beon
destructive of ajr qQuality, water quality, wild Life habitat, and the landscane, A
key issue in the subregion js the adatermnent of Hi%. Parsons living dawawind of
the existing Hower planis complain of the ratten emgs aram; of H.8 and the
Wise of well 1esting. Another key issue is local cantrol Quer develapment oyt
of fear that:
(1} 19 the abrence of 5 landt yia
Ment with mo considaraton 1
Mnitive ecalogical areas,

Plan, vtonamics will FUlE Qostherens) devealpp-
Gr the quality af e prd Mo pratectian for

2 Lecal viewpaing and inputs 2re pas being twarg
I Qaseinmantal review and dopravil proces,

{3 Erviconmenryl laws ara bgin
Mienipd,

OF CONtideryd throughour
9 ignored or e Aot being Broparly jmpla-

151 Paienrisr nonelecinic applicationg jn Ihtir ared will be GO g

Vthe spring of 1098 residents ia the area formed the Lake County Energy
ouncii, dedicated 1g the "intelligent davelapment of ENETRY reSDUITRS in the
ey [14), fembershiz now aumpers mare than 1,400 pergges. During

' sumimer of 1978 the Coungit iNstituted a lawsuig 293Nt propgsed expansicn
' Mt Knogt), Many people

in the arpg would favor defaying gecthermal davel-
yment urntil eNvironamenta)l TONCAINS ara resglvabie.

e Decartrment of Fish and Garne fag i

milar cancerne relative tg the protec-
i of wild ife habitar and extensiva fig

herics in tha zrea, Tho residents in tha
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area. as representied by the Lake County Energy Council are dis_pcseﬂ L go 1o
cou-:t as they have domongirated, 10 ohtain "contralled, intelligent” develop-

mEeLL

The local agencies in general are hampered by an inadeguate enwrnnme_rntal t::fe
to suppart e timely analysis ol propaosed geathermal duuulupmelr?-ts: du cann-
pound the problem these agencies are iur_the!* hampeted by both limite r:1 ",
power and tiscal resources. A case in point is the current lack qu adequate !
{ine mectearelogical data, ambient Hy3 atmolspl'!em: data afpd re_hahle i_:valua:;nn
models for whe local air pallution control Li!El'.rICt e monitor air guahwhan o
make projections NecEsiary 1o aisUre that air quality standards will not ke a
versely atfecied by proposed develapments.,

Faur counties in the subregion {Lake, Sonoma, Napa and hﬂenl.:!m:ilno] hax;’e joined
together and have initiated a Geothermal Iftr.-murr.e Impact Projection E-'u..-rx;.;1

{5 RIPS) which will be the baiis of reconciling geo:hurmatdeuelnpmentdwu.”
olher important land uses. CE RCDC and BOE have provided funds ane sr.:
support for the imitial phese of 1he GRIFS sr'lud'.r. & part of the Hlud‘r 1; 1h_-.;
develgprment of needed ervirgnmental basefine datd. The completion of thi
study is critical to avoiding further c_ievelupmelnt delays in the subiregion,

The |mperial Subregion

i i : Mesa, Ford Ory

ss eubrooion contains seven KGRAS Braw!eg, Dunes, East ,
.[:llc?hﬁiarﬂis Heber and Saiten Sea. All are in [mperial County exgept Ford
Ory Lake which it in the southwiest cormer ol Hwer_side Founw. IThf: aegther:
mal cesources of the Imperial subregion have the pgtenu?l of begqinning 10 COMN-
tribule significanily to the state's energy needs by the mad 19881,

Ceotherma! developrment aclivity 18 high in thellmperial \.-’;_nllev. The U_nwer:sm.r
af Calilornia at Riverside has conducied an active i.-a_cpmrutmq pragram in I n:!
region since the early 1850s. Close 10 70 wells have been drilled. IA.S.: rr:s;m
considerable data is availanle on the resource poteniial at H_r:l:nzr,t Bm:a. ?22,0 =
Kaen amil the Salton Sea KGRAS, These four RGRAS consist o UTLIr- . ;re
geris ol which 170,000 acres are privale or state Ifands. The federa 4:;1(150 .
lacated at East Bdesa and the Salton Sea. It cmmam_j that over 140, ; l:d ‘
susrently are under 1e3se by industry in the area including 12,000 agres ©

cral lamd at Egst Mesa.

Hémunl:e desetoprent at Heber is further advanced thar any other th-'_wa'li:'
resource in the state, Over 16 wells have been drilled nnd‘ 13’3-&! rmurr:e_na: ee:
patimated to be suflicient 1o wupport at teast 800 to 900 1AVWe of electncal cag

" pity lor 30 years. The resaurce temperaiure is 180'C unld ol lew salinity lie.,
{11':1 08 pamb. Faour explaratiun compahies are aotive in the Hober area: Ghew-

ron Oil, New Albion Resource Company {MARCO), Magma ‘mer and E‘E?{EG
Qil. Develppment of the resource dales hack 1o August ol 1973 when : n~'
Magma and Chevron Ot agreed 13 join in a Lest program 1o svaluate the pote
tial {or commercial developrnent af the Heber figld, .

Recause ol the lower termperature af the reservoin {cumpargd -.-r|th”ll'«!ﬁ1a:::||1 1;.:;1»1
geothermal fluid must be pumped 10 the mrl.lme 10 maln{am a suf! 6::;15 n :*-Iu.-

{iow rate and welithead temperalurcs for eflicient cramersllun._ ]n ‘li -.n; &:ﬂom
tina of deep well pumps was cormpletad and pumping and reinjection opera

[}
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were initiated by Chevron, Heat exchangzr tesrs, suppoarted by EPRI, were can-
ducted in conjunction with the gperation of the well pumps. The results of the
1ests, completed in December of 1974, were favorable and indicated that heat
exchangers could be gasigned for operation over fairdy lang periods without ex-
gossive scabe buildup. Chewon has continued ifs resoorce assestment acbivilies
ot Heber in epoperation with NARCD and the Umion Qil Company, In 1975
EFRI initiated o series of stedies leading to a proposed S0 M%e geothermal dem-
ansiration plant 2t Heber based on the binary cycle. SDGEE would like (o pro-
ceed with the cansiruction and operation of such a plant at Heber which could
go into operation in 1981,

The rescurce ar East Mesa 15 similar 1o that at Heber with a Jemperature of 180°
1o 190°C and low salimity. The Bureau ol Reclamation {BUR) has consiructed

a test facility at its site im the EGRA to evaluate the feasibility of desatinat-
ing of the geathermal brines. DOE, in cooperation with the GUR, has established
a Gaathermal Component Test Facility {GCTF] ar East Mesa which is available
to industry. Aepublic Geathermal and Magma Power have active resgurce devel-
pamen: programs on their leases at East Mesa; Aopublic to the nerth ol the BUR
site and Mapma ta the south, Magma, in cooperation with NARCO, is nroceed-
ing with the development of 3 10 MWe pilat plant using their Magrramax proc-
ess. The pilot plant was scheduled to begin operation in 1978, RAepublic hay
be#n granted a federzl loan guarantee for lield development leading 1o a ¢om-
mercial pawer plant in the early 1980s,

The resource 2t the Satton Sea KGAA is potentially very lame and hat (ie.,
>250°C), However, becaute of the high satinity 220,008 ppm] utilization i
paced by the development of suizable econversion processes, reservolr and well
completion technology. Wark on this technology dates back to 1973 at which
thme a small seale rest facility was constructed at the Niland site in the KGRA,
The faeility uted a binary system in which flashed steam and brine from a sepa-
rator were passed through heat sxchangers which would heat an isobutane worek-
ing luid.

The perfermanan in beth the stearm ged hrine hoat cxchangery fell natsicle of de-
sign tiotizs after 100 kours ol aperatian due 1o excessive scaling. A redesign ef-
fort was imtialed o improve the separation of the stezm from the geothermal
brine 2nd 10 scrub the sleam to remova entrained $alids. In mid-1974 e new
sioarn saparation syslem was tested with very prodnising results, oo July of 19735,
DOE and SDGEE enteeed ntg a joint praject agreement for the construction
and op=ration of a Geathermal Loop Experimentdl Farility (GLEF] using a
multipls flash banary cyele based on the redesigned tleam separators, The QLEF
will determine whether the highly saline beine can be exteacted over long perieds
af time at sufficiencly high temperaturo and whether the spacial heat exchanper
eduliement necessary o gengraie power from the highly saline gaouharmal re-
source wiill perfarm reliably.

Consiruction af the GLEF was completed in April ef 1876 end the plant went
inte gperation i early May, Operations w date have been gucecssful, 1 18973
DI0E is planning to add 2 10 MWe hydrocarhon turbine ta the eurrent test loop.
BOE is considering the establisnment of a weall completion and gxtraction wech-
nalggy test facility 2t another site in the Salton Sea KGRA in cooperazian with
2 consoriium conssting of the Unign O Co., Sauthern Pacilic Land Company
and the Southarn California Edison Co. The effort is girected ot devloping and
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demans!s, . -
b lE’thl‘IBfDﬂ‘j" that wHl increase o2l life gnd sustain hil]"l o

rétes. Bepuunc Ceothermal ha
i $ boen v e i
e e e & el en very attive in the wesimoreland where

At Bra ; :

” lﬁ;"’t "::’:’h:";;t“'ﬂf; Qil Company has drilled B wells. The resource is similar
alinity fic «:Q.Dgga 3] u-.?:h 2 Lemperature grealer than 250°C but of fower
the techialogy e \r piimj. The development of the resource will benefit from
linit \ g veloped in lhE'. Saltan Sea KGHA but because of the |

nity could arobably proceed with commercial development sooner e lower 53-

nli i ; I
E.,dzﬁn::zjﬁmrt:m .?r 'rl‘he Geysers the attitudes of those in the subrogion are
Pl {:Du:! -::gLDt Hfrrnal development provighng there are local conlrals
it dem: :s reciwnd g grant from the National Science Foundation .
hs oo e ::Eunge?t ermal l_elemcnt for the County Genera! Plan, Under
gemhurm;I dcve!np;ir:: e;f:ﬂ?ﬁ?f;::#r?:e planr,‘ B e 1
gec i pment, wranmental impacts and other reloe -
suus: f;.: _Ic: [t:_l nnr‘;fnrr::tujl development. A great deal of Infermatron -':rnetuh1: E:'ef-ﬂc
sovice I perl ounty, and on the probable impacts of its development, b

generated tn the past and conunues 1o be generazed o

B o T .
three-year, six-rmilfion-doltar background study of the county is now being con

cu . . .
m:;f‘-itiz-izfi-u:v?%rencc Livermore Labaraiory under DOE funding. Mumerous
private funds, As plaol specitic nature are being conducted under public and
Tudes Qﬂﬁthe.rmal p f:IU't of these activities, and present tavorable county atti-
ot fal:'E et loeal r:r:.r uplr{ient in Imperizl County, when it comes, is unlikehy
that the state or thm‘psmmn' MHowever, tmperial County i vitally concerned
local cantrol e federyl government will ignere their county's desire for

rol aver developments in their zrea. Agreements between the retpon-

. COUnLyY agengl I
dE '!'E] CETIEent, g |3 nEEd 1a b"l] madf 1o askure harm oaIous

A koy i i i
Th::a j::.:e thi.':: pmcpnall-,- coule limit development it cooling water avallabilit
5uhsiucnce¥ ‘:ichreqm{: T.:1fat all gegtherrnal fluids be reinjecied 0 goard againnv.
wl could affect the valley's com i
. _ nplex agricultural wote i
: ! r drain
ystem. This means that cooling water muost be made available from sgu rlc:ng

othe & A . )
r than geotherma! flaids. Cooling water availability has been tited as a major

con ! i i
nujg?:-:;uer::?tg: tfh;s ::oncernlas ngt universally shared by all inveszigatars. The
sater for the Imperial Vatley is the wer. The g
major source 01 viaier : ! e Cotorada Rwver, The prime
il :IP:- I:narrrgauun af lherma;ur agricultoral developments ol the ai‘u: lII.irn-
froas | e amount of water withdrawn from the Colarada, or divertin w-;te
ageicultural use do not appear ta be acceptable satesions ; ‘

Yithdrava i

Salttr;ul;,asv:anl_; atgr;-'ncultu‘ral runalf vater from the drainage system feeding the

oo m'?mriuﬁf&n ﬁaﬂmgnly c:nlr?s:dn-red sohution. {Kher possible solutions
g new capling wate ¥

e Coolinn s g water squices or the development of

:ua;ﬁ;ﬂ?afm‘f:;ﬂi red fhu a patential eprcern in Imperial Valley, since au;v
dgn.lu]o:}meg‘ll::,l.“[r::lﬁ; c;.l idlzld from agriculfure to meet the noeds of g;:;:.l.hl:rrn'|
! it will probably be opposed. Howewgr, U TWersi l i
" e E sed . or, WG Riverside studies show
anz:;::{;a;?:;ﬂ! L?-.;”ﬁt can be mtmr!'n:red by préper siting of dri!]iln; i:larLs
e B'v as"c }:. :1 ;::u:mg of piping and transmission lines alongside

| ds. ; afures H [
bt M &y . withdrawal ol land from agriculture can Le
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The Sostern Sierra Subregion

Five KGRAs are located in the Eacrern Sierra scbeegion: Bodie, Coso Hot
Springs, Mona-Long Valley, Randshurg, ang Satine Vatley. Bodip ard Aono-
Long Valley KGRAs are in NMono County, Cose Hot Springs and Saline Walley
in Inyo County, and Fandshurg KGRA in San Boeynarding County.

The Eastern Sierra subregion is unigue in that atthough it potentially contains
the largest resqurces in the stale, over 10,000 twe for 30 years 2} the existence
of the resources generally has not heen aroven by deep drilling. The two rrajor
idenuified resousces are at Long Valey and Goso Hot Springs, There have buen
axtentive USGS geophysical ang geclogical sUrveys in the Long Valley area.
There also has been assessment wark by the Navy at Coso whers an exploralory

weell 15 being dnlled, .

The Mona-Long Valley KGAA iz large; consisting of about AB0. 0G0 acres. Ap-

proximately 106,000 acres are under the control of the BLM and 280,000 acres
by the USFS. Of the remaining £5.000 srate and private fands, 55,000 acres of
state lands are associaied with Mong Lake.

There are three distinct resource prospeets: Mond Lake in tha northern portian
of the KGRA, the ilana Ceaters in the centrai podtion, and Long Valley in the
couth. The Long Valley area consiss of up to 100000 acres arud is the center
of curtent development interests. Exploration activities dale back to the 1959
ta 1962 time-poriod when Mayma Power drilled 10 shatlow exploration wells
near Casa Diabla Ho 3prings. The wells reached @ maximum depth of 323
melels and a temperature ol 178°C {11}). In 1974 the LM lpased three blocks
consisting of 5,500 acres in the Leng Valley area. The blacks controtied by
Chevron and Getty Ot have hizen under litigation on grandfather rights and 2
g regulr, no devclopment has oscurred. A well drilled in the whird Lloek by
Republic Geathermal in 1376 was nat successful.  An additional iease black
comprited of 4,000 acres of BLM lands and 26 000 acres ot the LUSFS are uncer
siudy in Long Walley. The necessary E1% is undervay, however, its complation

eould be delayed,

Sauthern California Edisan [SCEJ is interesied in the development of the Long
valley resource 1o Supglement their fmized, local power generaiing capacily.
DOE has funded a sTudy which could tead 10 the heating of wsammgth Lakes
viltage by geothermal Fluids. This regiar is a very piopular regreation area and,
thus, is erirpomentally very eonsitive, Private and lacal interests could indyce
significant czlays or even denial of the leasing actiuily. In arder 13 avaid urnec-
cisary confrontations, the USFS and the BLM have initiated a strong pubiic
itwolvement program of polential apgthermal develapments.

Coso it a particularly pramising resource which could be very large and hot. The
KGRA is comprised of 537,000 arcas: B,000 private and state, 17,000 BLM and
27,000 under the jurisdiction of the WS, Mavy, The 8L dud have plans for @
lease sale of their 17,000 acres in 1978. However, they have revised Ltheir plans
and ac working with e Navy on @ ptan for the lcasing of bath the BLM and
Navy lands which would minumize this poigntial impack on raval tgst range Qpera-
lioat and possisly give the Navy first call on the power generated in times of
srmergency. 1he Mawy and tha RLM are working on 2 tehedule which could
make the lands availzble for lagsing in the spring of 1079, I the meantime the
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Mavy is continuing wilh its resource ganfirmation program, There is a high [n-
dustry interest in Soso.

The Kortheast Subregion

The Mortheast subregion includes five KGRAs scattered through five counties:
Glass Mountain KGRA in Siskiyou County; Lake City-Surprise Vatley in Modoc
County; Lassen streddliog the Tehama-Plumas County line; Wendel-Amedee in
Lassen County; and Beckwourth Peak in Plumas County,

The develepment in this subregion is expected to benefit greatly from eaclier
developmenit in the remainder af the state. The rimely leasing f the substan-
tial federa! lznds will play an inporiany rale in the development of the subregion,

The Northeast subregion has boen described by industey as "geologically very
. interesting.”  This is reflected in the large purmber ol nancompetitive lease appli-
cations liled. There is anly limited resource assessment data for the subregion,
There are numergus bal $prings in tne arca. However, the essimated cesousce.
temperature associuled with gach is generally less than 150°%C which coutd prove
10 be ottractive in noneleciric applications. The rwa identificd retources with
electricat poatential are at Surprise Valley and at Maorgan Springs in the Lassen
KGRA. Of mare than 195,000 acres close 1o 90,000 ars USFS fands and
35,000 acres BLM tends.

higst industrial getivity ta date has centered in the Surprise Valley and Wendal-
Ameder areas, There Ras been consicderable norelectric inierest at Susanvilte in
the Wendel-Amedes area. The reservoir of water underlying the 1awn is being
wsedd for geathermal heating. At Hoho Wells the resgurce has been successfully
vsed to heat groenhouses for raising tomatees. Recontly @ DOE sponsored study
vaas cormpleted on the feasibibity of developing the geathermal resources in the
Susarvillp area to aliract now indusiries, créate employment opportunities and
increase the logal revenus base,

The resource of Surprise Valley is estimated to be large, over 2,000 Mie, with
a temperaiere pear VFEC, Wells drilled near teke Ciy in the early 19605 by
Magma Power found a resource with 2 temperature of 160°C (11}, Additienal
wells have Leen drilied in the 1870s by Magma, American Thermal Resources,
and Gulf Oil Company but are gither abandaned or idle, There are over 32,000
aeres of privaze and staze lands in the KGRA. The ELM offered 16 units and
74,000 acres of frderal lands Tor lease in June of 1935, Bids were received and
accepted on fjwe tracis consisling of 10,000 acres, Currenthy 1hera js Liitle da-
veloprment aciivity 1n the area. The low resource tgmperature, the high drilling
cost angd the remateness from major markets acl g5 deterrents 1o near term de-
velapment. .

Glass Mourisin most be considéred as a prime fesgurce an the basis of the large
rmber of leagse applications in the area. While ngt incfuded in the USCS ossess-
ment the resouree could be large with temperatures noar 200°C, The Glass
Mounzain KGRA consists of 33,000 ecres, all USFS lands. The eriginal KGRA
of 15000 acres was established on extensive geclogical evidence in the Medicicz
Lake area. 18000 socres were added on the basis of overlapping Iedse agplica-
tigns. There are nemerous noncamgeotitive [ease apphications on lands adjacent
to the KGARA. Becaute of the high industry interest the USFS has given leasing
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at Glass Mountain prionity second only to Long Uaflev, and hopes w have o
tirst biack of leases ler in the 1979-B0 time period.

The Lassen KGRA located just south of the Mational Park also could be large
with temperatures near 200°C, However, the two wells drilled 31 Kelley Hot
Springs were not successful. Asspssment and confirmation data on the true ex-
tent af the resource i lacking, The Lassen KGAA consists of 79 000 acres:

24 000 private and state; and 59 000 FSFS. There have been noncompelitive
lease applications on 17,000 additioral acres ourside the KGRA. There are no
firm plans to progeed with the leasing necestary for developrrent,

Shallaw exploration wells drilled in the Wendel-Amedee area did not indicate
temperatures substantially above Goiling; hevever, temperaiures at depth are nat
yal known. There is substantial ingdustrial interest oo the area. The KGRA con-
sists of 17,000 acres with cnly 4 000 acres of federal lands, MWoncompetitiva
lpase applications have beea Fled on an additional 7,000 acres in the area. Tha
EAA tor the porential lease sale is in the review process.

Additional Prospects

The specilic areas discuwed dg not constitute the extent af the state's geother
mal potential. Instead it is expecied that fulure exploration will expand the
state's identified resource hase considerably 23 a resul: of:

1t} Blow wpowledyo of the gutent of an already indentified system that
ingreases (65 witimated yotume appregiably.

{21 The temperature of an icdentiticd syiem eing highte than extimylied,
131  The discovery of 3 previously unknown 1ystem.

in the light of the limited extont of drilling that has ogcurred outside of the
main Geysers steam lield, the uncertzinty on the current estimates is large. On
the basis al the number of kngwn fites in the staze that were not included in
the sbove discustion there is 3 high probability of substantial new discoveries,
These known sites inalude ather KGRAs, the Dizblo reqion and nemerous hot
springs throughout the state {15) which weora not included in the USGS assess-
meni.
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DEVELOPMENT OF A TYPICAL GEMERATING UNIT AT YHE GEYSERS

The materig! {ar the following section has been based upon a paper
by F.J. Dan, 0.E. Hersam, 5.K, Kho and L.R. Krumland of Pacific
Gz and Electric Company in Proteedings of ihe Second United
Nations Symgosiam on the Devefapeent and Lse of Geathermal
Resovrees (PR 262 RO3).

Sirce 1958 Pacific Gas and Electric Company (PGLE] and i1s steam Supplitrsl
have besn decloping the first commergial gesthermal project for the production
of electric power in the United States. Localed at The _Gewers in norihern
Califorpia, this project is the Yargest geathermal installation in the world.

Planning znd Purchasing J

Mpw Unit Flanming: When the PGRE system requiremens for 2 new gEPthcrmal
generdting unit has been established, and 1he steam suppliers havelc_onhrmpﬂ the
Faailability of sullicient steam reserves 1o support the planned tacilily, a fmarl
site i sefected by the sieam tupplier and PG&E from among :w:rFI 3}:erna:wes.
The thermadynamic cysle is chogen, and & preliminary system design is estab-
lisheg during this phase.

Tre optimurn size 1or 3 rew woit is 100,000 o 150,000 Wy, This is derived
from the steam-litd acreage 1that must be dedicated 10 a plant for a 30-yrar
stearn supply, and the imited distance 1hat'5team can be tr_ansnurted. Ewact
rating$ will depend upon the manuiacturers’ equipment designs. ThELDvErH”I SY5-
tern design criteria extablish the peeliminary sgec:hcation_s for the rmajar equip-
ment, It is then possible to eslimate the capitzt expenditure required 1o bmlc_l
the generating plant and associated transmission facilities and 10 subrit a capi-
tal apRrogriation reguest for management approval,

Cegigr and Eguipmen: Purchasing: The first item 16 be puschased is the turhine
generator unil, This is the 1argest single equinpment expenditure and it alio Srter-
mines 1he detailed design of the plant, Beérscse of the Tead times necessary 10
design and dzbricate the turhire-gererator and remaining quuiprﬂcn‘t. tho :urdml'
rust b2 placed about 2 vears before the turknag generator /s needed far (nstal-
lazion. Wiitvin several months of receiving the grder, the wrbinegenerator f2p-
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plier will furnish suflicient design data to altow PGAE 1o proceed wi, 08 sup-
porting equipment design and specifications, and 1o devise the mechanical and
electrical schematies. The majgr items that are ordered after purchasing the
T bine-genératmor are the main and auxiliary power-sysiem translormers, circuit
breakers, transmission towers, substation equipment, the condenser and associ-
ated noncondensible fas removal system, candensate/eirculating water pumps,
auxiliary cooling water system pumps, cooiing tower, and all of the necessary
controlt, instrumentation, gnd valves.

Final Design: Drawing Preparation — \When the optimum power eycle has bean
designed, and with the outline dimensions af the major equipment iterms kpown
snd the final schematics available, detailed site, building, and equipment-ayout
design can begin, Tre building size 2nd arrangemen: depends gn the size and
corfigueation of the systems to be howsed. When these building and equipment
layouts and the equipment vendors' dertalled drawings are available, the final
civil, mechanical, and electrical construction drawings are rnade,

Mechanical Enginesring -
A typical system diagram for a new 110000 kW generating unit at The Geysars
is shown in Figure 3.2, Steam enters tha turbine gt approximatcly 3337 1o 365°F
1—-179°C) and 114 psia. The stsam ranges from dry saturatec {I38°F| 0 dry
with abgut 17°F of superkest [355°F) at the wrhine inlet, depending on the
actual unit and location, The fteam expands in the turbine, canvertng the ther-
mal and pressure energy of the steam to mechanical energy, which it corverted
to electrical energy in the generator. Steam exhausts from the turbine at 1 pores-
sure of approxirmalely 4 inches af mercury absoluie ond a saturation temperdture
of 125°F and is condensed in a directcontact condenser tacated below the wr-
bire. Here cooling water is sprayed directly into tha eandensing steam,

From the condenser, the 120°F mixture of cooling water and condensare it
pumped to the weicooling tower and cooled to 80°F. The cooling water-steam
tandengate eycle is completed as the cooling water flows from the coaling Tower
basin to the condenser under the driving force of gravity {efevarion differences)
and condenser opersting vacyum head,

Tha water evaporated in e cooling tower i made up by steam condensate,
The cygle has a2 net surplus of candensate under all conditians ang no outsicta
source of water is required, Excess condensdte is reinjected into the geather-
mal stzam formation by the steam produter.

Mencondensible gases entering with the steam, primarily carbon Jdioside, nitrg-
423, ammania, methang, bydrogan, and hydragen sullide, are continuously rg
maved from the condenser by steam jet ejeciors which require about 4% of the
o2l incoming steam for cperation. PG&E it conducting an exlensive program
to develop processes by which the malodarous hydrggen sulfide can be removed -
fram these nancondensible gases before venting to the atmasphare,

Appreaimately 2 miflion pounds of siPam pEr hour, 1otal, from 15 wells are
requires for a plant with a gress rating of 113,000 kW, Power required for
Plant gperation {pumps, cooling tower fans, and o on] is shout 4% af gross
ar 4300 kW, giving a net power cutput of 110,000 &, A typieal cycle haat
fae is between 21,000 and 22,000 Btufk®h. This is high compared 1o that of
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Davelopment of Geothermal Enargy in California =)

rrodern fossil-fueled and nuclear power planis because of the Much low.. .22
termperature availatile in this resouree,  Howewlr, using the div geothermal steam
directhy a5 a warking fleid gives the most thermodynamically efficient cyele at
The Geysers, -

The turhine back prossure muintained i the condenser is a fungfion of the con-
densing temperature of the steam anpd this in turn is determined by the coaling-
water temperaiura. Lower back pressyres, achieved with lower cogling water
temperature, could ingrease the power gulput of the Turbine, However, the
cooling water température is determined by the ambient wet-bull tempesiture
and by the eflicacy of the cooling tower in approzching it. A closer approach
improves the thermodynamic elliciency of 1he tysiem, but the cogling tower
cast increases markedly as the exiling coaling-water temperature approaches the
design wel-bulk temperature, This higher coaling tower cost in Turn Inoreases
the cost of power.

On the ather hangd, a hich bagk pressure would reduce the cooling-tower cost,
but this would decrease the turbine power output and thereby ingrease the tur-
bine-generator copital charge for gach kwWh generated, A1 The Geysers, the opti-
mum back prestlre for minimizing the cost of power ranges from 3.5 te 5.0
inches Hg absolute, depending on the turbine design,

Civil Engineering

The gegtherrmnal paower plant structures consist mainly of a wrbine building, wr-
bine pedeszal, and cooding tower. There is no boiler or accetsory eguipment as
in 2 fossil-tuel ptant. The turhine-cenerator pedesial is the largest structural ele-
ment of the plant. Basic design criteria for the pedestal arg:
(N Alignment: Machine alignment mwst be mainiained Sp to 2 idtrancr of
0,020 inch whder masimum assumed lozding and temBeralurs Candifions,
within thd relative dallvetion Gmiks impesed by the manufacturer,
(3)  Trarsmesoan of Vioration: Foundation amplitlicgtion must be less than
unity 10 mimmize the e teit of outol-bzlance forces i rotating parts on
machina wupperts, the foundzuon, wd adjacent pruciures,
{31 Aesonance: Matural pariod of vibration, of tha foundatian ar amy part,
In the Pundtamental mode or any higher moda llkely o o wxsited oy
the maching gperatian, MUt be ot beast 20% highar or lowst than narmal
mazhina operaLing spead.

The turhing-generater pedestal 15 @ monaolithic reinforced congrcle structurd Gon-
sieting af a deep top deck supported by slender columns embicdided in o stiff mayg
foundation, which retts on weathered fractured bedrock. The condanmser 5ils on
top of tha mat foundation disectly below the terbine, surrgunded by the pedes-
1al calurms, .

The geamesry of the pedesial is determined by the requicernents of the generat-
ing snit and the condensar. For a 110,000 kW uni, the average size is about
40 » B0 fest and 40 feer high. Because of its configuration, the pedestal is bow-
thrned; whe vertical resonant frequency of the pedestal is below the running speed
of the turbinegencratar,

The pedectal is computer-znalyzed with the STRUDL structural dysamics pro-
qram. STRUDL is 2 fumped mass dypamic program suitzble for analyzing multi.
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degree-ol smsystems. In addiwien, PGEE Nas performed dynamic tests on
a complitea peduslal by forced vibration. Thes coerelates the agtwal dynomie
paranelrs of the completed structure with the values ebizined from camputer
analysis,

To rmaintain maximum economy, the turbing building and the cooling tower are
srranged with their long axes parallel, or alternatively in the form of 2 T, depend-
ing upgn the site topagraphy, The T arrangemeant iy preferred, because the rizer
pipes in the condensate pumping system can be laterally supponed by the end
vaall af the cooling lower, and the air movement on the broad sides of the 1ower
is nol restricted.

The turbine building houzes the Turbine-generator, an overhead traveling crane,
condenser, condentate pumps and other auxilisry equinment, The equipment
W the building s asranged 25 compactly as possible 1o minimize the size of
buitding and the costs.

For 3 110.000 k¥ generating unit the buifding is about BO x 180 feer and G5
ieet high, Four operating levels are provided: {1} basement level for condensate
purmps and condenser, (2] around level for auxiliary cquipment and laydown,

(3 merzanine level Tor elegstrical cqueipment and eontrals, and (4] aperating

level for turbine gencrator and office. Lay-down space is provided at the operat-
ing lioot lTor the original zssembly o! the generating equipment and for over-
haut, .

Structyral design of the main sicel framing of the building is based on the sim-
ple beam and column basis, vith diagenal braces for the transmission of lateral
farces 1o the reinforced concrdte foundation. Teial studies have proven that

this clesiqn is me=e cconpmcal than the rigid feame type of buitding. Scismic
and wing -design ¢eiteria are governed by the Unifarm Building Code, published
by the International Conference of Building Oficialy, and adopted by the regulas-
1ory Guilding 2uthorily | Seismic design by the siatic method is wsed in the onaly-
si5 of the building, Hawever, to keep up with current praceice, PQRE s analyz-
ing a typicyl building by the dynamic zeismic analysis method.

The roof eansisis of 2 siracwaral stee! deck, designed 1o aet 24 a hortrontal dia-
phragm, that spans between roof beams. Horizonta! braces beteeen rgof beams
are therelore not necassury.  Aside fram the turbine-generator pedestal, the
cperating floar consists of @ galvanized grating or a reinflorced concrete <ab on
i steel geck form, The floor is supporied by laterally-supported sieel beams
valh welded studs penetrating the deck, The transmission of impact shock and
vibratipn frem the turbine.generator pedestal 10 the gperating floor is reduced
by the use af hearing pads manufactored fram reslient material with great com-
pressive strenglh, high damping. and tong service life, These pads are placed in
the heam-2ea connections altached To the pedestzl,

Thie building ¥ enclosed by metal siding and painied in 3 color scheme chasen
to minimize viseal impact. The nowral hoes blend unabtrusively with the terrain
in all zeasons. . -

A G000 kWY pawer plan! site pocupies abowt 6 zeres, of which the réguiregd
tevel area s about 4 aeres. The arca between structures and foundavgn pads for
eguipment it paved with asphaltic conerete, This provider parking and mainte-
nance storage space, and redoces fire hazards from the surrounding vegetation,
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The hinh anneal rainfal at The Ge‘-,fSErsr.'!rEd. with anprcmfuma?elvdﬂn_ l?ﬂw: e
averagé and 109 inches maximum, requires 3 tomprehensive El.w rramu,,.chy e
based gn a T00.yedr storm tigw, Poved di:che:s. culwrt_s, ca:..t:s-h;sms or :c .
darms are provided. The sides of drainage outialls are lined with srone fiprap
sacked concrete. Exposed stoped suefacps are re-seedeq by punched -strrnl.-.- oir
hydro-seeding methads, Ergsipn contrgl and rwegel'.ml.lun_qf thE_! cut s:usna:.
enhanced by 3 serrated fimsh on the stope. Land;c‘apmg [t ‘,:a"“;d ou R pmund
completion of the power plant construction. Plantings consist & .r'.“m : % r
cover. shrubs, and trees, and are sefected on thi basts u_f all:laph'lbl ity, ¥ig . e
gmw{h tabit, and desired effect. An irrigation systém 13 installed to ensure
survivatl and grawth of the plantings during the dry 5£a50ns.

Electrical Engineering

al unit is shown in Figure 3.3, [t should ba

nated that: {1} the main generzior conneelians are Still made with a1r.lminuml
:z!.-;te hus: and (2} a 2400-volt auxilary power source has been added o supply

larger pumps rated up 12 1500 hp [0 the larger units,

A single-line diggram far 2 ty e

FIGURE 3.3- TYPICAL SINGLE-LINE CIAGRAN
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Startup power for Whe smaller generating wnits, up 1o and including una 10, i3
provided by a generator bredker, The larger size of the fater units has made jt
necessary 10 establish & now source ol startug power lar unit 11 and tallowing
unils, betause oil cizcul; breakers rated adequalte for 110,000 k% are not avail-
atile, The slanup system cannecss each gaenerating site with a regulazed 21-kY
distribution line. Power is supplied from three sgurces: one 7000 kWA, 138 10
Z2-kY tranunissian systerm; the main translormer, supplied by the 220-kV transmis-
sion system. and 2 three-winding transtormer, at unit 12, which is a backup source
supplying startup power for unit 12 and lor other unils when unit 17 is running,

The additions! benefits of this separate distribution system ara: {1} construc.
tion power is availphle at each now site; (20 2 standby source is availabie when
regulzr transmission lines are shut down; (3} the disthibution line can be wsed
for cusiomer service {in this case, cusiomers are mAtly s1zam syppliers); and
{4} the pole line is available lor communication and fupervisory systems.

The startup transformer for a typical 110.000-kY unit has the Lreaker on the
high side. and breaké:s on the low sides are interfocked with the breakers from
the auxiliary rranstormers. The siartup transformer is sized such that jt can ra-
piace, in case ol emergency, any one of the suxiliary transiormers,

In the future, when the gutput of The Geysers project is transmitted a1 both
230 kV and 115 kY, the present plans for startup power will apply anly 1o
those enits on the 230 kY syttemn, The smaller units gn the 135-kVY system

wilt have the generator bresker; the larger uriis will have the separate szartup
system,

Contral System

The Supervisory Contral Systemn has been developed into a complete, computer-
based system ro facilitale monioring of ol writs by a single human operator,

The system gives the ppertor an overall summary of each unit's oporation, and

signals 9ny malfunciions. The operater may exercise certain control functions
arectly through the Supervisary Conlrgl Syslen

Becacse the operator travels from unit o unit, display consales are located at
each unit, with the master siation at units & and &, From the master station,
signals 42 transmitied to the Fulion Substation, 22 miles away, where radso
conidc is mainiained with the opetator, Thus, communication iy mainisined
while the opecaior is in transi: bSehween units.

The master $tatien conwing twao cathode ray-tube displays, giving unit status
gnd an a'arma gummary; A cantrol congale; a teletype events recorder; and 2
backup annungiator sys:em. From each generating Sile, a remots SURBIYISCTY
ANNURCIZLOr ansmits unit $13us, analog, and accumolator intgrmarion (o tha
master station, The magsier sianon retransmits 1o all remiote units and 13 1he
Fulton Substotion. This allows the raving operator 1o recall fram any unit tha
full Aisplay uf 20 alarrn points from any other unit,

An Boprans ni 20 znzlpg volues is recorded 11om each unit, These inclode pres-
wres, temperatures, levels, voltages, currenis, =rd sooon, One sccumu’ator at
cath stztion Slores kilowatt. Bour meter infermation, which is reparied 1o the
PG&E Power Control Center in San Frangisca. The master station conirols tho
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Foltewing functions for cach unit: genecator, powers output, voltage requiadon,
main breaker, and main stoarm walve, A fUture cammunicationg link betwean
the Power Control Center and the planned Gaysers Substation will stlaw the
direct transmitta! of kilgwatt and kilowatt-hour data, and may control leading
ol the rransmission Fnes sssociated with The Geysers Power Plant.

Construction

Construction on a wnit stares during the ¢ry teason aller cectilication of the
praject is received. The construction of & wpical 1100005 plant requires
approximately 30 months, The wark accurs in three major phases: 1) sito
préeparation, 12) fowndation and tiilding construction, and {3} egquipment instal-
lation.

The congteuction nf a typical 110,000V plact, excluding transmission line
and towers, requires about 4000 vd? of concrete, 270 tons of relnforcing steel,
and 240 wons of structural steel, Excavation of a plant site is primarily a bal-
anced cut-and-fil cperation. The volume af excavated materia! ranges fram
70,000 1o 150,000 yd?,

Two 10 three manths dre required 10 claar a2nd gradae The gite. This must be ac-
complished during the dry seison fo minimize site crasion. Excavation and place
ment of foundations require about & months. Conceete bateh plants ane set up
at each site and removed after the twrbine pedestal 15 constructed. Structural
steet is shop fabricated in the San Francisco Bay ares. Because skilled welders
arg not readily available in the remote Geysers area, structural field connectiong
are bolted rather than welded, Erection of the structural steel requires sbhout

3 manths. The erection of the cocling tower overlaps the structural steel work
and requires about 2 months to cemplete,

Electrical and mechanical equipment 1§ delivered to the site about a year after
gité preparalion beging. Major equipment compeonents are assembbed during the
installation phase, The generator stator is the largest single piece of equipment,
weighing about 140 tons for 2 1100000 uniz. Transporting the stator up the
fast 16 1o 20 miles of winding mouniain read tzkes about 48 hours. A large
termparary crane is installed at the sile 1o lift the major turbine.gengratoe com-
panents into place. Assembly and installation of the plant equipment, piping,
wynduits, and cables take about 12 months, Testing and, finally, eommercial
operation of the unit begin about 2 years after the stary of site preparation.



Salton Trough Brine Production
and Conversion Processes

SALTON SEA CANDIDATE POWER CONVERSION SYSTEMS

The material for this section has been based upon a report by
Bechtel Corporation [WCRL 13751}

The Systeins

Eechiel Corporation is participating in the geothermal Power Conversion System
Studies 1hat are being conducied by the Lawrence Livermorey Labosatory. These
systom studies will develop comparative perfzrmance and cost data for the lead-
ing candiddte conversion systems operating fram the Salton 5ea high temperature,
high salinity {HT/H5) geothermal resources.

The {pllowing criteria are suggested tor use in evaluating 1hese power comversion
syslems:

& Low bus-bar electric energy prodoction cost (millsfEWh)

o High perfarmance s measured by specific output {net kWb
urinefhrl

@ Environmental acceptabiality
® Agjvanced devetopmental $18tus and minimal wehnical problems

® fyoidance of heat cxchanger Touling as well a5 minimization of
cariusion and soMing wf process eouipment

# Prevention of solids precipitation from bring in the system.

Takie 4.1 litis the systems under cansideration. They have been placed in poir
crity order, basod on 3 subjectlive epprotsal of their technecal merits, A schemar
tie ¢liagram 1§ inclughed a5 an iflustrolion of each candidate systemn EFLgurei 4.1
thraugh 4.8)

-’
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CANDIDATE POWER CONVERSION SYSTEMS

Conversen System

TABLE 4.1:
PrionTy
Multistags FlashfBinary
TwaS1ag¢ Fiath wath Scrulibing
Tatal Flaw
fuliistage Flashifirect Cantaet (Bechtét paten:ed process]
Four-Stager FlahiBinany
Binary with Durect Contacl Heat Exchangers
Hybrad = FlashdBinary
Hybrid=—Flash/Talal Flaw
Fiash/Dual Cycle Binary

0B AN B B R

Saurce; UCRL 13751

FIGURE 4.1: MULTISTAGE FLASH/BINARY
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Asscinptions and Design Censideratlions 8 Maximum flow velocitics will be:
: Liquids - 10 ftfs

Vipors - 200 {ths

& Constant pipeline length:
Reinjection wells - 2 miles fram power plant site
Makeup water supply - 2.5 miles [ram power plant site.

:'-Tafor Pawer Plant Equipment:

# Equipment will be gither concepiually designed leg., 1the multi-
stage Hash units] using proctical peeformance characteristics
obtained {rom esperience or in consultation with suppliers of
similar equipment, or will be selected from commercially avail-
sble iterns {e.g., the cooling tower).

* Standard Bechtel power plant cesign practice will be followed
in the setection a3nd arrangement of plant equipment.

» Al large pipe, except circulating cooling water, makeup water
and reinjection brine will be above ground and supporied on
adjustable pige rotl stands.

. ® Pipe insulation will be calcium silicate with a waterproaf jacker.
# Couipment will be fabricated and insialled in accordance with

applicalile codes and standaids that are accepted in the power

CiviliStructral: 1o the civilfstructural conceptual design, accepted engineering
plant ighestry.

pracuces and design standards will be followed to establish a technically sound

& Salety mpects will be considered so that the equipmenl can be design.
optrated safcly when normal industrial precautions are crforced, st
. s - . e
# The plants will be desigried to minimize auxiliary power TRGUNe- . . N
ments withoul adding excessively to plant investment cosis * Presently used for agriculiural purposes, thecefore only minmal

. leari thbing.
® The high salinity and noncondensable gas content of the brine clearing and grubbing

vl be considercd when designing the relative equipment. All
vessels will be of earbon steel; a corrosion allowance will be
added to the wall thicknesses

® The chuire of heat transfor febe materials and type witl be re-
lzted to the corrosive and touling effects of the brine and nan-
condenssble gases Titanium will be specified far heat exchanger
tubing in tontacl with Yrine vapor, For surface condensers where
yeothermal vapars are not present, 90010 copper-nicke! will he
specified for the heat vransfer tebing.

Soil seitable for any 1ill reguirements Gn Site.

With fat topography only minimal general excavation and grading.
Vater table, 5 fo

Allowable soil-bearing pressune, 1,500 psf.

All foundations spread footing type without piling.

& & B % 2

Structural.

# Turbine byilding — Rectangular structural stzel with metal tiding
and roof, Flogr slab 3t ¢rade. Reinfarced concrele turhine ped-
estal with elevated peces: deck.

Auxitizry Syzterns: The following systems will be included in all power conver- ® Control building — Qne stary steel frame with concrete blogk
sion system designs. The level of design detail will be limited 10 that necessary walls, rmetal deck roof with concrete Fill roof lincludes cantrol
o support the overall concepiual design and cost estimating wark, rgom, offige, switch.gear room, battery room and dieset gener-

# Tueking-generator auxiliarics include stop and control valves, hy- ator]. -

# The plants will be designed lor 30-year life,

draulic and lube oil systems, wealing syitem, controls and protec o Canling tower — Reinforced concrete batin, wooaden struciure,

lion, generator cooling, and excitztion and volage contrsl
Fire water sysicm
Heating and ventilalion system

plastic fill.

Cniher strugtures — B f1 square earth banked fire-water pond
with steel frame pumphouse.

Instrument and service air supply systém Crner Facilities:

Crane {in turbine building) ® Actess roads, a sowage System and socurity.

Caaling water treatment

Lontrofs and Instrumentaiion:
will include the fallowing=

Tre conirel and instrumeniation réqQuirementy
Majar Piping:

» Froyice efficient, reliable oparation from a2 central control room
16 minimize operatss requirements and 1o aliow remote routine
startup ang shuidown of the plant

» Construction matcrial far major piping {excluding cooling water)
will be carban steel. .

& A corrotian allowance of ‘a inch will be added to the pipe wall
thickness., # Use independent trip systemns and redundant protection systems

# Couling water pipe material will he eoncrete, tor personnel and equipmeni safety.
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. <de 3 mini-computer for da‘a lpgging and sequence of events
recording, .

® Use 3 "first out” annunciator system for alarm monitoring.

* Provide no extra instrumentatign for experimental testing
ol procoesses,

Electrical Systems: The electricg! systems will provide power to the lacal utility
company's fimperial Irrigation Qisuiet) existing 92 kY network durmg nermal
cperation, and to the plant auxiliary loads during normal operation, startup, and
emergency conditions. The following systems will be included in all congeptial
designs:
¢ Main Generation System - jncludes 1the main 13.8 kv qenerator
unit, generator breaker and the main transforeer which yteps up
o the 82 kW system.
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Consurmptive use of wawer — cogling tower makeun water
andfar supplementary reinjection water will be Foguired.

Heat rejection — evaporation fram the cooling rawer will
carry rejecied heal 1o the aimosphers.

Gas emission — noncondensable gases will be processed to an
enviranmentaliy agoeptatle loyel,

Liguid and solid emissions — zll dissolved salids produced from
the geathermal reservoir will be reinjected with the wastz fluid
deep undergraund,  Cocling water blowdawn will be deasrated
tor axygen removal before being pumped 1o a separate reinjec-
TiGn wall,

Srtandard System Criteria

Auxiliary Electric Sysiems — includes 1the ausiliary transformer.
end its supply breaker, the 418 KV and 480 V subsystermns, a
stanchy diesel generator, patteries and do systems, a {ighting sys-
tem, and 3 communicaiion ystem.

Plzat-ULility Interlace Systern — includes the switchyard and sup-

This section specifies power plant design criteria that will be common 1a the
calculation of heat and mass balancos for all conversion systems. |t also de-
scribes the computer program that will be used *o caleulate the heat znd mats
balances and constraints that will be applied 1o 1hese calulations.

Fant Powsr

parts for the transmissian lines to the plant site boundary.

Produttion and Reinjection VWelfs:

& Froduction wells will have 10% inch casings and witl be srant-_‘
driflect from production well istands to a nominal 6,000 {1t depth. _

® The wells wiil be natrally Nowing a1 an assumed rate of 200,000
pounds per kour.

% Reinjection weils will have 10% inch casings and will be slant-
drilled {ram reinjection well istands 1o a nominal 6,000 11 death,

® The purnped reinfection well flow will be assumed to be 1,500 000
pounds per hour.

Production and Reinfection WWell fsfands;

& Eich 2 acre production well istand, located adjacent 1o the power
plant, will include the production wells {to & maximum of 24, in-
cluding 4 spares), cotd brine dump pit {for well s:artup), cotd brine
pump, and an insufatied brine header, valves, and wellhoad equipment,

® The reinjection islands will be located two miles from the power
plant site. Ezch 2 aere reinjection well istand will include the rein-
iection wells [io 2 maximom of 12, including 2 spares), an insulated
Lrine header and wellhead equipment,

Environmental Considerations. The following envizonmental factors will Se
asldered for all systems and miligating measures will be 1aken 10 pn:ciud-l
undezirable environmental effects:

* Aesthetics — low, flat prafils for olant. .

* Ground furfzer subsidence — rednjection flow batanced with pro-
cuctwon flaw, i necessary with supplementary river water, Ry
waier will be Cegerated and reinjected by a well which is separate
frcm the brine reinjection wells,

Met power output is 50 Me.
Auxiliary power is calculated by program GEQTHM.

Mizcellaneous (not itemized) auxiliary power requirements are
225 kW,

Fluid Properties
Bring

Thermodynamic properties based on Pitrer and Silvester "Thermo-
dynamics of Geothermal Brines," {1) which madel thosa of Nall
solutions.

Teial dissalved salids (TDS) are 20% by weight of brine.

tWoncordensable gases consist of CO,, 1.5% by weight of brine,
plus trace amaounts of H;5 angd NMH,,

Downhole brine ternperature is 515F and downhole pressure
is 777 psia,

AL plant site, supply brine is 3 mixture of liguid and vepor phases
at 422°F and 315 psia.

Reinjection pressure is 315 piia a1 the plant <ite boundary.
Fotential scaling constituents are PbS, FeS, Si0,, and B8a80,.

Stexrn

Thermodynamic properties based on Keenan and Keyes, "Thermo-
dyrarniz Properties of Staam™ {2},

Hydrocarbon Working Fluid ;

Seieczed fram fluids contained in “Fluid Thermodynamic Pros-
artiez for Light Petroleun Systems™ (3},
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«nodynamic propecties based on “Fluid Thermodynamie Prop- ~onling System

erties {or Light Petroieom Systems™ (3. Climatic conditions fer Niland are based on d333 for Yuma,
Noncondrnsabile Gases Arizona, chtained from " Evaluaied Weather Data for Cooling

. . . Equipment Design® (4],
Thermedynamic propertips are modeled using idcal gas relation- 9

ships, , Mechanical drall evapcrative caoling 10wers are used.
Ce!l dimensions are 26 feet long, 53 feet wide, and 6§ feet nigh.
Turbine Generator Design wet bulb temperature is 79°F.
Stzam Turbine The cogling tower approach is B'F at the desian wet bulb wm-
Expansion elficiencies are 80% for high pressure expansion and peraiure,

5% lor low pressure expansion.

The raie of evaporation loss i
Mechanical efficiency is 99.5%,

- 0,95 x cooling load
Hydregarbon Turbine . hig 31 wet bulb termipirdlure
Expansion efficieney is B5a, ' Nig = heat of vaporlzatinn
WA i, . _
Wethanical elficiency is 99.5%. The rate of drift 1o is 0.0000S times the flow rate of cooling
. Total Flow Turbine waler inta the Lower.
Presentday achievahie engine efliciency is 45%. - The number of cooling tower cells #nd the fan hp are determined
Projected engine etficiency is 70%. from Bechtel Power Division criteria,
Generatgr . Cooling Lawer range is 25'F.
-Sized with sufficient capacity 1o supply 50 MyWe net power plus Makeug and blawdnwn flow rates are based on three cycles of con-
auxiliary clectsic power requircments. centratian,
Generator cleetrigal efficiency is 99%. Alama River is the source of makeup water and iz 2.5 miles from
plant sita,
Heat Exchanyors o
. mps
Heay exchanger suriace 2rea determined by calculated heat transfer s
¢ coelficicnis based on specitied allowance for Towling resiszance, Extra pumps for standby depend on reliability assessment
Allowsable pressure diops based on averall cost effectiveness. Fump efficiencies are:
5 , . . . . . under 10 hp EC%
team to Working Fluid {steam on shell side and working fluid on
tuhis side) .o Y050 np 0%

. aver 50 hp 20%
Fouling fagtors are 0.801 hr 12 *F/Biu for hydrocarbon snd )

0.0008 hr 412 *F/Bra far steam. Piping

The pinch paint temperature diffcrence is 20°F. Seven percent drop in pressure between flash tenks and wirbing
Hydrocarbans Condenssar infet conirel valves (tar steam turbine onlyl.

Fouling faciors are 0.001 hr fr® "F/Bw for hydrocarben and 0.0005 Pressure drops 1n waser of brine lines 3re one foat of head per
hr £ "F/Bry for cooling water, 100 fept af piping kength,

Temperature approach is 15°F.
Dirett Contagl Condenser
Temperature approach is 10°F.

Surface Condenser mn
Temperature approzch is 18'F,

Ma heat osees in pipes.
Helarences

Sibvesize, LF, and Porwr, K5, Thermodpnamics of Geashermal Brioet, Liverancs
. Beckeley Labarglory, Universsy of Cabilgenia, LBL-2458 {fanpary 1976),

. ] P31 weeran, J M. and Keyer, F.G., Thermpadynamic Propesties of Sizam, Hew Yori, John
Regenerator (Vapar on twbe side ang condensate on ghell side] - | Wiley & Sons, Inc., First Editon {19371,
Fouling faciors are 0037 be £ “F/Btu for hoth tube side and 13| Swling, K.E., Flulf Tharmodynamic Brapornes for Light PErofeum Syitems, Houston,
shefl sida.

Gt Publishing Company (1873,
{4} Fiuar Caoling Produsts Company, Euvaludiod ieathar Daez for Coofing Eguloment
Design, undited,
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COMPARISC . BRINE PRODUCTION METHODS AND POWER CONVER-
SION I’HUCESSFES

The material Tor the following sections has been based upon
a report by D.G. Eitigit of Envirgnmental Quality Laboratory,
Calitarnia tnstitute of Technology (EQL Report Mo, 10L

KMost {but nat all} investigations ¢! geathermal conversion processes have agreed
that o wells producing dry steam are found, the use of the steam directly in
turbines is the prelerred means of developing mechanical or elecirical power,
Where a gecthermal tield produces hot water, however, {which may partially
flash to steam in the well), this degree of unantmity s nol found.

As early a5 1970 public presentations were made which argued for the saper
iority of conversion systems which would uvse the preduced geothermal weater

10 heat a secondary working ‘lyid, used in a Aankine eyefe {thues binary cycle).
Subsequen: technical papers analyzed tystem performance and cost superionity.
Al the same fime, however, analyses were published which concluded thar hinary
processes had lLittle 1o oifer.

While in sme afl the geothermal lileratuce the superiority of the hinary process,
particularly for lower lemperature resources, i$ 1aken at astured, in 1the four hat
wiater ge@ihermal frelds worldwige, where cxlensive commercial exploitalion hag
begun {WWairakei, Cerro Prielo, Ahuachapan, Olake], only direct steam process

i5 usped.

White most existing geathermal wells aie produced by seti-flow, some have beon
pumped. This latier methodd, wwhich is well matched to Linary processes, i come
pared with gelf flow (fizuhing) in the following snalysis. T hen a variety af direct
and secondary conversiun procrsses are compared.  This was accomplished for
weells typicdl of the 5alten Sca KGHA, The same analyses were alse carried out
far a hypothetical gase of equaily high reservoir Wwmperature but containing low
salinity Brine, To wundersland the relative efficacy of the wiricus production andg
conversian processcs for the more commaonly-foand bower fomperaturg reservoirs,
simitar caiculations werg carried out for one such hypothotical case,

Electric power generation fram geethermal bring reguires, ferst, bringing te hat
brine ta the swriace and then converting the heat tg ¢lectric pawer [the term
bring refers to the hot Bguid which may have 2 composition ranging from pure
water 1o J0% salt solutiont, The various metheds of obtaining brine flow fram
the well fall ir the catenory of brine production, and the various methods of
canvorting the heat 1o electric pawer 1all in the cateqory af convertion processos.
The latter can glso be referred 10 a5 Cycles, butl process is 3 more scgurate berem

because the brine flows only once through the conversion equipment and does
ol urdergo 3 cyelic <hange,

Twio hrine praduction metheds will be compared with respect to available power
at the wellhead: self tlowing thrine litted by steam rom vaporization af the
brire], and pumped lbrine lifled by a mechanieal pump and kepr in the liguid
statel. Five conversion processes will be compared with respect 1o fraction of
availzble power canverted o eleeteic power: flash tteam [sieam torbines operating
cn steam from flagh vaperization of the bring), dual s:cam (ffash s1eam with
iwg-phast expanders to recover the flash vaporization mechanical energy), 1otal
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' transferred from the bt 3
Sow |teo-phase expanders onlyl, binary {heat
se?::ndnrv Emrking Huid}, and flash binary theat wansforred bram flashes cam
to a secondary working fluid}.

PRODUCTION METHGDS

Riethed of Calowlation

_ The method of caleulation for tel! flowing is summarized balow. Given the res-

ervoll tempecature, brine concentration, and well depth, 3 flow rate 15 d:a::;r
and the well bottom pressure is caloulated irom 1h=r drawrdoem pr@rii.i .
tha drerease in well hottom pressure belaw reservair pressure per anit tlowr rate
fa number available from medsurement or fram reservoir theory),

I Mext, the location of the flash Tevel where the pressure in Lhe well reaches satu-

ratinn is caloulated taking intG account LhE hydrasialic presiure d:_fﬁtfenizaift E;gg
the friction pressure diep for given well diameler. The flow cundltz?r: L
inierva's benween the Hash level and the wcllhnfad are then caloculat ¥
ancing pressure Torce againgt hydrastatic arad frigtion farces nr:d mmegfu'lnrtat
change. The sesult is the temperaiure, pressure, arel quality {4raction tot:
flow in the vapor phase) ag the wellhead, The energy available fru::lz: :::lethe
tropic expansion of unit mass of the w!‘.”ll"ll'.‘ﬂd Prnqu;t (after ;:agni IIhen )
{lgw 2t constant pressure} (o sGme specificd rnjm:n?n ternperalru rel s ¢ e
culated as the specific available wellhead power. Fmatlv._mqluﬁl-ﬂng“{h :a:lpec
avaifatile wellhead power by the flow rate gives the total available we

pawer.

The method of calculatian far pumping is sulmmarimd briow, Th.e w{pj‘.te of purnd
assumed is one driven by 3 stearn Turbine Using heat feam the bring hl:f'-'-l‘:!':g up
the well 1), Such a purnp is characterizud Ly a ceoling factor 'I.F.'hll:'-r h:s thir
reluction in weellhead tempecdture per et ulf pump pressre risa. . e'fﬂnc;:u
prosture rise required to maintain ssturated liquid at the weHhuaﬁ IF c:-fDL;Tﬂ;ic
taking intg account the drawdown presware at 1'.h'e butiom and the iwthgn o
and Friction pressare drops in the well. Thu welihoad Iemuelrnn:ure -3 hen 3
eulated from the cooling factor, the requiced wellhead prosiire 1 recd c;. u.nd,
and the procedure is repeated until the correct wullhesd ten:’rj:-er:[:uri:wnﬂ:& .
The specilic available wellhead paver and toral gyalsble welllieed B

then calculated.

The thermadynamic properties of pure water ar:d steam are taken fram T.|_'LE
Stoam Tables {2). The thermodynamic propeeties of brine and utlztlzirr:hm
equifibrium with brine are caculated by using duta for brines in '"élﬁ':} 5.5Eb
dissotved salt consists of KCE Cacly, and_NnCI in the Falio 10{]3" Th nh:“
mass, tysical of some grothermal brines the S5alton Sea zrea (2. The
methad: of caleulation are derived in EQL Report Mo, 10

¥iel Constants

The main variables affecting wellhead available pawer 2re resarvoir !;‘mmratu_r:ed
and trine concentration,  Deawawn preswurd facter (at me. bowe va uesf;equt

fer practical wells), well-batiom pretwire, and well depth have a_IFsser ech?l'ues-
and aell ciameter is restricled to 3 narro r2ngo by available drilling technuques;
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therelore, acn values ace vsed for those guantities {except for one example
which will he presented of higher drawdown pressure]. Table 4.2 lists the well
constants adapted. Tho depth is 1,600 m {mast geotbermal wells hove depthy
Letween 1,000 angd 2,000 mb. The inside diameter of the casing is 0.25 m, 2
typics! value for produciion wells, Calculations are also made for a stepped
dismeter well with the casing diameter doubled 10 0.5 m above the liash level,

Resorvolir termperatures racge from 150°C, about the lowest temparature consid-
cred feasible 1ar geothermal elecinie power gcllurntinn_. 10 3007, abour the high-
o5t temparature encoguntered. The reservoin prezsure is assumed 1o be thatl due
to the nofmal hydrostatic pressuce af 20°C ground water at 1,500 m depth,
namely 14.7 KiPa [megapascalst or 2,120 psi. The dvawdgwn peessare taclor
aswymed i5 75 kPa {3.6 psit per kgfs, the value meascred for 3 typical well

(Mo, 1 11D in the Salton Sea arca {4}, The brine concentration varies from
zere (pure water) to 30%, the largest usually epcountered,

The volumt of noncondensable gases in geathermal wells is uswally not lerge
enough 10 afiect the flow conditions. In SOOWETSION Crocesses the presence of
ngneondensables affects the ability to achieve vacuum condensing but does ot
atherwise greatly affect the power output. Therefore, noncondensables are
agsumed absent 1or purpotes ol calculating well How and power output. The
problem of condensing limilalions due 10 noncandensables will be considered
separately. -

The skin friction coetlicient, which is the ratio of wall shear 10 dynamirg pressure
{using the twoe-phase mixture density) is assumed to be D.GE{B, about twice the
value for smootls pipe; this value gives the best agreement with data for 2 partic-
ular well (Mo, 1 D). The value of slip velacity between Lhe phases that gives
the bes: agreement with the same data s zers. Heat transfer out of _1ha well is
guumed 10 be zerg, a valid gpproximation a1 the large flaw rates of inlercst.

The conversion process rejection wemperatuee for caleulating available pOwer is
assumned 10 be 45°C, a typical power plant eondensing temperature. The eanling
tactor tor pumping (the reduction in wellhead temper2ture per unil t'.fi pump
pressirre rise due 1o vaporizing the vaorking Huid 10 drive the pump_l s assumed
10 be 4°C per MPa {5°F per 100 psi).  This factor is the lowest projecied in
Reference (1] and half the factar predicted there far early pumps:

TABLE 4.2: WELL COMSTANTS

1,500 m
025 m
Q.50 e from top to flash [evel or -
780 m, whichever it lgis, and
0.25 m Irom there o bottom
150° 10 30070
14.7 &Py 12,130 pui}
- 2% kP4 (3.8 pe) par ket

Cepth
Digmeter {canstant dameier well}
Diarmygter |stepped clamoter woll)

Restrvinr emperatons

Aesgrvan presure

Dawdown pressure fazear

Sone cohcgntration [Relarence (2]

¢ompatition] O o 20%
MNomeandemabies o
Srin Irclion coefficient 2o03
Interphase slip velocicy 0

{eontinue
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ABLE 4.2: (continued)

Heat transfer out of well 1]
Conwession procesd rejection .
TerDeraturg 45°C
Pumz Coaling facior For pumpsrd
well ; 4°C per MPa {5'F per 109 psil

Effect of Stepped Diameter

With self flowing, the volume of steam increases rapicly near the top aof 1he well
due 1o 1he combined effects of increazing quality and decreasing pressure. The
upper part of the well acts, therefore, 25 a throal, and the zrea at the top of

the well is 3 dominaling lactar in satting the How rate. Furthermore, the fonic
velecity in two-phase mixtures is relatively low, 100 to 200 m/fs at typical well-
head conditions. Consegucontly, the wallhead Now can easily reach sonic velocity,
At that condition the well is said (o be choked because any furiber reduction

N pressute outside Lhe top of the well casing will cause ng further decrease in
pressure inside the casing and no increass in flow rate. Choking is shawn both
esperimentally and thecretically in Figure 4.10, which presents the flow rage

of the No. T 11D well 14) as a funclion of welthead pressure, Based on the caley.
lation method desgribed above, the wellhead pressure a3t zero flow is 3.4 MPa
{493 psil, and a5 the wellbead pressure is reduced the flow rate rises to a maxi-
mum of B4 kg's at a welllead pressure of 0.64 MPa 193 psi). -

At that concition Lhe velocity of the flow lexving the top of the casing is equal
ta the sonic velecity af 170 m/s in the two-phase mixture, Any further redug-
tion of pressure {outside the tep of the casing) gives no higher flow rate. The
measured flow rate (dashed curvel from Figure 10 of Reforence (4) shaws the
“ime behavior, although with a higher pesk tlow rate and higher zero-llaw pres
sure than pradicted by the theary.

The maximum available total power at the welthead occurs jus? before choking
when the velocity is ahoet half of somic, Fiqure 4,11 shows the yariation of
Mach number {ratio of flow velocity to somic velocity) between the welthead and
the flash level for the well constants af Tzble 4,2 with 150°C reservir tempara-
tire and rero brine concentration (pure waler). For the constan: diameter wel|
the flash lzvel is o1 8 deptd of 87 m for a flaty rate of 55 kgfs, the fow rate
giving the highest total avasianle power 3t Lhe wellhead. The Mach number for
this flovy rate, shawn by the 2olid curve, riscs rapicly 10 001 in the first 10 m
obove the flash Jevel, rises more stowly to 0.3 in the next B0 m, and increases
rapidly to 0.5 in the last 17 m 1o the wellhead. |1 the Now rata is increased
another 2% to 66 kogfs the Mach number increases 1o 1 at the wellhead.

I ihe dizmeter of the casing is dgubled between the wellhnad and the flash tevel
a hiyher flow rate (121 kgfsl can be carrind Lefare choking occurs. The taral
available wellhean power peaks at 116 kafs with the flash level at 309 m; the
variation of Mach number with degth far that condition is shown by the dathed
curve in Fiquee 4,11,

It tne enlarged casing extends only part wiy to the flash level the sffect on total
available wellhead powes it that thown in Figure 4,12, The total avallab's well-
head power is 3.2 MWW at the peak-power flaw rate of 55 kgfs for the constant
diarneter well.
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FIGUR! ik COMPARISON OF MEASURED AND THEQRETICAL TOTAL
WE‘LL FLOW RATE FOR NO. 1 110 WELL JIGURE 4.11: VARIATION OF tACH NUNEBER WITH DEPTH
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If the v, caameter it douhbed 10 0.5 m between the wellhead and the flash
Towed, the ponk-poweer flow rate i increased to 116 kofs and the available power
it doubled 10 6.3 MW, There i5 no gain from extending the enlarged casing
below the flash level ol 300 m; ang if the enlarged casing doet not reach the
flash level the power 15 reduced in proportion.

It the casing diameter is tripled to 0.75 m belween the wellhead and the flash
leve!, the upper curve in Figure 4,12 shows that the pesk-power flow rate js
increased to 179 kgfs, the Kash levef is lowered to 500 m, and the available
power is ingreased o 9.3 MW, aimost three times the availahle power with con
iant diarneler.

At higher reservoir temparatures the flash levels are deeper, approaching the
boutom of the well at JO0°C reservair temperature. Faor this reason, the stepped-
diameter cases are arbitrarily calculated for crlarged casing extending only w0
750 m {halt way 10 1he bovioml if the flash level is below that depth. Table
4.13 gives the flash levels a2 the peak-power flow rates and the enlarged cating
depths for the stepped diameter wolls,

TABLE 43; FLASH LEVELS IN STEPPED DIAMETER WELLS AT PEAK-
POWER FLOW RATES

Reeryois Brirs [Denth of Deapth af 0.5 m Paxk Availshle

Temperatury Cangeniration Flazh Laval Diameier Ca5ing Foiwer
ey % frnl im) vl
150 1] XX 300 &
00 a ' 60 BEQ 22
150 0 G50 150 43
g . 1] 1,400 L H 61
154 a0 400 400 2
260 g it £40 . 10
250 I S0 750 23
300 . X .21 50 27

Source: EQL Bepart Neg, 10

Effect of Flaw Rate on Availzble Wellhead Power

The specific available wellhead power for 150°C reserveir temperature and ero
brine concentration is plottec as a function of flow rate in Figure 4.13, AL flow
rates belaw 10 kgls the well i sall flowing wath liguid at the wellhead, the well
bring pumped by the differerce in density between the hot water insice and the
cold ground water outside. The specific availabie wellhead power is 62 Mg (62
b pEr koS5l As the flovwr rate is increased with self flowing {dathed corves in
Figure 4,13} 1he specilic availzhle vellhead power decreases dus to friction and
due to unrecoversd kinetic energy [assumed lost exeept for the partion: recovered
as heat in stagnation ol the flow a1 the wellhead). The constant diametor well
chokes a1 6 kg/s with the specific available wellhead power reduced to 55 Jfg.
The stepped dizmeter well chokes at 121 kgfs with the specific availahile well-
head power reduced to 47 Mg,

Sattan Trough Brine Preduction and Conversion Process 123

FIGURE 4.13: COMPARISON OF SPECIFIC AVAILABLE WELLHEAD POWER
WITH SELF FLOWING ARD PUMPING FOR 150°C RESERVOIR
TEMPERATURE AMND FURE WATER
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The specific available wellhead power with pumping is shown by the sghid curve
n Figure 413, The specific available vwellhead power decreases more rapidly
Wflt.h pun']ning than with self flowing becaase of the losses in Lonverting the heat
:?rn the brine 1o mechanical pumping power (phywsically, the power last is reiectod

o tha condenser on the surface where the steam trom tha down-well turbine
driving the pump i3 condensed}, Thus, the losses in 1the pump 3od erbine are
Qreater t{mn the friction and kinetic energy losses with setf flawing, untit the
elt-flowing well approaches choking eonditicns.
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As the flow 1aie with pumping is increased, 'n_is nm:essar:g' t:nnlolzis;:i;h:b;;ﬂ:ap

st inceeasing e in the vill or the Pup BLL BERLTL o located o
sinn, shawn in Figure 4.13, ] ‘

m:u;i:;?:m i?‘th inkel prl:s':?J re grual to saturatdan pres:;;r ::;ﬁ::l ;:1 ?s[LT:nr:tm

of 570 kgfs. The speeidic available wellhead power 3145_': condition s omes

zero because the veell flow must be copled almost to C 15 drt

This is an impractical Himiting case showyn coaly lor complel

i fthe Figure 4,13 valuss
i 4.14 presents the total available wellhead powers : :
:*E:':ri;ﬁcd bf: flow ratel as 2 function of ilow rale far 1507 reservoir 1empera

ture and zero brine concentration.

BLE WELLHEAD POWER
414 COMPARISON OF TOTAL AVAILA ILE
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Faor self Mowing ot constant diameter the total available wellhes rir reaches
a maximmum of 3.2 KW ar 55 kafs. The power drops 12 3,71 M when the well
is choked 2t 56 kgfs {the increased Hlow ratz is not enough to compensate far
the increased friction and kinetic energy logses). Far self Aowing with stepped
diameter [0.5 m diameter to 300 m depth and 0,29 m diameter from there {0
the bottom} the total available wellhead power reaches a maximam of 5.3 MW
at 118 kgfs and drops to 5.7 MWW when the flow is choked at 127 kgfs.

For pumping, the total available wellhead power increases more slowly with Aow
raze than Far self flowing because of the more rapid decrease in specific ayailobls
wellhead power. The total available welthezd power reaches a maximum of 7.6
MW at a How rate of 210 kgfs and then decreases with further inerease in flow
rate because the pump-loop lossas increase faster than the flow rate. At 210
kals the pumping powear {volume flow rate times pump pressure risal, showen by
the lower curve in Figure 4,14, is 1.3 MW the pump must be at 3 depth of

509 m for satoration infet pregsure (and at a depth 20 o 100 m lower for prac
tical inlet pressures),

The specific available wellhead power for 200°C reservoir temperature and Terc
brine concentralion is piotted a5 a function of flow rate in Figure 4.15,

FIGURE 4.15: COMPARISLON OF SPECIFIC AVAILABLE WELLHEAD POWER
WITH SELF FLOWING AND PUMPING FOR 300'C RESEAVAOIR
TEMPERATURE AND PURE WATER
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T wers are about Tive times higher than Tor 150°C resefyoir temperature,

the varigtion with tlow rate is similar, A\ this temperature, the sell-flowing wen
detivers vapor to the surioce at 3l flow rates. The sgecitic available welthead poweer
varies from 317 Jfg at low flow rawe to 252 49 at choking with constant diameter
and to 210 Jg at choking with stepped diameter (0.5 dismeter to 750 m dupth).

With pumping = pressure rise ol 3 MPa 1440 psi) is required a3 zero flow to
provide saturation gpressure al the woellhead, and the speeilic available wellhead
powes is already reduced 1o 280 $fg. With increasing tiow rate 1he specific
gvailable welhead power socreses more rapidly than with setl flowing {except
near choking) and drops to 230 Jfg in the limiting case with the pump at the
bottomn af saturation inlet pressure. The sbstlute decrease in specific available
power with How rale is a%0ui the same as at 150°C reservoir temperature, but
the relative deereasa s Ioss because of the higher available power.

The 1otal available wellhead power with 300°C reservair temaoerature angd rero
brine congentration is presented in Figure 4,16, With self flowing the constant:
dasmeter well provides 40 MW available nower and the stepped-diamezer well

&1 MW, Pumping gives the same total avaitable wellhead power as self owing
3t constant diameter i the pumping power is 1.4 MW and the pump iy at 1,200
meters Jopth, but even the limiting caze of a 3.4 MW pump at the boTrom gives
legs avaitalle wellhead pawer than self flowing with enlarged casing to 750 m.

FIGURE 4.16: COMPARISON OF TOTAL AVAILABLE WELLHEAD POWER
WITH SELF FLOWING AND FUMPING FOR 300°C RESERVOIR
TEMPERATURE AMD PURE WATER

- 12 —T T T -

EbLr FLoviad,
IS 0 UTER

/'"'i. -

[ ]
T

r
T

ILF MLOwTHe,
CORETaw] BlnmETIN

TOTAL AVAILARBLE WELLHLAD POWEA. bW
=

= L
100°C RELENNOTY TOIAATURE ]
FUSE FLTER
u L §
4
£
’ ] .
!L. —_— TS ) |
[ ] L (1] it ik p L]

WELL FLOAWY AATE, wgh

Source: EQL Aeport Mo. 10

Salton Trough Brine Production and Conversion Pro-nszel 77

The results for 30% brine concentration are shown in Figure. 7 through 4.20.
The main difference compared with pure watar {5 lower specific available power
due to the lpwer enthalpy of the bring, In addition, the higher density of the
brine reduces the peak-power and choking flaw rates with sell flowing at low
reservoir temperature, With 150°C reservoir tomperature and 30% brine con-
centratign [Figure 4.18) the 1otal available wellhead power with pumping can
be six times as great as for self flowing at constant diametar and almast twice
as yreat as for self Aowing with stepped diameter,

FISUAE 4.17: COMPARISON OF SPECIFIC AVAILABLE WELLHEAD
POWER WITH SELF FLOWING AND PUMPING #0R 180°C
RESERVOIA TEMPERATURE AND 30% ERINE
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FIGURE 4.18: COMPARISON OF TOTAL AVAILABLE WELLHEAD PG':‘JEH
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However, 0w temperadture high-salinity qeothermal resources are Known to
exist. At 30Q°C and 30% brine {Figure 4,20} oven a 5 WAW pump a1 the holtom
of the well gives only twice 25 much wellhead power #s sell flowing with con
stant otameter and negligibly maore poyer than self Tlawing with stepped dismeter.

FIGURE 4.19: COMPARISON OF SPECIFIL AVAILABELE WELLHEAD
FOWER WITH SELF FLOWING AND PUMPING FOR 300°C
REESERVOIR TEMPERATURE AND 30% BRINE
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FIGURE 4.20: COMPARIEON OF TOTAL AVAILABLE WELLHEAD POWER
WITH SELF FLOWING AND PUNMFPING FOR 300°C
RESERVOIR TEMPERATURE AND 30% BRINE
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Comparisen of Available Wellhead Power for Self Flowing and | ag

The best choice of {law rate for sclf flowing is the flow rate that gives maxi.
mum total Fvailable wellhesl power, assuming there are no gains cisevshers from
using laweer fow rate, The best flow rate for pumning, however, will be ar lsast
lightly below the peak-power Aow rate because reduced pumyps power and depth
result  Perhaps the largest pumy that can ba installed in a .25 m diameter czs-
ing would provide 1.0 MY pumping power, and a mare realistic size would e
0.5 MW {the test pump destrilied in Refercnce {1) is designed far 0.1 MY pump-
irg power ina .22 m diagmeter casing). The flow rates at pumping pavers [volume
tlaw rate x pressure rise) ol 0.5 and 1.0 MV are, therelore, adopled as represenling
tha Raw rates far near-term and advanced pumping systems, respectively.

Figure 4.21 compares the total wellhead available pawer for salf flowing at peak-
power flow rate in canstant diameter amd stepped dizimeter wells {thashed cunves)
with the tolal available wellhead power for pumping with 0.5 and 1.0 MW purnping
power (solid curves) as a function of reservoir temperature for 2ero Drine concenirs-
nan.

FIGURE 4.21: COMPARISCN OF TOTAL AVAILABLE WELLHEAD FONER
FOR SELF FLOWING (AT PEAKS] AND PUMPING (AT FIXED
PUMPING POWERS) AS A FUNCTION DF RESERVDIR
TEMPERATURE FOR FLIRE WATER
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With sehy  _wing the total available vellhead power increases by a fagtor of 10
‘from 150°C 10 200°C reservoir temperature, and the power with stepped diametsr
15 Tiee that with constont dismeter. \With pumping the total avaitable wellheag
pawer fiwes only half as much as with sell lpwing, and the available power with
2 1.0 M pump is only 40% more than with a D5 MW pump, Compared with
sebf ﬂn':ving i contlant diameter, the 1.0 MY pump provides higher powers at
FESrVOIr 1ernperatures below 270'C and the 0.6 KW pump provides higher pogwers
at reservear températures below 240°C. Pumping provides litte or no gain over
self tlowing with stepped diameter #1 any temperatore.

Figure 4.22 presents the same comparisons with 0% brine concentration. The
main dilfererice is that with self tlawing the total available power increases by

a factor of 20, instead of 10, from 150°C to 300°C reservoir temperature, whers
a; the factor of increase with pumping is abaut the same as with pure water.

The tesuly is that 3t low temperatures pumping provides 8 greste: nCrease in

totzl available wellhead power, over self tlowing, with brine than with pure warer,
However, no tow-temperzature, high-salinity geothermal resources are knowr.

FIGURE 4.22: COMPARISON OF TOTAL AVAILABLE WELLHEAD POWER
FOR SELF FLOWING {AT PEAKS} AND PUMPING {AT FIXED PUMPING POW.
ERS) AS A FUNCTION OF RESERVOIR TEMPERATURE FOR 30% BRINE
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The resuits for pumping, although calculated for a turbine-driven - using
cooling of the well flow, are atso valid far 3 pump driven by mechanical, hw,:-
draulic, or electric pawer from the surfage. |n those cases, the poser 1o deive
the purnp is taken from the conversion procoess output, ard the resulting reduc-
tion in net output (s about the same as the reduction in available wellhead power
ealculated here, for equal efficiency of conversion of h=at 10 pUMpLNY POvwer,

Far example, at 200°C reservoir temperature the flow rata with 1_.(1 MY pump-
ing power is 175 kg/fs, the pump pressure rise is 5.0 MPa (700 psil, aftld tha
wellhead temperature is 180°C (due 1o the assumed 4°C per MPa coolingl. The
welihead available power is 17 MW, | the pump is externally driven, tha well-
head temperature is 200°C and the wellhead availsble power is increaszed to 22
bW, The pumnp prossure rise is ingreased 10% by ihe higher saturation pressure,
requiring 1.1 MW pumping power, I the pump efficiency is Q.5 a_nd the avail-
able wellnead powver is converted o pump-drive power at 0.5 efficiency, the
amount of zvailable wellhead sower used for pumping is 1.140.5 x 0.5) equating
4.4 MW This leaves 17.6 MW of available wellhead power, about the same as
with the pump driven by cooling of the well Taw.

The comparisans between self flowing and pumping are not gignificantly affscted
if the drawdown pressure or siatic well-bottom pressere is changed. Figure 4,23
shows how The curves in Figure 4.21 change if the drawdown pressure factor is
imcreased by a factar ol four, The wellhead powers are cut in half, but the
relationship between self-flowing and pumping ls nearly the same.

FIGURE 4.23: COMPARISON OF TOTAL AVAILASBLE WELLHEAD POWER
FOR SELF FLOWING AND PUMPING WITH FOUR-FOLD
INCREASE IN DRAWDOWN PRESSURE
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The flgw sin Figure 4.23 range from 60 keg/s to 110 kefs. Therelare Figure
4.23 alto aophies 10 3 well with statie botlom-hole pressure reduged to between
2.5 and 109 [APa, values that are only 51 10 68% of the irydrostatic pressure
of ground water assumed in the previous caleulations,

Summary

The compatizons between 2! flowing and pumping cast considerable doubt on
the value of pumping, Above 225°C, pumping increases total available wellhead
pover by at most a factor of two compared with sel {flowing at ¢consant diame
eler, and ihere 15 NG increase compared with stepped diometer, At lower tem-
peratures, pumping ingreases tokal svailuble power by greater than a factor of
two gnly with high brine concenirations that are not gncountered at those tam-
PETOLLrES.

The possible valug of pumaping in proventing {lathing and resulting scale depeosin
in the well remains, put it does not appear that pumping is of signilicant vatua
on an enecgy basis.

CONVERSION PROCESSES
Wellhezd Conditions

For the comparison of conversion pracesses, four wellhead conditions are chosen
thil gre rcpresentative af the estremes calcukated in the previous secton. The
rusumed wellhead conditions are given in Table 4.4 and alst indicated on the
curves ol 101al zvailable wellhead power in Figures 4.27 and 4,22,

The first wellhead candition is for telf flowing at 1S0°C reservoir temperature
with zaro brine concuntration and slepped diameter. The 150°C reservoir téme
perature represents the low end of the temperature rarge for geothermal eleciric
pawer gencration. Mipst brines st that temperature kave salt conceniration below
E% and can, therefore, ve represenied by pure water for power calculations. The
stepped diameter requires enlarging the casing onty to 300 m depth.

The second wellheed condition is for pumping av 150°C reservoir temperature
and zero brire conceniration with 0.5 W pumping power. The PUmping pro-
vides saturated liquid a1 the wellhead without vaper, and the 0.5 MW pumping
ponver is a practical goal.

The third wellhead condition is for <etf fowing at 300°C reservoir 1emperature
willl zoro bring concontration arb constant digmeter. The 300 reservoir Tem-
pErature fepresents the upper end of the temperature range available in gao-
thermal reservaiis. Some brines at that temperalure have 10w salt concentrations
and can be represented by pure water Tor power caloufations, A congiant diame
cier provices high flow rate and siepped diameter is not needed.

The fourth wellhead condition is the same 25 the third except that 30% brine
concentration % assumed.

Saltan Trough Brine Production and Canversion Process: 183

TABLE 4.4: WELLHEAD CONDITIONS FOR CONVERSION PRu.._3S
CALCULATIONS

. 150°C Resarvoir Temperanire. . . 300°C Reservoir Tempatdtura. .
Sall Flowing,  Pumped, 05 B Self Flowing,  Salf Flowing,
Sieppod Pumping Canttant Constant
Daamecer, Fowar, Diameceer, Dinmeler,
Purg Water " Pure Watar Pure Water 340% Bring
Yemperature, G 11 137 A 02
Chaality 003 4] o 007
Prassure, MPg a6 8.33 223 1.2%
Pressure, psi i a3 373 181
Flow rate. kg's 118 137 136 124
Epetilic available
power, Jfg 54 4B Iyt m
Total available
power, MUY B3 6.6 40 21

Source: EQL Report Mo, 10

Flath Steam Process

The must commonly used conversipn process for power generation from brife

is the flash steam process. Figure 4,23 shows o flash steam procuss with one
Stage. The flow leaving the wellhead enters a flash wporizer where the pressure
is reduced, causing part of the brine 1o vapcrize. The mixture of brine and steam
Ifen énters a separatar where the brine and sizam are separated, The brne flows

1 a reinfection well or ather dispesa) area. The steam fows o a turbine 1or power
generation and s then condensad n a condenser. The condensate js pumped to
atmespheric pressure lor disposal or for use in the coohing tower. The flow
from a pumped well consists entirely of Yiquid {designated L in the diagram}, ang
the fow from a self flowing well consists of both liguid (L) and gag (G), the

5% phase being steam. VWith two-phase wellhead flow the flagh vaporizer may

be pmilted and the wellbead flow led directly 10 the separator al welihead pres-
sure, The flash vaporizer, if used, consists of whatever provides the pressure
drop between the wellhead and the separator; wsaally an orifice at the separator
inlet is used,

The separatar i3 any conventional Type such as a cyclome separator. With high
bring concentrations the steam line 1o the turbine may include serubbers 1o re-
Moy ent-dined salte The condenser is usually 3 cantact condenser whersin
“water from the couling tower is 4prayed directly into the condensing steam.

The condenser pumping may he accomplished by clevating the condenser above
ground level or by uring @ mechanical pemp,  Any nonconcdensables in e stesm
Must be oumped {rom the cendenser 10 aimosphere by mechanital pumgs o by
eam gieclors using steam that would othereise drfve the lurbing,

A Nash steam process with twe 313908 (s shown in Figure 4.25. The bnag from
the first stage soparator flows to the sccend-stage {lath vanorizer where the pres-
sure of the bring is reduced 1o that of the steam Icaving the first-stage stean tur
bine  The resuliing steam and brine mixture is separatod in the second-stage cepa-
raler. The steam {rom the second-slage separasor joins the steam Meaving the first-
Ftage terbine and flaws to the second-stage turbine.
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FIGURE 4.24: FLASH STEAM PROCESS WiTH ONE STAGE
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To minin. . meislure in the stcond-stage 1urb_inc, the maisture lgaving the first-
s1age larbing is soparated 2nc added to the beine leaving the second-stage sep-
arator, |1 the pressure in The second-$1ase feparator is below atrmospheric, a
pump for clovation above ground fevel) it roguired for removal of the separated
brine. - 4

A Hash steamn process with thres stages is showa in Figure 4.2_5. The Eattern

is the same as' for the two-stage process. The gain achieved with multi-staging

is that the brine leaving the lost-stage separates is rejected at lower temperatures
ws the number of siages 18 increased, resulting n more of the Lring energy Being
converted 1o Turbine ouipul poveer.

Dual Steam Process

When brine, or a brine and steam tixture, Is flash vapgrized, me:l-.am'c_al wark
is available [rom the expansion of the vaporizing mixture. Thal work 15 not

utilized in the flath steam system; the work goes inta a:cleferalung_ the flow a::.d
is dissipated @5 heat when the flaw i$ decelerated by frigiion and impact. I.t i%
possible (o replace the Hash voporizer with a iwo-phase expander thal provides
the same peetsure diop but exiracts part of the availalile work as shaft power.

Fiqure 4,27 shows a singie-stage process using 4 two-phase expander. The peo-
pess is the sarme s the one in Figure 4.24 except that a tw::-ph;:sn v pander
replaces the flash vaporizer. The two-phace expander provides shafl power that
can be used 10 generate additional eleciric power, Al the same Sparator pres
sure a5 in the tlash steam proceis, the exhast from the two-phase uxpander. has
tower quality than the exhaust from the flash vaporizer, and the stcam turbine
power is, therefore, reguced.  But the sem of the sicam turbine power and tywo-
phiase expander power is always greater mar-.‘f:.:r the lash steam process ng
mazter how low the two-phase expander efficiency. The fllash vapolizer can be
considered a3 the limiting case of a two-phase expander with zero efficiency.

F!GURE 4.27: DUAL STEAM PROCESS WITH ONE STAGE
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Siree two types af expanders are being used in coambination, the . .oss of
Figure 4,27 15 designated as o gual stcam process. The dual steam process was
first proposed by Laird {5).

A dual sieam process with two stades is shown in Figure 4.28. As in the case

of the flash steam process, the gain achieved with multistaying is that the brine
leaving the [2st-s1age separator is rejected at lower temperatures as the number
of 1tages it increased.

The liquid leaving the last-stage separator is still at a higher wemperature and
pressyre than the condenser, and additional mechanical work iz available from
expanding that liquid through an additional two-phate expacder to the condenser
conditions. A single-stags dual steam process with an exhaust liguid Expareder

is shown in Fiqurg 4.29. The added expander s thown ex hausting into a sepa-
rator at the condenger pressure, with tho exhaust steam flowing to the condenser
inlet and the exhaust liguid flowing to tha condenser exit. This avoids problems

. &f brine coniamination of the condenser and cooling system.

With the exhaust liquid expander, 2l of the wellhead flaw is rejected at con-
densing temperatrre., The process extracts all of the available energy from the
wellbead flow, within the limilstions of mechanical efficiencies, usirmg only one
stzam turbine and two two-phase expanders. However, from the standpoint af
limiting the volumg Mow rate in the two-phase expanders mare t1ages may bo
desirgd. A tworstage dual steam process with an sxhaust liquid expander is
shown in Figure 4.30.

FIGURE 4.28: DUAL STEAM PROCESS WITH TWO STAGES
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FIGUR| ) DMNE-BTAGE DUAL STEAM PROCESS WITH EXHAUST
LICUID EXPANDER
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Tatal Flaw Process

Angther methoed of expanding the entire wellbedd flow to condensing lempera-
ture and extracting the available work is the total Aow process (6}, In the totsl
flow process, shown in Figure 431, the entire wellhead flow expands throegh
one or More two-phase expanders to the candenser conditions, hMultislaging of
lhe twi-phate expandars may be used for machanical reasons, but thermeody-
namically all ol the recovgrable energy can be obtained in a single stage.

FIGURE 4.31: TOTAL FLOW PROCESS
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Sgurce: EQL Report Mo, 10

Binary Process

The binary eorversion process uses 1he wellhead fiovs as a heat soyrce or a
separate closed-loon power cycle. Usually an organic warking luid operating

in & Rankine cycle is consicdered. Figure 4,32 shows 3 binary progess. The well-
head flaw, if it is two-phase, enters 3 separator, and e sicam leaving the sepas
rator enters the steam heat exchanger where the steam is condensed by heat
Lransfer Lo the organic warking fluid. The condensate then joins the brine
leaying the separatar and flows thegugh the liguid heat exchanger where the
liquid is cenled by further heat exchange 1o e organic warking fluid. The
hquid then flows to disposal, through 2 pump if necessary. LE the wellhead fow
is single phase, 25 with a pumped well, then no separator ar steam heat exchanger
% wsed.

The orginic working fluid flows from the catd end to the hot end of the liguid
heat exchanger and then through the steam heat exchanger, if used. The organic
fluid then expands shrgugh the turbine, is condensed by heat transier 10 atmos
phere of 1o a cesling fluid, and is pumped batk to the heat exchanger inlet.

A single-stage binary process can cool all of the brime 10 condensing temperalure
plus some minimum heat exchanger temperature difference, and multistaging is
no: needed.
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FIGURE .. .2: BINARY PROCESS
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Flazh Binary Process

High salt concentrations may cause fouling of the liguid heat exchanger in 1he
hinary progess. The heat in e Brine can still be recovered, however, by flash
vaporizing the bring and using the stcam in 3 sories of steamn hed! exchangers.
Such a tlash binary precess with one stage is showan in Figure 4.33. The well-
tiead flavs, alter possiple additional vaporization in a 1lash vaporizer, is separated,
and the stram i3 used (o heat the ergznic working flutd, The separated brine
tlows 10 the reinjection welt ar cther disposal site. The heat exchanger in Figure
4.33 is bath & stcam and Liguid heat exchanger. After the steam condenses in tha
tirst part of the heat exchanger the condensate (which is pure water) is cogbed by
Turiher hiat trznsfer 1o 1he organic working fluid.

A flash binary proecess with two ttages is shown in Figure 4,34, The steam
entering the first-stage heal exchanger is condensed, and the condensate is cooled
10 an intermediate lemperature. The condensate 15 then throtiled 10 saturation
prosture {the mechanical work [ast is nugrlgub!nl The brine 1rom ke first-stage
scparator flowe 1o the second-stage flash vaparizer where the pressure of the

trine is reduced 10 1ha1 af the liguid teaving the first-stage heat exchanger. Tha

resulling steam and bring mixture is separated in the second-stage sepazratar,
The steam fram the second-siage separator joins the liquid leaving the first-stagae
heat exchanger ard Tlows 1o the second-stage heat exchanger. The brine Trom
the stcond-slage separaler {lows to disposal, through 2 pump if necessary. The
liquid leaving the second-stage hedt exchanger fiows to disposal ar is u:;ed in the
coaling tower.,
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Saltan Trough Brina Production and Converston Processes "
SICLRE 4.33: FLASH BINARY PROCESS WITH ONE STAGE
TUTAtIE
-
Lo oRLEL
nw
L AN |
A A A A
KEAT EXCHANGTE
e
LA 2= LTFAATOL
FLASH
VaPORIZIER
l DESPOTAL +
FIGLURE 4.34: FLASH BINARY PROCESS WITH TwWO STAGES
(== 4
oot L
ey

(_gm



192 Grothermal Energy

Method leulating Power Qutput

The method of calodation lor flash steam and doal tteam is summarized below.
The quzetities specified are welthead temperatuce, quality, and brine concentra-
tion; number of Slages; steam condensing temperature; steam terhine and two-
phase expander efficiencics: disposal and gondenser pump officiensies, and selec-
tion of oplignal exhzust liquid expander, The czleulation procedure {irst assigns
initial cuestes 10 the turkine infet evnperatures it each stage. The T1osh vapor-
izer, or two-phase expander ¢xit conditiong are then calculated siage by siage
together with the steam turbine exit condilio:ns, steam turbing power output,-
and any two-pliase expanceer power culpat, The powers for all of the stages -
are added 10 give 1the talal clectric power gutput. The calculations are then -
repeated with other surhine inlet temperatures until the oplimom feMperaiures
coresponding 16 maximam total guotpul power zre found, using a standard malti-
variate search routine,

The method of galculation Tor sl flow is simply to multiply the welthead
available power by the assumed 1wo-phase expander efficiency to oblain the
output power. The method of calculation lor binary gnd lash binary 1 sum-
marizer below, The guantities specified are welthead temperasure, guality, and
brine concentration; nurmber of stages; vrganic working 1luid condensing tempera:
tere; disposal pump efficicney; temperaturn difference botween the water or
steam and the otganic Muied at the indets and exits of the heat exchangers; and
selection ot a liquid heat exchanger to give a binary, instead of flash binary,
ProCess. '

The [osses in the organic cvcle are lumped togetner in a cycle eificiency factar
which is the ratie of aciual 1o ezl power gutput, the jdeat power cutput being
the cutpel of a series of Carnat cycles receiving heat along the temperature
cutve of the organic fluid as it proceeds through the hea exchangers and reject-
ing heat at the corclensing temperature of the organic fluid. The cy¢le efficiency
lactor is chosen Lo reficet turbine and pump losses and the effect of any heat
rejection zbove the condinsing temperature,

The caleu!alion procedure for binary and flash binary processes first assigns an
initial guess 19 1he inler 1emperature of Lhe first-stage heat exchanger. The tem
peratures at the infets af the olher heat exchangers (if more than one stage is
wied} are then ealoulated, together with the grganic working fluid flow rate, to
set the tepmperature differences between Lhe arganic warking fluid ond brine at
the inlets and exits of the heat exchangers 1o the specitied temperature difler-
ence. The ideal pawer culput of 1ke organic cyele is then calculated. The inket
temperature of The first-tlage heat exchanger is varied gnd the calgulations rep-
poated vt the optimum emperatUre Cofrespancding 10 maximum pdwer out-
put is foung, The methods ol caleulation summarired above are derived in
FOL Remore Mo, 100 Tahle 4.5 presents the constants used in the coivarsian
process catculations,

TABLE 4.5: COMNVEASION PROCESS CONSTANTS

S1com Procossty

Slcam condanding temperalung 45'C
S1eam rurhine gificiency 0.7
T wophazs expander efficiency 0.6

{continuad})
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FAGBLE 4.5 {continued)

Pump eticimncy . 07
Dispasal pretsara 0.1 MPa i1 atm)
Binary Progeies

Qrganie fluid condenting emperature

Organic warking flyid

Presaure of organic working tigid in
heaat exchangers 4,14 MPy (500 pu)

Cyede afticrency factgr Q.7

Temperature difference basweean 10°C {flash Bingry ar Blnary with
iM:TEr‘ and srganic warking fuid at el llowing welll
imlets and eaits of hear exchangsrs Yol :

Water disposal puma elficiency ¥ gﬂ'c foimany with sumpad wal

. Disposal pressure 0.1 MFa [ amm}

FLpw
ischulany

Source: EQL Feport Mo, 10

Compariton of Pover Durputls

The results of the conversion process caleulations are expressed as the POwEr
recovery fraction, which is the ratio of actual ClipUt power o availabo well-
head power,

Figure 4.35 compares the power recovery fraction of the different conversion
processes for IS-D‘_C reservoir temperatire and solf flowing; the flow to the con-
Vers:an processes is water and steam at 114°C znd Q.07 qQuatity {Table 4.4). Thea
Power resavery fractions arg plotted #5 a funetion of the number of s1ages,

Trie highest power recovery fraction is oblained with the dual steam process
using 2n exhaust liguid expander, The power recovery fraction varigs from .86
with one stage o 0,70 with four stages. The resson for the increase is that the
portion of the putput power produced by the mare efficient steam turbines
increates fram BO% with one stage to B0% with four tlayes.

The power produced by the dual steam system without an exhsurt liquid ex. -
pander = orly dizhtly less. The power recovery fraction varies from Q.62 with

one stage to 0.69 with four stages.

Th»_a- Itutal flaw process has 8 power recovery fraction of 0.6, equal 1a the assumed
efficiency of the two-phate exparders, Tha tatal flow process gives slighly less
Powver than the single-staqe dual steam process because the laller genergtes 35%
of its power in the assumed mare-efficient steam turbine,

The power regovery fraction of the Hash steam process is next Righest, varving
fram ?.42 with ane siage 10 0.63 with four staces. Thus, the dual steam and
Entai oy processes give EO% rare power than the flash steam process, as claimed
or toial Hlovs in Reference (6), bur only when compared with a single.staqe flash
weam process. Compared with a Hash steam process of three or marg stages, the
otal flew process gives the some o |ess power (at the aaumed BO% of r'n:'nznéy

of two-phase expanders), and the dual steam process gives only about 10% mara
wer.

k]
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FIG, 35 COMPARISON OF FOWER RECOVERY FRACTIONS FOR
150"C RESERVDIR TEMWPEAATURE, SELF FLOWING,
PURE WATER
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The power recovery fraction for the binary process, which is independent of

the fumber of swages, is 0.42, the same as for the siagle-stage flash sleam process,
The lowest oufpul power is from the flash binary process. The poyver regovery
leaztion varies rom only Q.18 vith one stage to £.39 wath four siages.

The reason for the increase in power recqyery fraction with number n;::f stages
in the case of the flash steam and fiosh hinary ptotesses i§ the reduction in
trine discharge temperature and, in the case of the flash binary process, the
berer matching of temperatures on the 1w sides of the heat exchanger.

Fiuqure 4,36 compares tho power recavery fractions for 150" reseryair Tempera-
ture wheon pumping is used; tha flow to tho conversion proacesses 15 eaturated
liguid at 137°C. The cual steam processes give essentially the same power re-

Safton Trough Bring Production and Conversion Proe: 195

covery fractions as in the previous case with two-phase wellhead ficw. The
power recovery [raction tor the totzl flow process is still 0.6, The flash steam
process gives about 180% less power than with the two-phase wellhead flow, The
binary process gives a powdr recovery fraction of ©.45, and the flash binary
ranges from 0.13 to 037,

FIGURE 4.36: COMPARISCON OF POWER RECOVERY FRACTIONS FOR
150°C AESERVOIR TEMPERATURE, PUMPED, PURE WATER
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Finure 4.37 compares the power recovery fractions for self-flowing pure water
al 300°C reservgir temperature. The flow 13 the convorsion procosses is water
and steamn at 218°C and 0.21 quality. Again, the dual seedm processes give D64
W 0.7 poveer regovery fraction, and ihe total Hloer process gives 0.6, The power
recovery fractions of the flash steam process are closer 1o those of the dual
rieam and tatal flow processes a1 this higher temperature, ranming from 0.47
with pne stage 1o 0BG with four stages. The power for the binary procers is
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£, .AE 4.37: COMPARISON OF POWWER RECGYERY FRACTIONS FOR
300°c RESERVOIR TENPERATURE, SELF FLOWING,

PLUHE WATER
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stighthy higher 1han that of the single-stage flach steam process but is boweer for
two of more stages of flashing. The flash binary process again ks the lowest
power recovery fraction ranging from 0.28 with one stage to 0.5Q with faur
stages.

Figure 4.38 campares the conversion processes for self-flowing I0% breine at
00" reservoir temperature; the flow 10 the conversion processes is brne angd
stoam at 202°C and 0.12 quality. The effect of the high brine concentratian s
small, the power recovery fragtions being essentially the sarme as for pure water.

To iltustrate the heat exchanger lemperature distributions in the binary processes,
Figure 4.39 shows how the temperaturcs wuly 2lang the two sides of the heat
exchanger for various water inlet conditions at 300°C reservoir temperature with

Salwen Treugh Brine Production and Conversion Proce 197

FIGURE 4.38: COMPARISON QF FOWER RECOVEAY FRACTIQNE FOR
ID0"C RESERVOIR TEMPERATURE, SELF FLOWING,

30% BRINE
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Source: EQL Report Mo, 10

pure water. The bartom curve shows the temperature rise of the isobutane as
heat is added, The izobutane pressure is above critical, but the temperature

sHIl fodfows an S-cwrve anatngous to the bailing regient al loweer pressures. The
dashed curve shows the termperatures on the water side with one stage of flazh-
ing, and the st3ir-step curve thows the water-side temperafures with 1our stages
of Nashing; the higher final temperature of the isebutane and better matching

of 1the temperatures accounts for the higher power recovery fractian of the four-
Stage system. '

Because af the constant walerside temperatures during condensing, the tempera:
ture difference is always lowest 2t the ends of the neat exchangers and can be
o1 to a low value such a5 the 10°C specified in the calculations with steam pre-
tent, It a pumasd well is psed, howeyer, with na flashing of the water, the
water-side temperature follows a straight ling from the inlet 1o the exit and
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FIGL .3% HEAT EXCHANGER TEMPERATURES FOR FLASH STEAM FIGURE 4.40: COMPARISON OF POWER QUTPUTS BER UNIT CONDENSER

BILARY PROCESS WITH 300'C ARESERVOIR TEMPERATURE, HEAT REJECTION FOR 150°C RESERVOIR TEMPERATURE,
FLURE WATER SELF FLOWING, FURE WATER
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interseets the isgbutane curve wnbess a 1emperatude differcnce of at leasy 2000 T
FLalh At

15 spegified at the inlet and exit. This is the rcason for specifying a larger tem-
perature difference of 20°C for binary with a purmped well {Table 4.5).

Compariton of Condenser Heat Outputs
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The amount af power gencrated per unit af conslenger heat rejection is impor U
tant 0% @ measure af the cooling water consurmption and cocling tower cost fof ek O — A
given plart size. Figures 4470 end 4,47 comparg the ratios of pOVED culput 1

conderser heat rejection tor self-Tlowing pure water at 150" and 300°C reservair _]
temperateres, respectively. The flash sieam angd dual steam processes have ratiog . L 1

af power sutput te condenser heat rejection of O to 10% at the 150°C reservalr '
temmperature and 21 10 24% ot the 300°C reservoir temperature. The mut_ilaw

process has less favarable ratios of B% et 150°C and 18% at 300°C. The binary

and flath binary processes hove still lower ratios of 510 6% 2t 150°C and 1510 gayrce: EQL Report No. 10
17% at 300°C, )

*
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Compurisan ol Steam Condensing Temperatures

Salton Trough Brine Praduction and Convertian Proge

FIGURE 4.43: COMPARISON OF LO
TURES FOR 300°C RES

WEST STEAM CONDENSING TEMFERA-

ERVOIR TEM

PERATURE,

207

IF e wellhead Tlow contains @ 12:ge amouat ol noncondensabile gases, it may
nat be possilale 1o use vaguum condensing in the conversion process. At rhe
least, vacuum pumps or sleam ejeciors will be required, and they will consurme
poveer, A comparison of comeersion processes with noncondensables present
will favar binaty processes, bocaose 118 possible to fravsfer heat Tram the weli-
head [low and cool the brine to any desired temperature withou! recucing the
presture. The conversion processes con be compared on the basis of lowett
steam concdensing femperature, 35a medsare of lowes! pressure required and of
Aumping reqguirement for noncendensables.

Figure 4.42 compares the lowest steam condensing temperatures of the varicus
conyeraion processes for 180°C reservoir temperature and sel flowing, The low.
g5t sleam condensing temperatore for the binary process is 114°C fthe wellheag
ternperatuced and for the {lash steam, dual steam, and total {low processes ar
45°C (the counversion process rejection temperature). The lowest steam con-
densing termperature for flash binary is 110°C with one stage bot less than 10870
for two slages or more, requiring pumping of noncondensables.,

The lowest steam condensing temperatures are compared for A00°C reseryoir
temperature in Fiqure 4,43, Herg, flash binary is more favorable with respest
16 condensing pressure than at the Igwer termperature, reguinng below-almos
phere candensing only with mare than three stages,

FIGURE 4.42: COMPARISOM OF LOVWEST STEAM CONDENEING TEM-
PERATLRES FOR 150°C RESERVOIR TEMPERATURE,
SELF FLOWING, PURE wWATER
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Two-Phase Expander Volume Flows

1
::;u—phe.tsa expanders for the duzl steam or 1otal flow processes are likety to be
m urz_::urkfy ;nachlneshfnr given valume throughput than steam turbines The

ity o1 the two-phate How is less than thar af o i :

C \ ne steam flow in g stea
:rrhrne, and the fraction of the machine crgss sgction that can bBe deveted T
How area may be less than in a steam wrhing, ¢

ﬂ.se T::. :.Zizm:fsuf sl2am turhines, by far the largest twophase expander will he
‘PILSsUTe qre, and the size and cost requirement far bes :
vest : 1 wr3-phose expandg-
::: :?‘I '[h[.l pfﬂtflssﬂi using them can be compared, an a relarive basis, by c:;apar
5 he wolume flovs rates fram the la5i-st2ne twa 3 yri
- ! L-5r -phase expanders, Figures 4,44
::;d 4_4__-? Fres?rnr =ach a comparison for 150" and 269°C reservair :emp!::atures
'mgrﬂnni ¥. Tha ¥olume tlow rate deaving the lgst two-phase expander in the ’
! Ww process 15 2.6 m? per kg of wellhead flow at 1500 and 6.2 m? per k
at 300°C; there is na change with number of stages. . ’

;':!';eﬂ:r:rlun?e Hon;m rafe rllewing 1he 135t two-phase expander in the dual steam
Scrsses ug much smaltler, only 1 m* per kg with one st d 0 !
with tour stames at 150°C and 1.2 m i & stage and Do gy K
. - per kg with one stage and 0.5.0.6 m?
kg with four stages at 300°C C i ; exs, e votun
th . Compared with the 1aral 1o
Mows for a oo stage duyal stez orly 25% ot mach e
"e2rn profest, for exdmeal i
150°C and 10% 25 much ar e, Pie. are only 25K a1 much at
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FIGURL w.24: EXIT VOLUME FLOV FROM LAST TWGO.PHASE EXPANDER
FDR 50°C RESERVO!R TEMPERATURE, SELF FLOWING,

PURE WATER
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FIGURE 4.45: EXIT VOLUME FLOW FROM LAST TWQ-PHASE EXPANDER
FOR 200T RESERVOIR TEMPERATURE, SELF FLOWING,
FURE WATER
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Salton Trough Brine Production and Conversion Progosses M3

The reason for the loveer voiume Aows in Lthe dual sieam processes 18 the fact
that most of the steam is handled by the steam tyrbings. The reasen for the
decrease in last-slage volume flow with increasing number of stages is that the
last stage starts with saturated liquid &t & lwer lemperature, | an eahaust
liquid expander is used the exit volume flow may be higher, as in Figure 4.45,
due 1o the lower expander exit pressure; hut the wolume flow may be the same
or even loss, as in Figure 4,44, if the reaptimization of stage ternperateres for
maximum power leads w0 a sufficizntly lower niet temperature to the exhaust
Exparwier.

Comparison with Other Studies

The results presented here agree with previouws cafewlations far Nash steam and
Rash bwary processes (7] and for the binary process (B). Comparisons with the
calcelations of Reference (7] are presented in Tabde 4.8, Tho wellhead condi-
tigrs gsiumed in Reference {7] correspond to a reservoir tomperature of about
320°C, The steam twrbine efficiencies 24umad gre shightly lower than used here
and decrease with number of $1ages because no moistere removal is assuarned
between stages. Using the constants from Refercoce (¥), the power recavery
fractions caloylated by the method ysed lere arg within 0.03 af the volues caloy-
lated in Reference (7) for one, twa., end three-stage flash steam 2nd for tuwa-
and three stage flash binary,

Comparisons with the colculations of Beference (8] are presonted in Table 4.7,
Reference (3) presents results far bath an iscbytane cycle and an advanced cycle
denoted 2s the H-H cyc'e. The assumptions regarding heal exchanger temperature
dilizrence and wurbine efficiency ora not given, and the values assumed here are
the ones in Table 4.5, The resuits are bigher than the Reference §8) results for
isnbutane but agrec within 0.04 with the resuls for the H-H eyele.

TABLE 4.6: COMPARISON WITH FLASH STEAM AND FLASH BINARY
CALCULATIONS OF REFEREMNCE {M
Hellhead conditicna: 219°C remporature
0.175 gualicy
.27 brine Cancentration

Condensing temperature: IB°C (treaw)
! 48°C {izobucinal

Steam turbina efficlency: 0,673 (1 atage)
D.453 (2 stagex)
0.657 {1 atages}

Converyion Process Fover Reeovery Tracrion

. Referente {7t Present Merhad
fnu-stage [lanh mbtegn Q.49 0.46 "
Tup=dlage [laszh wbean 0,55 0.47
Tacee-4Tage flash steam 0. b2 .62
Two~stafe flash binary 0.217 4. 38
Thres-stage flash binary o.al Q.42

Source: EQL Report Mo. 10
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TABLE 4.7: COMPARISON WITH CALCULATIOMS OF REFERENCE {B]
Condensing Temperaturn: 43°C

Yellhead Condicions Power Recovery Frantioa

Tesperature Quality. Brine Conc. Reference8) {Table 4.5)
&
c

Prosent Machod

lesbutana H-H Process Tsobhucana
177 0 0.16 0.66 0,89 Q.6%
312 1] 0.18 0. 58 a.71 B.Lh
187 0.081 0.1% 0.43 0.55 0.57
204 0.202 0.30 .39 0.5} 0.50

Sourct: EQL Report Mo, 10

Summary

The relative ranking of the conversion processes with respeet 1o power culpul
iz the tame for all of the wellhead conditions considered: dual sleam with ex-
haust expander the hinhest; dual steam without exhiust expander glightly lower!
sotal flow stightly lower than single-stage dual sigam; fiash steam substantially
lgpwer with ore stage, but equal to or higher than toizl flow and within 10%

of dual steam with three or four stages: binary higher than single-siage flash,
but lower than wo-siage flash steamn: and {lash binary lowest, with na more
than 50% power recovery Iraction even with four stages.

The ranking with respect 1o lowes: sigam rondensing pressure and noncondensable
pumping requirement, however, is binany best, with highest pressure and na nen-
condunsalile purnping requirgment; Tlash binary next, with condensing pressures
ranging fram above atmospheric to —~25% of stmospheric; and flash steam, dual
steam, and o3l flow worst with condensing pressures ~10% of aimospheric,

Contlusions

The conclusions ol this study are:

i1 The low rate from 8 self flowing well can be substantially
incroased By increasing well bore diameter at and above
the flashing lovel,

21 Sell-tlgwing stepped diameter vells provide morg wellhead
power than pumped wells for equal production zone di-
ameters) at pearly all reservoir conditions.

{3} Multi-stage flash steam systems using steam turbines provide
more oulput power than binary systems at all reservoir
temperalures, using reasangble values {or component per-
formuance,

{4} Toual flow rmachines, vsed alone, offer no performance ad-
vantage 35 compared to multi-stage direct flash steam, wnless
efficiency of talat flow devices can be increased above cur-
rent projections.

iZ] Two phase expanders in combination with steam turbines
grovide the hichett oulpul oowser.

Salton Trough Brine Production and Conversion Processes 15

These conclusions result fram thegretical ealculations of system performance.
They do not include the effects of excessive noncondunsible gas content in the
reservoir fluid, considerations of seuling &nd corrotion, or cost and engine¢ring
characteristics af the various production and conversion methods. 1 verified, *
hgwever, the concept of stepping well diarncter may provide a very sigaificant
cast saving in the develapment of a gesthermal field, The taweolations indicate
that ftaw per well might be increased by a factor of twe, thus perRaps halving
costs of well drilling for a given level of pawer,

Detailed engineering studies are now suggesting that binary conversion systems
may be guite sxgensive, awing to the large heat exchangers, purnps and other
plumbing required. If the cost of a binary system exceeds that of a direct steam
system, and oifers no periormance advantage, as suggested by thess calculations,
tha bindry system may be of value only in very special circumstances.
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Heher, Valles Caldera and
Raft River Comparison Studies

The material 1or the following sécuions has been based vpon 3
cepart by B, Helt and E L. Ghormley ol HoltfProcon for Eleciric
Power Research Institute, Inc. {PB 261 845),

This study consists of the assesspnent ol the technical, econemic and environ-
rmental leasibilivg of 3 25 10 50 A%We plant in the Heber atea ol the Impenal
Villey, California and the Welles Caldera area of New Mexico, using three state-
of the-art power conversion optiong: the flashed stgam, binary and hybrid.

Also incloded is a parallel technical and econamic Inot envirpnmentald study ol
the Rafi Aiver, 1dahg, reserveir, which is taken o be representative ol a low
temperature, 149°C {300'F), reservoir. By selecting Raft River as a representa.
tive it in addition 10 1he oiher sites, the development ol the capital and op-
€rating costs associated with thiee different progesses at theee reservoir tempera-
tures |5 arcomplished. Walles Caldera is thought to be the hottest reservaolr!
250°C {500°F); followed by Heber: 182°C {3€0°F); and 1hen by Ratt River:
1459°C (300°F).

Tre economit anslysis resulting {from thit work pravides insight as 1o the rela
tive meeits af flashed steam and binary cycles with varying reservoirf (emperaures
and provices useful indormation ralating power gengratian casts 1o reservolr wem-

perature.

SELECT!ON OF FLANT S1ZE

11 3% elear 1hal geolherma) power plants come in felatively small sires as com.
pared with fossil Tuel or nuclear plants. A1 The Geysers, for instance, a modu'e
is 110 MWe and at Cerra Prieto the initial installation it 75 MWe (wiwo 37.5 MMNe
stean turbines). The main reason for this 13 an eConomic gne. A3 singlz plants
get {arger, ihe cost ¢f colleciion and reinjection ol the Tiuids increases as moré
wells [both production and reinjectian) are required,  Alsg, the fluid transmis
son energy losses become greater,
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.other reason is 3 lechnicalfeconomic one  For example, no hydrocar,
pansion turhines have beent built cven in the GO to 70 MWe range, althoug, deade
appear 10 be na serious Lechnieal preblems associated with scaling up existing da-
signs. O1 for that manter, if capacity should really urn out 19 be a limiting fac:
tar, maltiple units may ke installed on a comenon shalt at some econamic penaliy,

In cither Ine 25 Me or 5O MWe sizes of a binary cycle ptanl, one is alraady
deating with multipte units af major equipment For example, 1he prefiminary
cquipment schection at Heteer provides for eight hot walerfwarking fluid es-
changer bundles. eight condenser bundles, eight hydeotarbon pumps, three caal-
ing water pumps and 10 10 12 cells in the cooling lawer. A 2§ K1We unil would
have about ene hall of the number af these units. Since individual exthangers,
condeasers, pumps and eooling tower celis are already as large 25 are reachly
avgilable commercially, there is na advantage in terms of demonstrating 1echnicat
and eperatinnal feasitilisy by building a plant larger than 25 Ma. Sinca one is
alsg dealing with multiple wells, both production and injection, Lha same argu-
ment halds true far the field installatian.

Maoreover, Irom a technical and operational standpoint, there is little justifica-
tion for Lutilding, e.q., a 60 MWe expansion turbine instead of a 30 MWo turbine.
Cnee successiul demonstration af 2 30 MWe turbine has been demensirated, scal-
ing up from this size by a lactor of two should fe no probtem.

Finalky, a lat less money would be required 1o build the smaller plant lin the
range of 60 1o 10 percent of the cast of the larger plant}, 2 2ving in the caxte

ol Heber ol gight to ten million dollars.

It appears that wthe decisian should rest on economic faciom. First of all, a
major objeclive of the demontTration program is 1o demonstrale economic viabil-
ity of power producnion from low salinity mudium temperature hot waler res-
ervoirs. Moreaver, if the demensitation plant could not generate clectricity eco-
rgmically, there would be $itile incentive 10 keep it operating bayond a feasan-
able te81 pericd without subsidizing ihe aperation

© By contrait, an econgemic operation would be self-suppariing, would provige
- reghsuc cost data, and would encourage rapid development, nat anly of the res-

efvair on which the plant is lpcatad byt also other reservoirs.

Bazed on dara presented in the economic analysis, the cost of power from a
25 M¥e binary plant at Heber as compared to 2 50 M\ve plant has been estimated.
Ther bose case estimate for the cost of power at Heber 5 ahout 39.2 mills/kwh.
The cocrespanding figure far 25 Mive i 42.3 millsfk VYR, an increase of abaar 20%.
The assumptions used in making 1his catculation are a5 follows:

(10 Power plant capital cast is 61% of 2 50 Mwe plant,

{21 Powwer plant fabos (b constang,

I Powar plant maintengnee o prapoeticnal 10 capdal,

L4 Power plant, watet, chemicald 2ad milcetlanecus CoL1% are
prapartanal 1o Sapital.

(8] Tianumissipn coils are condlant,
[G)  Ore-hall gt maay wells are drilled,
P71 Surfice wgtaitatian o E0% of 3 SO MY mlimate.
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{. e latwwi CoaT B ConAteng,
18] Vel mantcnance 18 proportianal 19 number of weells.

{101 Field mainjenance iy pripartignal 19 ¢anital,

From the foregoing, it is Zpparent that thete is a strong condmic incentive 10
build 2 50 MWe unit, Moreover, the larger uniz will alsa more nearly comply
wilh ghe ghjrctive of providing the utility induestry with reliable economic data.
for these reasans, a 50 MiVe plant was sefected as the proferred size

HEAT REJECTION QPTIONS

Heat rejection per k\wh from a geethermal power plant is higher thzn that from
a fossil fuel or nuelpar power flant becaute the thermal efficiency is lawer. Far
example, the thermal officiency of the Heber binary cycle plant is about 13%,
a5 compared with a typical fossil Tuel ptant of 34%, and heat rejection per kWh
from the geothermal unit is about 1.44 times that of the fossil-fueled plant.
Thus, it begomes apparent that the methed and wost of heat refection is rela-
tively a more importunt consideralion in the design of geothermal power plants
than in either fossil-fueled or nuclear plants,

Moreover, because the heat sourse is itsall at a low temperature, the efficiency
is very sengitive 1o the heat rojection tomperalure, In the range of temperature
of interest, the net woek produced s roughly proportional 1o the temperature
difierence belvreen the heat sourte and the heat sink, Therg aré ithreg proven
heal rejection options weailable: wet coofing, 2ir cooling, and a combination.

Typically, wel-cooling towers can reduce the temperature of the recirculated
cooling water to within 6°C [10°F) of the prevailing wet-bulb 1emperature, which
it Typically at least 11°C [20°F) less than the prevaifing dry-bulb 1emperature.

Dry -caoling syitems for heat refection wie finnad heat exchanger tsbes to Lrans-
fer the heat from the process lluid to the stmosphers, The minimum tempers
ure at which 1hese sysiems can dissipate heat is typicatly 14°C {25°F) higher
than 1he dry bulb temperatare of the air,

The third combination sysiem i3 known xt the wetdry cooling system. As in
the aircooled system, the process stream is cooled by the passage of air through
hanks af extended syrface exchanger tubes. A% required, water is sproyed into
the air flove, cocling (ha air flow by evaporation of the water 10 o temperaiure
approaching the wet.bulb temperature. This type of unit is expensive and 15
wsualiy used when cooling water s a2 3 premium and where dry-hulb tempera-
1dres are excessive. Waorthern Africa and the Middle East provide such enviran-
menks,

First consider 2 binary plant at Hebes, One migh: design an ait-conied 1yslem
tor AP0 C1Q0°FY dry-bulb whieh would allow a 54*C {130°F] condensing term-
pefatyre, 85 compared to a wet-bulb termperatare of 27°C (B2°F) and a condens.
ing termpecature of 43°C {110°F) for a wet tower, The installed cos: af the wet
tawer, including pumps and condenser, is abou: 54,000 000, a5 compared to the
instolled cost of a dry tower of about 13,000,000, The loss in &ycie efficiency
is about 10%, and the parasitic pOWwer requirements ingreass about S MWe, Thus,
lor a given plant 5i2e, power oulpdt s reduced about 20% and co8ls increased
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about 20%. The net effect is a S0% increate in the unit cost per | Thus,
il the plant costs $500/KW with wat cogling, it will cost at lyast STEWEW with
dry coofing.

A similar analysis vas made for g flshed t1eam sysiem, In thit cze, a circtlat
ing-water system s required to transfer heat fram the condencer to the air tooler.
The aumbers come gut about the same=-3 reduction in eyele gfficiency, an in-
Crfease in parasitic power consumpticn, and a sharp increase in installed cost per
kW. The anzlys’s was no: further considered because it appears ohiwous that

air cooling is not a wiable alierNative 10 wet cocling, and neilker are combina-
tion coolers since thay are even more costly than air coalars,

FLASHED STEAM PROCESS

Three factors strongly affect the process design of flashed steam geotherma
plants. They are 33 follows:

11} The tempetitere and composition of tha gestharmal Lring,
{2} The characteristics of tha available hest sn,

{1l The size and the charattéristics of the turbines svailable logr
ute with grotnermal steam.

The initial wmperatore af the reservoir fluid determnines both the guantity of
stexm which can be flashed frem it and the temperature of the resclting steam.
Dissoived tolids alsg aflect the amount of stearn flashed. Flash calculalions
wire done with @ computer program which takes this etiect into account. Of
the geothermal fields under consideration, the mest concentraged Drine exists

at Heber, about 15000 parts per million. tn his case, the sleam flash it recuced
spproximatgly 3% by the dissolved solids.

v is usually practical to fash the reduced liquid a second time, using the sec
ondary staam in lower s12ges of the surbine. Theoratically, it is possible 1o fSash
the tirine an infinite number of limes extracting more energy each time this s
done. However, more than two stages sppear to be impractical,

A preliminary anzlysis was made of a triple-flach system versus dual-flash for
Valles Caldera condiligns, based on 3-inch Hg hack pressure. The slightly more
efficient wriple-flash required a faur-How maching {two scparats casings) with at
legst six admission valves. The dual-flash requirad a two-flow machine {single
taHngl with anly tea admission valves. Turbinecost dillerential would be ap-
prowimazely 54,000,000 in faver of dual-ftash, plus additional savings on the
twhine pedestal and the heat rejection equiprment.

Hear Aejectian

Plants with low Tnitial s10am temparatare are very sensitive to the condensing
pressure af the steam. The cooling tower size was estimatzd to provide a eold.
wiler ternperature within 10 degrees of the design wet-bulb lemperatgre in each
area. The overall efficiency of the plant is significantly improved if the tempera-
Wwig of ke cooling water it fow.  |n afl cases {f wax zssumed that adequate make
up water will be available to permie the operation of wetcooling towers. The
fiashed steam plan: produces adequate quantities of condensate which can be
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used for goo.  ower makeup water, SWhere wate. supplies are short, this con-
densate 18 a valupble commedity whieh wonid _purmit a flashed-sieam plant 10
pperale where ather types ol plants could not.

Steam Turbhines

A sorvsy was mady of four domestic and two Japanese companics thought cap-
stle of providing turbines for this service, Of the darmestic campanies only one,
General Electric Company, expressed interest in producing geothermal steam
turbines in the 25 wo 50 MWe range. O the twa Japanese companies, hitsu-
bishi and Kawasaki, the long lings of communications 1o their enginecring dg-
partrnents made it impractical to carry Qut & cooperative study. Accordingly,
turhine studies were conducted mainly wath the General Elecieic Company.

Geotherrnal terhines operate under dilferent conditians from convenlional power
plant turbines. Eaperience with The Geysers geathermal plants indicates that
deposits farm on the torbine buckels, subjecting the mathines 1o more vibration
than those in conventional sorvice. Accordingly, General Electric uses exira rigid
buckets which are not availabile in all sizes, the two largest haing 42.7 om $16.8™)
and 50.8 ¢m (20") long.  These blade lengths getermine the annular apening of
the last s10ge, which in tutn determings the maximum steam ilow per case. As
sonic velocity cannot be exceeded in the last-slage buckels, 1he sicam flow in
pounds per haur is 3 function, not anly of the annular ared, but also of the con-
densing pressure. Accordingly. turbines for the Nashed. steam process are avail-
able enly in discrele sizes.

Another turbine generator characteristic which enters into the progess design is
oerail efficiency. This is calculated as the ratio of the generator cutput to Lhe
heat enerqy theoreticzliy available. For inigial steam conditions above 310 kPa
{45 psia), averatl edlictency is about 70%. Below 310 kPa, the efficiency {als
off progressively to about 63% at 110 kPa (1B psial.

Process Flow

The first steo in the design wis 1o perlorm a series of twosten diresl-flash cal-
culations Tar cach of the brines under cansideration. These were done at a num-
ber of prirary and secondary sieam pressures chosen in relation to the initial
brine temperature. The result was a Metrix giving the ameunt of primary and
the amount of secondary steam produced at each combinalion of firgt. and sec-
pAd-51a0e Eressurcs.

The sacond ttep was to calculate the approximate steam Hows to produce

£5 MiVe gross [rom each of the sieam llash calculations derfved above. This
was done by firsl calcwlating the theoretical steam rates far cazh ex pansion from
a rang: of initial steam conditions Lo seweral condenzing pressures,  These wre
converied to "astual” steam rates by Gividing them by estimated turbine etbic
ciencies. |t was then possibie to caleulate tor each imitial and tinal condition
the primary and secondary sicam fhows lram 1,000 pounds ol brine and 1he re
sultant efectrical genesstion, Finally, by dividing 55 MWe by this last figure, 2
fzctor for both brine and stean flows is obtained. For sach.plant, this caled's-
tion wis performed in tabular form (or 2 largh matrix of pnmary $Igam, sec-
ondary steam and. condsnsing pressurds.
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«bing Selection

Using the preliminary caloulations as a guide, GE turbing specialists selected far
each cate a number of operating conditions which apprared most favorable. For
each ol these they made furbine sefecticns for which prices werp then developed.

The prices fpr these preliminary selections were then evalvated in relation 1o
reference brine coals and probable condenser and cooling tower costs. The re-

sults, while nat rigarous, enabled a fairly optimum selection 1o be made in each
rasg,

These selections were then recalculated by GE using more refired methods, Ac-
tueal bulz:ket selections were made and efficiencies calculated for stage-to-stage
expansian, From this thera was obtaintd for each case a good wrbing selectlon
with fairly accurate estimales of bath steam flows and heat rejection,

Condensers

L'.‘I'm:g turbine configuration and exhaust steam flows were established, it was
possitle to investigate condenser and cooling tower possibilitiss. This was done
with the cooperation of the Ingerscll Rond Company which has tarnished most
of the steam condensess at The Geysars plant

Before pretiminary condenter designs could begin, however, some initial degitions
hzd 10 be made, particiiatly with retpect to materials. Qecause of the expectad
CO; and H.5 content of the candidate brices and in defercnce to experience at
The Geysers, the following stainfess steel selections were made for all cases:

Type
Shelt e LY
Honwelded intarnals 16
Yelded internals N5 L
Tube sheen ng""
Tubas J16

*Clad
““Ctat on steam 1ide only

The desiqnars were given the option of fube diameters from 19 mm (X ind 1o
254 mm {3 i) with 3 tube wall thickness of 0.7 mm (22 BWG)  Fer stainieia
tubes of these dimensions, water velogities of 7 to 9 fept per second are wsually
used in public uiility power plants. An averace value of B feet per secand was
sglected. Agsuming that an Amertap continuous mechanical cleaning systermn
wiuid be vsed with the cooling water, a condensér cleanliness factor of 0,85
was tsed for all cates,

A cold-water temperature compatible with the heatsink characeeristics was es-
Liblished. The condenser detigner was given latiluds with respact 10 the rise
and llowed to use average public utility Sriteria jor the cost of cooling tover
I-mt_aﬂatian and operation, The result in each cate was reasonable condenser se-
lection, rather than an optimised one.
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Other EqQuipr..at

Coaling Towers: Wood coaling towers of publie utilivy quality were specified
tor all sites. Cooling-water Mlow, cold-water temperature and range were ceter-
mined by condenser selection.

Varuwm Pumps: Becaust of the gas conlent anticipated for each of the candi-
date brires, Lhe removal ol noncondensable gases [Tom the condensers is a task
in order of magnitude larger than in gonventional public utilivy power plants.
Eurther, the poor initial steam conditions make sicam jet ejeciors WnEC onomical
in these applications.  Vacuum pumps were sized to accommodate the expected
cas Hiow from the brine plus the smount of air narmally accemulated through
leakage. Vihere cold-watsr temperatuces are suthciently low, the use of precon-
densers was nyestigated.

-

THE BIMARY PROCESS

The binary process for producing electric energy from geothermal reservair fluid
imvalves the transfer of heat 1o 2 secondany, in-plant working [luid, The working
fiuid is expanded through a turbine to produce power, The expanded gas is then
condensed in a hattery of shel and tube condensers.

The warking fuid is continually regirculzied from the turbine to the heat source.
The fluid is pumped to the shell side of & battery of shell and 1wbe exchangers
al an elevated pressure. Hydrothermal reservair fivid flows from the gproduction
wells through the tubes. Heat is transferred from the reservoir tluid to the work-
ing fluid. Operation may be either in the subcritical or supercritical region, The
spent reservolr fluid is pumped from the plant to injection wells.

Conversion Study Basis

The batis used in developing the hinary proeess dosign for the three plant sites
is detfined below:

{1y Each plont is sired for 2 net outhut of S0 KWe. Tho generatsr will be
sized with suflicient capacily to provide lof in-planl electnic power
COnLIMPTIoN.

(7] Hydrocarbon turtine expander elliciency and generaior efficiency are
avsumwd to b B3 gnd B3%, respectively, Efficiency of the working
Euid eheulation pump is gsumed to be B0%.

1) Presuae drop acrods the operaling foid resrecic Duid heat exchangedt
and hydrocarbgn condensers it aisumed 1o be 345 kPa (S0 pil and
21 kPa {3 puil, respcelieely,

{4)  Design values of the wet-bulb snd ory bull temperaturn 2 bated on
sernparaiures which otcur 1% of the Timig dunig the deMmer moaihe.

1599 Opcrating Tluid predgures are 10 b grealer than 2imotRpRenic presure
10 avoid & leakdpy in1o the process sysiem.

(6] The minimum tempeialure dllgrence beiween operalong Tuid and res
. ' - - L} a
erw0it Tluid in the heat exchangers will be BC {15 F).

The primary purpose af the above conditions and assemptions was 1o estaklith
a unitorm base of camparisen for all three plant sites.
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F o tection of the operatiog fluid and operating conditions wis determine

sxch tite By & computer program, ovaluaung the thermodynamic properties af
warious fystems, The ermphasis was to minimize the reservair Hoid flow require-
menti.

Selncrion al Weorking Fluid

Light aliphatic hydracarbons (such as propane, itabutene and isopentanel appear
10 be the best candidate working flyids for mos: geothermal applications. They
have favarable thermadynamic propertiés, are thermally stable, noncorrgsive, and
avzilable in large quantities af reasonable prices {about 50 cents per gailon).

Tre Frecns may alto be used. However, they offer no sdvantage in thermody-
mamic properties, are expensive {about %5 per gallon, and are thermally unstable.
The:r only advantage is that they are nonflammable,

A n_umber aof other candidata luids have been suggesied, including 3l ol the
obvious gases such 35 ammaonia, sutfyr dioxige, carbon dioxida and lighy aliphatic
plefing. None appear to offer advantaqos cver the light aliphatic hydrocarbons.

An_r:ather virtue gf the alipharics ts that their thermodynamic and ghysical prop
ertes are very wall known, and 1their properties may be acgurately predicted.
Accordingly, these studies ware {imited 10 the use of light hydrocarbons and
the fluid composition was tailored to the reservoir.

THE HYBRID PROCESS

A hybrid power plant is 3 combination of two processes, the flashed steam proc-
ets and 1he binary power cycle process. Reservpir fluid is {lashed 1o produce
sitam 3t a relatively high pretsure, which is uzed to drive a turbine-generaror.
The reservoir fuid s then used to heat the working fluig which drives a second
tithine-ganeratar, : '

The Fizgshed Steam Section

:Fhe design of a hybrid plant starts with fixing the pressure at which the steam
i3 lashed from the reservcir tluid. High-pressure sieam is detirable because the
high pregsure will improve turbine efficiency and reduce the turhine size and
cost, The pressure that is chosen affects the relative sizes of the two parts of
the plant, as wall a5 the quantity of reservoir Fluid required by the plant. For
tach plany, several chfferent steam-flash pressures were investigaged 1o determing
the most efficient genarating conditian for the plant.

Tha Binary Section

The fiashing of 1he steam [rom the reserveir fluid results in cooting the fluid.
Th_&' Binary portion of the plant musg utilize the residual heat in the reservoir
fluid. Becouse the high temparatuse enthalpy in the bring was used to produce
siearn, the binary poriign of the plan: must have 2 fower thermodynamic elfi-
Ciency than a binary plant which recovers all af tha enthalpy from the brine.
Each section of the plant is calculated by making an enzhalpy halance on the
reservgir flutd at the steam flash drem and sizing the individeal pocticnd of the
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plant baied on the encrpy available Jor canvergion inlo eleetrie power, |1 was
sturned thal minimum Lrice cansumption, consistenI swiih low hydrocarbon cir-
culation represented the most economicat operating condition for the plant. For
each steam [lash pressure that was comidered, the quannty of reservoir 1luid 2ng
ihe rate of hydrocarbon girculation were caleulated. The relative sizes of the
stearn flash sectian and the Binary section of the plant werd gstablished at the
condition wherg bath flow cates were minirmized.

HEBER CGNVERSION PLAMTS

The Reservoir

The Heher geotharrnal reservoir is [ocaled in the southern part of the Imperial
Walloy at an elevation that is clase 10 soi [evel, Summertine lemperatures vary up
1o 45°C {120°F); ane pereent af the time ducing the surmmer months the wet-bulb
semperatorg reaches of exgeeds 27'C 1B0°F). This vl bulb temperature was uied
for design, The area is level and devoted mainky 10 dgrict;tuce. The plant sile is
bounded by irrigation ditches which will sapply makeup wated 1o the plant, Reads
and pawer lines 2re close to the sita,

The resecvaie Muid has a 1012l dissolved =olids content of 15,000 ppm. The botiom
hole termperature is 182°C (360°F). Analysis indicates that if there is no heat re-
charge, the temperature of the reservair will decline about 20°C {35'F} wver a 25-
year period at a sustaineg production rate of 200 Mwe, This temperatura drop of
the reservoir fluid necessitates 2 plant design in which the circutation systems in
the plam can be expanded 10 mziniain a constan: powsr production rate,

Thus fzr, mininal quantities of noncondonsable gases kove heen abserved in the
resarvoir dluid.  Analyses that were performed on the reservoir fleids did not as-
certain if noncondensable gases were pritent. For the purpose of this swody it
wis estimated that the noncondensable gases would consist of €80 kgfhr
{1,500 Ibfhri ol carbon dioxide, Hydrogen sulfide was assumed to be present
in the gas i the range of 100 to 1,000 ppm.

The EPRI-sponsored heal exchang?r 1ests showed that the salis present in the
fluid torm scale at a neglimble rale at temperatares above 132°C {270°F) Lut be-
low that tempoeatuse fouling ooccurs 41 an increased rate, From their data the
following tutkeside fouling faciors were estimated which were used in the design
of brineworking Nuid heat exchangers:

Temporatare, C Tamperature, F Fouling Factor

176-132 JL0-270 0,001
133-B01 210118 00011
ad-£5 118-148 00033

These faciors are 1entative in that the results of a 22-day tedt have been extrap-
olated to predict a louling factor suitalle 1or ere year's operation.  Further tests
should be conducted over 2 period of gsevers! moaths to confirm these figures,

The exchanger toois were conducied using titanicm, 90% cupronickel and mild
steel exchanger lubes. Mo corrosion was observed an the tilaniem tubes atter
£00 hours af oxposure; some corrasion oocuered 1o the cupromckel tules after
200 haours testing; and slight pirting and surface decarbanization were observed

r
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on the cachion steel tubes atter 560 hours af westing. 1t is possible that the slight
corrosian 0t the steel tubes had occurred prior ta the test progeam.  Chevran
has indicaled that carcosicn during their test work was negligible,  Accordingly,
tie use ¢f steel in all equipmenl exposed to brine or 1lashed steam was specified,
except sigam turbines and surface condensers as noted above. Further carrosion
tests with the Heber brine should e conducted belars a final decisian is made
on plant matenals

Flashed Steam Plant

A pracess flow sheet of the flashed steam plant is shawn in Figqure B.} [pase
The hok reservoir fluid enters the plant at a flow rate of 4.54 M kghhr

$10.01 1 tb/he). Split into two paratlel teains, the brine passes through the con-
ol valves inta 1wo lash drums 3t an ghsolute pressure of 374 kPa {54, 3 psia).

The first-stoqe tlash produces 392,000 kg/hr (864,060 Ib/hr) af primary steam
which passes thraugh a steam separator before rezching the turbine at & pressure
of 370 kPa |53.7 psia) and 3 temperztoare of 141°C (285°F).

The liquid from whe first-stage Bash drums flows to the secand-stage flash deums
where its pressure is reduced to 151 kPa (21,9 psfa). The resultant Math pra-
duces 263,000 kofhr |S80.0630 Ib/hr) of secondary sieam which flathes through
3 steam separater 1o a lower stage of the turhine at a pressore of 168 &Pa

(217 psial and a temperatare af 11FC [233°F),

The secondary-flash drums flaar an the line, their preswure varying with turbina-
stage presture and with demand. The tiashed liquid Nows [rom the second-stage
tash drums 1o 1he suction of the injection pumps which return the liquid to
the reservoir. Liquicl level is maintained in the scoond-stage flash drums by &
contral valve on the pump discharge.

The twrhine-generator is operated 25 3 base-load unit under lead control. The
operator ssigns a lead 1o the gonerator, and the turkbing must acecpt that load
at constant speed.  The tarbing gowerncs detects changes in 1oad and Jdjuses ad-
rp;ssinn valves on both the primary 2nd secondary stcam lings to satisty the as-
SGNIGENT. A SEpArdteé ermergency tip mochaniam on 1he turhine chalt eall close
EmeTgency $10p valves on both primary and secondary steam Lines if turbine
speed excepds 3,600 rpm by a given percentage.

Exhaust steam from the turbine passes directly inte a surlace candenser, where
a bacw pressure of 135 kPa {4" Hgl is obiained under design cooling-water
conditigns. The condensate is pumped to the suction of the injection pumps.
The condlentate is added ta the reduced brine to make the replonishment velumae
substantiaty equal to the volume of frash brire detivered to the plant. Average
temperature of this llow is 103'C {217°F),

Cooling water from an induced draft tooling tower enters the condenser at
35°C [B59°F} oncl returns 1o the tower at 49°C {120°F). The hot cosling water
ternperalure gives 2 minlmem candenser appraach of 2.7°C (8°F),

Durirng the turbine selection process. other combinations of primary and sec-
ondary sieam pressutes wede tried, but were |ess atiractive economically. Higher
pressures used more brine per kilowatt of power generated, Lower pressures
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nereasod 2xhoust steam flow enough to require o four-Tow tarbing wi J
casings and a jump in turbine ¢ost alone of ahowt 533,000,000, The contonplated
reduction in brine production {about 3.5%) would not justify the ingreased capi-
tal expense. The primary and secondary sleam conditions selected give the great-
o§1 porver oUlput possibla trom General Electric’s largest double-flow, single-case
wrbing Wity a dinch back pressure,

Noncondensable gates and air leakase are removed from the system by six large
vatuum pumps operating in paratlel. The gates are discharged 1o a stack which
is dasigned far dispersal of the hydrogen sulfide present.

A sumrmary of perlinent design data is as fullaw!s:

Reuzrvalr Myid 4. 54 M okgFhr 10,01 M fhafhr)
tanwrator burput 350 W

Pumplng work LI Mwe

Coolng awer worh I MW

Nag pabput 50,7 M'Ne

Reservair Mulddnnt hwh 90 kg (230 Igae)

When reservolr temperatures decline with depletion, initial electrical ocutput can
be maintained by increasing hol-watar flow. Thearetically, a plant designed for
the depletion condition of 163°C [325°F) would require 37% mare hot waltr
than one cesigned for 1the initial coicition. However, cperation of ithe base-case
plant with 163°C hot water would require 2'tered steam conditions 1o maintain
propartional flows through the turbine stages. This would reso't in 3 63% in-
creased fiow of hot water. Initial and final aperating conditions are compared

belaw:

Irnlnkal Fi-al
54 s kg fhr T.3% bl kg/hr
Rasarvalr Huid 0.0t M Ibafnel  [18.3 bd 1nafhed
170.2 «Pa 3.8 xpPa
Prl Mesh
;;:L:::,.‘. 1533, 7 posal 1461 palsl
192 M k2SRF 306 M ugibr
Brimary steam fow e M aafn (852 M lhashr)
Sacardary [lash bag & WPa 6% 5 wPa
Praddure (21, T para) 1240 pasa)
G55 M k3 fhr b4E M kpfhr
Secondury steam flow ) e M lhafhrl {1455 B Lbaflr)
Spent =
pert water 16} (21T F 169 € (2231 7)

Lamparsbyra

Binary Plant

& process flow sheet of the hinary plant is shown in Figure 5.2 which fallows,
This flow sheet presents the hest and materia) balances far the indtial reservair

conditions,
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Ligurd isghutane is preneated and vaporized by exchange with IMe « oF 1002
pressure af 4,137 kPa [600 psia) and a temperature of $1458°C (300°F). The
supercritical vapor drives an expansion turhine. The effluent vopor from the
turhing condensor flows 1o an accumelator and is pumped back through the
brine exchanger completing the eireuis. A summary of the pertinent dosign data
is 85 Tollows:

Rutervoir Muid 1140 M kgfhe (b 042 M Thefbe)

licbutane 3,702 ML k2fhr (B 161 M Beefhr]
Cenerator sutput L4 7K MW
DPuiTiping work P40 MWa
Crolinf towar work _E B MW
50,00 MWa

Rasetvoir Fluid/nat kwh LY kg [13% 1kn)

The magnitude of the above flow requirements makes the use of parallel flow
paths mecessary or desirable in various sectiong of the process. Cansequently,
plan? design inctudes the following parallel streams:

Faralial
Equipinert Straame
working Muldfresarvolr fluld sachangera F1
Werkiag HDuld cpndanaars ]
Woardieg fluld arcumulatérs i
working [luid elraylation pumpy I ]
Coolisg water clrgu)ition pumps 3

The heat exchangers are fixed-tuba design with single-pass flow on both ghetl
and tube side. The reservoir fluid is an the tube side. All siee! conatruction is
specified and fouting factors are 28 stated, The overall transfer rate is ahout
260 Buwifihed (it 0°F}. This relatively high rate combined wish the economy in-
hgrant in fized tube sheet design results in a significant reduction in the cost of
heat transfer equipment for this service 25 compared o (ormer estimatas,

It i% anticipated that the exchangers will be ¢lezned either meghanically or chem:-
ically ance per year during an annual turnarpund. Mo peovision has been made
for permaneny instatlation for aldaning,

Expandur quotations worg recsived from Four vendars. Threp ware for axial
flow designs, and one {Rotoflowl prepared a radial in-flow desion. The Rato-
flow offering was used, but Turther evaluations of expander olfarings are neces-
sary before a fina! selection is made.

The &ight isobutane pumps are multistage vertical cenwrifugal pumps, 1,780 ha
each, These pumps, 25 well a5 cocling-ta.ver pumps and the coaling tower fans
are elgctrically driven.

Primary process control is based on the premise that gplant output will vary with
dernand, Conzeguently, a load control with manual set paing 15 included far the
genorator, contralling the isgbutane flow rate to the turbine, Reservoir fHoid
flow rate is controlled by the temperature of the isabutane vapor. Adjustment
af [sohutang and reservoir fluid flaw rates to each parallel train of hydrocarbon/fres
ervair Huid heat exchangers is manual, Adjustment of the isobutono vapor and
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coaling water flow rates 1o coch comdenser is also monwal.  Plant design provides
for emergeney averspeed shutdewn of the terbice.

Freliminaey lictd sjudies indicate thay the well-fluid temperature at Heber will
decrease a5 the reservoin is used, For the depleted condition, 3 mixture of £5%
ischutane and 35% propane 2ppears aplimum, requiring @ minimum ineresse in
reservair- fuidd Mlow rate to praduce 50 M¥e of net power. A comparison of op-
erazing condilipns for the base case | 100% isobutane! and the depieled case
fallows;

Eate Cavs Depleted Cadn
.1 M hgfnr 4.5 M kp/hr
Resarvaiz fluld flow rata {6. 442 M lbaikek (9. 950 M ibathe]
A TR T .0 M ugfhr

Worklng [luid [lew rula

(4, 1k} M tbadhel (11,010 M ibaihrl

5, 008 m* By ad, yob m*ibe
10,498 gormd (195,948 gpen)

SHE wFa L0 paia) 5% kPs {130 puia)

Caslog weier {low rals

Worklig Muid sccumnulalor
Opazalung presaurs

The increaze in required flow rawes for reservair fluid and working {luid waill
necessitate future changes to the plant equipment. The number of brine-work-
ing fluid emchangers, hyorocarbon candensers, working Muid gireslation pumps,
conling water circklation pumps, and coaling tower cells may increase. The tur-
bine-expander i designed 19 operate under 1he conditians af the depleted case
with a minimum change in paris.

The required detign pressure for accumulators, working thuid side of the wark-
ing fluid condense:s and the case of the turbipe will increase, The design pres-
sizres {or the equipmen? furnished in the base czse have been up-rated to meet
this condinon.

Piping as shawn for the base casg (major lines] will handle the increased flow
requirements, Addilional piping, instrumentation and electrical material {ie.,
switch gear] will be required for the new couipment,

Thus, the plant is somewhat oversized {or the beginning conditions but may be
economically expanded 1o accommodate the depieted reservoir conditions,

Hyhrid Plant

lsochutane was choten as the waorking fluid in the binary section of the hybrid
plant, The binary sectian is designed 1o generate 52 MWe, and the steam-flash
unit will qenerste 10 Mwe. The two gonerating umits in the hybrid plant will

produce a total not power of 50 KWWe, The process flow diagram, Figure 5.3,
shows the following cperating conditions,

Rasvrvolr flaid Row 1,3 M agihe 17025 bl Sea )

Campraior ooipul £l O mWe
Purmnping wars 10, T nd'Wa
Cobllng (Ewsl wWErk E.3 piwe
Man siepur 50.0 MWa
Paservair [luldfrnal wawh €% g (143 sl
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Thess conditions were chosen aftor having considereg Tlashing temperatures be-
tween 160°C (320°F) and 171°C {340°F) in combination with isobutane expander
indet condilions ranging fram 408 o B00 psia at wemperatures between 127°C
(ZG0°F} and 139°C [{300°F). The selected operaiing condizions opiimizy the
poraer generated per well fluid flow rate,

Voaterseal vacuum pumps were selected (0 remove noncdndonsable gazses from
the surface condenters Lecause the seal-water condenses a larpe part of the en-
trained water vaper, Most of the cooling toewer blgwdown will be used a5 seal
waater. The noncandensable gases will he pumped into the Hare system. The
flare stack is dosigned for dispersal ol the bydeogen salhide oresent. The blow-
down and seal water witl be pumped into the ¢tfluent reservoir fluid to avoid
contaminating the environment,

The basic process cantrols are the manual set point load controls at the two
wrbine-generator units. Qne of the two controls witl reset the other. Since
bath units depend on the same soarce of reservoir fluld but have different re-
gponse lags, the override will prevent both controls from tighting eazh other.

An ispbutane vepor iemperaturs control regqulates the flow of reservoir thuid
through the isobutane exchangers, A steam separator level control regulates the
Tlow of reservoir fluid ta the plant. Al the parallel Lo adjusiments ars manual.
The isobutane circufation rate will change according 10 load pressure changet.

When the reservair temperature declines below design conditions, operation of
the conversion plant mest be modified 1o maintain the power oulput of the
plasl. The steam flash pressure must be lowered and the bring rate increased
{6 maintain 2 suitable flow of steam to the turbine.

frn the Ginary portion of the plant, the working fluid would be changed from
Eure jsobutane to 2 mmture ol Bobutane and propane, Additional heal ex-
changers and condenzers may be required 10 maintain the power output of this
section of the plant.

The Lrine rate to the ptant must be increased to meet those added requirements.
The exagt rate of increase will depend on the capahility af the turbines to ad-
just ta the new conditians. 1t is estimated that the bring rate will incroasa S0
o GO% gver the life of the plant.

Reservoir Facilities

The systems developed for the production af geothermal hot water, and the dis-
posal of the spent water soe baied on promises set fonh by Chevron Qi Com.
pary, develcpers of the Heber fisld, The process bases established by Chevron
includa:

FProduction:

{1} Directional drilling o 2!l producticn wells required for a
RO rise powveer plant will be concentrated in &n area of
thoal one acre,

(2} Production veells will be pumped at a rate of about
295 m fhr (1,300 gpmy).

s
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i3] Two alternate sand separators will be provided, each sized for
a 1-mircte residance of the total flaw.

141 An automatic bypass of the power plant will be provided wend-
ing hot geothermal water dirécily to the injection system.

Injectian:

{1) Spent water injection is made through wells drilfed at three
islands unifarmly spaced on onc guadrant of the circum-
farence of the resgregir having a radius of about 3,088 m
F10,000 1), its center 3t the power plant. In the complete
development of a geothermal unit at Heber, three addi-
tigna! B Riwe plants will ke buill, Infection islands for
each of these planis will be located similarly in one of the
other three quadrants of the circle around the power plants.

{20 Injection rate per wel! is 580 m'/hr {2,600 gom).

{31 Prossure recuired at am injection well head can intreate to
2.861 kPa (415 psial, ) )

(&) Injection pumps defiver spent water 1o inje¢tian waell klands
at approximately 1,482 kP2 (215 psial. A booster pump
at each island can be uted 1o raise ithe prassure to about
2881 xFa (215 psial, .

5] Automatit conirols are provided at the injection weells 1o reg-
ulate the flow of fiquid 1o each well,

Production Systems: |n the design of the production piging systems in the
flashed steam system the lines are sized (o sccommadate the lorger How attend.
ing gperation when the gesthormal water temnperature declines to 163°C [326°F),
Each well is provided with a downhole pump rated at 295 m?fhr {1,300 gpm)
and 2,069 kPa 1200 psil head.

Diown-hole pumps are vertical shall-driven centrifugals as offered by Peerless_
Pump Co. Bowl setting will be about 400 feet. The bearings will be a special
Tatlan type suitable for high temperature. The pump tebing witl be flushed
with filtered praduct for lubrication of tine-shalt bearings.

To maintain a check on the aporation, e2ch well i piovided with temperature,
pressure and (low recorcers, Discharge pressure is controlled by 3 pressure con-
trol walye on a line which recycles hot vater hack (o the well.

The tatal hot water produced is sllernaely passed through one of two sand sep-
arators, each sized 10 provide l-minute residence and a velooiny of ahout‘? leat
ger sceond, Any sand entrained in the geothermal waler lram the wells s ex-

pecred to dicp out in the separatgr. The efficiency of ‘sand separation is mon|-
tored by medsuering the sand content of the water oo and IE:l'.{lng tho tand
seprardtur.  This is achicvod by simultanesusly passing equal flow 51I|.p strgams of
weater entering and feaving the separator thegugh test filters for a given time and
freasuring the sand trapped on the filters Periodically, sand collected in a aepa
ratoe is Mushed out through nozzies on the Boltom of the epirator 1o 3 sand

Sisposal hasin, -

Should the power plant be wnable 1o use the 1912] holwaler f.Im:v,‘a bypass wilh
an autarnatic pressure control valve passes waler direclly to the injectisn systoms,
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This avaids abrupt changes in the operailon of the production wells and provides
time {ur preduction wliustment or grderly shutdown,

The production piping sysiem for the hybrid process ot Heber is the same as
that for the flashed-stcam process. The foliowing table tummarizes the produc
tion flow and we!l requirements for the threp processes at Hebear.

Firld Cordiciens
Arngired Flow

Wells Reeidred

FLITT Y End patig) End
L% M kpfhe T.4 M hgthr
Fleal €
shed Stawm 0 8 M ibefhey 06,3 M baimey 18 il
Bia 1.1 M kg /by 4.5 M hgihe
Y (5942 M Ibafhd (9.5 3 iberhel % . 1
Hykriq L I0h M glhr Bl M kg fhr n 71

17249 M Sbafpd {1Z.0 W ThelBsl

fojecrion Systems: The geathermal water from the power plant is pumped back
1o the reservoir thraugh injection wells. Two injection pumps are provided for
ihe tatal How which, for the flashed srcam progess, varies from about 4.5 M ka/hr
$10.0M 1bthre) Gnitially to 2.4 M kgthr (16,3 M Infhr) when the geothermal hot-
water temperawre declings to 163°C (325°F). The injection pumps have a dis
charge pressure of about 1,620 kPa {235 psia) and deliver the speat water 1o tha
farthest injection well isfang 33 abour 1,482 kP {219 psizd. A each istand 2
boosier pump can be used 10 raise the pressure 10 the maximom 2,861 kPa
{415 psia} a1 the well head lor injection ar 590 m*/hr (2600 gpm). Under ini
lia! tield conditions anly 7 wells are required at full infection rata, or all of 1he
10 wells could be used al an average rate of 422 m"hr {1 850 gpm). To give
fHexibility, provision fs made 19 hypass the boasier gump and inject water at
1,482 kPa {215 psia] pressurg provided by injection pumps,

As required by lmperial County, the injection fnes from the power plant to the
injecnion wells are underground and are suitably cgated and wrapped. At each
well, the leed line is provided with a flow-control valve, temperature and pres-
sure recorders and 2 flow-controller recorder.

The injection piping sysiem for the hybric process is the same as that for the
{lgshed-steam process. The fellowing tahle summasizes the injeciicn well reguire
ments for the three processes at Heber,

Wella Reguired

Frocenn Irieis] Fietd Condvivan Lind Field Candninn
Floshed stesm E I 10

Blaary & %

Mybrid [ 1h ’

Gonaral Facilitjes

The fallowing facititres are provided for each of the conversian plants,
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Buridings: The main contrpl building is 15 by 23 m (50 by 75 {1} and contains
the coniral room, svateh gear, labaratory and shop. The compresscr building 5
75 by 1.5 m {25 by 25 ft) and contains the air compressors and dryers. The
cooling tower treatment building it 4.6 by 7.5 m {15 by 25 fuj and containg tha
ghemical mixing vessels and intecuion pumps.

Firg Protecrion: The binary and hybrid plants use the cooling tower basin as &
lifg-woater reservoir.  An elecirie pump, a diesel pump and 2 fockey pump are
provided along with automatic controls 1o start the main pumps in case the lire.
water prossure drops. Each plant 5 provided with a lire-water loop around the
plant with hydrants and fire monitors. Only lozal fire pretection facilities are
provided for the fashed-sieam plant.

Flare Systemn: The Binary and hybrid plants are provided with 3 flare system

. that contains a knock-out drum, water seal, and a 125-faot flare stack.

Ingtrumencation: in addition to the controls and instruments for the piping and
instrumentation, gach plant and each field {acility iz provided with a data legging
system which will monitor and record all pertiment variakips. The system will

be installed so that at a laler date when multizie plams have been instatled at
tha reseregir, a single computer ¢an be instafled to contral 2l the plants.

Blow-Down Disposal: Al plants are designed 1o disposa of contaminated proc-
£s5 water such 33 cooiing tower blow down by discharging the flutd into tha ag
ricudtural drains. Mo treatrnent facilities for the wastewgier are planned.

VALLES CALDERA CONVERSION PLANTS
Tha Resarvoir

The Yalles Caldera hydrotherma! reservoir 15 [ocawed in the northeastarn corner
of Sandovgl Caunty, MNew Mexico, The reservair is located in mountainous (ee
rain at an elevation of about 2,750 meters 19,000 fect), At this elevation, ar-
mospheric pressure 15 72,4 kP2 (105 psial,

Air temperatures ai the site range lram 32°C {90°F} in surnmertime to as ow as
-A0°C {-40°F) in the wintertime. One percent of the time during the summer
mEnths the wet-huth temperature in the ares exceeds a temperature of 170
{GZ'F). This temperatara was used for design.

The arca is quite rough, with the geothermal wells located along the valleys ceg-
sted by Sultur Creok and Redonds Creek. Access to the area is restricted, and
eoads to the site are indicated 1o be dirt

Tha availability of water at the site is restricted by requlations of water rights
as described in the Preliminary Environmentsl Assessment. The asessgient sug-
gestt that water might be ghiainable from Santa Clara Creek located in the
narthwest corner of Sandoval County, a distance of approximately 18 miles,
These Bre no roads aor electric power in the area, and it would be necessary to
bring the water line over a 3,000-metor (10,000-fost} maintain pass. The tost
af this installation has been gitimated to be in the ronge of 7.5 10 10 miltion
dollars.
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Candensate Mrom the steam osh or hybrid plants cocld passibly be used as cogl.
ing tower makeup, paoviding tiat sulidence would not be a prablem and pro-
vided that perrmissian 10 do $0 could be abtained from the State of New Mexico,
it hes been assumed that water would be aeailable at the plant site, and estimales
do not include the cost of cbilaining a suitoble source of water.

Informaticn {urnished by the Electric Power Research [nstitute regarding the
Yalles Caldera reservoir fluid was interpreied &5 folloves:

Total ol ved yolidy 5000 pom
Silica |30, 400 zpm
Bctom: hode Lemperature 260'C (500 F)
HNonconderiabie gl low

Wells are seli producing. praviding well-head ftuid at we following conditions:

Temperature 182°C {359°F)
Presurg 1,034 wRa (150 psid
Flow rate 112,400 kg'he (250,000 16/l

Theoo data were ysed a5 a cesign basis.,

Mo information was availalle on tho corrotivo characteristies of g fluid, Tihere.
1ore, it was sssemed 1hat it properties would be similar to fluigd from the Heber
reservair. Carbon s1eel s assurmed 1o Lo a swiiable material for piping and vessels,

The Si0, present in the {luid may cause scale to farm an the heat-exchanger
tubes of the binary snd Liybeid plamis, Tesis should Yo performed 1o detormine
the temperature level 3t which scale formation occurs. | seale farmation is
shown to occur, 1hen 1he binary and hybrid planis could be designed 1o use
flashed sieam lor heaung. Because the fouling characteristics ol the reservair
fluid were not known, the Heber Touling factors were used far the Valles Cald-
era binary 2nd hybrid planis.

Some noncondensahle gases pecur in the Nashed steam, boet the coancentration

of gas in the reservoir lluid 15 not known. A high concentration of noncandens-
akle gases necessitates a majpor iovestment in vacuum pumps for the flashed steam
and hybrid plants. 10 was assumed that the quantity of noncondensable gases
would be the same as for Heber: ie., 680 kgthr 11,600 Ib/hr). When accurate
analyses of the noncondensable gases are available, this assimption mest be re-
viewrd and suitable equipment provided to remaove the gases.

Similarly, the guantity of hydrogen sulfide present in the noncondenzatile gases
was gosumerd to bo in the runge freen 100 to 1,000 ppm. This quantity af gas

can be saleby disporsed by using o vont stack of sderuata keight, 11 the quanti-
ties of hydrogen sulfide present in the reservoir Tluid precfode the ase of 8 vent
stack, then a sulfur-remeoval unit, such as a Stretford plant, should be added 1o
the powers plant.

The power conversion unily and retervoir piping are designad on e basis that
some degradation ol the reservoir [uad wilk ooccur in the lite of the plant. [f the
dowa-hole temperature af the reserveir declings, more fleid must be supphied ta
the plant to maintain a constaat power oulpul. Consequently, more wells mus!
be drilled and operated. The plant and ceservoir systems are desicned (or a 15%
increase in flow which corresponds 10 2 decrease in the down-nole temperatace
af 20°C {35'F).
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Flagshed-Steam Plant

Figure 5.4 is a process Bow diageam af the Vatles Caldera lashed steam plmlt_
The hot reservoir fluid entors the plant at a Mow rate of 1.8M kg/hr [3.96M thihry.
The brine and steam pess into two parailel first-stage flash drums at a pressurc af
1,085 kPa (153 psial. The first-stage drum produces 324 770 wg/hr {?‘IE:,OQCI bt
of primary sieam which passes through a steam separator before rEaChI:Eg the
turbing generator at a pressure of 1,055 kPa and a temperature of 182°C (3GO°F,

The liquid from the fizst-stage Mash drums tlows 1o the second-s1age ftash drums
where its pressure is reduced 1o 232 kPa (33.7 psia). The resullant flash pre-
duces 153,197 kefhr {373,000 Ibfhr) of tecondary sieam which flows thracgh

& $team separater 10 a lower flage ot the turbine-generator throudgh o separate
i of admissicn valves. The steam reaches the turbine at a prossure of 228 kPa
132.0 psial and a temperature of 125°C (257'FL  The secondary flash drums
Mloat on the line, their pressure varying with turbing stage pressure and with
demand, :

The flashed tiguid fows from the second stage flash drums (o the suction of
the injection pumps which returm the ligquid to the rgservair. Liguid level is _
maintained in the second-stage Hash drums Ly a control valve an the pump dis-
chaege,

The turbing qenccator is operated as a base-load unit under 1oad control, The
operator assigns a load to the genermar, and the turbxng rust accept th:‘.lt load
at constant speed. The turhine governor detects changes in load anc! adjpusts ad-
mssion valves on both the primary 3nd secandary steam lines to sansfy ine as-
fignment. A separzle emergency Wip mechanism qn the wrbine shalt wil! tiose
emergency slog valves an both primary and secondary sieam lines if wirbine
speed exceeds 3,600 rpm by a given percentage.

Exhaust stearn [rom the turbine passes directly inte a surlace condenser, where
2 back pressure of 10.1 kPa [1% Hgl is obuained under design cao!ing waler
conditipns. The stezm condensate is pumped 1o the suclion of the irgecion
purnps tor cisposal. The caondentate is added to the reduced bring to make the
replenishment volume substantially equal Lo the volume of fresh brine delivered
to the piant. Average temperature of this Row is 103°C (218°F).

Mencandarsable gzses from the reservoir fluid ang air leakage are removed f_ru.m
the condenser by tvwo large vacuum pumps in parailet, The exhaost gas s dfs-
tharged into a vertical stack which is designed to disperse the hydrogan sullide
contaminant. ’

" A surnmary of pertinent design data for tha flashed-steam plant is as follows:

Fetervair lluid sa0e, & kgihr Lbfhr) 1.8 {3.46]
Generatoar cslpur, MiYe LY
Pumping work, Mide 1.8
Cooling fower work, Me 1.1

Nzt output, Mo 52.0
Reservoir fluidfnes nvm, kg {1bl 34 {1C)
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Binary Plant

The reserveir fluid at Yalles Caldera Nows natarally Trom the well, producing
two phases at the surface in the {ollowing propottions, by weight: 15.3% steam
and B4 7% hort water,

Because of the two-phase flow, the heot exchanger section of WRis plant dilfers

from the Heber and Ralt River binary plants. Separolion of the steam and hat
water is performed in 2 horizontal separator providiog a minimurm of T-minute

fiquid residance time. The steam leaving Lhe separator passes through a sccond-
stane separator for removal of entrained condentate cnsolte 10 d hydraearbion-

steam heat exchanger. Condersate leaving the exchanger is miscd with the hat
water from the separatar, and this mixed strearn is used to preheat the hydro-

carbon steram. Mancondensable gases are continuously bled alf frem the cone
densate discharge stream and discharged into the flare system.

The Vallas Caldera procoss flow diagram (Figure 5.5 provides material and heat
balance details. lsopentane [optimized process) is used for the operating fluld

in the binary process plant. The isopentane is pumped from the accumulator
through the hydrocarbon-reservair fluid exchanger and through the hydroacarbon-
stearn e;-(chal_'lger.

The heated isopentzne in a subcritical condition is used to drive the expansion
wrbime. A generator output of approximately 56 hMie is required to provide
tor in-plant electric power consumption and produce 2 net cutput of 50 MVa.

Tests run on georhermal reservair fluids at some 1ocations have shown an in-
crease in deposition of solids when the fluid is cooled. In the absence of spa-
gific test data an the reservoir fluid ar Valles Celdera, the fouling faciars ob-
eorund witin the Heber reservoir fuid were used. The hydrocarbon-resarvoir fheid
heat exchangers are cesigned with four units in serigs 1o facilitate eleaning.

A summary of the pertinent design data for the binary plant is & lollows:

Feservoir Tuid, M kg/hr I/l L% 1260
fsopenzane, M hgMhr {bmrt 2.10 14,831
Generator guiput, hiWe 6.3
Pumping work, MiYe 16
Coaling wower werk, M .7

. Met puiput AhVe 200
Raszrvoir fluidimet &¥Wh, kg (Il 24 (5

Hybrid Plant

Isphutane was chosen zs the working fluid in the bass-case hinary power cycle
of the hybrid plant, The binary portien of the plant will generats 24 MiVe, ang
the steam umit will generate 32 MiWe. The two generaling units in the hybrid
plant will produce 2 total net power of 50 MVe.

The process How diagram, Figure 5.6, showes the plant operating conditions.



FIGURE 5.8: HYBRID POWER PLANT—VALLES CALOERA
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The relative sizes of the steam and binary sections of the plant were _l:hug.en af:
ter having considered a steam 1empérature of 182°C (360°F) in combinalion with
isobutane expander inlet condutions ranging from 2,758 10_4,23}' Pz (400 to
600 psial at leMmperaturcs betwetn 137°C {2B0°F) 2nd 160°C {320°F).

The selected operating conditions regresent a compromise belween thoslu‘ provid-
ing maximum power generation per well fiuid dlgw rate and those 1equiring 4
minimum isobutane circulation rate. The noncondensable gates will be d-sper%ed
in the flare system. Wastowater will be pumped into the EffruentlrE’sEr\'ni.r.'HUId
10 avoid contaminating the environment, A summary af the pertinenl desipn
data for the hybrid plant-is as follows:

Ruiarvoit Nuid rate, M ka/hr (tb'hrk 1.268 (3.01
Cignaraiar outpul, MNE 56 0
Fumping work, RWe 4.6
Cowling Iower work, MWe 14

Ny prwer, STue ROLG
Foaservenr fludinol kwh, kg [IB) 272 {6A}

Reservoir Facilities

The systerns devetoped for production and injection of gem_.hgrmal fluid at Valtes
Calcera, New Mexico, are based on comvent:anal vertical drl!llng af the wells at
a spaging of 30 acres per well. Based on square plos. the distance bet_we?n wells
it aporoximately 349 meters {1.145 feet). The procuction wells in this Tield are
self tlgwing, and the Muid at the well head is 2 mixiure of steam ang geathermal
vialer.

The preceding description of the production scheme at Heber, California app_ﬁe:
far the most part to Valles Caldera, except that special flow meters are reguired
for the measurement of two-phase flow. Also, the removal of sand, if any, n
the geathermal Thid is achicved in the first-stace sieam teparatar ol the power
planl,

The geotherrna! fluid flow and the number v wrlls required for 'thi."lhreal o
esces pvaluated at Walles Caldera for initial and final eonditions are listed in the

fotlowing table.

Wo. ol Walls
¥ R4 Inltlal  End

Bogquired Flow
Proceus Jmirial

1,448 M kgthr mel3h pd Wgpthy
Flaghad alnam (3,985 M Ibafhrl {4,485 3 ioa /R lé 1B

I, 48% M Xz fhr 1,621 M wgSbr
§3,207 M dbafhrl |3, 574 b Thpdhrt

1,363 M kgihe 1,532 M kg/hr
13,002 B Yhafhr} [ 3,378 M Thadhs]

Dinary 3 ] 18

Iybrld 1z 14

The scheme lor injection of spent gecthermal fluid at Vatles Caldera i3 basicatly
the came 25 that 81 Heber, However, the distance fram the power plant 1@ tl'it
nearpst edge af the injectian field is 1,524 meters (5,000 fem) ingtead of 3,058
meters {10,000 feet) used by Chevron at Heber, and the walls are spacec at 30
acres per well.  Infection well requiremenis are summarized in the tabie on the

following page.
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Mo, of Wally Recuired

Erotens Iparial Foerd Corditian Finel Condutlon
Flashad atanm [ 1
Blnary 3 3
Hybtrid 1 3

RAFT RIVER CONVERSION PLANTS

The Hetarveir .

The Raft River hydrothermal reszovair is located in south central |daho, approki-
matedy A0 miles southeast of Berley, The area lics along tha Ralt River Yalley
at an elevation of about 1,400 meters (4 800 feetd. At this elavanon the atmos-
pherig pressure is B2 kPa (12 psial.

Air temperatures o1 the site range from 38°C (1Q9F) in surnmertime to a5 low
#5 -34'C (-30°F) in the wintertime, The wet-bufb remperature in the area
reaches or ¢xceeds a maximum of 18°C [G5°F} one percent of the time during
the summer manths. This temperatuse was used for design,

The area s rugged with mountains reaching to about 3,000 meters (8,800 ez
elevation. U.5. Highway 30 it o threedane highway which comes close to the
gecthermal plank cite. Water fof makeup 1o the coaling towar will be taken
from the Ratt River or from surface wells,

Production wells and injection wells have been allocated 30 acres of ground area
per well. Injection wells will be located on the cooler areas 9! the geotharmal
anemaly.

T_he Raft River resarvoir fluid has the (ellowing gerercal characteristics: toral
dissalved solids, 2,000 ppm; bottom-hale temperature, 149°C (300°F). Tha
tellowing noncondensable gases are present in the fluid:

Gas Ce [STP) par Liter of Brine Mal %
My 0.53 1.4

Ha 6. o

M, 32.0 _ B1.8

o 0.1 0
Ar o7 1.7

Ly 5.8 14.8
o0 — 0.1

approx. J91 anpres. 100

The geathermal producing wetls must ba pumped to achieve high graduction
rates, bt has been assumed that the differantial pressure required to produce
the wells s 2,088 kP2 (200 psial anc that the pressure required 1o inject tha
drine will increase to 2,758 kPa {400 psial at the well head. The same pumping
-ate of 295 mifhe (1,300 gpmfwell) a5 at Heber has been ueed,

The eqrrosion and fouling characteristics of the Aaft River reservoir fluig were
et kngwn. Therefore, it was assumed that the Auid svould bave the same char-
itristics 25 1he Heber reservoir fuid. The use of steel was specilied in afl the
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pquipment exposed 1o e peservair fiid or flashed steam, except the steam tofr-
tines opd surface candenoers, where stainless stecl 5 used. '

Flzzhed Steam Plany

A process flow diagram af the flashed steam plant is shown in Figure 5.7. The
kot reserenic Tluid enters the plant at a How rate of 7.3 M kg'hr (16,30 19/hr).
The Brine lows into e first-sioge flash drums gt @ pressure of 290 kPa 142 peia).
The lirst-stage 11ath produces 241,000 kgfhr 532,000 |b/hrl of gritnary steam
which passes through 8 sicam separator beforp reaching the turbine generator at

a pressure of 284 kPa [41.2 pia) and a temperature of 132°C 1270°FL

Liguid from the firsi-stage [lash drums flaws 1o the second-5tage Mlah drums
yaiere jis pressure 15 reduced to 174 kP2 (16 6 psial. The resultant Hash pro-
duces 331,900 kgfhe (864 000 b/l of seeandary steam which flows through

a steam soparator 1o o lower stage of the TutLine generator through a separate
seb of adrmission valves, The steam reaches the turbineg gt a pressure Bl 112 kPa
{16.3 psial and a wmperature of 103°C (218°F1. The secondary fash drums
flaal pn the fine, their prossure varying with furbine stage pressure and with

demand.

Exhaust s1eam from the turbing passes directly into a surface condenser, where
a back pressure of 6,77 kPa |2V Hg) is obtained under design cooling water
conditions, The steam condensate 5 pumped 1o the svetion line of the injection
pumps for dispasal. The condensate is added to the reduced brine to make tha
replenizhnent volume substantizlly equal 19 the volume of fresh brine delivered
to the plant, Average temperature of this Now is 98°C {208°F),

The cooling-water temperalure was ectablished at 5.5°C (10°F) above the design
wel both temperature, This is the mimmum practical cosling tewer approach
and reselts in an expensive toveer, However, a parametric stady in which cold-
waler temperature was raised slightly, 1.7°C (2*F), ingreased the cest of the con-
denser more than it reduced the cost of Lthe cgoling tower. Simitacly, another
study in which the condensing pressure was raised stightly to 15 kPa (2.2" Hy)
prodguced 8 1oss of eflicienoy a=d an incredse in bring consumption. The pros-
peclive cooling rower capilal cosl $gving was morg than offset by inereased brina
costs and incredsed cooling tewer fan horsepower.

Turtane selection was difficu!t for the planil. yWith the limitations on bucker
size mentioned earlier, 55 MYe of cutpul could be cbizined only with a {our-
flow, two-case machine, The maximem output attanzble with a twe-flow: Tur-
bine was about 38 Mye. '

Moncandensatle gas fhaw has been estimatod ar 405 kofhe (303 Ibihe) based on

a brine analysis. These gescs are removet] from 1the condenser with vacuum
pumps  Because of 1he low condensing pressure, M38 kPa (2" Hg), 1wo stages
are required. Therg are four large Tirst-s1pge pumps and tws medijur size second-
stage pumps. A stack & grovided for 1he dispersal of the noncondensable gases

A summary of pertinent detign data for the plant is shown on the page follow-
ing the process flow diagram.
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Heber, Yalles Caldera and Raft River Comparison Studies

The groduction and injection piping schomes ar geperatly (he same 23 at Valles
Caldera. At Raft River only initial field conditions are considered, since any de-
cling in 1he reservoir temperature would result in an excessive increase in plant
and operating costs.  Flows and well reguirements are summarized in the tollow-

ing table,
Wa, of Wells Beruired

Ruauirnd Flow of Well Fluid Produrlion  ILnfegzian

Procrss
Fiashed atwam 7.4 Moagfhe (16,3 M (bafbr) 2T 13
Blaary 8.0 b hgdhr (16,0 34 lbafhr) 19 3
Hybrid 4,4 K wgihr [bi. % & 1befhr] H! 10

ECONCLIC FEASIBILITY

Capital Costs

Capitat cost estimates for the threg Heber conversion gptions and far one Heber
fiult knstallation are presented in Tables 5.1, 5.2, 5.3 and &4. Thess estimairns
are magde on the basis that a singls contract would ba let Tor dasicn, progurement
and construction and, therelgre, represent the installed cott ready tor operation,

Majar equipment costs {i.e., pressure vessels, heat exchangers, pumps, coaling
orovae, urkine and generator]) were based on wendor quatations, Construelion
items {i.e., concrel?, piping, structural, instruments, painting, efectrical, insula-
Lign, paving, roads, fancing and buildings] were based on material takeofls and
1976 unit prices of such materials. Indirect field costs and horne office services
are based upon experience in building facitives of similar size and complexity,

The estimates include a contingeney of 8% and an esealation of 10%.. The latier
figure is expected o be sufficient to cover inereasts in labor, materials and gther
costy which may octur between the tirst quarter of 1976 angd the completion ol

the proposed plant in early 1985,

The powar plant costs for each process at Heber arg a4 follows. These costs ax-
clude the cost of land and any costs incurred by the owner associated with de-
sign and construction,

Mllign Brallar
Flashed steam ek
Birdey mBs
Hybrid 3686

The cost of the surface instalfation Tor the binary plant at Heber is estimaled 10
be 57800000, This cost includes the down-hale pumips, the infection purmps,
production piping, injection piping and rztated initzltagions. The cost of com-
plueted production and injection wells is excluded. The cost is based oa end-af
run conlitions end s, thorefore, somewhat higher than would actuatly be in

curred of the stark

Table B5S presents capinal costs Tor 1the power plants and tansmission installa-
tions al caxch site.
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Arwervoir fluia rate, B0 hgthr (sl A 163
Generator outous, HYve 55.0
Pumng wark, Kiilve 17
Coaling tower wars, Kl |

Mot power, Miye 192
Reversonr fluidipne kKWh, kg {10} 180 (331}

Binary Plan:

Because of the low resecvoir 1gmperature, a mixiure of 50% isobgtane and 50%
propane was used for tne eperating #luid in the binary process plan: at Raf:

River, {daha. A gensrator autput of approximately 6B MWe is required 1o pro-
vide for yn-plant eleciric power consumption &nd produce a net output of 5 Mwe

The Raft River process flow diagram (Figure 5.8 shows materiel and heat bal
arce detaids Far the plant. This pant s charasterizeq by the high eirculaton
rate af process flgitds required to produce 50 KWe of power, Ten pargitel hydro-
carbon circulation pumps are needed 1o meet the process flow regquirements In

ather respects, the plant is ssmilar 10 the Heber binary plant. A summary of
pertinent design data ot the plant 15 a5 Tollows:

Reverworr fluid rate, ¥ kgihre (Ib/he)

50 (110
Hydrocarbon fhaid rate, M kathr (bRt 4.8 (10.6]
Gerngior out put, Me E7 5
Fumping work, AMive 15,9
Coaling tawer worx, Ly 1.5
Het power, MY 0.0
Aesarvoir fluid/mer XWh, kg {ib) 100 {2201

Hybrid Flant

A mixtare of 50 ma! % propane and 50% fsobutane was chasen as the working
Muid in the bBinary pawer cycle of the hybrid plant because of the low tempera-
ture of the reservoir Mluid, The binary section is designed to oenerate 57 MWe,
and the steam flash unit will generate 9 Me, The selecred design conditions
optimire the power gencrated per well fluid ow raze.

The nrocess flow diagram {Figure 5.9) thows the plant operating condition. This
plant, like ke Linary plang, is charattorized by high flow rates of the process
fuigs. A summary of this pertinent design data for the plant is as fallows:

Reservon Hluid e31e, A kgdhe ithe)

59 1118
Generatir Bulpat, AWe EB.Q
Pumpang work, bse 135
Cogling (awtr wark Mie 25
Mot poweer, Mive 0.0
Reverewit fluigimee kwh, kg {ib) 108 7238)

Reservoir Facilitios

AL Raft Rivor, the production and injection wells are drilled at a spacing of 33
dtres per well. The production wells arg self-llowing, but down-hole pumas are
uied 1o boost the flow 1o the gesion rate of 1 M ram s oot
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TABL. =.1:

Geothermal Engrgy

CAPITAL COSTS—HEEER BINARY FLANT

| sttt [ [ Latem TataL
10D Calamnr fingl, waps)
1IN0 Praviws Yaverle 213,000 213,900
1] Mast ¥ achingary &, 700,000 £, T30, 3
[EE- ] Fu'l-ltlfﬂllll-l'“ll.
150 Fumpr 1,152,000 1,1%2,300
16680 Rwrlidd
1708 Cusleng Tumurs 1, Ba, 0ao 1, 850, oo
ot Turbioe b Ceneraior 3, T, 000 3,700, 000
1RG0 Twaba
THGD vk 145,000 135,000
Lubgr 209,500 253,00
FOTLL =4 10N EQUIFHIRT T %0, 00G 1, 850,000 203, B 9,000, &0
I3 Casarata 200,000 210, G 10, i
IO Fga, Yales, Pidage 1,6.2,000 £, B0 &, G000 o 2T, G
IHA Seamigrul Sl kS, S0 Sk, 00 €x2, 000
| L1 T PR My, 20 £, 000 0,000 LET, 000
i Fateny 58,000 33,000
bI1-- I NPT RN L 225,000 £50, 000 1,875,000
1708 b balatins ' ER5,000 25,000
1908 Puring, Rasds, Poscas & Alic, 20,063 &2, 000 169,000 200,000
IR0 By 200, 0 200,000
10TAL COMETRNCTION 1TEmy | 3,80 000 | 1 255 000 1,140,000 £ 750,504
BIRECT FATLE CAtTy 11, Th%5 003 3,155,000 1, TL0, e 16, £30 .o
Iedlaraen Faatd aunn Ly, 000 e 2,308,000 &, B, 30
TRTAL FIELD COTTS Y2, 214,000 3,350,300 1,958 0w 15, 7h 50
BI0E  Hopwy Offeiy bpiridn ! 3,114,508
SUB-TATAL 22,%93.00
PRI Tpend Tor g Malaiigl T 22
I Fus b CERLLRgERCY L, 630,050
Eccalatlon 2,600, 003
TOTAL JELLIAG PRKCE B4, 500,200

Saurge. FB 261 Bas
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TABLE 5.2: CAPITAL COSTS—HEBER FLASHED-STEAM PLANT
ACCOLNT Myar g dn ket iy (WSS TOTaL
13 Calurmnn {enel, Linpe} ’
EXHl Frassurs Yarcaln Eﬂj.m} EE.:um
VDD Mant £ aihangars 1,287,000 1,23, 300
e Fuinaia/Hassar
159G Puwpa 4h1, 000 w5,
Ihid  Baders
1790 Cwabing Toware 1,600,000 1,600,233
jpog Twrbine B Sencrmtere £, Bfy, dod 206,000 7,083,000
s Taaka
1330 Hkar - Yetuws Bquip.
ant ke, L, DOn L3E,. 200
taber L, ond LT, 30
TOTAL Ha 0N EQUIFMERT &, %00, 500 1, 820,000 L33, w9 1L, %, AR
IEG  Cancrwim i v b N5, 5, 2%
TIDE  Piow, Yaledd, Fumsgs 739,000 13,000 =7, 00 1,68, 20
1253 orwstuesd Lanl 200, Kl 132,300 A0, By
b R PTTEY 3, Gl 20,000 R,000 kA3, D00
5 Fuateg 53000 59,800
LD Emcwsal §50,080 L25,000 . 1,374,000
kb - TYPTI T 200, 000 2001, Diad
I8 Puesg, Apads, Fanpai & Miag. 13,000 160,000 90,003 200, 30
Y0 Ry blinge 200, 000 o afian v
i
TETAL COREFRULTION ITEHS 2,410,000 il 1,083,000 ot By L ufe
OIAECT FIELD COXTY 11, 7am 000 I R L, TR 000 14 GAE an
Indirect Funld Cunte LAg, 000 LL4 , 00 1,7, 600 O P I
TOTAL FIELD CEGY3 12,173,000 3,009, 5% | 31,119,090 (hogpd ane
129% Hara Offca o cun | E,Q‘Fh:ﬂ@
SUE.TOTAL 21,007 v |
033 Salan Tas ws Wacarp 133,000
#2150 Fes & Contirgency 2,500, 000
Toralation 2,30, 000
TOTaL SELLIME FRICE 86,800,000 |

Saurce: PB 261 B45
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TABLE 5.1 CAPITAL COSTS-HEEER HYRRID PLANT

Heber, Valles Caldera ond Fatr River Comparison Stud

243

TABLE 5.4: CAPITAL COSTS-HEBER BINARY FIELD INSTALLATION

TOTALIELLIMG FIICE

i AL LMY st b [ap—— Lt TOTAL
1168 Calumns [ungh, Lrave)
1700 Plandeds Vooie|s b e, Dod
L1608  Heal Eachamguen FLil%, 000 7,115,304
1469 FurtatdSdealars
1400 Pumps 1,135,000 1,125,000
1409 Bwilars
1M Cwsling Tewnrp lampm l.fm{mi:
1ea0 Purblrea & Gessrabtors 5,003,000 %, DOT, 000
1100 Tamka
000 Diner = Yacuuwn Equlp.
ard ato. L5E, O 50,050 5B e
Iator 271,000 11,000
—_
TOYAL MAIOR EQUIFMENT 9,020, 003 L4650, 000 271,00 10,091,000
1ol Lantralas 204, DD Lua, B0 K3, 003
3200 Fipe. Walret, Fattings 2,163,000 0,000 2,006,000 L, 4ag,000
1800 Creenasl fiwa} 532;':":0 ¥k 000 ﬁlﬁ.m
J4GR et umguce 35,000 ©OATL, 000 L e &37,000
e Pacrimg 0,003 50,000
400 Elacticsl 1,517,000 T, 00 2,010,000
70T lakuluilen 233,000 1A%,000
I3 Piemg, Awade, Fumgts & HlRE. 520,000 200,000
IMA Reiblagpa 336,00 12k e
TOT4L CEMSTAUCTIGH ITENS 4 654, DDO 1,534,000 3,5k1, 000 9,643,003
CIAECT FIELD €Aty 13, A4 0o 1, B8 oo 1,013, g o, % B DO
Imdenen Frald Eaxin y"?:m IT‘J,Q-:-:I ijum L.tgé,m
TGTaL FIELD £E4TE 1k, 241,000 3,767,000 7,182,000 2%, 1,000
FIE Hwrt OTren Srvwicwn b 21,003
LURTATAL B YK
550 Falen Taz s Macerisl Bo3, 000
1230 Fas & Cootlngesey 3,00
Eacaluzlza 23,00
36, Lo, 502

| aCCOUNT Hareriala Subcaarraet Leubear 10TaL
1140 Caluwat Lincl, Lapsl
10 Prataurs Yarseh P L] 79,500
1109 Hwat Excmangers
1430 FuinginlHiaten
W Fumg 1,1y, con Loll,00m
[T I P Y
MB0 Cealmg Tawsin
1EEd Camprannoei
1§ Tarks
1583 Oths 1,000 1,

Lavor 53,000 53, 200

]
TOTAL M4 16R EQUEFHEST 1,48, 000 55,000 1,555,000 J
JIGE Cumcraln 13,000 18,30 11,360
100 Fipa, Walens, Futanfs B 000 20,000 &TT.000 1,582,532
104 Seegzeurnl Siaak
L EL [ P ITT O T 252,000 Ihy, 000 25,000 w550
1530 #yomting r
O Elecmwal 180, 000 S0, D00 Er3, 000
1A lanulalian 12,000 13,543
IS Pauiag, Raade, Faacan b Minc. 217,000 2aT.6M
IMY Byl
TOTLL CONLTALCTION \TENS L, b, G 236, 00 T 000 I 2,07, 000 i
SIRLCT FIELA COSTL | 2, Bon, 000 BiE, 000 TH, [ L3k _|
Eadiraet Frald Egrnn ! 116,900 31,303 | TIT XY J A7 003
FOTaL PIELD E£ETY I e S Er. I 3. %30,360 l g, 1,03
'

ATT3 Mamneg Dffiaa Shinmacui ] EzS 03
Ml THTAL &, 33, 532

Souvrce: PB 261 845
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TABLE S5: POWER PLANT AMD TRAMSMISEION CAPRITAL COSTS
LAl Figures in § K, Estumated!

Paweer Plant Tranemissicn

Heber

Birary 2B.550 00

Flashed Sigem 706,500 =00

Hytd 16,600 500
WVatkes Calders

Binary 26,500 1,800

Flashad Sceam 28,100 1,800

Hybrid 37,6 1,500
Raty River

Binary 32,200 3600

Flashed Staam 358,000 3,600

Hy beid 39,800 e

Source: PE 251 BAS

Plant cosis were pstimated feom the Heher estimates by prorating the cost differ-
ences in each caiegory of wark and each piece of equipment. These dilferences
vare adjusted to retlecy local condizions. Estimates of fzansmission costs assume
thzt 2t Heber the poser is sransmitied to 2 load center at Et Centra; at Vatlps
Caidera the power is Transmitied 10 Los Alames [zhaut 20 miles}; and at Raty
River the power is traneritted to Burley (30 milash. Estirmates of surface instal-
lations are shawn th Table 5.6, 1L wis expeeted that power planl capital cosis
at Vallus Caldera would be |ower than at Hzber because 1he reservoir is hotter,
Hewever, they are sarmawhat higher in all cases, awribirable to the kigh ©ost of
construclion in the aea | these same plants were built 5t Hebar, installed cosis
willd be 15 1o 200 lower,

Talile 56 presenis on estimate of the initial capitd recuirements to develop tha
three reserygirs for cach of the three processes at each gite. The estimates in-
clude the cost of producing wells, injection wells, dry holes and surfzoe instatla-
tions. The cost of the Heber wetls of $300,000 each is fairly close 1o well costs
in the relativety easy drilling chavacteristics of the Imperial Valley. The cost of
the Valles Caldora wells of $700 000 each is much hisher because of far more
difficult drilling conditions (young volcanic farmations, deep wells, remote loga-
tions). In this case, the well costs are nothing more han educated guesses, since
there was no actual data. The cest of Raft Biver wells of 5600,000 is close to
actual pubilished drlling coss for che area,

In each case, it was atsumed that abeut 20% ol the develeament wells will bg
cdry heles. Again, this igure i an educated gquess and could easily be low for a
young volcanic Tormalion like Valles Caldera, Tot2! well cosis vary (ram a low
of $5.9 millign for the Heber binary process to a high of S24.2 millicn for the
Rait River tiashed stcam plant. The surface installation costs (including dewe-hole
pumps for Heber and Raft River) vary from a low of 55,9 miliion at Heber 1o a
high @i 318 millics at Rafr River, N )

Field Qperating and Maimwenance Costs

Tehle 8.7 prosents estumates ol field aparating and maintenance costs Tor the
NiNe Cases,
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TARLE &...: ESTIMATED POWER PLANT LABOR COST

w0, ar RATL e
FoAITICH HAE] RONTH BIEORTH
LI-CaaTms % 1, 0@ #, bOd
f
LARGRER l TaD L)
ELECTRIC AN
I:3TRLUMENT SPECWALIT H 1, 188 1, +00
MECHANIG
G FIEKE MANACLR H I, ek L, g
BUFFRINTENMDINT 1 i, 000 . 0en
|; [T
OVIRMELDL 1

TOTAL MOSTHLY COMT 27,108

ANNUAL COST nat ko

* Dok rhead ineludel irnyn wanalits, liald burden
angd GEA wapandd,

Source: PB 261 B45

Cost af Geotharmal Power

In estirnating the cos! af geothermal power delivered to a utility load, 11_:-.-35
assumed 1that a privately owned producer would sell thermal cnergy to an investor-
ownegd peblie utility who would own and operate the pawer plulr'lt and trans.
mission lings. Thus, there are three clements of cost to be considered.

{1} Produce's selling price ¢f thermal enaroy Lo the wtility.
{21 The utility's cost af PENES 3L g eleLtrifily
130 The urilny’s rammssion oo o a load center,

There is & mnimem selling price below which a producer woluld ROt receive an
adequate return on his irvesiment andfor an adequa]‘.e incgnlive o canilrluehan
exploration proegrar and therelore would not enter inko a controct to sell ther-
mal energy, Thure is alsa a maximum price which a utility can afferd to pay
for the Lhermal erérgy.

The Probferr: The prohlemn 19 be addressed is 1=o-fold in scope. The first as
pect is to eflimaie the cost of geaihermal power far 1!'!ree Procesies i ':J?E thrn:e
sizes.  The estimates must be made gn a consistent hasu_s 50 that clcmpanfnns ae
valid. The sceond aspect s 10 explore various fuel-pricing strategies and to eval-
wate the effcct of these stralegics on the cost of _geothurlrnal power. The approach
1o each of these problems is set farth in succeecing sections.

Heber, Valles Caldera and Raft River Camparison Studir 249

Froduction Risk Facters: The business &f exploring for and developmng a G0
thermal hot water resenvoir is similar in all major respects to eaploration and de.
velopment of an oil fisld. In both casas exploration [mvolves the gathesing of
geologic and geophysical data to select promising sites for feasing and subsequent
exploratory drilling, fallowed by an analysiz of the reservair potential. |n Both
rases, development and praduction involves deilling of welis and conctruction gf
above-ground facilities to collect the reservoir fluids tar sale to the custemer,
The major differences ars 23 follows:

(1] Tha geological and geochysical methods vred succass!ully in Gl ang gas
exploritapn are oY necassrnly uiahl or may recuird some ddapration to
be uieful 10 3 geathermal environmenr,

121 Drilling Technnlogy is 3bout thae famid, dacent for the effect ol \empers-
ture and 1he problems associated with drifling through rock rathar than
sedimentary farm s,

§3F il and gas may be transported 1o mRarket and both are 100 in national
and incernatiqnal markets thraugh well-gstablished marketing channals,
wheteat grithermal enerqy must be cold to g utility who will build the
povwar planL in the producng feld, Thuy, the produces can get no Income
from & gmothermal rosersoir Lapd the power plant is built and operating

9] The unfity must have sonlidence that the reservoir will furnith thermal
eretqy 1or an exitnded period of time Inormally 30 years).

15 Title to che geotherma! waler is ngt sl estalidished, unlike ail and gas
recctydirs where there is seldom the prabiem of ownership,

Thus, the risk factors ars differant bagwoon erploration and development af ol
and gas on the ang hand and geqthermal reservoirs on the gther hand, but the
same cost-ofservice approach wsed in the ail industry may be used for estimar.
ing the cast of fuel,

A computer program was developed which calgulaies the cott af geathermal
poveer defivered to 2 lead center. The first element of this cost is the colewla-
tion of the setling price of enerqy {i.a., the fuel cost) to the utility.

Estimarion of Fuel Cost: n estimating the selfing price of fuel to a utility, the
cost-of-service gpproach was used. |0 this approach, the capital investment and
vperating costs assaciated vath the development of the field are citimared. Thep
a selling price for the thermal eresqy which will give the producer a return on
INVESLTENT commensurate with the rigks js pazimezed. The following procedure
is buiit inte the program to determing the cost of fuel for a particular cace;

1 Reservore Reguiremens — The smeunt ol electrical power desired and
the crergy Lorvertion procedss utilized will detormine the smaant of geo-
thermal Huid reguiresd 30 3 fven site, A hrpwledge of ha rewevgir chae.
acteristics will indicate e recestaly rumber af Aroduction and injestian
wells, the lhield layout 2nd the required collection and diinibuation piping.
With Mg informanon, e vanous costs invalyad with beinging e fueld
o producion can then be estimated.

12} Capital Invwitment = The casigl invauimant for a graihermul project i -
the moatey reqeined by the troject lor which a resurm on inveTuTEnt g
evpected  For e PUrDOTes D1 Mg inusCigation, it 5 a5sumed thal none
of these tund are obtaincd by bortawing. The componenic of (he capital
irvestiment are w3 follows:
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The estimae of the field stalf porion of the operating and maintenance cotts it
sheavn in Table 5.8. The annual cost of the feld staff including salaries, bengfit,
field oflice barden and GEA is estimated 10 be 5253,000. This cost hes been con:
sidered 10 be a constant for all cakes.

TABLE 6.8:

ESTIMATED FIELD STAFF COST (ALL FIELDS)

KO, OF RATE RATE

FNSITION MIRa % LRTKETH FIMOKTH
FIELO QOFERATONE 4+ L, g A k0
ROUSTARGYT 1 1. wad 1.0aa
L ETRIE1AN .
O TRUNMENT SFECLALUT 1 1,13 PR
METhaNC
FOAT LN ) (L] 1, bk
OFFICE MAMAGTR ! 1, E2d -]
MECHANIEA L EWNGINEER R} 1,000 L]
PRODUCT:ON EMCINEXR 2 [ 51 _ﬂ

! le.n 1L, 709

[ A LT AT

TOHTAL MINTHLY COST  I0, 040

AKMNUAL COET AI31, 900

e rhawd ibchelt 4 Friage bwiefine, Beld byrnam ond & sxpdsrd.

Source: PB 261 B45

Producing well maintenance costs are estimated trom suggestions made by Chev-
ron for Heber as follows:

]
2

3

Each producing well is acichred once pur year &1 & cost of
£10,000.

Maogor remoeidial weell wark is ane pnee every faur years Tax
each well 8t 2 eost of $80,000.

Two of tha original welh will be gbandered by the end of
the project at a cast of 350,000 per well,

The anneal cost for the Hebor binary case is 362,000, Costus far all ather cases
were proratect by the number of wells.

Injection well maintenange costs were eslimaled on the fctlowing basis:

1)
2)

Each injertion witll « tnmulated onge per year at a ot of
75 N0

Major remechal well work b done oAce Bvery Lwa years for each
well a5 a cost of 580,000
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{31 One injecuon well with be sbandaned by the &m0l thee Broject «.
7 conl ot 550,000,

Costs for 2Nl gther cases were prorated by the pumber of wells,

Anoual surface installation maintenance {tabor and materials] is calculated at
4% of the initial capital cost for Heber and Raft Hiver, where the wells are
pumpsd, and 2% at Valles Calders, where they are not, Down-hole surveys are
figured ot 51,000 per year per well,

The cost of pumping electricity was figered at 2.0 cents per kWh. For the
pumped wells this cost represenss about pne-third of the total operating and
maintenance expanse,

Totai tield operating and mainterance expense varies from 51,040,000 per yedr
far the Valles Caldera binary plans 12 a high of 54,181,000 for tha Raft River
flash plant The monthly operating and maintenznce costs{excluding pover] PEr
well zre in the range of 56,000, nearly twice as high as would ba expecied for
a'typical ol well

Power Plant Operating and Maintenance Costs
Table 5.9 presents estimates of power plant operating snd mainlenance costs

for the nine cases.

TABLE 5.9: ESTIMATED PLANT OPERATING AND MAINTENANCE COST
{All Figures in 3 Kfyr}

...... Helbwlf oo o v u = o W alley Caldwrs. L L, rean Aall Rivsd. o0 0w
[ LT Bunpry Fush Hylaid BHinary Flazh Hybeid Eiuwy  Flish Hybrd
Labwor cou 127 127 amn 327 127 327 117 m 117
LS R FREE) L) B35 Hir) 51 562 752 - T4 T8
Mabre ared
rasrialz]
Conling war b ¥ b | =41 118 by 183 108 7 by
fer and
chemicgh
Wiz el lpreous 1] 4] =] b ] Z0 = L4 #a B3
Tolals 1,200 111 1,263 1005 1,139 1.3t3 111 1,380 1 4EB8

Tabla 5.10 i5 an estimate of the cost of powwer plant labor, including salaries, bens-
fits, field affice burden 2nd GAA expense. Labor cost is 3 censtant for atl eases.

Annual mainenanca costs ore figured 35 2% af the initial plant cost. Coolind
water makecp for Heber is purchazed ar $3.50 per acre-foot. Cooling water
trealmment chemicals are estimated ta cost 520,000 per month ar Heber, hosed
on 1mperial brrigation Chsirict's expenses a1 their Bt Centra plann The tetal cost
of zanling water and chemicals k estimated 1o ke $353,000Q lor the Heber binary
plant. Costs tor all ather cases e prorated by covling tower duly, Total of-
eraning and maintenance costs are 2bout 3 millsfkih for all plants.
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la) Ezploraticn ard Land Apguintion Costst This represents the
mcney paent i grotogie st and gEophvsical peearch, tnplia-
oty diilling, boms Paymenls, dRd DLW TOFS involved wath
extatdishing e puRence of an expboazile grathecmat et
voir. Since the ieservear well typically he sulficiently largr 10
supply more than ore Hower plant, anly & prafsrlions amount
ol 1his charge it psaigned Lo 1he arejrel uader ComtibrraLiem,
Thete coslé Ao infuired prioe 0 the field develgpment phae,

fb]  Well Drifling Contst The cotls ol 3 drilbing program 1o rovide
thn reguitedh poadastian and injeclon wells are corlinuouily
distarsed duting the program. The program culminaies in e
starlup ol the power plant N

e} Working Capital: Working capiial o reguired 3t ol the 13 u3
of the pawer plant. The working capital is sufligienl 1o pay
one month's € spenses, and i3 returned 3L the teemination of
the projecl

[} Capinl Additiom: An ackhnional anngal drilling col o regpaired
ta provide sddinonal watls in 1he tield o oflet the elltcls of
2 decliming reveivoif. Yypical decling rates and praject livas ine
dicaty & cagntal requirement equal 1o The imitaad doilling ¢olla
bt debursed avenly gver the hie ol e projocl

The capizal ivesiments lisled sbow: are expected to relurn 3 prelin com:
mersurate with the riske Wvolved in s geothernal venlure, To ectount 1ar
the rme walue of maney. the giugaanted cah-tlow roefhod of ustd 19 dolel-

mane 1he snnual revenoe rEQuifement

Expenses — Stweral Lypes ol papenaes are incarred curing Lhe operdtion of
a producing gecthermal fietd. These fall into fwd classesl £avh #xpentel
and book expanacs. The bobk repenies ié not geducied lrom Cha TEven-
wes but ate used in detfImiing Nk Laazble inCome o feceral and LTate -
EQm= LizE&s%.
{31 Caxn Experies:
Rovally Payment = Aay#ty payments ife typicaily 12.0%
i the greds revEnges.
Operating Eapenscs = Anhual aptrating eapenses include
labgr, mairienangce, supplies, ulbites, e,
{1 EBook Eapenovs:
Depreciation — Depeeciation lor ta pUrposCs i Laluufu'ltrd
by 1he sums wbibfe yearsdig s meined far 2 1ax Lt o
i yoory. Depregialion far bookeeping GUTEohes in cals
calated ty e tumn-pl-tos-years Sigile mathad guer the
life of the praject.
Intangitle Thilling Expentes = Thewe expenies are deduced
in the year incutred. Swce mionl of the drilling #tivinees
occur belore sy (asable income is produced by the P oy
et ol s HIUmed jhat INE pRODUCET can ke Jdvanti ol
1his deduttion eliewhern 1@ 150 eedi of 1he prajecl. Al
though this ocdugiion is currantly in e in the wil angdus-
Uy, there i same guestion 3t 1o whether i1 will also Lt
auvzilable 10 the geplhcrmal indusicy.
Deoletion Afowance =This deduct e expunte, similor 16
deprosiation, i3 dnomed 10 La 77% of grDos rEwdue.
Howeyer, 14 bin ngt been ruled 3ppacalile o gasdherenal
it general,
Tares ~ Federat, state and bpcal tases wAll be paid by tha project, Thr fed-
eral and 41318 InEOmE Linkd are paad according ta the rep bamabid income.
A taderal inuestTenl tax crecht of 10% is deducird from the lederal income

(S
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tax, The crecie is based on che tangible, depreciable aszets of the prop-

act. The tiate and loca! red properiy Wuet are geneally charged ac:

cardig 10 the value ¢f ihe read property. This it judged 16 be a fune- '
v ol (oe feverues prodated by thal property, Thes, shese tawes arn
wiually a2 percentage Of 1he grogs ravenges. Thoy are teeated a4 an ad
watarem tax of 10% in whiy sudy,

Annual Cath Flow = The cash flgw iy the sales revenues minus [aaes and
expenses not including depreciatian. Since there is also an annual capitad
adu;lltla_n. this s alsa subtracied fram 1he sash flow. Tne cash fHow s
I!I'Il‘ﬂrdlicﬂUﬂlE'd at the desircg race of roturn to a presant vearth sl 1he G-
?mmqr} of power plant aperatiges.  The annual fales resenue s adjusted
jurltwel-.r unzil the sum of \hp discounted cash flows equals Lhe capital
iNHIMent at the start af power planl oparationt. The dabet revenus then
betarnes the oot of ecergy (o tha povwr plant

Ary of the parameters in Lthe frogram can be exsily alizred to allow sensitivity

studies.

Extimation of Power Conversion ang Trangmission o

The balance of the

pregeam calculates the power conversion and fransmizsion costs to a load conier
usieg 3 method of economic analysis used Dy public utilities, By this methad ‘
the delivered power cost is the sum af the energy cost, the utiliy's lixed char';]es
tl_‘:e Gperating and maintenance cost, and the gleetrical tracsmassion cost. Tho '
fixed ¢charges are each exprassed as a percentage of the invested {:apitalj They

are:

{1}

(23

13]

(43

51

(5]

Return o Iavestment = Current capithl requirementy are in the
range of 11 o 13%.

Income T-_H — The method used tares the expected annual tanes
avr the hite u_! thae et plant including provitions for inces-
fment [ax credit :nd inicrest deducliont and Consile Ihem 10 3
urlnfnfm annual “levelized” expermie, An inlercit rate of 9% i ustad
with 8 50750 deb:/equity ratig
Dn.'_::r_rma_rran - The deprecistion eapese i3 often calculated by he
slraight I_nne methcd, but for eeonomic analyis the sinking-lind
mytihgd is qeneratly u:se‘d. Tha program can wto vither method, but
the basa case uees the wnking-fynd rmethoed (at the rate of returnl.
Ad Valorem Tas — Tl:Lis actount tar the variows Eropesty asd ad
vdlorem Lases. A typicdl value s 2,5% af capital cpst.
ﬁjmm.r::r.m’w and Gonerald Expenga = Thit is typicatly 1% al cap-
cast.

fasurance — This is typically 0.1% af capiial coat.

The operating and mainienance cotts will vary depending oo type and location

o plant.

Tha tranimission costs are divided into fized charges and operaling

ciits, ha lixed Ehargﬂi are carculated in [H
h 1 F
: T | he £ame manners 35 the power [}laﬂt

;I'h.: Ipr::[r_;ram gives the am:uua! dleli-.rercd power cast and also uses the load factor
;;fpl?ﬂi;f EE‘M} and }he piant size tg determing the unit power cest fmillsfkWn),
so included is a printout of the yearly cash tlows for e geathermal fiald,
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Hase-Case riesulis; The first task is to compare delivercd power cosis for the
mine bave cases. These comparisons should be done oo a congistent Basss in or
der to obiain good relative values, but may not reprasonl best absolute values,
These cases are based on the following assumptions:

Projece lite, v 25
Exploration cast, K gog
Loase bonns payment Mg
Producer's BCF cate af retuen, % 5
Ubility rats of fetorn, % 12
Deplevion, % 2
Write-ufl ot intangible drfl:ng expense, % 0
yrita-ot! of dry-hole sxpense, % 100

The producer's capital cosis and operating and maintenance [Q5M] costs, 10-
gether with the utility's capital costs and Q&AL costs, were taken for each case
from Tables 5.5, 5.6, 5.7 and 5.9. Other input data were taken g5 the typical
values reporied in the preceding section, The results arg tabulated in Table 5.1 1.

The Heper binary case shaws the lowest furl cost of the three Heber cases
{16.69 milsfkWh} and 1he lowest power cost 13522 mibls/kWhY. The ﬂ_ashed-
sleam Eost at Hober is about 2.9 rnills higher than the Heber Linary, whils 1the
hybrid is about 5.3 mills higher than the Heber binary, .

At Valles Caldera, the binary cost is again the lowest {33.68 mills) b:.r a barger
margin (585 mills aver the flashed steam. The hybrid cost is the highest of
the three (42,98 mills)

At Raft River, the binary cost is lowest {5517 mills) by 2 substantial margin
{about 15 mills) over the ather two.

Fupl costs are low at Heber (16.69 milis) for the binary case, reflecting the ref2
fively high well productivity and the relatively lovr cost of driliing. Binary fuel
costs at Vab'es Caldera are slightly lower than ai Heper, even though well costs
are much higher ($700.000 versus S300,000}, and well productivity is much
lonwes; i.e., 113,000 kgfhr {250,000 Ib/het verses 295,000 kgfhr (650,600 Ibfhurl.
These increases are offset 1o a large extent by the de{:reased bring requirements
of 1.19 14 kg/hr versus 3.1 M kofhr 12,62 18 Ibfhr versus £.9M Ibfnr).

Ralt Biver costs are high in all counts, retlegting the low temperature of the
reserveir a3 compared 1o the cthers

Utitivy tixed charges plus Of:M expenses vary from a Lilde m-ler_IEl |_'nills {Heher
bimaryh 0 a tittle aver 20 mills {fatt River binary). This vanaten is not m?arh.r
a3 groat s the variation in fuel cast for the best cases, 16.0 mills to 32.8 mills.
Fuel cast oxpressed as 6/M Biu extracied is in the range of GO¢/M B at He-
ber, ingreasing w0 about BO&/K Btu at Vailes Caldera, or over £1.00/81 Biu at

Ra't River.

Hybrid systems were ctiminated from furthor consideration since hyhrid costs
were higher than the athers. 1t should be noted in passing that. although the
hybrid fuel cost was low at the three sites, the power plant was Lhe most &d-
pensive. Jne reason for the high-cost power plant is that separate turbine-gen
eraior installations were provided for bath the {lash-steam 2ngd Dinary SECTORS
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of the plant. M it were postipla 1a put both turbines and a single gencrator on
ane shalt, the eapital cost would be reduced cansiderably. This prospect re-
quires furthar study,

Raft River costs ure impartant as an intSeation of costs which moy be expected
in developing lowetemperature reservairs. [t ig elear that sueh reservoirs must he
highly productive b5 e 0eonamic pawer sgurces,

Febar vi Valtes Cafdera: The best case a3 Valles Caldera is about 1.5 mills lower
than the best cate at Heber. Cost projections at Valles Caldera are more specu
lative than at Heber. For one thing, thera was no reliable dala on field develop-
ment costs, and thase costs could either be higher or lower than estimated by a
substantial margin, Opumistic asumprions were probably made relative 1o the
cost a! providing cocling water, the scaling and corrosion Lendencies of the brine,
and 1he noacondansable content of the brine. Any one or 3 combination could
lead to substantial increases in poser plant cost. Valfes Calgers power cotts
were probably understaled and the cost of power at that reservoir s likely to

te greater than projected. For this and other reasons attention was focused on
the Heber reservaoir,

Fergiivity Anafysis; The power cosis presented in Table 5,11 are expected 10
give gaod relative valaes between rescrvairs and between processes, but are nat
necessarily valid in atvolute sense. Accordingly, a study was made of the oftect
of changes in key variables entering into the economic madel. These carmpari-
song were limited to the Hebor Binary plant and are tabulated in Table 5.12.

Casé T gr:umes that field capital an2 operaiing casts ware averedDimated
by 20%. The effect it ta sefuce the fuel cast fram 16.7 1o 13.5 mills and
the power oLt frem 35.2 o 32,0 mills

Case 3 stsummns that fleld capical and aperating costs wers underssimatad
oy 20%, in which case tuel cost and gower cofn increxe By 3.2 mills.

In gase 4, it was sssumed that no wells will be drilled dunng e Lia gf
the project, thereby reducing lued ot by 0.8 mild.

in cames S and G, the Drocucer's ratz of reswrn was vavied down 13 10%
and up 20%. The lowrr rate of reqen reduces fuel cont 3 mills, snd the
highet rata of raturn increases fuel cost by 3.5 mills,

In case 7, the eflect al eliminating both depleion and intangible writa-
oif iy to increase fael eoit by 4.1 mallg,

In case @, the eifect of eliminaung deglesion is to increase the 1uel cost
v 1 muli,

In caze 8, the elfect of wliminatng the intangble write-gff is to incregse
fuel cort By 2,2 milly,

In casas 10 and 11, the effect of eeducing project Lifa to 20 pears or in-
creasing 1o 30 years §s relatively small; plus 0.4 mill in the Dirst inqlance,
aac meaus 0.2 mall in the secend instance.

In cazes 12 and 33, tha effuct of reduting the power plant rate qf rgturn

12 10% dad incrkasing it Lo 14% was examined. In the Girgt instance, INe
#flact 15 to decryine e power g0 By 25 malls, and in the second instance,
ta ncredse pwer tois by 2.8 mills.

Ffum the oregaing, it is apparent that the prediction of power Coils My vary
widely depending ¢n the particular 121 af assemptions entering [nto the caleula-
tion:



'AGLE 5.11: ESTIMATED GEOTHERMAL POWER COST-BASE CASES

Brine Fuel Cpnt Power Cott imilh(k¥h]
Rate ¢ prer Eprr Fixrd Oprrating &
Cape K Ibihe K Ih Brine MDD Fuel Charges Halvtenancs Tranemlesion Total
Heber
BinaTy £, 942 12.0 87.% Lbh.69  15.03 LT 0.28 351
Flashed Steam 10,014 10.1 7.7 F{+ALS 141. 11 1.14 0. 28 18,04
Hybrld 7,244 11,9 0t 1T.&6 L1930 LY 0.28 40,47
Valley Caldera
Binary L b0 M. b 741 Lb.od 13,72 2.9 1.0} 3. B9
Flashed Staam 1,359 FL Bb. 4 F1 1) 14.53% 3.1} 1.0} 3% 54
17ybrid Loy 35,5 Ak 0 1B 9%  19. 43 3. 52 1.03 42,99
Paft River .
Binary 11,042 14,9 1.8 22,80 16,82 .57 .97 55,07
Flaahed Steam 146,318 14.12 15%.2 44,61 158. 10 347 1. 97 70, 95
1iybrid 10, %1% 1t.4 140.2 42,41 TR 194 L. %7 &3, &b
Source: PBE 261 Bih
TABLE 5.12: SENSITIVITY ANALYSIS—CEOTHEAMAL POWER COST {BAEIS: HEPEIt BIMARY]
Powe: Cout [mullsfioimi
Care  Conditipny Fusl Fixed Cperaiing &
Chargen Laintenanca Tranrlprign Tatal
1. Bawo Ceag (Includes depletion 14, 7 1%. 0 1.2 4.3 5. ¢
and mlangibles write-off)
z. Loawer Flebd Cupital and 13, % 15,4 2 0.3 12. 0
Overhend 4 Malntenance - 20%
3. Higher Ficld Caplial and 19, % 15.0 3.2 0.1 4
COverbhgad Lk Maintgnance = 0%
4. Fleld Decline - 0 15.9 15.¢ .2 0.3 RN
5. Field Rats of Return - 109 11.7 1%. 0 L 0.3 2.1
h. Field Bate of Retyrn = 20% 0.2 15.0 ). 0.3 - 3R 7
7. Fa Deplation & lmangiblen 0.8 1 5.0 1.2 o, 3 19,3
A, Depletion Only 17. & 15.0 3.2 0.3 Y61
'S Intangibtes Only 19,9 15,0 3.2 0,1 38.4
10.  Froject Lie = 29 Yeara 17.1 15, 2 1.2 a3 1%, 4
L, Project Lile - 10 Years 14.% 15.4 1.2 0.3 5.0
12. Powxyr Plunt Rate of Retura - 19%  16.7 12, & 3.2 0.2 3L}
13, Fower IMant Bate of Rehurn = 14% 1. 7 1T. 6 LM 0.3 L]

Source: PB 261 845
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Shafr heanng wear has been minimized by puenping filtered water [rom the tur-
{ace down the hearing tubing, thereby protecting thie bearings from contact with
vhe well {luid. Suitable matenils are ovailable for 1abrication af the bowls, im-
peliers and pumg hearings. Varigus difficultics were cxpericnced by Chevrgn a2t
Heber using the same lype of pump and salved more or less succegiiully.

Other pumps have bren propoted which would eliminate the shaft lubricatian
problem. The different technical approaches are 25 Jolipws:

A dowr-hele turbiee pamp 3nd eachanger, Fresh wauer is vaporioed by
gachange with bhe well fluiel, and the scam procucet is espindad in the
Tuikine 1o pump tha bring 1o the suifasa,

A donn-hole pump gperaled by 2 daven hole eleciric motor

A dever-hole pump and hy draulc Mmoo dnven by waler pumped Irom
the surface, -

Iprovements in the state-ol-the-art are needed as well a5 new developmenis.
For these reasons, down-hole pumping is & Llezhnical weakness.

o

Scala Depasitinn

‘The deposition ol scale an heat exchanger whes occurs when geothermal liuids
are coaled 1o their salurazion point. A series of 125ts were perlormed at the
Heber reservoir in 1076 o measure the effect of scale depasition on heat &1
changer performance. The results of these tests indicated that scale deposition
does oocur on tne Lubes. The amount ol scale formed during the tests was sma_ll,

buat it was sufficienl to show that the rale of farmatien increased as the 1EMpe#Ia-

ture of the bring wat reduced. The t2sts varied in lengih, but the longes; ane
was 22 days, and the data from this relatively short-range test were extrapolated
to pregict performance over 3 year. Furthior extended duratian heat exchanget,
tests appear justified (o establish the rate ol deposition of seale as a funclion of
temperatere and tme.

Corrosion

Each ol the geothermal flaids ditfer from pne anether i salinity, pH and con
centration of anions and catjond. Even thiferent wells in the same reservDir can
praduce Haids with different chemicel properties. The corrosive characreristics
ot rach reservain hould be cstablished before the final materials seiection for I
the plant takes place. Tests showld Be canducted for a sullicient length <1 time
1o identify if owidatien, siress corrosion, or pitting could be expacted in Lhe
plant. Different matesals should be tesied 1o esiablish what degree of corrosion
protection would be needed, Corrosion work could nwost expeditiousty be car;
rigd on concuriently with scele deposition tests.

Hydrogen Sullide Disposal

Mast yeothermal fluids contain earbon dioxide along with small quantizies of
hydrogen sutfide. The amount of Kydrogen sullide can vary Irgm trace amoudis
10 significant perceniages which exceed allavatle limils for atmespheric disposal.
If the luid is flashed 1o produce vapoe, these gases will bz released and must ke
remoyver from e systern. Most peacesses that are designed W absordh hydrogen
alfida will a'ss zlsart the corbon dioxide, An exfepiion is the Stretiord proc
x5 which will do the jab, but this process is complex and equipment is costly.
']
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SUMMARY OF CONCLUSIONS

It is feasible to proceed with the design, construction and operation of 3 53 MWo
hydrothesmal power plant with ressanzbie expectatian of success, but not with-
out some technical and ecancmic risks The rigk Is greatee than that whizh 3
utitity might normaltly take, but is scceptable 25 @ "firsr-of-a-kind" research and
dovelopment undertaking.

Of the genth;.:msl retervoirs sudied in detail, derncnstration plants appear 19 be
technically and environmentally feasible a1 Heber, Calilormia; Valtes Caldera, hew
Mewico; and Raft River, [daho: and econcmically feasibla at Heber and Walles
CalJera. '

Heber it the best all-around choice for the demonstration site because the char-
actaristics af the geothermat [fuid centained in that reservoir 2re morg represan:
tative of other hydrothermal resaurces in the United Statos.

The tinary cycle appears to be the best choice of conversion technology for the
demanstration plant. particuterty at Hebar because i has broader pplication @
moderate temperature reservoirs, 1507 to 200°C, and wall give utilities at feast
one aption lor the development of this resourcy type after (b teghnology Rt
been demonstrated on a commercial scale,

Optimization siudies are not yet complets, but it 2ppears that a wiarking {lid
mixture, 35 opposed to a pure fluid, will he needed to aptimize Rinary cycla op-
eration, with the mix depending wpon warking temperatuses.

For ecandmnic ressons, the canacily of the power plant thould be approximately
S0 kW,

Theiz appear to be no overnding enviroamental constrainds; however, present
data and analytics! techniquzs are nat adequate to felly evaluate ssismicity, sub-
sidence and hycrogeology. The impact in each case is estimated 10 be small,
and the estinates are thought 10 be consarvative.

A commercial size demansirziion plant with a research and development onisnta-
ticn during the eatly life of the plant, followed by commercial operation atter
doiugging is corspleka, is needed te rosolva the problems of echnology adapta-
tion 2nd gptimization, heat exchangee and turkine scaleg-up, malerials, and sGula
contzal. It is atso needed 1o verify resarvoir performanes moadeling Lechnigues
and o study gectechnical environmental aspects of geathermal praduction,

Ory cooling and wet-dry cooling would impose 2 severe cost penalty if uscd.
GEOTECHNICAL ENVIRONMENTAL ASPECTS OF GEOTHERMAL POWER
GENERATION AT HEBER

The mazerial for this section has been based upon a report by

Geonomics, lac. (FE 280 84B) for Holt/Procon, work sponsored
by Electric Pawer Rezearch Institute, Inc
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The Imperiul Yalley 15 an area ol high regional heat Tlow, intensive erustal de
lgrmgiion, high seitmicity and subsidence and nurnerous geatbermal anomalics,

i1 is one ol the most seismically active aceas in the Uniied States. The sediments
at the Heber Anomaly are dominantly Quaternary deltaic sands and shales derived
Trom Colarado River spurces and persist 1o a depth of 2.5 km (8,203 ft1, The
basement at Heler w at a depth af appre=imately ¥ ken (22,967 11 A gaslogic
map of the Salion Trowgh i5 thawn in Figure 510,

FIGURE 5.10: GENERAL GECQLOGIC MAP OF THE IMPERIAL VALLEY [1)
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Hydrology

The tenperial Fault separates brackish central valley waters from frozher watoes tg
ihe east znd thus explaios some oF the incomplele ground water mixing. Deep
clay deposits separate shallew and deep ground water systermns and tenc 1o maHe
the central valley waters saltier and mare stagnant than casters or western waters,
b has also been noted thal artesian walers exist only east af the Alamo River,

The flow rate of Imperial Valley wells is varizble and depends oo the location
and depth of the well. Many shallow wells at eastern and western valley marging
have flowed greater than 0.063 mYsec {1,000 gpm) whereas central valley shal-
tovr wells have produced only a fraclion of this. This is partly why 1he exiensiye
prrigation systzm was needed in tha Imperial Valley, Deep wells in the central
valley, however, flow as well or better than deep wells at the yvalley marging,
Adrquate samgaling of these wells is not yet available, however, 1o clearly estab-
lish z paltern.

With regard to chemical constituents, the principal lmparial Valley waters can be
categorized as:

Basin-edze winers which stronsly resemble Calorada River tource wales.

Shallgw central vallay watare which are somawhat marg saline ana richar
in Catoonate,

Deep caifey witers which tenc 1o be more s3lina bul resembla Sosin-adoe
wuLErS TN LoAIE ratio.

Hygrothermal water wihich wnds 1o have elevated silica, pH, matal wale
and salirily.

Hypersalics geotharma? Bines which conzain ungseally high safinites
and are confined (o the Salton Butter,

The geatherma! brines of the lmperial Valley do not differ greatly from deep
wealess in the area excep: for the addition of metal szlis and the disselution of
carbenatezs. The shallow ground water at Heber is vasuy ifferent from the
dreper hydrothermal waters, which is probably due 1o the presence of the clay
cap rock,

Geothermal waters are produced at a depth of GOO to 1,900 meweres (1,968 to
6,232 feat} with sogium chlgrice Being the dominant disselved conslituent.
Tanle 5.13 presenis chemical analysis data from five geathesmal wells, The pH
of these waters varies from B8 ta 7.4, Silica eancentrations are low enough o
avoid scaling at the well bore and syrfaee pipes. Trial production and injection
operciions at Heber have not shown any corrosion or scaling probleins o date,

{t has been eerimated that berveen 50 1o 60 producing wells and 20 to 30 in-
jection wel's will be requirgd far a 200 MWe net electricity plant at Heber, A
development of this nature gould alter the underground water flow pattern.
Howe.er, considering the ellective hydrologic separation between the geothermal
reservdir and the shallow ground wazer systern at Heber, the only [ikely changes
are the «iversion ol deep water from ather greas and increased salinity of deep
aquifers through talt water reinjection. The projected extent of such changes (s
micor.
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Only 1 o hydrogen sultide have been rep arted fram wells and the amount ,
of cther noncandencable gases in the Heber geothermal water is minimal, Howe
4er, NS i$ not the case With the nongondensable G#scs at the Cerra Prietg,
Mesico geotherenal facility, which contajee €O, and H;$ concentrations of
1,G00 and 300 ppm. respectively.

TABLE 5.13; CHEMICAL QUALITY OF WATER, HEBER GEOTHERMAL
RESERVOIR, {MPERIAL VALLEY, CALIFORNIA

Parsmtors | awlin 41 | molis 43 |pole: 17 |08, Jackaon 32 |2 p. Teckzin Bl
Teal ]
14 sl wod M,im 13, 1em 16,130 1%,4M 15,275
Zolids

Tty
5i0p 10 168 1g7 167 1ER
i &6 4 i1 2.8 1&
Ha ). £0p 5,500 T 4,658 1,551
X Mo 10 111 i[H 157
[+ 2RO 1,041 1,062 L1} Tal
M 1.4 5. 21 1.7 L]
Ct 3,000 T.4H .42 B, It B, 0%
Ny 1t lgn l4g 152 it0
Dy L | 2. i KA A
HInhy 0 KA A KA >N
r 1.% 1.7 1.5 Q.9 0.6
a 4.8 4.1 1 4.8 5.2
Fa 0.4 15 5 Fir] L}
In A 0.9 0.9 1.3 1.9
b 2.1 1.6 0. O.& L.y
T .53 0.3 a1 a.4 C.s
Ty a.2 0.5 .4 B4 g.e
La A b 3 3 i
LT A 17 137 3 h3
Al 0.0 13 12 Q.5 B
Ay KA (=8 HA 5% A
Le ] KA KA KA -+
HI 7.t KA T4 LN B.h

Taregk (4l wll puraatars are in paris $r ml1liem,
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Seismicity and Subsidence

The United States Gealagical Survey {USGS) and Catifornia Ipstitute of Tech-
nedogy (Cal Tech) have permanent sgismic monitoring s1ations kocated through-

but the Imperial Valley. These orgznizatians 2'so have portable seismic monitar

ing CAUIpMENE that ¢an be moved to an area after g large magnituds event and
record the sequcnee of after-shocks. Cheveopn O Company plans 1o estalilish a
Clotely spaced seitmic net 10 gather information on bacxkgrouny soismigity and
the refalionship the proposed geothermal procuction might have on seismic ac-
lvity. This project is scheduled 10 run coatinuously throughout the peried af
PoOWEr productian.

The LLS. Coast and Geodetic Survey, in copraratign with the USSS, has devel
Oped an extensive program to monicos ground motion through the !mperial
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Valley, This progeam calls for tigngulation and leveling surveys thiv.y 10Ul {he
valley every twao years and more Irequently if geathermal production becomes 3
reality in the vatley. In addition, 3 private leveling survey wias comphesed by
Crevron Chl Company inn the Heber area, The 1974-1375 supvey measured the
retative glevation change in the Heber zrea Tor a penod of ong year.

As stared previously, the mperial Valley is charagterized by a kigh 1evel ni. seis-
mic Acgvily 3nd a large emount of strain release, Singe 19040, 12 earthuakes

‘have registered greater than Magniwde € on the Richter Scale. A large concen-

wation of seismic events has gecurred in the Salton Trowvgh alang flau!ts of the
San Andreds Systom, Smaller shocks and earthguake 5warms' are 3o very com-
mon for faulis in the San Andreas Syster. The Impenal valley fault system s
maving right laterally at the curmulative rate of nppruximalelvl 2.0 cantimeters
per year (3.1 inches per year). This is 8 20-y2ar average and i5 by ng means oc-
CUrTing 3t 3 constant rale,

Earthguakes occurring along the San Andreas fault system typically have focal
depths of & to B kilameters {3 to S miles), «hich is approsimately ,T‘he bascment-
sediment interface. A Limiting deash lor hypoceniers in 1he vatle:,r is ibFI:Il 1.2

10 15 kilometers (G 1o 9 miles] becouse at depths greater than this, suFliciently
high temperafures cause tho 1ocks o maoye plastic.ﬂl\g_in restonte toostress. 1n
the geothermal areas af the valley this imiting depth is tower,

Severdl studies have shown thal there i5 a correlation bebween mi:rc.earrthq:‘.mme
activity and geothermal engenaligs. In the 1rn'pcr[a'! Yalley, the correlatian is un-
usttally high. High lovels of microearthquake activity are found at Salton E-I;I_IHBS,
Narth Brawdley and East Nega, To date, it s unkoewn whether such a relatian-
ship alsa exists at Heber, |n any case, severa! remarks can be made ahout earth-

quakes in the valley's geotharmal greas:

Shocks arw generally smaller in magntide and mgre {requent |y geathermal
areas than Lber arads in the syme teclomc tOLLing,

Fauits refated to the microearthguakes may wrve 34 comfuite Tor Cicculaling
baines. At the Sation Buites, for easmple, it was obseryed thar GO welly
began emutring large quanbicics of go just atter garthguakss in the 19304,
Earthauake foca depihy are utusdly shaliowe: in grothermal areat than in
areas oytaide, Implying that microearthquakes are tefated 1o geothermal proc:
eises. Alg, the amplilude of earthquakes within geathennal aress appean 1g
bt smallpr ghon guisice,

The possibilizy of triggering eprthguakes by geuthe(mal Prnducnnn aml rmn;ec-l
tian is of some concern. Although pxisting preducing I{cids at _thE Gaysers, Cal-
ifornia gnd Wairakei, Mow Zealznd have long been associated with [.‘nrthqpal:ce
activity, preduction has not been hampered by varthquahes and no dssociations
have been drawn beiyeen geothermal produclion "“d. earthquake activity. Hn_z-
gional ecronies, the stress field 20d the rock propertios at Heber a‘re vasuly dif-
ferent fram thase areas that have experienced edrthguakes due to flud infection

from oil field and waste Injectian waelks,

In the Heher area the elfect that production might have on earthquake activity
may anly be speculated. Withdrawal of fluids may alter the deep ground water
gattern and parhaps even the surface llow rate. The effect of these alterations
an tha tectonic stress regima s Unknown. Any attempt 1o determing thoss
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effects, and the effects of fiuid reinjeetion, will require several years of cantin:
uous teismic and geodotic monitoring duzing which background seismicity ond
the lorstion ot aciive Tpalts must be citablished,

The lmpedial Valley is 20 area of high reqiongl stravn release and the Heber area

is part of this high bele. The Heber region could expeel between G4 ond 206

equivalent Kagritutle 3 earthguokes every 30 years The same amount ot strain

voould be released by 10 1o 40 NMagnitude 4, 2 10 10 Magnipede 5, or 0.25 to
2.0 Magnitude B earthguakes, or by aseismic creeping.

Adeguale data do not exist on the local stress pattern and the strength of the

formatipn at Heber {0 allow predictions renarding pessible infection-induced seis-

micity, Howcwef, 1T appears unlizely What injection of waste bring vall signifi-
candly wgregse sCIsMIcity in the Hebor areal no faults hove peen dotested as yet

wnder Heber and the ingrease in pore pressore ground injection wells will not be

excestive because of the refativety high permeability of the Heber resersoir, 1§
2 major carthgquake oeeurs, it will most likehy oceur along one of the major ae-
tive faults in the area. The becation af the more active Taults with respect to
the proposed plant location is as foblows:

Chistance 1o Flang Site

Fault ke (il
Imperial 11 168}
Brawley 22 11471
San Brdress 38 {23.5)
Clsinora 27 16.m
San Jacinla 6.5 [4.0]

The Imperial County and the Les Angeles County building codes recommend a
design aceeleration of .25 g for an arca classified a5 Zane 3 (high szismic haz-
ard]. Acgerding to those codes, the Heber area is classilipd a5 Zone 3. How-
cver, the LS, Departvment of (ke Army publication Seismic Design of B uifdings
defines Heber a5 a Class 3 {exwremely hazardous) ares and recommends that
buildings he designed for an accelergtion of 0.375 g This design is 50% more
canservative 1hian that regqulred by the Imperizl County regulations. Due {p the
proximity af these faults 1o the proposed plant siie, the more conservalive de
sign criteriz of 8.375 7 seem 1o be justified.

Ground suhsidence and lateral movernent have boen observed 3t ather sties where

{luie! wathdrzwal has not been accompanied by (lid remnfection. In the Imperial
Va'lay, hoviever, Ground motion and subsidence exist as part ©f the tectome
background, The valley is moving horizontally in a complex manner with the
central pertion of the valley subsiding at a rate of zbout 1,5 centimewers (0.6

inchl per yeor relitive to the surrounding mountains. A leveling survey by Chev-

ron O Company suggests Lhat the Heber area is moving up slightly with respect
to El Contre, 1T the deminant motion has been a doweward tilbang noriwasd
and eastward.

Land zubsiconog prableens relfated to 1he proposed oegthermal devglopment at
Heber con only be speculaied a4 tus dme. Bepause of the fact that she gosthee
ral {luid woald b reinjiecied af:er heat exiraction, any subsidence due to Brne
produgiion is likely 1o be small 2nd most beely noe larger than that due 1o e
tone causes. Tig effect of subsidence s not bkely to prove 2 significan? enviran-
mental Soncem.
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A1 this time, reliable estimates of fature subﬁidencg in the area of the | ser geo-
thermal reservair cannot be made uritd the reservolr has be:gn uper_atnd for a pe-
riod of e and the corresponding land survey results stucied, Withaut this in-
sormation, rosults from gompuier madels are considered 10 be the next Best
source of information available, provided that the iNpUT reservoir parameters
properly Tepresent the resenoir.

There are other means for estimating futere subsidence, !_Cllne such method !"!as
heen dreeloped by Geertsima (2} and by Raghawen anc? heiller {3]:. In _n:!::eraimg
+he Heber reservoir, The rate at fiuid injection and Muid prufiucuon will be the.ﬂ
same gnd the owerburden pressure has becn assumed (o be fiwgd. Gecnomics [
has indicated in the past that the reservoir pressure doop due 10 the production
of water for a 200 K\Ve plant wili be on the order of 6.8 1o 204 atm [100 10
300 paia) around the well bares. Aowvay from the wens,lthe pressure drop vall
he much smaller. An average pressure drop for the ennirg reservolr should be

legs than 6.8 axn (100 psial.

The overz'l net procuctive hickness of the reservoir has heer_'h assumed 1o be
934 m {2,408 ). Using these data, the compaction wos estimated at 0.12 m
{0.4 f11. Assuming the reserveir has the shape of a cy1iﬂdrlcﬂ|ld|?c af constant
thickness with its axis wartical and without considering the variaiion of draw-
down pressutes with respect 1o time or far any time 1ag in subsidence, the sub-
sidence kas boen estimated to be 0.2 m 0,7 fr.

Cansidering the gross assumpiions that have been used, these values are at bnf::t
cnly an ingication of the possible true magnitude and should be cqnsidqred ‘o
be conservative, The true average value is probably less. The subsicence possi-

hilisy is minimal gver mast of the reservalr, but localized subtidence arqund the
producing wells can be significant.
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Materials and
Scale Management Studies

CONCRETE POLYMER MAT ERIALS

The material for this seesian has been ba
i std vpon g report b
L.E. Kukacka o Breakhaven Matignat Labaraigry (SML ?213;4!.-

The avrailabiriw of durable and BLONOMIL materials af
hot brine anu:! seam s a i:r.:rinus problem in the development ol geothermal e
ey, Corrotion and scale incrustationg have been encountered in all geathermal
ptan;s, and 1o various degregs, adversely affactad plant life times and power oyt
Put (T, Gencral gurides 1o materials election for axygen-frei gmlher?nalrs s-u
iems have been published Ly Shannon {1). Ara 1empurature§ of 120°C au'n:I'm'r

PH <6, the use of expensive mater; itani i ;
€ it s pe matenizls such a5 titanium, zirconium, ang Hastelloy

constryction 1or handling

lE::f:ref Eg[;:gsm"'r.lhuf carbon sicel ocours in serated penther mal fluids at a termpera-
.n ! - ¥ CONIOSI0A r2te in acrgied Sysiems is reparied to be 100 timet
ﬁ:;a.er ..{:an in -:m,rgror_'- free geathermal thuids (2], As a resuly all condensate
Iairedc:?a:::?l':“ftr _r;uplmg a1 The Geyters jx constructed of staintess stee! or plasiic
g gt . 1 2150 necessary 12 Coat all concrete surfaces th i
: : '5 that come in
ﬁntac: with water with coal tar SPOXY eompounds or synthetic rubber (39,
¢ corration rate of carboun steel s highty dependent upsn the pH of the brine
AL the predicied pH of 4.0 {or oxygen-liee Salon Sea brines and a tEmp-EF-'!Iurﬂ'1

D' Eﬂ.l: 3 Hrvite ||Ie DI : FS T 1% el 1 A ]I Di 4 th Estimated
4 ¥ § H n

E;:ritrochfm:cal attack dus 1o I_ﬁgh-sulinte-cnntaining soils present in mary parts
21 the weotern Slales may restricl the use of carban steel pipe in the develcproent

el medivm lemperature gealhermal r i
i el H Strvoirs. Durable and low- Ipi .
temns with minimum thermal losses ara Cisential ¢ WEOsL piping WI

Concrede pakymer materials are 2 series o)
sirength and durability charagteristics far
concreie, As 3 result, two of thews mater

composite matcrials which have
E‘.upennr 1 those of portland cement
ials, polymer impregnated concrete andg

5 .

Matetials and Scale Management Studies ‘E?
Solymer concrete, are beginning o be yrilized throughout the warld in applica
tions where portland gement cannot be used or where scvere maintenange prob-
lems accur,  Recent results Irom labovatory and field tests indicate that the
composites mey be applicable 10 many parts of geothermal processes,

Palymer impregnated concrete [PIC) consists of a precast portland cement con-
ereta impregnaied with 3 monomer sysiem that is subseruently palymerized in
situ. The polymier tends to {ill the poraus void valume of 1he conerele, which
results in signiticant improvernents in steength and durability propertics. Poly-
mer coacrete {PC) consists of an stareqale mixed with a monomer or fesin that
is subsequentiy polymerized in place. The technigues used for mixing and place-
ment 3re similar to those used {or portland cement concrete.  After curing, a
high strength (310,000 psil, durable material is groduced. A ghird typo of mate-
rial, a furthes development ol PIC, 5 alwo Leing applicd. This is a procast con-
crewe 1hat has been pastially impregnated 10 a finite depth with a mongmer that
i subsequently polymerized.

The feasibility of using concrete polymer comaasites as materiais of construction
for bandling hot brine and steam was demonstrated in 1977 {41. As part of this
work the concrete liner on a vertical Tube evaporator at the Oflice of Saline
Vvater Desalting Facility in Frecport, Texas was partially impregoated to a depth
of approsimately 0.25 in. The resulis from these tests indicated that 1he com-
pasites had Jong-term siability in seawater at 177°C and in acid solulions. Based
upon these results, a research progeam to develop the compotites Tor use in geo-
thermal systems was started in April 1974,

High temperature PC systems have been formulated, and labaratory and tield
tests perfarmed in brine, flashing brine, and steam at tamperatures up to 240°C.
Rresults ase available fram field exposures of up to 12 months in four gedtherrtal
envirorments. Tests at two other sites have recently been started. The results
rom these studies are sammanized belos,

Production Methods

Polymer tmoregrated Concrete (PIC) The concrete polymer camposiie that has
vielded the greatest improvements in structural and durability propetties is PIC.
High gualizy PIC can be made from coneretes with a varicty of compositions.
Far best results, the use of siandard-weight cancrete containing a gaod guality
agyreqate is recominended, The following processing cycle has been wsod 1o
praduce specionens with compressive strengths as high as 22,000 (41 {1} aven
dry 10 constant weight at 150'C: (2 evacuale o zpproximately 30 inches Hg and
maintain for 30 minutes; {21 introduce monomer under vacuum and wihsequently
pressurize 1o 10 psig, pressure soak for 80 minutes; (4} remove monomer: (S) re
move and place section in water or, For large sections, bagk-fill impregnator with
warer; and {6} polymerize monomer containing chemical initiator in situ with
hat water.

If the above method is used 10 impregnate samples fabricated from 2 concrere
mix that produtes specimens with @ Compressive strength af 5,000 psi com-
pressive strengths 220,000 psi aro generally obtained. Design values for PIG

that cover the range of monomer systems used and many ypes of concrele have
been published by Cowan (5], Thess values are as follows: compretsion, 15,000
psi: direct tension, 1,000 psi; moduius of rupture, 1,300 pii: shear, 750 psi; moduy-
lus of rupture & x 10* psi, and Poissan's ratio 0.7,
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Flamn. .y tesis patterned alrer ASTHL D 63563, Flammabitity of Self-Sup-
porring Plastivs, have been perfarmed on FIC 2nd on the polymers themsehies 4}
The results indigated that while the polymers support combustion according 1o
whis test, the compeosities are either self-extinguishing ar do not burn at all.

Egually sigificant ymprovemnents in durability have been ablained. Resistance tg
ahrasion ane cavitation are eshanced.  The waler absorption is reduced 1o =094 "
ared the resistance to aitack by hot brine, distillcd water, acids, and freezing 2nd
thawing i5 enormously impraved.

FIC is relatively impermeahbe tg chlarides and its peential for preventing in.
faroing steel carrosion and surface scaling has been demonsirated in 1ests perlormed
by the Federal Highway Adrminisiration {6). Afier 267 daily salt applicalians,
the maxirmum chlaride concentration found at a depth of 1 inch was negligible,

Partialty tmpregnatod Cancreler Parlially impregnaied concrete is a variation of
PIC which is designed for durability rather than high strength, Thit permils a
tavings in the account of monomer as compared with fully impregnated concrete,
Lahgratory 16515 have indicated that a penetration depth of 1 inch is adequate
1o prevent chipride penciration into the concrete. Good resistence o abrasion
and scaling is also obtained.

Severa! weehnigues for Lhe partial impregnation of concrele hsve been utilized in
laboralory and field tests, Two processes, treatment of all surfaces and ol one
surface, have been described {7)(8]. The former can be accomplished by simply
soaking dried congroie in law yistosity manemers such a3 sbyrene or rmethyl
methacrylate. The depth of penciration varies lingacly with the logarithm af the
saak time {9,

Fietd-applied methods for poretrading horizontal and vertical cancrete surfaces

to depihs up ta 2 inches bave been tested (1011 The most effective method
{or treating a horizontal surface is 1o place 2 thin layer lappraximalely ‘4 inch)
of dried sard over the surface prior [0 the application of monomer, The aigre-
gate acls as a wick for the monemer, therefore, longer so0ak pertbd s are possible
WithGUt BACessive cvaporation. Soak times of approximately § hours are required
to give a penetration af 1 inch. This method has recently been uséd 10 Impreg
naze fulk-size bricdges in four states {10) and 1o repair a highly deteriorated wpifl-
way a8t a darn in Idaho {11,

The walls of a water-outlet tunnel a1 the Idako dam that were damaged by cavi-
tationfergsion were @so repaired by partial impregoation, 10 1his wark the moa-
amer was cantdined in a pressurized sosk chamber that was attached o The tun-
nel wall during the impregnation step. Soaking for 4 to B hours was required to
produce a b inch depth ol peneisation, Polymerizaiion of the menomer was in-
itizted by heating with hatl water (o & lemperatyre between 65" ang {00°C. After
*mare than 1 year in serviee, little damage 1o the impregaated surface was appar-
ent, :

FPotyrmer Concrete: PC consists of an aggregate mixed with a monomer which

is subsecyuently polymeeized in place. The techninues used for mixing and place-
mEent are similst 1o thase uted for portland cement congrete, and afier cuning, a
high-strength durable material is produced. The impoflanl process vartehles ase
rmonomer-type, aggregate size distribulion, and polymerization method. These
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ang other topics such as placement and linishing techniques, additives, and safely
requirernents are given in Relergnces (12] and {13).

Depending upon the monomer and type and size of 1he aggreqate, speeimens can
be produced with compressive sirengths up to 20,000 psi. Fuli strengrh is at-
taingd immediately afler the polymerization reaction is complated. Depending
up_-on_the concenirations of pramater and initiatar and the ambient temperature,
this time can vary fram a few mioutes 19 4 haurs, Other swructural property
vahzas include 2 lensile splitting sirength of 1,400 psi, modulus of elasticity of
5.3 x 10 psi, and 2 Poisson's rano of (.23, The Sreep characieristics of PC are
similar ta those of narmal weight congrete, '

Produces currently being made froam PC include piling, pipe, curbstones, acid
ilorage tanks, pump beds facades, gutters, and sanitary basin:.

High Temperature Formulations

'-'i'!:rk it batng performed 1o develop PC formultations that can be used aj con-
talper materials for high temperatere geothermal Nuids.  Twe moaomer farmu-
latians, B0 wi % styrene 40 wi % trimethylopropane rimethacrylate [TRMPTMA)
and 50 w1 % styrene-d3 wi % acrylomizride 17 wi % THMPTMA, show promise
after lang term tests. Bogh sysiems can be polymerized using chemigal initiatory
ang heal o by chemnigal initiatars and promocters. The styeene- TMPTMA mixture
appears syitable for temperatures up to approximately 150°C while the latter

fhas given good results up o approximately 29000,

Twa other manamer sy3tems have been deyeloped which may further extend the
operaticg remperaiurs range, but only kmited testing has been perfarmed. Tha
onset of datomposition of polymer conlaining 50 wi % siyrene 32,8 wi % acry-
lomriteS wt % THPTMA-2. 2 wi % polyphenylene axide s 262°C. The use aof
30 wr % siyrene in conjunction with §0 wt % rrially| gyangrate and 10 wt %
palyphenylene puide produces 3 polymer that staris o decomposs at 286°C.

Thu durability ot PC o geothermal iiidy 5 highly dependent upan the compaosi.
ticn of the agaregate. Materials sech as quarre, silica, fly ash, and posmland ca-
ment are being investigaled. All of tha aggregates have been used in materials
which have good furzbility 2t temperatures >218°C, Abave this temperature,
only PC materials containing an aggreqgate consisting of silica and porttand ce-
ment have beep durable to Bring and steam.

Labarztory and Field Evaluationt

Laboratory Evafualions: Tests 10 measure the mechanical and chemical resistance
Frogeries of concrete palymer materials are being performed, The rests are con-
cugted in guioclawes at conditions simulating enyiranments in which field rests
dre i progress of being planned, The fagility consists of 10 autoclaves which
wera designed for continuous aperation with brine or swaam at 220°C and 2 other
Eressure vessels rated at 28000,

Testing of twe PC farmulations, B0 wt % styrens-A0 wi % TMPTMA gnd S0 l.:.'t %
styrone-13 wi % aceyioniteile- 17 we % TMETMA, in o 25% concentration of
synthetic Imperial Valley brine at 177°C was in progress for 631 days  The lorm.
ulztions consist of 12 wt % of the monomer mixiure and 28 wi X% ot a0 w1 %
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silica s5590- 10 wi % porttand cement aggresate. Polymerization was initiated using
2% bensoyl peroxide by weight of monomer and hesting to BO'C.

The results of compressive stipagth measurements made on the specimens ai @
tunction af zime are given in Table G.1. The specimens were exposed to 25%
brine ot 177°C. At noted, both series exhibited inital reductions in strength,
probably due to the decomposition of low malecular weighi $ractions of the
polymer, Similar trends have been noted for most of the syetems evaluated 10
date. Sirengits moasured after exposure for 466 days were essenlially the seme
s those meatured afier 63 clays. Visual imspection after 631 days indicated no
cracking or other signs of deterioration, i

TABLE 6.1: COMPRESSIVE STRENGTH OF POLYMEA CONCRETE

tMonomer System PC N 1 PC Na, 2
Exposure Time {daysl . Comprenive Strengih (il . .
o a.600 -10.50G
[+ 4,450 7,000
147 naGo 6,300
280 4352 1.367
ALG 4355 151

thotet: PC Mo, 160wt % styrane-40 wi % TMPTRA,
PC Ma. 2, 50wl % atyrens-33 wa % aoyleotribe-
17 v % TMPTM AL

Aggregate, IO w1 % sangl- 10 wi % portland cement,
Specimen size, 075" dizgmetpr k 165" lorg.
Strengths messured a1 20°C.

Source: BNL 22684

Tests in an environment simulating the well head copditions in wiland, California
{25% brine, 228°C} were also condugted. One sample consisted of a monamer
Mixiurg containing 50 wi % styrene-33 wi % acrylomitrile17 wt % TMPTMA.
After pxposure for 203 days, no deteriorstion was ZOpParent.

Two samples cantained 55 wt % styrene 36 wt % acrylanitrite.9 we % THMPTMA
and 52 wi % styrene 35 wi % acrylonitrile-13 wa % THPTAIA, respectively, Al
ter expesgre for 180 days, neither sample eaxhibited detericration, Compared 1o

a cangral strengih of 16 940 psi the compressive sirength of one of 1thesa sam-
ples was 16,240 psi,

An evaluation af specimens at conditions simulating those ar Raft River, ldiho
(<00 ppm brine a1 150°C) and mare severe than those at Klamath Falls, Qregon
is also being made. Two inch cubes and prototype sections of 3.5 inch diameter
Pipe are being 1wested, A section of pipe with a burst pressure of 400 psi alter
exposure Tor 140 days showed cvidence of attack,

A serious problem aszociaied with the conversion of the energy content of hyper
safine geothermal syitems 10 eleciric power i3 precipization of amorphous silica
and other phases thal can u!timately cause scaling of the power plant equiprrent,
The rate of polymerization of monemeric siiica is dependent upon pH, tempera
ture, salinity, silica concentration, and the presence of solids. Wark at Lawrence
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Livermose Laboratory [14) has indicated that a reduction of pH le._.. over the
range 5.0 19 1.5 resulted in compleie elimination of scale over the temperature
range 2207 1o 105°C, .

Tests are in progeess 1o determine the feasibility of using cancrete palymer mate-
rials in high temperaturelow pH environments. Two tests are in progress,

Three samples of PC were exposed (o a pH 3 hydrochlaric acid solution at 20°C
far 303 days. Mo evidence of attack on the PG was apparent and ' the concrets
control exhibited only a small weight loss. The temperature was then raised to
90"C. Evidence of ajtack on the concrele cantrol was immgdiale and after 40
days 3 21% weight lost was meascred. The PO veeight remained constant.  The
three PC samples were then expoted 1o a pH 1 hydregchloric acid solution at
oo, Adrer 21 days, the congrete contend had a weight 1055 of 19%, Ko evidengs
at carrosion of the PC as determined by weight change and pH measurements )
has heen deiected after exposure Tor 200 days. A test in pH ! !wdrm:hlurir: acid
ay 200°C was started.  After 14 days in test, no attack was evident.

A potential application for PC is as a liner material for piping and process vessels,
Therefore, Lests have been perlormed to determine the EffEFt of Iljermal shm:k
on the bonding between PO and steel. In one study a 0.5 inch thl1r.'l-c1PC lirer
containing 60 wi % styrene 40 wi % TMPTMA was placed on the mi.:d_e of an

8 inch diameter sieck pipe. The surfice of the pips was sanchlysied pricr to
applicatian of the PC. The pipe was subjected o 18 emperature ::,rc]es beEween
0" and 100%C, 11 eycles from =57 ta 100°C, and 7 eycles from -67* o 150°C,
Mo cracking of the PC or loss of bond was apparent,

Fiold Svaluztions: Tests have been initiated at The Geysers. Baca Wells, Klamath
Falls, Ralt River, East Mesa, and isiland. The staws af each af these programs
i siernmarized belowe,

The Geysart: Testis are in progeess 10 determine the durahilit_',f of PC when ex-
pated in a well-head chamber 1o dry steam at 238°C, A prehminafv {5t saries
was completed in Seprember 1979 which indicated that the materials had high
strength and low permeability afier expoture for 80 days 15,

Based ;pon these data, a second series of samples wag placed in tect during Bow
ember 1975, Two mongmer systems, 50 w1 % styrene-33 wi % acrylonitnile

17 wi % TAPTMA and 55 wt % styrene-36 wt % acrylonitrite-d wi % TMPTAMA
were tested. Aggregatz eompaositian and palymerization method are other vari-
ables In the tost Serigs,

Samples have been evalyated afier expasure for 90, 180, and 365 days. All @am-
ples coniaining an 209¢egate consisting af 80 w1 % silica s_and-‘lﬂ wil % partland
cermens have shown gaad durability. Composites containing other aqgregates
tailed, Tho averaqe compressive strendth of specimens expoied to the test caon-
ditiong for 1 year wat 4,200 psi, approximately 50% of the control but in fair

"agreement with a value of 4,900 psi that was measured alter a D0-day expasure,

Baca Wells: A 'est 1o determine the durahility of PC 10 flashing brine 27 3 tem-
perature of approximately 160°C was performed at Baca Wellls, MNew Mexizo.
The totai exposure fimoe was 180 days. The test series consisted af twea mono-
mer mixiuees, 80 wi % styrene-40 wi % TMPTMA and 50 wt % styrene-33 wi %
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acrylo. 37 v % TMPTMA, mixed with an aggregate consisting of 80 wy %
silica sand gndd 10 wi % portland cement. Three different palymerization metp.
Gedt wnre Wtalized,

The specimens were found to be in good condition after the 180-day test. Twg
samples which contained the BO wt % styrene-40 wi % THMPTAA mixiure poly-

merized vung henroyl peroxide and dimethyl aniline, were slightly cracked. AR -

of the other materiais woere crack-Tree,

Tests performed on the samples included dimensionat staliility, weight chinge,
waater absorption, and eqrmgressive strength,  Little il any changes in the dimen.
sions and weight were delecied. Compared to the cantrols, all of the tamples
coniaining siyrene- TMPTMA had strengths which were essentially unaflected by
the expesure. The samples cantaining styrene-scrylonitdle THMPTRA polymerized
by promoters and initiators were atto unatfected. The other sarmpmbes exhitpied
shght strenglh reductions and increases in alsorplion. These sirenglhs were in
the same ardee a3 those ablaiped afier 180 day exposures at The Geysers lap-
proximately 4 500 pil.

Kismath Falfi: Samples of concrese polymer materials have been exposed 10 low
lermperature qeothermal Huids ai Klamath Falls, Oreqon. Field tes1ing was
ttarted in November 18975, Forty-cight cylindrica! specimens of PC and PIC
were placed intg wells au temperatores ranging between 27° and 99°C, Sarmples
were removed Tor evalualion after exposure for 99, 180 and 350 days.

All of the sprcimens were faung to be crack Iree. The resules From COMpresive
strength and water absarplion tests indicate that both progertics are indupendent
of the expasure temperature, The water absorpiions remaingd constant through-
out the test. Reductions in compressive strenglh ranging tetween 14 1o 18%
were noled lor samples exposed for 180 days. Beyond that time, the strengihs
remained essentially constant,

Aaft River: Concrete polymer materials may have gopalication in medium tem-
poratuse geotherma! systerms where piping with low-cast, minimum thermal losses
and durahility to internal and external crvironmental canditions is essential,
Geothermal fluids meeting this condition {temperature approximately 150°C)
exisl in 1the Raft River Valley region of Idaho where 1esling of conerete polymer
materiss has been started,

I ore experiment, nwenty 2 inch diameter x 0.25 inch thick eement discs, ime
pregnatedt with 60 wi % styrenc 40 wt % TMPTMA, were subpeeted 1o the fhaid
ingn alempt 1o measure the resistance of PIC to abrasian, Afier 70 days in
test, no deterioration of the PIC was apparent.  Sevore atlack was noled Qn say-
eral metallic samples.

Testing of PC samples in the Faft River Mobile Carrosion, Deoosition, and Com-
paeent Tost Laboratory was started in September 1976, The sest canditions are
3¢ fallows:  termperature 135'C, fiow 200 gom, and prossure 139 psi. Onby the
resilts fiom samples expesed for 90 days are available. These data indicate
trends similad 1o those okiained in the other field tests; slight reductions in
strength, dimensional siability, 2nd canstant waler absorption
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Easr Mesa and Nitand: Test progroms were initiated in the Imp., o YValley aof
California at East Mesn and Miland. At East Mesa 43 hollow eylindrical PO sam.
phes are bring exposed to Rewing brine at a temporature of approximately 160°C.
The test was started in March 1977,

A toral of 24 smecimens have been placed into Test in six ervironments at Niland.
The sarples are located in 220°C brine at the inlet to the first sleam separator,
the brine and stream effluent from the first separator, brine and steam effluent
from the socond steam separator, and at the steamdbrine interfage in the second
separator, The test was started in April 1877, At the time BML 22634 was
written, test resulls were not available,

Potentuial Applications

Bazed upon tha test data obtained, soveral potential applications for concrete
polymer materials in geothermal processes are apparent. The resufts from pre-
limninary economic studics indicate that large cost benefits can be accrued by usa
at PClined carbon steel components as realacernents for stainless steel, tanialum,
and Hasialloy in condensate piping systiems, reinjection lings, and steam separa-
tars. Lses of PG or FIC tn cooling towers, district heating systems [16), and 1o
protect cancrele sarfaces alse appear cost effective.

k
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CHEMISTRY OF SCALE FORMATION

The material for this section has been based upon a paper by
H.L. Barnes and J.0,. Rimstidt of Ore Deposits Aesearch Sec-
tion, Pennzylvania State University, presented 3t The Sccond
Workshop on Materials Prablems (PB 261 349).

The Fundamental Equilibrium Reaction

The batic reactian contralling silica sofubility is:
{1 - &0, + 2H, 0 —= H,5i0,laq.)

The validity of the stoichiometry ol thit reaction is well gstablished lor several
reasons, Many studies, including the most recent by Sewaed (1974, show thar
H, 503, s the dominant aqueous silica species and ioniration of H. S0, s unim-
partant as long as the pH is less 1than § at 26°C, or not mare than 2 pH units
above neutrslity at higher temperatures; consequently H,540," is a negligible
species in virtually all goothermal solutions, {Because silica is not on onic sols
ute, it i5s improbable thar electrostatic removal could be etfective)] Thare is
a0 no complexing of silica 1o form saluble glkali silicates or polymers at equil-
ibrium unless the pH is much abave the normal range, as summarized by Fournier
{19731, Furthermare, by correlating against temperature, the silica spdubility
expretsed in the complete equilibrium constant of Marshall [1972], it was Tound
that the cocllicient Tar H G in reaction {11 is uncquivocally 2 up to at least
360"C. The vquilibrium constant far the salubility contrelling reaction is:

{2 KT * au,50,250,2H,0

where K¢ is the equilibrium canstanl at a particular temperature, T, and a5 ra-
presents the activity of the particular reactant, i. This means that the concen
tration of silica in solution, cssenually dH, 50, 15 @ lingar fungtion of the prod-
uct:

(3 - Ky oxoamp, 3‘15-;20.

Nex1 consider the magnitudes of each of these factors and their influence an
equilibrivm silica conCentration.

Dependence of Solubility on the Egquilibrivem Constant:  An increasg in the equil-
ibrivm constant, K1, with temperaturg tautes & CoNcomilant increase in the
ectivily of silicz in solution, all other 1acztars of product {3) remaining constant.
The result of the temperature ellect on the equilibrium constant is thawn on
Figurs B.1. At each temperature, exactly the same value of Kt applies ta each
of the three curves, 1he only difference between them being that a5, differs
amgng the solid phases,
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FIGURE 6,1: TEMPERATURE EFFECT ON EQUILIBRIUM CO ANT
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Scurce: PB 261 345

Dependence of Sofubiiity an Source Aocks: Cisarly, equilibrium constant {2}
tells us that, at a fixed temperaiere, the salubility of silica is a lingar function

of agp,. In trn, agp, in the rocks cantributing silica 1o the solution depends
upin the structure of thn siliga mineral present and also on its grain size and
degrea of disgrder. |f ke grain size is less than 1 um, or if the salid is highly
dizardered, both of which aeeur in amarphous silica, for example, then suriace
energy becomas important and the solubility is increased. However, such surface
energies are only transitory at temperatures abave abaut 300°C because of the
rapid rate of recrystallization. it is lor this reason that the salubility curve for
amarphous silica on Figure 6.1 is nat valid above approximately this temberature,

The etfect of 25,¢, is evident in the silica concentrations in waters dcriw_:d from
different types of rocks in the geathermal reservoir. VWhere glassy volcanmics or
amerphgus silics are present, then both 255, and assouiated silica concentrations
are comparatively very high as in Figure 6.1, If voleanics containing eristobalite
are present, thert the solubility is lower burt sull high. Lowest concentrations
are found where quartz is the domingnt silica mineral in the reservoir racks, but
the concentration still depends on whether this quanz is fine-grained {iess than

1 um} or has a coarse gram tize, which causes the lowest solubility arnung silica -
rrinerals, - ;
Dependence of Sofubility an Salinity: The third factor which controls silica
concentration in product (3], besides K1 and a5, i the astivity of water, and
here the dependence is not linear, but on ﬂ’ﬂ;& r?—Jigure 6.2 illustrates this de-
rendence for quartz.
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FIGURE 5.2. QUARTZ SOLUBILITY
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hat a decreate in #p,0 from 1.0 10 0.7 lawers sikca W'“b'::l‘r' 1:-: ;!::::m
Note tha mmnerature and for any silica minerat. Therttore, the pf & o
Eﬂ::fr:ats:r;ﬁ Eagiliw accompanying a particutar A:::H:g :-:!s:‘:'z ;e:x:im ::Err:.ure,
Eh? and applied to the ather mirerals of Figure 6. ati;“ e e own below.
Trha type ang concenlralion of solutes present determ My

HaCl Call;
Malahty (%) Molalty (%)
SH.O ;
03 2a1141 1.6 115
‘6.2 127} -
. 24 (221
o - £ 0 {36)
o R R ALY
0.3 -

*Sarurated at 2575,

[ i for |ow temperatures, ey
s l:'lE:F:L::l:fhin;:I;EE’haF? :;Eﬂf;al.?p to ICOC fora pa::ﬂ.:i:;ar :%1_'“‘
gﬂnﬂrall;:’a:i:; Eland normally Toward higher {(mare ideall 24,0 appfﬂ:‘;“ Ear';r
mn:ur:e High Conentiations pocur in many gemhe_n'nal Nu1di£-‘}:—i;c Y Y b
Bzca":ierablig A 300,000 ppm tata! dissalved soligs 120 w}r , Iﬁeus pha
:2::::1013 T.:'be hetween 0.6 ard 0.7 depending on the spechic salls

™
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Thers are some ymipartant implications of this table and Figure E’Addi:ivm
used (92 try (0 prevent silica deposiiion must [Bwer 24y, and decrgase 1ha cowili-
brium solubility. in fact, even those additives that might tie up silics ina sobu-
ble camplen must be wied fat reasorable pHst nosuch bich concentrations {owing
13 their weak affinity tor sifical, that the effect on 34,0 would be expected o
override Lhe complexing effect o give a nel solubility decrease. Furthermore,
such large guantities of water would have to be tieated 10 prevent silica Japosi-
tion that acditives are wolikely to be economically feasibie,

A second jmplication of Figure ©.2 is that difution of a mwoderztely concenttated
brine by cleaner water efficiently increases silica sofebilizy due to the dependence
on a'y,0. For examgte, if the initial a2y, = 0.8 and the solution is diluter by
10% with clean distillate, the net increase in dissolved sifica can e about 20%,
depeniding en the temperature and safts dissolved, Consoquently, sitica fouling
can be effectively retardml By difuting cencenirated qeothoomal brines to Mower
the degres of silica snuration. {f a down-hole pump were operated @n steam,
then the steam alsge would be a benelicial diluent e this purpose.

Mingralogy of Sifca Scofes The silica phase that vall precipizate is controlled by
Lhe degeee aof supersaturation at the temperzture of depesitian, For exampie, if
supersaturation lies hetween the cristobalite and guartz curves of Figure 6.1, then
any precipitation must be of quart:. This figure also showss that if the water
were 33taraled with guartz in the reseryoir at 225°'C, then depending oa the kin
etics of the particular System, amarphous silica could precipitare at 100°C, or
eristobslize at 1807C; furthermore, if the salution were saturated n amorphous
iz, then this 18 the phase that would be pxpociod o precipitate at aoy tem-
perature. It is alio evident that during coaling, cristobalite could form easily
after initia saturation \n the reservir with either quarts or cristabalite, or, al-
ternatively, afier dilution of an amarphous-saturated solulion,

Reliability of Solubility Dara

Ta prepare Figure &.1, the solubility data available from nire sources lincluded
in the references), were corrclated and these have been tested for consistericy
BIainst the comtplate equihbnum constant

{4} Kg = Kt - ZHoglmolarity of H:ﬂll.

There ig excellent agreement among those quartz data that are based an equili-
briyem thar has been established by bracketing throush an 2pproach from oppo-
sile directions: weh studies inchude Mackenzie ang Gees (1971} with 4.4 ppm
silica 3: 20°C, Crerar and Anderson {1571) for data a1 180° 10 230°C. plus several
other invesiigstions at temperatares shove 250°C where reaction rates are mors
ragid., Therelore, the guarty curve seems 1o be wall established. The cnsiobalite
curye ig suopored by fewer data and has an added problem becauss at roughly
250°C. there is a Transition in structure from a to 1. so thatl measurements above
dnd befgyy the transition are nat easily correlated.

However, the curve for amarphous silica i least well known Gecause at law tom-
FEratures, reaction rapes are s slow that equilibrium solubilities cannot ba
achieved and, showe about 250°C, the solid beging 1o rapidly recrystaliize o a
maore s:chle farm during solubilisy meassurements, Theretore, this curve is prab-
ably not velid above 300'C due to the rate of recrystallization.
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Kinetics of Silice Deposition FIGURE £.3: RATE OF EQUILIBRATION-QUARTZ + SOLUTION

Theoe are very few studies providing useful data on the rates of silica deposition.

Meverihetess, far a first approximation, some unpublished dota plus results from b T r T . :
Van Lier, Debruyn, and Overbeck L1960) were combined to calculate The rates
of dissolving and precipitating of guartz. The rate of dissolving at temperature, \
T, it given by: CTe H“TE GF EGLILIBAATIGN i
* . QUAATT + goLyuT N
{5 =(5003) 5
--—ut - Hd E- 100 i 1 ]
T
whaere Ky is the rate conswant for dissalving, and 1S5V is the ratio af the surtace 'L ymert
area of guanz 10 the volume of solution in which it s dissolving. Similarly, the 7
rate of procipitation is: 9
- 5 " | pudn
(&) (5105 s =] L FPRES|IH I TATING
__t_ - Kp E.SIU:_} F o ‘EM*HGI Wufearpa Furglad)
a
A T w;hu.,“
Mcte that dissslving is independent of the silica concentration {5i0;} in equation
{5). i.e., zera order, but tha: silica deposilion, as shown by equation {6], is con- .
centration-dependent and Tirst order. 0SSO VING
"' (e 38 itarares)

From preliminary values of Kg and K, the time necessary 1o reach 90% of the o ]
pquilibricm contentration of silica siarking with cither no quartz dissolved o with
100% supersatucation was catcolated. The (S/V] volues selected were § cmi/m| 11 hor
for precipitation and 15 emtfind for dissolving; these values are probzbly appropri- .
ate for reactians in the geotheemal reservoir but are cerainly high for flow-through g —— 1|:|n 4 3:1}(.! . P e
piping. Asa consequence. rates in piping 2nd heat oxchangers will be less than Tamperglura, "G »
those of Figure 5.3, but can by easily approximated from these curves 1or other )
ernvironments in viewr of the linear dependence on {S/V). Source: PB 261 349
This dependence gf rate on surfzce ares is 2 principle that has been applied in
preversting scale {ormation in the LLS.5.R. Chernozuboy and cowarkers {1965) There is more than an academic incentive to inves

. S . o il ' B ;
have described wiing dinely ground particles <2100 pm) of the composition of cause iF increased sor causes catal vESligate these mechanisms be-

yus, then there is hope thas other solytes might
rezidy slow enough thar sitica fauling takes placa
er the solutions leave the power plant. A smal]
uld solve the silica problem of most geathermai

incipient scale for this purpose.  The particles are counterflowed theough 3 brine  retard the rates. The rates are a0

1o act a5 nuckei o collect precipitation during brine distillation and are elfactive a1t Cerro Prieto, for example, aft

in lowering the degres of supersaturation.  This method has been used since 1863 retardation of rates clsewhere ¢o

in a plant providing desalinated water frem the Caspian Sea for the city of systems,

Shevehenko. Although it is effective for remouing the dominant selutes of £aS0,

and Cat0,, it has not yet been effective for silica, probably due 1o high cosis Qptirnism in expecting to conzral ra in i

associated with longer path lengihs needed for the relatively slow rates of reac-  complaxity ol this Fh?,fsi:al Chemiilr:saﬂjsglfc;;;.clar::E.I ::Iflsiin I:.-m;er'ed b;.f tha

tien of silica depositinn 2re complicated functicas ot temperature temp:rak'u'et ra;}::utz ;c "
fa‘e, turbulence, silita concentration, surface roughness, and cg re gradients, How

Rates of either dissolving or precipitating quartz become very slow below sbout  suspended solids and other solutes. - cancentiration of

150°C in pure water, and it is likely that changes in [5/V] of geathermal sysiem:

would Jecrease the rates of Figure 6.3 lurther, However, many scattered obser- Summary

vations show that both rates ¢an increase markedly if erystobalite, or especially -

smorphous silica, are invelved or if the solution is saline. The mineralogic effect This review indicates that several methods hald e 2 .

is oaplicable beecause the rates increase with 2g,0, af the solids; the dependence  ling sliliv:a scale formation, Eguitibrium mgat,-onsn :g;n: “:r:;:r l;réel-ﬂr:il;ijly c::'"t:.rr':’i'

of the rales an g a’;-hc-- in contras:, should result in their decrease instead of the of silica is repressed where high solure cancentrations. such 4 “d'at:lfo scég ifity

catalysis reported. Perhags by delermining the rnechanisms of the silica reac- present either naturally or by addition. More import;m. silica .solubﬂli-'l‘p" i::Jh:?fw:

tions, the chloride effect could be explained. oan be increased significantly by dilution so that th "
’ be sufficient 1o prevent fouling, e addition of condensate may
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Kinetic factors are laegely unexptated, but it ds elear that minin}umg Eites fn( .
nuclcation is uselul; this may be done, lor exgmnlu,_ Llu,r PrEveniing ear1l~,- prEClﬂH_
tation of carhonates which are effective nur:_!m for sflucn. and by ruduclnfg _rlc_:ug-
mess on immersed surfaces. The fact tha high sa!lml'.r r;atn!'n,flms ra}es of si ;ca:im
deposition suggests that investigation of the reaclmntnjnchanusm; ah ;:r!.'flp:;{d
might lead 1o an anticatalys! uselul in siowing deposttion enough thal 1T w

arcur oaly downstream {rom Lthe power plani.
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SCALE CEPDSITION

. . . N . by
The maerial for this sectiun has bean buiﬂ'[ll UpHan a paper Y
E.F. Vanl of Decidental Research Corporalion pn.-st-.nled a1 the
Second Workshap on Materials Problems (PR 2671 348).

i i i o
Far good design 1o prevent scaling, the relationships Botveen bring '?Empg;t;;ﬂs‘;-
it hould be made avalalile, The e o
procest conditions, and scale deposiuion 3 be ma The < ,
?’.Dn ol brines being processed by peothermal uullznnc;r:hp‘:acnl:: v?é:;sc:rr:;o!;:ion
i the varying naturg o m .
ticn and tempesature becayse of ; cher s
of e material i the carth's crost. The total dissolved &Olldi'ln thes?}b:r:fl
varies botween 1,000 and 400,000 apr. The Towest tempgeature geatherma
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source which cun be ecanamically wiilized is uneorrain ar present while the uppes
limit of temperature of qeothermal deposits as prosently exploited s in the neighe
boshond of 200°C, Because there sre still active vleanos in the carth's crust, ona
would expect that ultimately higher temperature fources will be used,

As hot brine Is drawn tram geo:hermal wells and Nows through the piping sys-
tems of geothermal encigy utilizazion plants, there will be pressure and tempera-
ture changes, bailing vwith phase changes, and turbulencs in the liquid stream. In
addizion, the brine will come in contact with various materials of consirucrion.
The resuln is that the hat salt saletion will underge an intricate chemical 2nd
physical time history, In some cases scale deposition will eventually shut dogwn
the System, in gther cases there will be na depesition, and in still others the dep-
ositian will be to great the system will be inoperable, The complexity and con-
sequent diffieutty of determining te refationship berwoen hring chemistry, proc
e condirions, and scale depasition will e exemnplilied by same examples {1},

Effect of Brine Canstituentz on Silica Depaosition

The effeer of the caleium and magnestum content of the brine on tha depesition
of predominantly silica deposits on a cocled metal surface is shown in Table 6.2.
This shows that the addition of calciem and magnesium to § brice has maors in-
fluence on the deposition of e seale than the deubiling of the silica content,

It is known that silica ferms silicate deposits with various cations iron and alu-
minum arg both known to ba signitficanl in this regared. Thus the stucdy of dep-
otition from gecthermal brines is 2 complex $itUstion because of the influence
of various cations,

TABLE 6.2: SILICA SCALE DEPOSITION ON A COOLED PROBE, LARORA-
TORY BATCH EXPERIMENT, SYNTHETIC BRINES

Brlny fompaslticn Frobe Scallrg
Enpuriment La Hy HCO g Temg, Amoyne
Ha, fatdl maf | mg.ﬂ'; ng.l"r *E
1 Hare Nang Noae ioa b Kora
] Nors Hgan Hewp Laa a¢ stighr —
13 504 &9 hong Lo L1 Henfmrate
Souree: PB 2571 344

Differences Batween Synthetic and Real Rrines

The deposition of scale from synthelic brines, Table B.3 and East Mlesa bring,
Tuble 6.4, was ttudied using the scaling test unit shown in Figure 6.4, The dop-
osizion of scale on the probe wall was medsured by the hedt transfer rate which
in turn was determined by messurements af the temperatures and flever rates of
the coolant and brine as shown schematicatly in Figure &.5. For the synthetic
bring, ire depesition was Aredomingtely silica. A mathomatical madel, shown

in Fiqure 6.5, was derived assuming that the rate of deposition depends on the
Criving farce between the solution and the cooled surface. As shewn in Figure
B.&, the data were correlated quite well using this model,
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TABLE 6.3: DESCRIPTION OF SYNTHETIC GEOTHERMAL BRINE

Lo-aunent Comppund Urwd Lo Syphlhesiza Belne
Myrm S| Wi [ L]
Ka 1@, 008 Ml 1543
1 1. 4o ¥l 1.i%
. La Joo CaCly'?Ha0 I.1a
Hy 1 Mgy byl L1793
Ll 15 Lic! b. Ayl
e 1 Halirl; £.013
i, 1 TN o.0lg
] H HyEdy .15
HEDy 500 NaHEA y g.4%7
§18; G Wa g 510y 9H 30 2.060
€1 b7, 159 Toral Chipride From Alawe
TABLE £.4: TYPRICAL BRINE FROM CAST MESA WELL 51
iralet Linulg, cloar, colariais
Tersaralyral Yty
Frotiura) B gyl
Rlutlon saturnied prassurar kS palg B 2batr
Ounalry § 15 ¢ .41y
pH 5.4 1o 5.0
Total dlesobvad noltdy Al egrl LI 5k el
4] 16645 ap/l ng 16 mgft
Ka TO80 mg sl 51 188 wgft
1 LT = 1Y 338 mgri
L 770 mgri 418 171 merl
Fa I e 18 mgt1 52 <1 mgfl
ir V35 mgsl ", 35 mg /1

FIGURE 6.4: SCHEMATIC DE SCALING TEST UMIT
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FIGURE 6.5 SCALING RATE MODEL

MIREEr - CUTIIDE OF FIRE
3 He
H4E
| 4 .
-— et FLur,
r :-' '::‘t
rLow g ::'.‘. e "1“
* ﬁ o] g’l—
£ .
COOLENT :% s g WRIkE
veh| wer 3
: H Faae
g 23
Sk
NEL:NTAREL! " A
TEa PENLTUAL STaddn’ T Ty T

WATHEMATICAL MOGEL ' M, «xfig" ¥
LL LIS R [T
Well - Bab g FamaugTER

W mEAT TRANIFLA BENETAnCE

FIGURE 6.5: CORRELATION OF SCALE RESISTANCE TD HEAT TRANSFER

FOR SYNTHEYIC BRINE TESTS

-

wum "
Mus AR

-
- =

LA L EN-E3:7.7.]

Smms oo

AFECEY RELLE fEisfancy, mew
L-] -] =2 L ] -
- - - - L]
:—[—rI—rT-rI'“r-l—l—rl—rl—rT-r?rlTr"rr“
]
]

L}
FLIO LIWE LE T [I-IJ*TID‘
AWK = 1-pt8
L}
B
- )
Lk
-
&1
-..:l|'||||Ir|||-'|||rlt||||1_|_||:ljjjjlll_'l
o & [F L 19 L [Y )] Lw an

+

MEWELE TNT bR
AL Tt

Source: PB 281 349

283



784 Geothermal Energy

] . Katerials and Scale Management Studies
After T aprbatic bring 1ests this scaling tlest unit was 1aken to the East hMesa .

Tesr site of 1he LS, Burcau of Roclamation 1o siedy the depeosition lrom 1he FICURE 6.8: PRESSURE DROP ACROSS EXIT LIME FOR RUN 201
bring ol well G-1. Alhough the comnusition of this brine is similar 10 that af

the synthetic birine, 1he resolts were substantially different, Catcile was found to
be the predarminant scale, and the rate of deposition was dependent on process
conditions and relatively independent of the driving larce between the bulk solu-

tion and the cooled or heated surface. The beine [rom East Mesa well 6-1 {icwed CORRESTED FOR

th:ough the undergreund pipe to the test unil and then to an eight inch dump o LonsTiny nos
{ine as shown in Figure B.7. o :E:‘?TEL‘F.{%'L )
L
-
The well kad perforations that eowered various sirata underground. Scale dep- Wl a
osition was ohserved at two points. One was i the test section and the other £ s
wias in the X inch dump line beeween the test unit and the eight inch dursp line, £ dcomecTro A ‘
Build up o! scale in the exit ling was demonstrated by the increasing pressure E

grop across the exit ling, Figure 8.8, which indicated that the exit line was alrnosy
totally plugged after whree days of operation,

A deerease in heat transfor due 10 seale operation, Figuee 6.9, again shows that @
the Jeposition was suffigient in three days time to be signilicant frorm on oper:
gtional standpoint, 1o hoth cases the deposition rate was constant wheress (he
synthetic brine data follows an expotential curve, thus demonstrating the differ
ence i the depotition mechapism. On the ather hand, deposition from this
brine was such that the depositicn of scale in the 131 unit could be kept 2t 2er0 1 .wa et qﬂ . 400G 0
under certain controlled condinions as shown belme. .

FIGURE 6.7: PLOT FLAN OF SCALING TEST UNIT INSTALLATION AT FIGURE 6.9: HEAT TRANSFER SCALE RESISTANCE FOR RUNS 200
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Brriss Th MN3
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yNIT SR n s
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— et
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TEET
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[ » /4 ey .
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Source: PB 261 349
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Effect of Pre...ss Conditions \ Lo ETTEREIEIIYIIT OB
SERsCBEERRERIIIEY @
The type and location of the scale deposits is related 1o the {lashing of soma fLas & 2% g 28 EEE Tmoc v t
stearn and dissolved gases from the brine. The 5T Line in Table 6.5 shows that 2 23 % EE n ;_;_g =" ‘ 2 Suy IE
for runs 201203 the maintenance of pressure and the prevention of flashing pre- N B ) 7 <d== tor, Bue o
vents the deposition of caleium carbonate in the test unit. However, a1 the exit @y E‘ - e E-'i 2 gdw ~
of the scale test unit where the brine flashed into the dump line, calcium car- w2y = L]
borate scale formed at a rapid rate. = 23 . = 12‘2 g
. _ g3 BEEBSLEEEEERER I 2 55e
With a slight degree af flashing, runs 205 and 303, the calciie formed on the - c T RS oo
test probe and a silica scale forrned in the exit line, With a higher degree of 3 -8 ogsE = ow
flash as shown by the upper lines of Table B.5, bath an irgn-silica and a calcite Td N -poocpuwppeopwmael = E4D
' . S YD O b m =D e i s 3
scale formed in the Wst unit, W= EEESBasc o naRE, ¥ 8 EE'E
EE 8 mge
Comporition of 1the scales collected is shown in Table 6.6, Thiz table indicates ;f' § gg EE;EEE‘ g g = EE .
thal 1ne sca'e deposi 18 predominately @ mixtore of irpn and silica, or calginm S LRSI SSI&ea) = g = g;
carbonale or 3 mixtuwre of the two, GOther components are present in lest than = Pt ammm sl L O Sos o@D R
One weight percen quantitics each. - o & LZUBLEISHE @iom 92% wma
T 25580 TRESER, B1P ¢ T35
The physical appearance of the scales varies in color and appearance as shown 2 . I - =
in Table 6.7, This variation ocours even in one run as is shown in Figure 6,10 o 2 EEE E & BRoL~O8. o m T S
for a two foot seetion af the test probe, indicating hat slight differencee in o &2 E—Q‘E"gﬂﬂﬂﬂﬂﬁﬁ: : ,"ﬁi?
proces conditigns cause changes in the depasitian, The caolars vary all the way ' o ra ! O = & R
from reddish to white 2t the top, black an trough green tn the middle, and black L ted t  rE YO YN 2 '"*"_-c"lg =
e white on 10 brown at the bottom a5 shown in this figure. The deposil of PEEBIEEREES8EE : E 57
while material seems 190 be predominent on the down stream side of the probe o m g2
a5 the Tiuid went up against the probe and out through the exit line. The scale EBoBoomo-upooF! EF @
at the bottom end of the probe is more wnilorm cirezmlerentially, although g 38B-¥5348BESRI i .-
there seems 1o be 2 slight trend {or the color changes 1o parzllel that at tha op - - & oo w
of the probe. YThe scale is very nard but the black underlying scale is soft ang - ga pEpNeSDoos i.;.. g g, gw e
casily remaved. The black undeorlying tcale is very thin. After drying far one S581LEBEREEEEY _?"' = 5
week, the scale flaked oft readily, . C E
» LoooaaooooSoanl, .. 2
Ye3eEdniccgeER & ’

FIGURE 6.10: APPEARANCE OF SCALED PROBE FROM RUN 207
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TABLE 6.7 PHYSICAL DESCRIPTION OF-SCALES

Hun
Ne,
im
. 102
103
o
202
M3

i)
704
05
245

206
205

207

300
300

a2

03

Sample
Loes tian

protv
e
prote
prot
proke
prabe

probe tof
prats bettar
protu

F O8N

prabe 19
prpbe bobicm

probe

preba

probe -

probe

prabe

Source: PB 261 349

Complexity 6t the Deposits

The x-ray dilfroction
runs 300 and 102 was c3 ] .
thown to be prodominately an irdnesi

pattern ol some af the s
teite, and for runs 20

Appea pnce

blatk
parpwen biach
prawn black
Lrawn pnwdery seale
tan film
discalaratian live metal
11C D A lHn
very light Blagk film
greenish brawn iilm_
very line blaek opeting
wemilar to carpon hlack
Tht nch dhick hard glate
Jike Black
tan coatitng, pawedery

nodualar or crystal buitd-

up plus W coaling
see Figure 6.7

prown black
puroaen black

prown black

ransimcent 130

Eain of
Remounl

flaked a2 aped
scraped

scraped

seraped off
pasly wiped off
eadily wiped off

pasily wiped oft
wakily wiped off
eadily wiped ofl

requres Chipping

gasily wiped off
gasily wiped off

kard #nd achening
ughiby

Hakes all

flakes ofl with
light scraping

flakres oft with
light sEraping

flak o odf veadily

cales shows that the scale fr-:_:rn
4 and 205 {which was charmigally
lica depasit} was an amerphous scale de-

posit. From run 300, however, the x-ray giffractian paiern has nol been WL
LT -

cewsfully identified. Com
composition andfor proce
mare, the mechanism muast
eameiimes the deposit it ua

Reference

11 wahh EF., et al
Sopramber 1574, D5

MATERIALS RESEARCH

The material lor this sect
- p.B. Needham, Jr. 2nd Std s
allurgy Roscaich Group, College Par

farisons o !
£4 cond.Lions vary
be different for apparent
iiorm and sometimes nodular,

{ scale deposits show thas sfight _-..-ariatinn; in
e nature of the depasit. F_unher-
Iy slight varialions since

Siticare Seple Loniiol in Ceohermal Brings, G5N Fing Repart,
3 Conuract Moo 14303047,

ian kas been based upon & Paper by
1 af the Cerrosion gnd Eleclromet-
¢ Motallurgy Fesearch Center,
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U 5. Bureau u! Mines prepared for The Second Warkshop an
Maserials Problemns (PO 261 3490).

An obijective of the Burear of Mincs' geothermal program is to evaluate the cor-
rogsion angd sealing resistance of commercizlly available metals and alloys in geo-
thermal brine enviranments. This is doae in arder 1o determine the best mate-
rigls for construction of planis designed for the extraction of mineral values, con-
version of energy, and the desalinization of Lrine waters.

Labaratory Studies

Corrosion Tests! The roesults of labgratory corrosion toils have shown that
Hastelloy C-275 and E-Brite 25-1 wore the most corrosion resistant in deazrated
geothermal brines {250,000 ppm TDSI under well head conditions (230°C, 450
pti] (1), However, with the addition of 100 ppm O; 1o the brines, the behavior
of Hastelloy C-278 differed markedly. The U bend stress corrasion specimens
doveluped cracks whigh iniciated, in neasdy every case, at nonmetaliic inclusiant
on the specimen surfzees. These inclusions dissolved in the oxygenated bring

leaving a sizable pir; they subsequentty becama enlarged and led te 2 gross dete
noration of the samable surface,

The weight-loss samples, othenwise ancorroded, had tiny, black, dendritic growths
in isolated areas of the sampie surlage. Examination showsd these 10 be also

a1 tha sites of inclusions which were partiatly dissolved rom the surrounding
matal matrix. The total attack of the Hastelloy €278 weight-foss and stress-
corrastan samples was conflined to the boundary of these inclusions, Discussion
with the manufzcturer have resulted in the tentative conelusion that the inglu-
sions were Al;0, lormed during aluminum deoxidation of the malten metal.

Gos Sofeidrine: The solubility of oxygen has been measured in Simple sodivm
chloride brines {up 2o 5.4 M) in a synthetic geathermal brine wypical of the con
cenirated brines af the Niland, California, area, ard in gecthearmal brine oblzined
from Alesa §5-1 3t the Bureau of Reclamation well-site on the East Mesa near
Haltvifle, Califerniz 12), The solubility of CO; has been measyied in simple so-
dium chigride brines fup 10 2 M and in a synthatic Niland, high salinity brine,

The solubitities were chtained from the solution freezing point up to J10°C.
Literature data on the solubility of methane in water has been corregted, Al
safubility datd have been coreelated, (Figure 6,111 in terms of the disthibution
function, A, and the density ratia {gy/e,), where A = Ny/N,, the ratic of the mal
fraction, N, of the dissalved gas in the liguid (] and vapar {v} phases, and
{o,/p,) is the rario of the densitics of the two phases. Extrapolatipn of the data
to higher temperareras j5 readily aggomplished singe A = 1 and {o)/p,) = 1 at tha

critical temperature of the solution and, at high ternperatures, the curves are nearly
linagr,

The cross-hatched area reprosenis the ra‘nge of vatues ohserved for the varigus
sadutions ronging from pure water (the upper boundary] to the most concentrated
brines (the |avwer boundary). [t can he seen that methang and oxygen in pure
water have similar solghilities. The pddition of st o the water leads to a re
duction in gas salubility and is commanly known as saiting-out
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FIGUHE €.11: DISTRIBUTION FUNMCTION FOR PURE GASES IN WATER
AND BRINES

LOG,, A

Soarce: FB 281 349

In tho case of oxygen, the salting-out effect on the distributian function is

small 21 Righ temperatures bot becomes appreciably larger at low teraperatures
where the density ratio tpﬁpvll is large. Gases that hydealyze, interacting strongly
with water (such as carbon dioxidel, have subsiantially higher solubilities than
either methane or ouygen, Fitting the solubility data 1o

L4 i
Lleg A = L B [logls, /o)
gave the cocffigients in Table 6.8 for oxygen, carbon dioxide, and methane,
Since A =1 at {gfp ) = 1, Bg was set at 0,

The cocfiicients vary smoothly with the salt content of the solutions, thus per
mitting ¢asy interpolation tor brines af ather campasition. The relative arar
i= defined herm as the standord devigtion of the quatient of the 2ifference be-
tween the expenimenal and the fitted values,
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TABLE £.8: SOLUBILITY COEFFICIENTS

Coalficienty Relative Error

Salutlen 8, i, By s io B o I3! t
A. Quvoen

wWiter -1.503 =0.7%1 1.023 -9.14 8.2
9.9 A Mall -1.73) -i1.C82 &.643 -£.22 5.3
1. A HazZl -2.4810 T 106 B.175 -2.56 LI
5.5 K HaCl -2.186 0,198 -0.0L5 -0.90 8.0
Wiland brine -2.297 0.239 -0.254 .27 8.6
Hzltwilla Brine -1.838 Q.25 4.27% -2.2% 5.5

B, Carbon ZlosTde

Watarl =1.143 -0.090 0,455 =3.66 £ -
£.5 M Hall -1.443 Q.15 -3, 1Ea 2.LE 17
1.0 & Macl ~1.520 G. 185 -3.582 2.25 5.3
2.0 A i -1.773 0.3%3 ~3.2%9 T.LE 4.0
Wlland Brine =151} t.058 0077 -1.27 £.5
C. Enthara
T wWaler +1.57% -0. 183 a.%3% -84 a.?

Sourcu: PB 261 349

The soclubility daota can be transformed fnto the mare familiar K vs (1/T) co-
ordinates, where K is the Heory's law constant and {1/T] is the reciprocal tem-
serature, This 1s done using the steam tables, the density Cata for the hrine,
and by zssuming the vapor and liguid chases behave idaally, In this case,

K H% = Pwuf.!ﬁ\

where £ s the parial pressure of the dissolved gat in the vapor phase; M is the
ro| fraction of the dissolved gas in the liquid phase; Pu,q is the vapor pressure
of water in eguiliboum with the solution; and z is the comprossibility faceor for
thae wsaler vapor.

The resolts for oxygen, expresscd in this way are given in Figure 5,12, The
curves carrespand 1o the following solution: (1) water, {2] low-zalinity {15,000
ppm-TOS! brine, {31 0.9 M MaCl, (3} 31 M NaClL {5 high-salinity 125,000 TDS)
bring, and (6} 5.4 8 Nall. Ty represents the freezing noint of water: T, the
critigal temperature, The resolts for carbon dieside are given in Fegare 6,73,
The curves correspond to: (1) water, (21 0.5 m NaCl, (3] 1.0 m NaCl, {4) 2.0m
iaCl, and {5} high-salinity brina,

The temperature dependence of the safting-out coefficient is shown in Figuee
£.14 for oxygen and carbon dioxide. The behavior of these gases differs in mwo
gistinet ways, AT high lemperatures, carbon dioxide solcbility is affected much
mare strongly by *he presznce of dissolved salts than oxygen. AL low femperas
tures (araund JA5'CH the salting-out of carbon dioxide goes through 2 maxima;
this is due perhaps 1o hydrate formation. Al intermediate termperatures the
g2ses behave similarly, exhibiting minima in sating-out in the same range of tem-
parctures 55 the Henry's law constants exhibit maxima.
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FIGURE 6.32: HENRY'S LAW CONSTANT FOR OXYGEN

HENAY'S LAW CONSTANT, Kipala)
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FIGURE 6.13: HENAY'S LAW CONSTANT FOR CARBON DIOXIDE
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FIGURE 6.14: SALTING-QUT CGEFFICIENT {MOL FRACTION BaAois) FOR
OXYGEN AND CARBON DIOX!DE IN BRINES -
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Freld Swdy-S5alton Sea Geathermal Fietd

A SC0-hour testing gedies was conducied during the Spring of 1874 ar the geo-
:Ihe:ma! test site of the S5an Diego Gaz and Electric Company. This series con-
sisted of rwa experimental packages. One package containing carbon steel, 4130
steel. Incanel 625, and Hastelloy C-276 was installed into 2 50 psi, 150°C con-
centraied brine ling, The stcond package containing the same alloys was installed
into the 50 psi, 150"C separated tleam line. |a the brine test, the samples were
expcsid tangential to, and normal 19 Lhe dircction of 1low.

On campletion af thae test. the matsrials were returned to CPMRC far evaluation.
In addition 1o cafculating the corrosion rates of the test materials, the scale which
formed on sagh material was submitted for chemical analysis, charzcterization
by proton excited x-rays [(PEX), and examination by scanning electron micra-

scopy. The corrosion rates measured for these tess are shown [a Tab's 6.9 on
the foilowing page.
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TABLE 6.9: CORROSION RATES (MilsfYear)

Brine Slean
Carbon Steel 113 32
5130 Stect 27 109
Inconel E25 ) 0.1 0.1
Hastelloy C-276 0.6 0.0

Source: PB 2651 348

Hastelloy C-276 and Inconel 625 showed little visual evidence of corrosion; their
surfaces still exhibited the original machine markings. On the other hand, the
surfaces o} the carbon steet and 4130 steel were dull gray and had a matted fin-
ish, In addition, the carbion sieel somples exhibited some shallow pitting. Bulk
chemical analyses of the scales are shown in Table 6,10 and indicate thag silicon,
tron and fead are the princizal metal constimuents,

TABLE E.I0: CHEMICAL ANALYSES OF THE SCALE FORMED ON SAMPLES
EXPQSED TO THE COMNCENTRATED BRINE

Elament eight Percent Eleouent Weight Peroant
Ag 003053 Mn 0.57-5.51
Al G.30-1.20 Pb 4.42-71.21,
Cu 0.57-6,51 5i 16,10-24,49
Fe 7.7B-10.70 Zn 0.14-1.88

Source: PR 261 349

Praton-excited x-ray analyses of the outermos: 2000 A of the scales yielded
somewhat differen: results. PEX resubis indicated that the carbon steel and 4130
steg) samples had nigh ron copcentrations in the surface region of the szale,
wheteas the Incorel 625 and Hastellay C-276 alloys showed na detectable jcon
ar ather alloying ¢lements in the surface region of the scate, containing, instead,
only the solids solubte in the brine, This suggests (hat, for steels, the gorrgsion
products contineally build yp with the scale, Tho oft-quoted opinicn that a lit-
tle kit of scale will inhibit the corrosion process docs not appear to be true.

Scanning eiectron microscope studies showed that the scale on afl of the alloys
was highly porous 2nd wild therelote not present a barrier o diffusion of the
bring to the metat surface. {n fact, SEM studies of the carbon stee! surface aftsr
rernoval of the scale shoved 3 rough, severely corrsded surface: studies of 1he
Hastedloy C-276 surface showed a smooth, virtually corrosion-free surface. This
result correlates nicely wilth the PEX rosulls and substantiates the conclusions
abaut the nonprotective nature of geothermal brine scales on steels,

Fizld Stedy—East Lesa Goothermal Field

Alore sophisticated test equipment was developed since the ariginal fisld tests

at the SOGEE site. This equipmen: consists of a Wiateria’s Test F acility [KTF)

o study mazerials in five typical process enviconments ot 3 geothermnal resgurss
recovery pling, and a Maobile Chemistry Laboratory (MCL) for continuous ongite
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malysis of the hrine chemnistry, Both systpms are located at the Burg ) Hleu
clamatian's East Mesa Geothermal Test Facility in the !mperial Yalley of Califor-
nia,

Corresion Tests, The first 60-day series of corrosion and scaling studies a1 Mesa
61 on the East Mesa Field began on July 22, 1878, This 60-day sorivs was 1o
provide four 18.day, two 30-day, and pne G day set of samples, The system
fumctioned smoathly until the first set of one hundred, 15-day samples was re-
moved and another set installed. Qo the 235t day of the series, however, the
tystem had {9 be shut dewn due to failure of the well [Aesa 6-7]. _The MTF
was placed into a stondby mode designed lor this type of interruption.

The Tirst set of samples was returred 10 the College Park NMetallurgy Research
Center where they were photographed, and the electrical resistances of the scale
were measured. Rosistances ranged from 10° £ fweli-brine scates] to 107 £3 {steam
scalest, Al samples OGwith the exception of the alumineml were then &leaned
with a solution of concentrated HEl and Sb;0,, The aluminum 5005 samples
had to be cleaned with concentrated HNQ, and 3% HF at 50°C. The HCH solu-
tign had negligible attack on the base metals, while the HMNO;-HF solution at-
t3cked the zluminum base metal at a rate of 0.016 ¢/min.

Sorme of the scales had 1o ba mechanically removed after chemical treatment,
especially 1o ternove the scale from deep pils. The samples from the u-_.le-il-lbrine
and flasher #1 (F1) Lrine [oops elfervesced upon HCI immersion, indicating car-
bonate scale, a fact swbtequently confirmed by x-ray diffraction. The samples
fromn the flasher 82 (F2)-brine angd F1 steam loops were covered with very thin,
Back, silicate scale that was ditficult to femove.

The cleanad samples were weighed, and Table 5.1 shows the corrosion rates ob-
tained for the §0 alloys tested. During the 15.day test period the overage chlo-
ride cantent for F1 was 5,000 ppm and lor F2 was 50 ppm. ,

TABLE B.11: FIFTEEN-DAY MTF TEST AT BOR GEOTHERMAL WELL
MESA &1 '

Torroslon cata (mils par year)

Metal Nl T Flather FI Flashar #2
hring Bring Steam Rring Steam

farken s1exl 1.2 2.4 nl 3.3 3.1
L1323 steel 1.9 1.4 1.1 1.2 1.5
R30 gralnless pieal .1 .5 .0 .2 N ]
1E L stainTesy sleal .0 .0 .0 o .1
[-Brice 74=1 0 N .0 A N
€005 Aluml=um 57 21 19 * L0
Titanlum-0.87 NI Nl o] .o LB E
Inecnal GG .1 .0 .n 0 .I
Hascaliloy 5 .0 A ] R ._u
Hapteltoy C=276 A .a .4 .4 .

*ngctnn: covarad with adherent Black scalw that could nat ke removed, Icale
enalyzed ay Fa, 51, Cu, Kn, and Ag with Fa and 5§ 41 majer ranatl buante.

Eource; FH 261 348
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Microscapic esaminaticns far pitting and crevice corrasion showed that 2luminem,
5003, carbun steet, and 413D steel exhinited crevice corrosion under the insul-
ating washers used in maunting the simples. Type 316 stainless steel and Hastel-
loy 5 exhibited some localired breakdown in passivity, which was characterized
by wery small areas of corresion. Hastelloy C-276 and E-Brile 26-1 showed very
litile evidenee of corrosian.

In gene:zl, the corrodion rates shown in Fable B.11 are similar 10 those reported
in the 15-¢day laburaiory studies in 3% synthelic brings. The corrosion rates ob-
served dor carbon steel, hawever, were only one-sighth of those obtained in the
laboratary studies and may have been due 1o some protectign ollered by the
scale formed on the meial surface, 11 i not yet clear why the scale from the
Iewer-salimily well at the East Mesa Site is maore protective than the scals formed
in the higher-saliaity weil at the Niland SDOEE site.

Bring Chemitery: On-site chemical analyses of the brine from Masa 6-1 have
clearly demonsteated the dependence of the bring chemistry an the aperating
conehtions of the well; flow-rate, to1al cperating time, and well-engineering
changeos. .

Mita 8-1 undersent exiensive down-hole reperforation in May 1975, Studies
showed a substantisl change in the brine chemistry of Mesa §-1 after repertora-
tion, Large fluctualions in the chloride ang carbonate concentrations were meas
ured, while the pH was essentially unchanged (Table 6.12). Chemical equilibrium
in the well was reestablished eary in July 1975 and remained relatively constant

TABLE £.12: AVERAGE MONTHLY VALUES FOR MESA 6-1

Date — C1- {ppm; RCOZ (ppm} pH
April 197% 15,620 254 5.7
August 1975 11,908 6T £.&

Source: FB 261 34%9

Values chizined duting June reflected the large chemical instabilities subseguent
to reperforatinn, The value for August reffects the equiltiration of the well
chemistry alter 12 weeks of operation. QOnly continual, ansite determinations
can accurately retiect the chemizal dynamics of 2 geothermal well. Anatyses

Ly atomic sbsorption are shown in Table 5,13 for Mesa B-1 brine before ond
afler repertorction, Background corrcctions have been made for 8a, Ca, Cu, and
Fh 1o deiermine any error in 1the adsarpiion readings cue e brine-matrix inter-
terences. All background readings were 1% or less, indicating that ng major
tnlertereness due to the bring compasition were present.

The data in Tables 6.12 and 6.13, particutacly for the July-August period, repre
sent only a pecliminary anglysis. Continuous onsite analysis has alio shown that
there is variation in the chemistry of @ civen well for giffering flow conditions.
This is illustratec by Figure §.15, which shows the variation in temperature, pH,
5, CF in Mesa 6-1 (July 1875) over 3 7-day period during which the well flow-
rate was adjusted each day,
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TABLE 6.13: CONCENTRATION RANGES OF 11 ELEMENT. SEO-
THERMAL YWELL-BRINES FROM MESA B-1 (ppm)

Elament April 1975 August 1975

Ma B,500 ta 10,000 5,950 1o 6,310
ta 693 o 780 565 to 91}
K 540 o 670 598 to 6&4B
| _ 103 e 139 107 e’ 160
Ba 3% to ) 12 to 17
Fe - ' 3.0 to 13
Cu . - 8.1 to 8.5
Al < 50 1.2 to 3.8
Hn Lo 10 £ to .3
&g < | -

Pb < 1 5 oto 1.0

FIGURE 6.15: VARIATIONS IN BRINE CHEMISTRY CALUSED BY CHANGING
QPERATIMNG CONDITIONS OF MESA §-1

LT, =T, %
(Flow, Flow | 3 Flaw | Flow adjusted
]

T H T 1

TEMPERATURE , %

pH

tO3 CONC, ppm

C" CONC., ppl
b tr
—%

Saurce: PB 261 349 TIME, doys
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Lo parisen of Meca 5.1 and &feea £-2: |n April 1975, pricr to reperfpration of
Micsa B-1, comparative gnalyses were made between Mesa 5-1 and 5-2. These wells
are approximately @ guarter of a mile apart. Oif{crences are llustrated by Tables
6.14 and 6,15,

TABLE 6.14: TYPICAL CONCENTRATION RANGES OF NINE ELEMENTS
. I GEQTHEAMAL BRINES FROM MESA B-1 AND 6.2 WELLS

s
W i K B A B M Al |
all Ka {pm) A A u
€-1 B, 5C0-10,000  540-670  £50-730 4035 <1 <1 419 54 L33-139
6-2 <500 AS- £Q €290 1 el «f h=<l <50  100-11%

Source: PB 261 349

TARLE 6.15: pH, CHLORIDE, AND CARBONATE CONCENTRATIONS
MESA B-1 AND &6-2 BRINES

Well Ci-i{ppm} £03 gH
E-1 15020 1 E90 3.3 & 6.0 £.7 + G.B
£-2 70+ 5o 258 oz 3 7.2 &t .8

Source: PB 261 349
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TESTS AT MILAND AND HEBZR

The rmaterial for this section has been based upon a paper by
H.K. Bishop of San Diego Gas and Electric Company, prepared
Ior The Second Workshop an Faterials Problems (PR 251 348,

Miland

At Nilend, thow testing of one prodoction well was conducted in April, 1972,
for abeut ten days to obtsin pedliminary data sbout this reservoir and wrell,
The bring lemperature and prassure 2t the production was found o averaze
375'F and 150 psig. Observed weoll-flow was 400,000 Ib/hr mass flow of which
Bpproxiimately 324,000 Ib/hr was liquic, 64,000 Ibfhr was steam and 12,000
Ibfhr was noscondensible cases. Teisl dissoled selics in the fiuid sveraged
225,000 ppm. The bottom hole temperature was S10°F o1 a dopth of 2,280 f1.
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Hesults of the tests werz encouraging enough 1o varrant feriber tests and 1o )
proceed with a preliminary process design that would allow fuller evaluation of
reservair eharacteristics andy UL ment.

A binary cycle was selected using a combination of steam and liguid heat px.
changers which would transfer hear energy to 3 working fluid such as isobutare,
A direct steam turbing cycle was investigated, but was rejected because of she
high valume af noncondensible gases.

Preliminary process design for a nominal 10 MW geothermal test facility was

prepared.  But before constructing the test facility, additional field tesis ware per-
farmed which would simulate phase separation and the heat transfer conditions
ir the full scale test facility. The separator and heat exchangers used in thete
field tesis were small scals versians of the test facility equipment.  Qistilled wa-
ter wias supplied to the shell side of the heat exchanger and geothermal brine

. to the wwbe side. One inch titanitzm twhes were used, The purpose of this test

was Ie cetermine if beat could be exiracted from the brine in a shell and tube
heat exchangers tor a reasonable perigd of time without fouling,

Scale build-up, averaging (060 inch thick, was observed after 100 houre exn0sure
1o geothermal brine. The major canstituents of thesa seales were silica {50,
38%), iron sulfide (FeS; 23%) and tead sulfide (PbS 11%).

During these heat exchanger 1es1s, other research was conducted 1w determina

(2} how to <top or retard the depasitian of scale by varying aperating conditions;
and {b) procedures, frequency and costs of rernoving scabe depozits from heat
exchanger tubes. Commercial chemnical inhibitors, coasulanis, and chelating
agents were injected into the brine befora it flowed through the heat exchanor,
o improvement in performancs was observed,

A titanium tube, coated with a proprietary flusrecarbon coating, was also tesiogd
im a haat exchanger utibzing bring, The coating provided na protection 233inst
scale deposition, Post-test inspeetion of the tobe's interna! surface revealed the
coating had completely disappearad.

Aditional test work was cangucted at the Niland tield in 1974 g develop and
evzluale methods of sep2rating steam from the gecthermal brine. [n these o515,
the brine and steam were passed firough redesigned separators, serubbors, ang
heat exchargers to determing i} scrubbing the steam would eliminate the severe
sezling problems which were exgerienced earljar, i

Fluid from the preducing well entered the first stage drum-type separator a1
150 piig and 375'F. Approximatety 5,000 Ibfhr of steam flowed out of e
top of the first stago separalor 1o a labyrinth scrubber where it was cledned and
then directed to 2 heat exchanger,

Brineflowed from the baltom at the first stage scparatar 0 the szcond stage
(drum-type} separster operating ot 53 psig. Steam fiawing at 2,200 Ibihr oyt

of the top of this s2parator enterec the secand stage (labyrinth-type] scrubber
wihere it was cleaned and then flowed through a heat exchanger, Staam Purity
achievgd in the separator was 100 to 200 ppm, From the scrubbers 10 10 20 pom
Eam could be gbiained.
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Process piping used for these field tests was mild steel. Both peneral corrosion
and same shallow pitling was observed, No severe corrasion was choenved during
the two years of intermittent field tests. Faitures [perforationst of the reinjec-
tion line were atteibuted to outside altack where the ling came in direcl contagt
with the soil or to a defective weld,

Heber

In the Heber fipld, SDGEE has conducted heat exchanger tests to determine the
characteristics of this brine, especially scale deposition during the heat exchange
process.

The test unit consizted of faur heat exchangers in series to extract the geathermal
fluid heat energy. Singe the well Muid is pumnped to the surface, there s no

reed for a flash druem, This all-liquid mode simplificd the operation and contral
of the test unit. Tests indicate the heat exchangers may operate as fong 25 6,000
hours before performance drops to unacceptable levels. Both ttee! and titazium
wbhes were evaluated with the titzoium tubes exhibiting less deposition. A majar-
ity ol the cepositian on the steel tubes was corosion products.

CORROSION PROBLEMS AT CERRO PRIETD

The material for this section has been based upon a paper by
Allreda Manon M. of Comision Federa! De Electricidad, Mexico
prepared for The Second Workshop on Materials Prablems
(FB 261 349). .

From 1869 to 1970 a corrpsion test program was carried out jointly by the
Comision Federal de Ciectricidad of Mexico and the Tokyo Shibaura Company
of Japan. The main purpose of these togis was 10 contirm the corrasion resis-
tance of previously selected materials wsed for the canstruction of the power
plant which was ordered in 1968,

Corroston Test Resulis

Corrotion in Steam: The corrpsion rate of carbon steel in nonaeraied sleam was
0.65 mmlyr {0.0015 infyr) which is very satistactory for the turbine casing snd
niping (Teble §.168), The etfect of aeralion was an increase 10 0.085 mm/fyr
{0.0026 in/yr) [Table 6.17). Slight pitting was detected on 12 Cr steel and on
12 Cr-lio-\Y siee! esed for turbine buckets where they were exposed in nanaer-
ated sleam {0.024 rmmfyr], but the corrosion rate was less than 0007 mmfyr
(0000 infyr).

The effect of acration was an increase of ten times in the corrosian rate and
mare than sevanty timet in the pitling rate, These mazierials were not sensitive
10 StrEss COrosion in nonzerated sieam {7 a%le 6. 1BY, but in aerated seam 12
Crio-W sicet showed failure and 132 Cr sicel showed microscopic eracks (Tabla
6.18). Both sieels showed no change in tensile strength end showed 4 1o 6% de-
crease in yield strength after expasure to nonaerated sigam {Table 6.20), The
etfect of saralion on tensile und yield swrength was ramarkable on 12 Cr-Mo'W
sieel {Tabfe B.211
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TABLE 6.16: CORROSION IN MONAERATED STEAM

3M

Caerpsion Pirrlng

Corrosion rate change fdays)

Hagerlal rdie FaTE

Mo my e 30 1] 33 10 159
12 Cr 0.8100 0.0k g.6041 0.0085 0.058% 0.Ql27 Q.0b42
17 Ir-Ma-d Q.00%3 0,025 g_oEp 9.G3W1 9.O05E  §.003% 0.02%2
I Cr-ma-0.2% ¥ Q.0450 - 0.02% ' 0.022 o.029 0.05% 3. 063
3.5 MI=1.75 Cr=Ma~¥ O.0060 4. 132G 0,917 0.0 n.all 0.0l02 Q.0ké
b2 Cr=0.2 Al g.0182 - Q.6003 Q.0851 §.02E0 n.nt; l:l.l:lt?I
3§ Cr=1.7 %2 0. 0046 Q153 - 0.5%311 0.0049 9,004 Q.PCAG
I Al-1.% Gr-0,7% Mo - Q.910 - - . - -
Alualnum - - - - - - -
ASTH AZBE Q. 052 - Q. 110 Q.05 9.0%  Q.043 -

Source: PB 281 349

TABLE 6.17: CORROSION IN AERATED STEAM

Corrozion Fliting

Hagerlal rate raca Corrosion rate change (2ayt)
mmd [k dd 10 E2 a0 120 ]
11 ¢cr 0. 130 1.70 c. 1o 4. 14 .10 g. kD .10
13 Cr=fo=W 0.063 1.64 q.12 9.38 Q.04 Q.37 g.e7
I Cr=tp=3.25 ¥ g.212 - 0.5 0.2 022 ek bl
3.5 =175 Lr-mo-d 0,363 9.73 0.0 Q.52 C.16 . l& 0.3~
I Cre=0.2 Al p.110 - 0.0k a. g &.C9 L] 1] g Il
15 er=1.7 Mo 0.akk I.22 Q..o Q.02 a.01 L. gt
1 &1=1.5 Cr-0.1% Mo - 9.5 - - - - -
Alcminum 0.GA3 2.5 - B.G3 Q.ch Q.o o.Cd
ASTH R2ES 0.065 - o.18 a.il - G. 1o t.Ca
Peaxidized copper g.51a - 1.03 a.491 Q.66 8.51 g5l
Suellive #6 0.957 1.79 0.18 0.z - [+ 1] G.CE

Saurce: PB 261 343

TABLE 6.18: STRESS CORACSION

I NOMAERATED STEAN

Ne. of falled

Mazerlal

o UObtervaglony

apec lmang
11 Gr b0 afd
12 Gr-Hz-W . 0 af 3 )
' fr=kg-0.38 ¥ 72 af 1 Klerotceplc ¢ratal wurd Ohservad,
I8 Hl-Iir-ra-y -
12 €e-0.2 &1 & cf 1
1§ Zr=1.7 Ha ot
Aluminem L at3
2 ef]

Cacalalret catzar

Sourge: PE 261 3¢EI_.
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TABLE 6.79; S5TRESS CORROSION IN AERATED STEAM
i

Ho. of Tailes =
Materlat “E:IM:‘: Obserestion
12 te 0 of 3 Hicrascopic erach
cer

12 Cr-Ho-u 2 of 2 105 fli?ul’l e
1 Cr-ho-9.15 v 1Taf t S0% Fallure .
;:istﬂl;cF-na-k 0wt} Imtergrarular garrealen

r=0.3 Al 0ef] intergrarul ar corrosbon
5 Er-1.7 Mo 0oaf}
Seoaldlzed copner T afl

Faflure dun te general corrodlon

Source: PB 261 329

TABLE €.20: TEMSILE STRENGTH, YIELD STRENGTH AND 2" % ELONGA.
TION IN NONAERATED STEAM
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Decrease in endurance limit of both matenals alter exposure 10 m. ated
sTearm was observed {15 to 19%) {Toble 5.22), The erosion-corrosion resistance
in high velogity steam was acgeptable in both materials {Table 6.23).

TABLE 6.22: FATIGUE AFTER EXPOSURE IN NONAERATED GTEAM

frdutance 1fmit  Kgfomd Decrears of

Haterlal Befare Exposura  After [appsure Endurance Limit %
12 er L3.5 3.0 15.5
12 CroMo-W LN Wl.g 14.E
1 Cr-1 Mo-3.25 ¥ 36.5 6.5 7.4
1.5 N|=CreHg-¥ kb.o 7.0 38.4
12 Gr-0.2 A 26.% 1.5 18.4
15 Cr-1.7 Ma 25.% i1.§ M7

Source: FB 251 339

TABLE 6.23: EROSION {N MIGH VELOGCITY STEAM

Welgmr Loss Arbwr Esapusurs fhrs.}

raterlal TTA.ME.  T.LAE, r.5. 0.6 T.5.Af ILBEE.T L.A.E.
kgsrm? Etr frm? Eqtm? . ot r Ed

12 &r 7L.L 1.3 £l. . ;

12 Sr-Ho-u TN 1012 A ;;; 1508 s
1 Er=1 Mo=0.25 ¥ E4.3 3.5 £3.% £7.5 17.3 16.3
A5 Hi-Cr-Mo-V 89,5 2.8 6.9 & 17.3 17.3
12 £r-0.2 Al 61.3 0. 4 i7.2 .5 5.1 1.6
15 Cr-1,7 Mo 5.1 “7.8 33.2 1.2 .l i1
AMumlnum - Ja.g - - - 0.2
Decxldizad copper 7.t 3.8 4.5 11.9 131 8.5
TTABLE. = Terslle stressth bufa . - -

T.5.k.E. = Teastle nre-.:m lftc:.e_:p::::' £-8.L. i:::::::ﬂﬂ hefore
:::E'E = ¥leld strangth bafore copoturs EAE. = [lgngation after

¥leld strangth afrar expasurs

Exp LU

Mataslal 30 days  £0 days 90 days  bED days 150 days
Iz cr 0.5317 0.0172 C.0oh0 0. 1361 0.0717
17 Cr-ma-y G.oocd 40003 G.BYYg G.O5LE 0.075%
! Credo-0.25 Y o841 0.058% 01770 Rl ) G278
1.5 Hi=Cr-Ha=¥ 0.5112 9.0320 a-17E1 0. 1874 0. 148K
13 Ce-0.2 A} o.3372 G.0053 [+ n.cL95 0.0172
15 Cr-1.7 ho o.beEs o.0519 0.0158 o.0572 8.6331
Srallltn #é G.0a1y Q.6077 0.0431 0.0665 . 0446
1.0 &=1.5 Cr=0.25 Mo B.1421 +0.1335 «£.1363 3. bEGY +8.10786
KETA LIRS 0.0957 f.5640 L. 1530 03154 0. Y 7HA
Haval Brass 0.0265 O.045k g.z118 1.316 O.&LET
Lene carbon steal G.064) G053 G.7721 g 0.2768
Alsl Type 300 G.0acs D.ooGl 00067 Q.0050 .44l

Source: PR 251 349

TAELE £.21: TENSILE STRENGTH, YIELD STRENGTH AND 2" % ELONGA.
TION 1IN AERATED STEAM

Materlal i.8.B.E TS AL YRR, V.S ALE. [LBE EAE.
Ka/rm Kgdmm? tgfrm? ¥g frm* % )
12 Cr 75.4 Tk &l.4 b 15.6 1.8
11 Tr=np=d 1211 957 .E £8.4 15.6 4.E
Foor=1 Ho=0,25 W £6.3 2.} £8. 4 63.7 17.3 11.2
3.5 Mi-Lr-Ha-y 84.5 21.1 7.9 B5.7 17.13 8.5
17 Ce=0.2 AL 61,1 (19 7.7 b2 5.1 n.2
15 Lr=1.7 Mo LA 47,7 1.2 Fi L 5.4
Adluminum - - - - - o
Becxldlied copper 1.1 - L - - 3.1 -
TTSRE. - Temlle sirenzth bafore expotare C.B.f, = Elongaticn befare
T.5.AE. = Tensllz streagth after depakUr& exphikre  [3, 1
T.5.B.E. = flald atrenzth before smgsiure £.4. £, = Eigngation afier
Y.ZS.AE. = Yleld strength sirer ExDanUT cupdiurse (3, 21

[ = I M S e Ao
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The average cofrgsion rate in nonagsated steam of 12 Cr-0.2 Al steel used for
poizle partittans on the turbine was O.003 mmfyr (00008 infyr) and the caor.
rosion rate of 15 Cr-1.7 Mo steel was only {1005 medyr (9.0002 infyr] (Tanle
6.14), The effect of aeration was lower on 15 Cr-1.7 Mo than on the 12 Cr and
12 G-\ steels (Tablfe 617 Meither material was senstbive 1o SLIEss COFrogion
in nonaeraied and aerated steam (Tables 6.12 andd 6.19), but the 12 Cr 0.2 A
s:eed showed Intergranular corrdsion in gerzied steam, The tensile and yield
gwrengll decregscs afver expasure in nonoerated steam were simitar 1o 12 Cr and
12 Cr-Mao-WW steel (Table 8.201. The effect of aeration on tensile and vyield strength
was less remarkable 1than that on 12 Cr and 12 Cr-ho-W [ Table B.21). Decreasze
in cndurance limit gn these materials was simalar to 12 Cr and 12 Cr-Ma W stes
{Table 8.22), The erosion-corrosion resisiance was better than 12 Cr steel and
gsimifar o 12 Cr-AoAY steel (Tazle 6,230,

Thea corresion rate of 1 Cr-1 Mo-0.25 ¥ steel opas similar to the corrasion rate of
carton steel in nongerated steam |Tabie 6.1G6). The corresion rate of 3.5 Mitr-
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M- steel veas [ees than that of 1 Cr-Mo0.25 V sieel, bul intergragnular corrosion
veas ohserved on the first when it was exposed wider sEress. Tho enderange limit

tecrease was groater with low allay than with 12 Cr steels especially an 3.5 Ni-Cr-
bio-V, where a 39% dreereate was observed. The aeration effcct increzsed the cor-
rosion fale taenty times on 3.5 Ni-Cr-Mo-V and only fiw:'r Lirmes an Cr-Ma-V steel,

The nitrited sieel (1 A-1.5 Cr0.25 Ko) showed a partial spalling, but showed
good corrosion resistance i acrated steam. Aluminum was nal corroded in non.
acrateqd steamn, but in avraied steam it showed a hicher pitiing rate {2.9 mm/fyr)
10.114 infyrl. Stellice thoveed sovers cavities when pxposed in perated sleam,
But this result s uneplidble, possibly due to foreign matter in aerated steam,

Lorrasion in Condengate: The corfrosion rate in high velocity concensate was (og
high for materialt commonly used in heat exchangers, such as deoxidized copper
(049 mmdyr; 0.025 infyr), noenl Brass {0022 manSyee; 0.009 iafyr) and carban
steel (0,70 mmdyr; 0.028 infyr) (Table G.24). A high peneiration rate was ob-
served on aluminugm {365 mmdfyr; 0,14 infyr) and 12 Cr stesl (D85 mmfyr:
0.03 infyr} in high velocity condensatn,

18 CrB (A5 Type 304) steel showed the best corroéion resisiance in conden-
sate; genersl corrosion, pitting and stiess corrosion cragking were not detocted,
Epoxy cpatings cured at high termperature showed no detericration in low vei-
ocity condensate after 150 days exposure. Low velocily condensate resulls are
given in Tables .25, 6.25 and B.27,

TABLE 6.24: CORROSION IN HIGH VELOCITY CONDEMNSATE

Corrasfan Fliilng

Paterlal rate rate Larrosion rate change (days)
nendyr mimsy e 13 60 ] 120 150
baoricized Copper 0.4 * t.t9  o.B) 9.7y o.Eh -
Alui te 0.370 1,65 .06 012 039 D35 0037
Haval Erass @,110 L 4.0 0023 DL GL21 0 .33
ALS1 Type 304 [1B-2) 0.0003 na carroslon L ] .07 0,60 a.4ag [+ A ]
ALSL Typa L10 [12 €¢)] C.CEQ Q.85 0,68 o0 o0 0.2 o.cd
Lo carbon atesl 0.763 . - {14 ©.50 0.8 o.70

L]
General Corresfon I

TABLE 6.25: CORROSION IN LLOW VELOCITY CONDENSATE

L
Corrotion rate change [days)

CorraaTan FItiing

Materl al rate Fakte

e mnm/ g 34 Qv 50 [ra 10
Proxidlzed coppar g, 4% wa pliting ©,16 C.19 030 0.3z 4.4
Auminum Q004 1,16 o.cd C.Y D2 o.cd o,o0
Newal Brass 0,072 ne pieelag 0,06 0,12 Faon C.2%  g.c7
ATS| Type 104 [18-B] O.0008 Mo pleting Q.02 S.00 $.08 Q.00 8,07
AlLS| Typa %15 (12 €r) ©,015 0.57 9,05 0.95 -G.0h 0.5 oo
Lew carbon ciag] o. 114 ma pleting $.62 Q.82 B0 Q.32 0.3F

Scurce: LS. Patant PB 261 248
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TABLE £.26: STRESS CORROSION IN oW VELOCITY COMDER -

Specimens Specimens
Matarfal ?:ﬂed Eallnd
Deoxldized copper 4 0
Aluminum 2 H
Haval Brass 3 ]
AISH Type 304 [18-8) 3 0
Low carbon steal 3 0

Source: PR 281 349

TABLE 6.27: TENSILE STRENGTH, YIELD STRENGTH AND 2" % ELONGA-
TION AFTER EXPOSURE IN LOW WELOCITY COMDENSATE

+T.5.A,E. ¥.5.A.E. E.A.E.
Matertal Ko/ rmi Ka /ol A
teoxidlzed coppar 1.8 23.6 21.0
Alumlrnum 3.7 - 7.3
Hzval Brass 43,4 33.2 r
Atsl Type 304 [(13-8) 5.5 33.9 70.5
A151 Type 410 {12 Cr} 8. 35.6 27.3
tew carbon steel 37.2 18.5 7.7
'T.S.A.E. w» Tenstle strength after exposure
¥.5.A.E. = Tleld strength after exposure
E.A.E. = Elongation after exposure (2" I}
Source: BB 261 349
TABLE 6.28: TEST CONDITIONS {Average of 150 Days)
Noozeraled tleam
Pressuie, kolcmt (51 peigl 4.3
Temperature, TR 147 {296}
C0., % lwaighr) 1.95
H.5. % [weighi) 0.20
€1 ppm 123
Moismatd, % {weight) 07
Arrated Lledm
Pressure, atmespheres (14,7 1bAin? abs] 1
Temperdiura, "G 70
co,. % 1.6
. HS, % 0.16
O, pem 7
Maisture, % 0.7
High welogily steam
Pressurs, h_;."cm’ [ersigh 4 (56.8)
Temnperatuse, "G ['F} 140 {294
' Ch. % 1,85
o {continued)
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TABLE BE.23 {continued)

S, % 0.20

1, ppm 13.3

Moloe, % 06

Velocity, mfses {I0fanc) 130 {426)
Condentale, low velocity

Prissure, atmospheres I 1

Termperature, "0 : 40

CI, pom . 50

pH 6.B-2.0

Yelatity, mitec - 00005
Congeniaie, high valogily '

Precsure, atmospherns 1

Tomperaturs, 'C 45

o, ppmn 7iv]

pH E4-71.3

Velodiny, misec 1]

Source: PB 261 349

General Conciusions: The tett retulis showed that it s not necessary to ute
special high grade corrosion resistant materials it corrosion rates are progerly
evaluated, Carbon steel can be wsed for casing and piping conducting nonaetated
steam.  Dregrizase in mechanical properties was more remarkable than corrosion
rate with 12 Cr steel, and it is theretore imperant w consider in the desion the
allowable siryss and separation from resonance Tar 12 Cr steel turbine buockets,

For nozzle partitions, 15 Cr-1.7 Mo szeel is preferable 1o 12 Cr-0.2 Al steal. For
turbine rotors of geathermal plants, 1 Cr-1 ME-0.28 V cteel is recommended, In
lew and high velocity condensale environmenls, it is preferable 1o use 18 Cr
Hi steel,

bl

Corrosion an Well Cosings

Although no corrostor: failure of cosings has been proved, there are some l[acts
which can help 1o quide future research on this suhject, ¢

Fitting: Pilting and g2meral corosion inside the production casing has been in.
significant due to the sbsence of waygen in the geothérmal fluids and to the
probable prowetive effect of iron sulfide and silica scale. This has heen observed
G recovered cosings and on surface water-steam transmission pipes,

Exiernat and internal corrosion of casings close to the surfate has been clserved,
The mast imporiant corrosion was Tound on the surface casings in the area where
the level of ground water {brine] fluctuates. ]

Gakaniz Corrosion: Galvanic earrosion has besn detected in several weil casings
close 1o the surface, where 1wD OF paore casings were put in conact without {or
with paor) imsutation. Gn the otRer kand, resistivity logs made on the peofhermal
vaells and on the surface for exploratory puiposes showsed a big difference in
resistiity with depth, Suth variations constitute the basis for galvanic carrasion
cesls 'n metallic stroctures.  Additional corrgsion cel's may ooour in £agings 2% a

Materials and Scale Managermgnt Studies 307

resutt ef poar honding of the cement te the easing. ntergonrectio.
different potential ¢reatet galvanic carrosion cells,

areas of

Stress Corrosion.  Foster, Marshall and Tombs {1861} dermonstrated that casing
steels H4D and K5% are sensitive 1o stress corrosion in a cold hydrogen wltide
environment. This ¢ondition exists in the wells that are in the repair s2aqe. The
casing of the M-5 well of Cerro Prieto, far example, cracked when cold water
was injected (1965),

Erasion: Ercsion has been frequently observed in surface installations where
thers was 2 sand-water-steam fiow at high velocity, The combined effect of
cawitation and sand content an the production casing joinis is nol well known,
but it can be serigus.

Carresian n the Power Plant

Corresion on Turbings: Alter teo years of operatian, the turbines have besn
intpecied on {wo OCCaSIONS, showing no corrosion or cracks on buckets. AT the
sinth stage of blades, the Stellite coaling was found in very good condition, and
only a little erpsion was ehserved on the tilver used to salder the Stellite to the
12 Cr steel, The main problem prosent was the silica deposition on the first
stage gof nozzles and buthets. This problem can be explained by the pocr sep.
aration of water and stedm in the well separators and in the secondary separatars
close [0 the warbines,

Corrosron in the Cooling Warer Systern: The main corrosion problem (picting
and !gcal cosrosion} has been observed in the cooling water systerm. The meost
impartant prabicm was 0 the oil and hydrogen coalers, due to the possibility

of contamination of the oil or hydrogen streams from hotes in the heat exchangar
tubzs. Originally these whes were mads of aluminum, but duee to the high pit-
ting rate, they were changed 1o AISI-type 304 steel and again pitting was ob-
served.  Finally, they were replaced by titanium tubes, with good results. (Ac-
tally only twe coolers have AlSltype 304 tubes.)

Un the ather hand a high penetration rate was observed on the unprotecied in-
side surfaces of carbon steel valves and pipes. ‘Mo significant corrasion rate was
‘cund in the barometric condensers, which were protected with epony coating,
but tome areas of Lhe coating were damaged by ergsion.

The barernetric pipes that discharge & mixture of congdensate steam and caoling
water from the second stage intercondensers to the hot well have been reploced
by fiberglass-epoxy pipes due ta the high corresion rate observed on the oriy-
inaily-instaled carbon stee! pipes.

Angther prodlem observed was the deteripration ef the upper part of the con-
crete conal that conducts the hot water from the hat well to the cooling tower's
AUmps, .

Crre Fact that s imnportant 0 mention it that Sacteria of the qenus Thiobacillus,
alzo galled sullur baezeria, were found in the cooling waler. Some members of
this group can carry cut oxidation of H, 5§ 10 H,50,. This explain: the law
pil originatly found i the cooling water. This low pH was controtled with sp
dium hydrexide, and the bacreria wore controlled with chemical bactericidss,
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The bacteria's presence also explains the diffecence between the AlSktype 304
pitiing rate obtained in corrosion tests and the higher pitting rate found in the
oil and bydrogen coolars,

-
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LORRAOSION STUDIES AT THE GEYSERS

The material for this scetion has been bhased upon 3 paperc by
F.J. Dodd and W.C. Ham of Pacific Gas and Electric Company
prepared 1or The Second Yorkshop on Matenials Problems

(FB 761 3409).

Description af the Facility

The targest geothermal power installation, and Lhe oniy such facility in the U5,
is The Geysers Geotherrmal Stearn Power Plant of the Pacific Gas angd Eleciric
Company, electric generating system.  The plant is located approximately B0
miles north of San Franciseo in the Mavaemas mountaing of nartheasteen Songma
and westeen Lake Couniies. The Lest unil of the facilny was placed inooom-
mertial operation i 1980, There are 10 commereistly gperating uniis a8t the
plant with a total capacity of 356 MWe. Continued expansion is planned, and
the plant capacity is expected 1o reach G08 AlYe.

Thr Geysers steam it fed directly into the turbine in all the units. The turbing
exhausts 1o 3 bargmmetric condenser an Umis 1 throwgk 4 and a divect contact
condenser on Bnits S throgugh 10, From the condenser, the combined cooling
water and comdensad steam is then pumped into cooling 1owers. Water from the
tovver bosing is returned to the condénser ai cogling water because thece is very
little makeun water available for the circulating water system. A typical sche-
malig for The Geysers units is shown in Figure 618,

Corrgsion at The Geyvsers was cangidered prior 1o the canstruction of the first
unit and has been the subject of contiouing concern 9nd experimentation evar
sinze. Selection of materials for construction of the first unizs was based upon

a corrosion 1esting program performed in a mode! plant uging egrresameter and
atmotpheric exposure teehniques. The model plant tests resulted in selegtion of
austemitic staniess steels and zluminum for the condensate system and aluminem
for ling hardware,

FGEE's intensive RED efforts g contrcl emissions of hydrogen sulfide {H,5)
pes have resulted in 2 test program of chemically reating the candensate (o re-

fa W T Al e
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move this noncondensible gas. 1t vas'recognized that chemical o..ilions could
seriously 2ffect the carrasivity of the condensate. Therefore, after a promising
method was devefoped for H,S abaternent, and the study reached the pilat plant
$1age, a condensate corrgilon study was conducted concurrently, This papec
discusses this study.

FIGURE 6.16: TYPICAL GEYSERS POWER PLANT

o gases
Searn Eorglenser
wa e
Aot Exhorerst
Generotar raler
Coaling
) Rwer
Alr

Freass congdarsafs

Lource: PR 261 349

The Condensats System

The circulating condentct Cevsers geathermal steam is a miiky light Llue-gray
color, The compaosition of the condensaie fluectuates gansiderably and is known
ta be dependent upon atmoesgheric conditions and the particular group of wells
fram which it originated. The mineral tancentrations in the recirgulating con-
densaie Systems are from fowr 14 six times those found in condeansed geothermal
steam.

As discussed previously by Allen L1}, a promising chemical treatment developed
for remaval of H;5 invelves primarily an addition of ron 1o the condensate in
the form of Fe (504}, Althgugh the concentration can vary from 2 toa 50 ppm,
an verdge concentration of 30 ppm Fa is maintained, While bath the jron and
wilfate cancenirations in the reated system are increased, the pH remains ap-
presiaately 7.5, Becaute the condensate chemistry is [ow in heavy matals, some
inCrease in carrosian rates was Axpecad,
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Corration . with lron Addition

A carrgsion Lesting program was initiated in Unit 1 while o was opeeating with
the iron addition, The preliminary rezalts al these tests as repored by Dodd (2)
indicated an intrease in corrosion rales. The coriesion tests exposed 2% -ingh

diameler s{ationary nonsiressed metal dise coupons of vanous alloys spaced Y.
inch agar? on an insulated center pin.

Eight sets af coupons each containing 19 alloys were instafled in the condenzer
ol Unit 1 in Movember, 1972, Four 5215 of 1he coupons wete installed W0 the
kot weol!, ang four sets of the coupons were installed near the top of the baro-
metric candenter. These twa locations generally represent the range o environ-
menls ma:erial vill experienge in condensers, The hot well coupons were sub-
merged 10 a relatively low waler velocity area. The coupons mgunted near the
igp of the barometric condernter were above the water ling and subjected o a
washing-mist environment. Two sets of coupons were remeved from the hot well
in Mareh 1874 ard the results reported by Dogd {2}, The temaining iwo sats
af coupons in the hot well were remaved in Juoe, 1974,
Fl

In March, 1974, when the firsf coupons were removed from the hat well, the
barormetric condenser coupons were g [onger in place. These coupons appar:
enily distodged during 1the exposure and dropped 16 the condenser Hloor whero
they were Tound and removed far amalysis in June, 1974, These cocpuns wene,
therefore, subjected to both the submerged and the mist exposure conditions,
Alhough the corpons were exposed 1o the tvo cxposure conditions, the cor-
rosien dala are considered meaningful. These data are included in the repord
and identified with the original installation location near the jop of the baro-
mesric condenser. B esuits reported were averpget of the coupans anaiyzed.

Coupons were cleaned and evaluated for pveral] corrasion By weight loss in ag-
cordanee with ASTH G-4. The maximerm pitting depth vwas measured at the
desnest pit alserved in refalion ta the ariginat surface. The average pitting depth
was determined by taking 3 random 1raverse across the specinmen and averaging
the depiths of all pits encountered, Crevice piiting depih was derermined by
measuring the corrasive attack undsr the center pin fpacers.

Hesults

Corrosion rates measurad on coupans expoted 1o reciioulating condensate with
the iron addition are given in Table 6.29. Corrosion rates measured on cou-
pons exposed 1o eecirculating condensate prior 1o the iron addition are i
cluded in Tables B30 and 6,37 for comparisnn,  In generdl,. most coIIosion
roies were azgelerated with the iron addition. Except far some of the austenitie
stainless stecls and copper alloys, the corrption experiznced was greater in T¥%
years with the iron addiion than in the four years without it Perhaps the most

significant data are the increese in corrosion rate with time shown for mast al-
lgys in Table §.29,

Srainfess Sreefs’ The Type 316 Carponter 20Cb3 and 77-4 PH stzinless steels
experignced minimal corrosive attzck. Thoe sensiized 316 exhibited Some Siiing
when expized 10 the cirgslating condensate with the iran 2ddizion, Type 204
stainless s1eel exhibizpd signiticant pitting in both the censitized and salution-
annealed coaditians. Bath the geperal corrotion rate and rate of pit penetration
of Type 304 were incrzasing sipnificantly with tims.
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TABLE &.31:
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PRE-H,5 ABATEMENT PROGRAM (WITHOUT tRON)

HOT WELL
....... N - [+ I =TT T L fa e raa
Corrssian '
Rare ... Piting finch). .. Crevica
f{infyr) Mazimum Avarage {inch} Remarky
Type 116 55 =0 00m - - — -
CF B ey £5 <{.0007 - - - -
Type 354 55 <0 DdM - - Ineipient -
CF8rast 55 «<{.0001 - - 0.0oE -
Carpentar alloy <0.0001 - - Incizient -
20003 -
Type 400 55 0.0002 {045 - 0.045 Perlorations
Type 410 85 O.0om na3e — Q002 - Perfcrations
Type 430 53 0.06003 0.0 - 0.0d1 Partorations
Type 1 B resist 00,0003 0.009 0,007 0.007 -
1% K gray iron 0.0084 - - - -
Gray iron 0.0080 - - - -
Ductile irgn 0.01a2 - - - -
htild steal (100 00143 —- - — Corroded away
Manel allgy 400 0.00H - - - -
SO&T aluminum 0.0001 poig - a.m? Cravice GOCrgRiGn
1041 & Nibronze  0U003% - - [FREE -

“Arlerenca (3)

Source: PBE 261 240

Types 17-4 PH zontinued 1o exhibit virtually na attack, This is a martensitic
precipitation hardening starnless steel commanby used for pump shafrz at The

Guysers,

The ferritic and martensitic stainiess stzely, such as 403, 410, and 430, zppear
to have such high pitting and general corrosion rates that they would nat per-
form satisfactorily in the condensate systems, The corrosion rate of Type 430
staintess steel also appears 1o be ingreasing with time when exposed to condens

sate with the iron addition.

Catr froms: The duczile, gray, and Mi resist cast-irons all exhibited high ¢or-
rosion rates. A particular problem with thess materials s that the matrix gragh-
itizes andfare dissolves. Thesz materials then, although locking sound, cannot
suppart any lead. The cast irons tested alo showed rapidly ingreasing corrasion
rates whan oxpased 10 the condensate with the iron additicn,

Carfran Sieed: Carban steel hag an extremely high corrasion rate and is not wit-
able {or use in contact with Qeysers condansate,

Afurmivem Affoys: Aluminem alloys are unsuitable for use in the copdensale
sysiem oecause of their suysceptibility 1o excessive pilting atlack in the presence

of the irpn addition.

Coppor Aflcys: Capper alloys suffered severe sulfide artzck before the addition
gt iron, With the ircn addition, the attack is irreqular, being somowhat reduced
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. -
where the couporns were completely submerged and unchanged, or accelerated
where they wore not.

Corrosion Mechanizms

Datz abtained in this study appear to correlate reasonably with corrosion mech.
anisms presented by Greco and Weight §4) and Rogors and Rowe (3}, Rogers
and Ruwe developed a ilietry in which the corrosion rates of steels in H,% brine
systems are indtially low and the cathode in the elecirochemical reaction is an
casily podarized hydrogen elegtrnde of high potential. As corrosion praceeds,

o sullide is deposited 60 the surface and 8215 as a bow potential cathode, They
were able Lo show experimentatly that iron sllide non only had 3 low potential,
but wat also dillicult to palarize

Relatively little surface area of such a cathode 15 required to maintain the anodic
iran surfages in an active eandition and high corrosion rates result. The addition
af iran to the circulaling condensate system resolts in the production of jron
sullide which is present in concentration as high as 50 ppm. 12 35 hypothesized
that when this material is deposited on the surface of iron based allays, more
loww poatential polarization-resictant cathaodic surfaces are intraduced then there
are anodic areas avzilable 1o palarize them. The high corresion rales obsprved

at The Goeysers, therelore, may be the result of @ mechanism similar to that pro-
posed by Roger: and Howe,

The pitting attack observed on the auslenitic stainloss steels appears similar to
that found when these alloys are expased 1o chlorides or similar depassivating
agents, This suggests that the iron introduced into the condencate is also a de
pazsifier; When passivation ig lost, austenitic staindess steels are susceptible to
the same mechanism of corrosion as the less noble iron based alloys.

The recduction in corrasion Fate ghsgaved on 1he copper alloy SPecimens wilth the
addition of iran it most likely due to the corrasion inhibiting effeet iron is widaly
recagnized o have with these alloys. Under continuous subimeeged conditions,
corcosion ratas will Be somawhatl sunpressed, hut when not submerged, Po pro-
teetton can be redlized. This elfect should nat, therelora, be relied upon in the
circulating condensate system at The Geysers,

Examination of Condenser Cladding

In order to verify the corresion rates pbisined from the spoal spocimens, g vis-
wdl examination ol the interior of the barometric condensers at Units 1 and 2
was conducted. Unit 1 was used as o pilet plant for the iron addition study,
Singe Unit 2 Dad received no significant exposure to Lhe iron addition, it is telr
that this copdenser was a valid control specimen for the examination.

Examination of the interior of the Unit 2 condenser revealed that the stainless
sieci cladding was lighy exched, [o significant pitling wat observed. The Linit
1 condenser had experienced approximately 1% years expoiyre ta the iran addi-
tion. The clad surfzce of this condenser was lightly etched and 3150 contained
numerout shallow pits  In 2ddition, several pits approximately X-nch in diame
eter and op to 44 mils deep veere ohserved, Since na similar pits were observed
in the Unit 2 condenser, these pits were attributed to the iron additian.
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Design specificalions for these condensers indicate that the daddieg is roll bonded
J1BL stainless f1eet. Therefare, it appears that the pitting damage on the Uit 1
cendenser significantly @xceeds that predicted by the test spond coupons. The
zpparent lack of corretation belvieen the type 316 stainless tleel coupons and

the observed performance of the condenser cladding is probably due 1o coupon
s[ze- The pitting i the condenser occurred at o relatively small number of loca
tions in its serface. Singe there are less than eight square inghes of surface ares
in each coupon and several bundred square feet of surface area in cach Londeonser,
random pitting of the type abserved would not necessarily be cetected on the
coupons. This infarmazion is applicable only to tha 1ype 316 swainless steol and
does not reflect on the validity of the data obtained on other alloys tested,
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AUSTENITIC AND FERRITIC STAINLESS STEELS
The matarial for this segtion has been based upan a paper by
J.R. KMaurer of Alleghery Ludium Corporation, prepared for
The Secand Vorkshop on Materisls Problems [PB 261 343).

The Allays -

Twa gustenitic stainless steels which provide iinproved resistance to crevice and
pitting corrosion are T-216 and ALGX. The 200 serivs stainlets seeld contain
greater amounts of manganesa and less nickel than their 300 series counterparts.

~The AL-6X alloy cantaining 64% molybdenum was specifizally designed to he

FEsiStant 10 sCHwaler Gitling ang crewice corrusion atback.

Tha fercitic stainless stecls have never been as popular or widely used as the aus
tenitic grades, primarily because of the dilficulties encountered in fabrizating
these materials and their covrosion resistance which was generally inforior.  Re
cent advaness in praduction facilities, coupled with rew alloy developments,
plus tha rosistanee of these materials to chloride stress corrosion crashing, has
led 1o greater acceptance and usage of the ferritics. One group of forritic sigin-
1;9554:;9&!& covering 3 wids range of propertics is 409, 439, 26-15, 28.4, and
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The first three are alloyt containing titaniem for weld stabdization. The last
twid are vacuum elied matesisls with very 1ow levels of carbon and nitragen
combinet with high levels of chromiurn and melybdenum to provide good me-
chanical and excelien: corrotion resistant properties.

The zuttenitic stainless stepls, 2+ a clase, are chardeterized by good ductility and
impacl strengih,. T-216 and AL-GX ave typizal ol alloys in this family although
they do exhibit their awn individual characteristics. These alloys have higher
vield and 1ensite sirengths in the annealed condition than T-304 or T-316. AL-
B work hardens similarly 10 T-216, whereas T-216 dogs not appear to wark
harden as rapidly.

The welding characteristics of these allays are also similar to those experignced
with other austenitic slainlews steels. Both have been TIG and MG welded and
TRQUITE ND pwe- of postweld hgat tegatments 1o prevent cracking ar 1o restore
Suctility, Cleaning or descaling nnor to welding s impartant and pickling to
remove wild scale is degirehie 1o inture optimism corrasion cesistance. Tesis of
welded AL BX condenser tubing demanstrated the excellent corrasion resistance
of as-welded tubes 1o seawater ervironment, eliminating the need for postweld
pickling far satislactory performance in 1his enviranment.

One porential problem area for suttenitic materrals is the possibility of precipi-
tating complex elhromium earbide [sensitizationd during welding or a8 3 result

of imaroper heat treatmesz which in Cme cou'g lead 1o intergranular corrgsicn
attack. Avoiding temperstyres in the 800" to 1500°F range or rapidly eooling
throaugh this range is one means of minimizing this problem. Two other methods
are wiing low carban grades or siabilizing the alloy. AL-BX is normally made ta
low carbon levels. Indications are that the 200 series i not a5 susceptible to
sensitization and can 1olerate highest levels of carbon. -
The ferritic stainless steols have seificiens ductility to permit forming without
difticutty. As a class, they can be best iypilied by T-430 as 10 their farming
charagteristics, Mone of 1hese alloys has the averall ductitity demonstrated by
the austenitic stainless steels, byt 3 sufficient amount 10 permit even difficult
forming operations.

The ferritic stainless steels can be TIG and RIS welded, but requite grezter care
than the austenitic staindess steels, Since they have not been used in welded ap-
plications to a great eatent, lack of lamilizrity with these alloys ¢ould be the
cause of many reported ditfigeities. While it is imporiant 10 maintain cleantinets
in all weelding opeiations, it is particularhy true i the cose of thase ferritics whose
praperiies are dependent on low levels of interstitials (carban or nitragen),
Proper shielding af the weld with gases to koep these claments away from the
hot metal is vitzl. The stabilized versions should alsa be protecied even thowgh
they contain Lizanivm to tie up the carbon and nitrogen, YWhen filler metal is
needed, atluys of similar cgmposition should be used,

The ferritic stainfess steels are susceptible 1o o loss of ductitity and impact
strength when heated in the §50° to 1000°F rempecature renge This is cam-
monly known as BRS embontlement. Becouse this condition results in the los
of toom temiperature duttility, consideration must be given to avaid processing
and application problemt  Aveiding this temperature range of tast coaling
Ihraugh it are tiwe methods of minimizing the pretlem.
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Another characteristic of the ferritic stainless steels which eould anhect their
funciionat zpplication is toughness as 2 function of impact testing.  The impart
strenaths of these materials ¢an be quite fow 2t ambient temperatures, due to
their relatively high ductile-torbritile transition tempecature (DBTT). This char-
acteristic is affected by a number of vaighles, amang them: cacban and mitro-
gen content, titanium additions, thicknest, cogling rate and grain size. '

Figure 6,17 illustrates the effect of one variable {cooing rates) on a ferritic afloy
cooled after annealing for one-hall hour &t the specified teinperatare. This con-
dition becomes an spparent protslem wiien materials with DBTT highear than
room temperature are subjected 1o impact Ioading. The low interstitial mater;-
als {29-4, 20-4.2) are less affected by this condition than the titanium-stabilized
grades {4089, 439, 26-15) ane), 35 3 result, these latter materiols are restricted 1o
applications where thinner materials can be wted. This restriction will ot affect
the use of these materials in mast piping end heat exchanger applications.

FIGURE G.17: EFFECT OF COOLING RATE ON IMPACT STRENGTH
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General Corrozion Resistanco

All the atloys menticned in this review have qenerally good corrosion resistang
properties. Their amlity o retist carrosive media is dependent for the most pant
on the amount of chramium they contain 35 well a5 other altgying clements such
a5 molybdenem, nickel, titanivum and others. Other fagtors influgncing corrosion
resislance are Crevices, 1emperdfures, stagnation, oxygen supply, CONCERTIATiONS,
stresses, surface preparaticn and gleanliness, heat treatment, and in most Guses

a combination of these and other factors.

All of the allays disted have, with the cxception of T-409, a resistance to atmas-
pharic corrosion gquzl 1o or better than T-304. T-209 itsell is resistant 1o a gep-
ral cOrroticn attack in mest atmospheric environmaents.

Tabie §.32 provides corrosion test data for these alloys in seven different media,
Included with these atloys are data for T-430, T-304, T-316, Allay 20, Hastellay
C and tizaniumn. Al solutions ore boiling 2nd are the resuits of five S8-hour per-
icds,
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TABLE 6.32: CORROSION RESISTANCE TO BOILING SOLUTIONS-MPY

Geothermal Energy

Allay 1CE Swlfarmic LEY Farmlz 01 Acetle 10X Benllc
A1p TR s, e 3,088 [
104 1,30 1,715 100 1L
1tk 1% (45 H 1
A ey 20 14 7 H T
Hannebloy € ] 5 L] ]
Tltan| e k-1 m |-} 514
16-1% LH & ] L]

H{ 1] 1] 25 | 1]
-4 & 1 o 13
AL=§X 21 & Q 11
k3G 1 L L} 1.070
Aoy E5Y Wiprlc 10% Sodivm Wlsulfars 165 SuiFurieg

(31 ] 9%, 230 HL L

104 8 7,760 LR

JIE 11 176 LHE

Allgy 10 ] 1 4]

Wairellep € L1t [} 17

Thianlvm 1 258 &, 230 = -

2%-15 k 4 Th 000

FET 1h 1L akg

29-4 [ ] £1,18¢

Ab-EX 1 14 130

438 n 1 30 el

Sourse. PB 281 349

These tests pre pard of a standird series of corrosion tests run to provide a com-
parative evaleation of a material's resistance to a broad spectrum of conditions.
The iests serve as indications of where thete materials might be used and wherg
mare comprehensive and detailed investigations are required prior to application.

It is woerth noting at this point that the 29.4 alloy, while exhibiting excellent
Carrogion resittance to @ nember of environments, is severely attached in sulfurig
acid. A modification of this material, with an additicn of 2% nicke!, provides
much better resislange to sulfurie agid attack at warious temperatures and con-
centrations as shown in Tables 8,33,

TABLE £.2Y: SULFURIC ACID RESISTANCE -
Tampetaturn !

fong. 159 % 1757 F IMHF
143 16 T 11 1L
ex & 4 7
Fi- LT ] g o
i 11k 1% 7 152
hE L] 5 1

19-4~7 0 9 i
A% 1% 53k 1584 Jary
X ? 12 1%
1=k} ] BE] omn
55% 1313 5 7 .
44 3 w3 113
13-k 5 ik 3

PR 281 340G
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Pitting and Crevice Corrosion

Fitting and crevice corresion resistance of materials s an extremely important
consideration in designing and specilying a materials system For many agueous
applications particularly those which involve high cancentrations of chlorides
such as seawater and some geathermal brines. Nany successful applications have
bezn made of the common austenitic and ferritic staintess steels in chloride-heavy
enviegnments, but it s important 10 recoqniza the problems and avoid them as
much a3 possibis.

Early effarts to devtlop a ferritic stainless stpel with improved welding charac-
teristics and pitting cosrosion resistance 1o complemeant its inherent resistance
to stross corrgsion cracking led to the developrment of T-439. The addition of
titantum ta this alloy appears o improve it pitling CorrOsION resistance.

Picting and crovice corrosion studics using spegimens with a crevice in ferric chlo-
ride have been made on a large mumber of allgys, The o5t invalves a rehber
band siretzhed around a specirmen and inert polymer blocks are interted 1o halp
maintain 3 crevice and 1o add acditional crevices. The specimen is then placed
in 10% ferric chigride 2t room tomperature for 72 hours.

A comparisan of weisht less messurements can demonstrate the resistance of
2lloys to pitting #nd crevice corrasion. However, any sign of pittuing or crevice
corrasion indicates that a material is likely to experience problems in octual serv
ice, whereas ahsence of an attack iz a sirong indication a matesial will be suit-
able for extended tervice. Many people accept this test a5 an indigation of haw
glloys will perform in seawaler. Table B.34 shows test results,

TAELE 6.34: 10% FERRIC CHLOR!DE RUBDER BEAND TEST
2 HOURS-ADOM TEMPERATURE
Allay % Weight Lats
AL-GX 1]
219 Cr4 Ma ]
Hazzellay C 0
Titanium 0
EB-261 0-0.01 T
218 0.2-045
26:15 0.306
37 0.8-1.1
16 258-5.1
Hck3 4.0-5.0
A 2551
Scurce: PB 261 349

Ancther mechod of Comparing the pitting corrasion resistance of alloys is ta
measure their break through potential in various media. Table 8,35 lists the per-
farmance of varigus allcys in 2 solution containing 1,000 pam chloride. bt is
evident that those matecials conlaining the higher combinations of chromium
and molybdenum provide better resistance.
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TAELL : BREAKTHROUCSH POTENTIAL
Alloy Munirnum Braakihrouch Powential
ivalts)
AL-BX 1.0+ (bevond range tested)
75 Cird Ma LG4 {Levand rangs teiled]
Haszellgy £ 1.0+ [bevend rangs lested)
. 76 G 85
Aftey 20CH3 55
16 .33
304 2
430 05

Source: PB 261 319

The soverity of the corroding media affeers pecults in this test. Increasing the
chloride concentration from 1,000 ppm to 40,080 ppm lowers the minimum
®breakihraugh potemisl 1o 0.9 V for AL-GX, 0.25 V for 316 and 0,18 V for 54,

Expozure Lesis of several of the new alloys have been made in utility steam
sutfice condenters. 74329 tubos wers tosted in spveral fresh water plants where
T-304 hgs been proven satislactory, In salt water, T-216 and AL-BX indicate a
much improved pecfermance over T-316. Where tubes are permiteed o four or
velecities are low, T-316 has failed in 2 shorr a Lirme as tvso manths  Alter four

years' expasure to these conditions, Tubes of T-216 contain a few micro piis and
ALGX s unalioeted.

Etress Corrosion Cracking

Resisiance to stress corrosion cracking i5 one of the most important at{ributes
o1 an enginedring malerial. As a class, the ferrities olfer SUpETIar resistance to
this torm of corrosion attack, The atloys are not totally immune and 1t is ag-
pacent that small additions of nickel and copper con reduce the resistance of
certgin alloys o this form of attack, particularly in the more aggressive solutions
such as boiling magnesium chloride,

Many people believe the boiling magnesium chlorice teit is tog severe and does
not adequalely represent actual service canditions most frequently encountered,
A more realistic test apnears to be the wick test developed by Dana and Delong
2. A U-bend specimen is placed in contact with a g'ass wool wick which is
pattially immersed in a NaCl solution. An electric current is passid thraugh the
specimen to heat it and evaporate 3 portion af the solution, concentrating the
taCl on the hot siressed surface. Materials such as T-304 and T-316 fail the
wick test, Otners which fail in hoiling magnesium chloride will pass the wick
test. Amang these are 20CbY, AL-BX, and 20-1-2. Some stress carrosion cragk.

ing studies of the various alloys cangidercd here provided the results shown in
Talale 5.56.

The resuits abtained in these studies ace interesting. M would appear that mate
rials such a2 AL-GX and 29-4.2, white suscenrible 10 siress corros on cracking,
do have same inherent resistance. [ the wick tost Is a atisfactory and sealistic
laboratory approach to actual congitions, these alloys gan be usad in a riem-

ber of applications where pitzing, crevice and siresk corrosion resistance are required,
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TADLE 6.26: STRESS CORROSION CRACKING STUDIES

Aioy 33% Lichlum Chlarlde 42% FsClz 20% Hafl  Eql WadH  Wlick Tast

r- - -
Tk F F

Al-6X ’ E P F P
A ’ d .
-33 P F ’ ’ ?
2E-15 P P F F r
25__:' P F F P P
19-4-2 P F - - r

P = Pass: F = Fail

Saurce: PR 261 349
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SILICA SCALING OF CERRO PRIETO

The material tor 1his section has béen based upon a paper by )
5. Mercade and J. Guiza of the Federal Cammiscion of Electric-
ity, Mexico, prepared for the Conference on Scale Managernent
{CO0-2607-4).

DCescription of the Geothermal Field

The Cerra Prieta geathermal ficld presents hydrothermal sur{ace ma_nifeslaticm-:

in an area of zbout 30 square kilameters, where the production zone is 1ocated.
Thirty deep wells have been dritled In this 1I|E'|d oz Ejupth ranging from 300

tg 2,000 m. Flaw is obtained through prlns.r}ttnfl casing ar through qun perfa-
rated czsing, after cementing the production c25ing, cacept 150 1o 300 m of the
bottom part, where the hot strata are located.  High enthalpy w.asu: Flaws thrrnugh
these perfoesions and it conducted to the surface thrgugh the 753" production
casing.

A the water ascends through the production casing, 1he hydrostatic pressure
diminishes and it partially flashes inta steam. Thu flow through the valve tree

is a water-steam mixture conlaining from 20 10 4% of team.  This mixture is
admitted to a centrifugsl Webre-typa centrifunal separator, 54" in diameter. The
sream i sent o the power plant and the separated water 10 an eveporating pond.

From 20 to 80 -l.ong per hour af stearn are oblaind From each well 8t a presturd
of 100 ptig. 13 wells supply the necessary steam to maintain a1 tull load two
units of 37.5 MV each, at a steam rate of 8.4 kgfkih,

Brine Composition and 115 Retatienship to Silica and Qther Sealing Salts

A typical analysis af the bring extracted by the wells atter being exposed 10 at-
mospheric pressure s thown in Table 5.3_? on the frllowing page.
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TABLE £.37: CHEMICAL ANALYSIS OF THE SEPARATED WATER oF
WELL M5
Eiement Part1 Per 3\dTion
MNa 5062
K 2,137
Li 28
Ca 222
LLE] i
fi 14
Sy 1,250
4] 16,135
Or 3
F . 2
50, &
o, :
G0, 74
MaCl [C1] 26,442
As 0.5
Fe 03
v ' pH 7.7
Canductivity
{mmhgs) 32200

Sourer: COO0-2607-4

Ag can be seen fram the table, the following relationship can be established,

Cations:

+ ++ ++
'Na+>K * CR » Mg

Arigns:

€1 > 1o, > 50;

By means of isoiopic analysis of the geathermal fluid i1 hat been established that
the water from the geothermal reservair is of meteoric origin and proceeds maindy
fram the Colorado River. The high concentration of dissolved solids is the re
=it of the solubility action af the hot water an the sedimentary rocks acting

for thousands of years, and reaching an equilibrium state or saturation with re
spect 1o sorme elements such as stlican, sadium and patassium, The geothermal
fluids alsa coniain substantial amounts of dissolved gases, mainly CO, and H.5,
and in minar ameounts NH,, H,, and CH,.

The high coment of distolved sitica in the well brine s the result of dissalotion
of rack at high wemperature, a fact experimentally verified by different investigatars,
The eoncentration of silica in solution increases with the temperature. It has
bezn possible 1o estabtish that the Muid discharge by the Cerre Prieto wells it
sattrated wiln respect to silica at the temperature at which the brine 15 found.
This fact has been ulilized 1o determine the temperature and enthalpy of the
bydrothermal brines wilh acceptable azcuraey, In 2 similar manoer, the brine

it saturated with respect to corbandtes at the temperature of the brine,
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Cue o the saturatian condition of some of its companents, depasition of scale
ocours on ihe inside of the well casing 23 the gecthermal livid undergoes physi-
za! changes on ity way o the surface. The scaling occurs physically when the

high enthalpy water ascends through the production casing and the pressure at
which it is suhjecied is reduced cousing partial flashing of the water into $team.
The zone of the casing where this change of phase occurs depends on the arig-
inal enthalpry af the Haids,

Chemically, depesition accurs when the brine (originally sawurated with respact
to tilica and carbgnates at the imitial temperature) becomes supersaturated as 2
porticn of the water Nashes [nto steam and the temperature of the brins is re-
duced by this change of phase.

€0, onginally present in tne bring 15 ransferred ta the steam when boiling 15
inttiated, The initial couilibeigm 18 disturbed and bicarbonates are precipitated
a4 carbonates aceording 19 the fallewing reation:

CHHCO,l; —=— CaCth, + H.0 + CO;t

Scaling protilems of the production casing are mare or less severe, depending on
the zone where seale is produced and the depth of this zone, [f, for instance,
the deposit is formed in the production casing, rimming of the well restores che
well output. I, however, the deposit is formed in the slolted portion of the
casing, fluid tlow it restricted ang the slars cannot be cleaned by rimming, Scale
may also occur in the surrounding ground scals, diminishing permeability with
rio means of cleaning.

Deposits similar 10 those formed in the production casing keep an forming in
the sepdratars, water piping, silencers 2nd draing. Silica and other insoluble de-
posits are formed because water gontaining these sales i3 carried aver the steam.
This earryover is responsible for scales formed in condensate teaps and on turbing
Blades,

HELICAL BOTARY SCREW EXPANDER
The eaterial far this secuon has been based wpon a paper by
A.A, McKay of Jet Propultion Laborgtary and RS, Sprankle
of Hydrothermal Power Company, Ltd. prepared for the Con-
ference on Scale Mangement {COO0-2607-4).

At dry steam geathermal tields, the production of electricity is accomplished by
rernoving entrained solids and then sending the steam dicecily to turbines which
drive electric penerators. A sirnilar simple approach is possuble at hot water

fields by wiing an eapantder which ¢an operale directly on hot untreated corrosive
scale-foeming geothermal brines ar brine and vapor mixiuces,

A positive displacement expander &f the Lysholm type, employing rwa meshing
helical ratary swrews, has been pnder development by the Hydrothermal Power
Company, L1d., Since 1971 for this application. Twa small pratotype models
bave been scecessfully demonstragsd at three gagthesrmal hot brine Jields in sowuth-
western Wnited States and Bexico, using brines having dissalved solids ranging
from 17,000 10 330,000 ppm. Precipitation and the deposition of scalg iy aliowed
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io mu:-':.aithin the expander where it is used to acdvantage. A layer of scale,

in thickneszes controlled by the geomeiry of the meshing rotors, provides ergsion
and corrogion protection and thermal insufation for all surfaces swep! by the
rotlurs, The buildup of scale fills leskage clearances ond thus enhances the effi-
cicnoy of the exporer. The scale depasition also pravides healing of surface
damaje to the rotors or case shokld it oocur,

With same brines, 1the processes which occur within the expander significantly
alluviate scale deposition in the wasie [ine alter expangion, The expander, planned
principally for wellhead aperation, influences scaling within the well and supply
line gnly to the extent achieved by flow contral ar the expander entrance by
meang of the internal throttle contro! valve. A helical rotary screw expander is
showwn in Figure 6.18.

FIGURE 6.18: HELICAL ROTARY SCREW EXPANDER

Side Section View

PP i o S L |

Materials and Scale Management Stodies 3:5

INHIBITING DEPOSITION OF SILICECUS SCALE -

The material for his seclion has bezn based upon a paper by
J.2. Grens and L.B. Owen o Lawrence Livermare Laboratory
prepared for the Conference on Seale Management (SO0 2607-4).

Lawrence Livermore Labaratary is developing the tota! flow process for eiflicient
utilizatipn of the thermal energy siored in high ternperature-high salinity brines
from tha Salion Sea Geothermal Field (SSGF) far electric power productian.
Enargy conversion is aceomplished by flowing Brine through miked phase gx-
panders arkl directing the high velogity exhaust jets onto the blades of an im-
pulse turhine.

Previous fiddd experience, however, at the Sinclair No. 4 site in the 55GF wndi-
cated thar deposition of siliccous scale {heavy metal sulfides and iran-rich amer
phaus silica) in no22les and on turbine blades would be a serious problems when
hyoersaline prine is flash evaporated. An experimental program, theretorg, was
established 1o develop scale conurgl technigues. Preliminary results ndicats Lhat
scaling is a pH-depondent process that ean be inhibited when brine is acidified
with hydrochlorie acid.

A mobile field test unit has been established at the ERDA-SOGEE test site in
the southwestern part of the SSGF. Brine from the Manmamax Mo, 1 well vas$
flowed through a steam separator that isolated vapor and liguid fractions fermed
25 the bring maoved from the geathermal reservoir, up the wellbore to the surface,
Althoagl the separated liguid phase was used for the initial brine modification
experiments, subsequent work will invalve remixing of liquid and vapor fractigns
prior ta chemical additions.

Averzge temperature and pressute of the brine were about 220°C and 265 pii,
respectively, System through-put varied between 18,000 1o 24,000 pounds of
brine per hour. Flow through nozzles (B:1 expansion ralin, YWeineh dizmeter
throar] was 1.25 paunds of brire per secand. The nomina! pH of unmoditied
brine flowing {ram the separarar varied from 5.5 ta 5.8, Dissolved solids content
of tha brine prior 1o and after expantion thraugh nezzles was 1B to 22 weight
porceat, cospectively.  Mazrles snd weoarplotes were fabricated from Ti-BAl-4V
allgy., Three ingependent nozzles were operated simultaneously. Duoring each
acidification run, a: least one nozzle was alvways operated a3 a control station
owing unmodified bring,

Four experiments, each of 20 hours duratian, were campleted. Wominal sealing
{eopper sulfide, native silver, and fron-rich amorphous silical from unmodified
brine resulted in closure of cp 1o 10% of the crowsectional arels of the nozzle
throazs. Thickness of scala farmed on wearblades ranged from 0,019 wo 0.04 mm,
However, when brine was acidified to pH 1.5, 2.3, and 4.0, sealing in noztles

was eliminaicd and substontially reduced on wearblaodes.

Acidified brine effluents remained clear several hours after collection. However,
unmoeitieg prine was glighsly terbid when colfested, with precipitates forming
a few rinutes 3tter samples were taken.
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LiGLD FLUIDIZED BED HEAT EXCHANGERS FOR CONTROLLING SCALE

The material for this section has heen based upon a paper by
C.A. Allen, E.5. Grimmen and R.E. McAcee of ldabo National
Engineering Laberatory prepared for the Conlerence on Scale
Management (CO0-2607.4).

E xperiments conducted several yeart ago at the Idaho Mational Engineering Lab-
saratodry indicated that heat transfer coefficients between surfaces and a liquid
fluidized bed were higher than when no bed was present. These same bads pré-
vented deposition on cold surfaces near saturated solutions. These observations
fed 1o the sugoestion that a fluidized bed heal sxchanger could be developed
which would prevent the wsual deposition of scale from geothermal brines when
cooled,

Initial siudies were conducted with artificial brines ac the taboratory, and with
hot brings flowing dicectly from geothermal wells at Paft River, Idaho. The
firsy experiments werp performed in appeosimately 4.inch diarmeter glass cal-
uring operating at atmospheric pressure. The heat transfer surfaces were made
from 0.25-inch diameter tubing wound inla spiral coils.  Aesulis from thrse 1ess
showed that no scale doposited on heat transler surfaces covered with a fluidized
bed af sand particles, and that bed to-tube coetficients doubled. These coetfi-
cients ranged from 4,000 to 4 500 wicm® *C, the higher coetficients cbtained at
the higher superlicial fluidizing velocities which ranged from 0.02 o 0.045 mfsec.

Slightly higher coefficicnts were obtained in a Ginch diometer pressurized ex-
changer esing 0.5-inch diameter twbing wound into a spiral coil covered with a
sand bed having 1.0 mm particies. The unit was operated for 60 days using
Faft River water at a ternperature of 1357C, containing approximately 2,000
rmilligrams per liter of dissolved salts. Mo scale deposited an the surfaces of the
call that was covered by the fludized bed of sand.

Hot Dry Rock Project

The material for this chapter hys Been boted upon a report
by DAY, Brown and R.A. Pettitt of Geothermal Technology
gnd Operations Group, Los Alamos Scientihic Labagratory,
{(LA-UR-?7-2028).

As a consequence ol man's ever-increasing demands for energy and mineral re-
sources, counlless numbers of exploratory holes have hoen drilled deeps oo the
earth's cryst all over the world. Although the saught-fer ressurces have most
otten not been found (the proverbizl "dry" hales], what almost zlways has bean
found are bodies ol essentially dry rock at elevated temmperatures, In the Goll
Coast tegion of the United States, for example, typical bottam-hole termperatures
for the doeper dey hales often spproach or even exceed 200°C-a minimum tem-
perature level which 1 consideret feasible 1or the generation of eleciric power (11

Such widespread drilling expericneg clearly attests to the oaistonece, within pres-
ently attainable drilling depths, of vast regions of crustal rock at suitably elevated
temperatures—-suitable for many of our space heating and process heating reeds,
and oftentimes even for the generation af electric power. These identified re-
gions of hat rack beneath the carth's surfage represent, in fact, aur most abun.
dant and beoadly distributed energy resourece, if an economical and envirpn-
mentally acceptable means of extracting a reasonable amount of the contained
thermal energy can be devised. Such is the primary objective of the Los Alamos
Hot Bry Rock Projoct.

HOT DRY RACCK POTEMTIAL IN THE WESTEAN UNITED STATES (21

Althauch several regions of the eastern United States have recently besn identi-
fied as having a signilicant patential for the development of hol dry rock geo-
thermazl Jeteryoirs at moderate lemperaiores (3)03), the greatest potential for
this type ol gecthemal enerqy lies W the western third of the Linived States.

I¥ ane considers the thirteen westernmest states inchuding Marth and South Da-
kota, this region posseésses a nignilicant potential fov the near-term utitization of
man-made hat dry rock geothermal reservoirs.

401
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The U5, logical Survey 18] has identifiec 1.8 million aeres {2,000 square
miles} of westera lands as "having a sigrilicant potentia! for geothermal develop-

ment,” based primarily on an associalicn with reeent volcanism in the arca. How-

ever, fram 2 survey of all available regional heatflow dawa, iv bas been ettirmated
that a much larger and meore widely distributed portion of this 13-state arca—
almost 85,000 <quare miles -is underfain, at depths of about 16,300 icot (5 kile
meters), by hot rock at or above SSOF 1290°C). I should be pointed out thal
these fattcr argas are not necessarily associated with recont vulcanism.,

Using the numerous measured heat-flow values in confunctian with temperatue
vs dopth predictive techniques, one is in 2 position 1o estimate, in & quasi-$tatis-
ucal lashign, the very large hol-dry-rock geothermal-encrgy potential for the
western United States.

Table T1.1 lists the estimated probability, in the form of a percentage distriby:
tian, of a given terperature range lor two specified depths—{16,400 and 19,700
feet)l and & kmil—for the 13.state region being considered. A mean depth 1o
basement of 2,200 feet (2.5 km) was used, along with appropriste meas-thermal-
conductivity values for sedimentary rock {0,005 calfcmesec"C) and crystalline
basement roek (0.007 calfeme-secCh

TABLE 11.%: PROBADLE DISTRIBUTION OF HOT ROCK RESERVOIA
TEMPERATURES FOR THE WESTERN THIRD OF THE UMITED STATES”

Frobabla Huaub Flow Pendrvoil Teioperstuls Rinage Carrespond leg
Aroal Rarea e & Cri1] et Bajg Deeth +
Elatribut lom M- M [} IE.".HE Te 11 er)
I < L.4 i 1ketr < MaTr
{158%C] LEL LW
N 1.8=2.1 IA-291 LT
1150-201+L) {imé=231")
I 2.4=2.5 ELERE ) L 130=3424rF
12E3-240"C) {211 2954C)
-l
1ty 2.4=1.1 ATI-d0tr 4% =Ed9mr
(Z40-290*C} {IR3=317"C)
Th LI - * REQTEF * Iy
12%3=Cy [ % EAl)

“Based on & moan sedomenlary Thachngis ol 25 kmoavsrlving the
Toga af the crepiglling HaTEnT FOh,
“"MFU = Weafem? e, coroenied fon Poracocans ehmane eftecis.

Source: LACUR-7Z-2028

From an examinalion of Table 11.1, one can conclude that 3 hotrack reservaif
temperatuze level in excest of SRO°F (290°C) can be achicved by drilling to a
depth of about & km anywhere within a 95,000 squzre-mile broadly distobuzed
region of the western United States. This area is over 30 times greater than the
1otal " Known Geothermal Resource Area" listed by the US, Geological Surey
for petental naturally-oocurring hoet waler or steam geathermal development,
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Obwiously 1hen, if a practical, yet economical, method ol extrag.. _ energy from
these known reservoirs of hot rock can be developed. as aopears probable based
an tha results af the Los Alamas Project so lar, this hot rock geothermal ri-
saurce is very Targe.

TECHNOLOGY (6)

The principal problems associated with divelaping this vast energy resource are
primarily ones of scongmics and engineering. For any given geologicel selting—
shallew or deep, sedimentary or igreous—which al the potentially available meth-
ods will be mast efficient and economical, and at the same time enwiranmentally
acceptable?

Except in areas of active vulcanism, which are rare and appear somewhat haz-
ardous for initiz! investigations, hot dry rock is normally encountered ar con:
siclerabile depths under thick insulating lavers of cooler rock, QLvigushy, some
method of in situ energy extraction is maost appropriate for the development of
thiz resgurce. For similar reasons, drilling appears cortainly to be the abvious
choice for entering the geothermil reserveir, Fortunately, drilling equipment
and technigues are already available which are used more or less rourinely 1o
penetrate hot, hasd rock to depths of whe order ol 20,000 feer 6 ki, and
which produce hedes large enowgh In cross section lor the sigrificant transport
of a hear vansfer lluid. VWhile improvements in drifling 1echnnlug-.r and gconom-
ics would certainly L welcome, existing deilling teehnglagy is adequato for de-
velapment ol hot dry rock energy systermns and must ba the immediate basis of
that development.

Typically, rogks zra poar conductors of heat. Therclore, within the hor rock,

a very {arge heat-transler surface must he expated if thesmal encrgy is to be ex-
tracted from it ar a high rate for a usefully long time. As a method of develop
ing new surfaces, drilling is prohihirively expensive. An ecancmical encrgy sys-
temn requires in fact that drilling be minimized, and that the necessary hegat trans.
fer area evisi or somehow be created outside the borehole in the form of con-
recied openings large enough to permit heat extraction from their surfaces.

It appears 1hat the best possibility lor officiant, economical extracticn and trans.
port of heat is to circulate a fluid from the borchole through these apenings, in
imitation ot a patwral hydrothermal sysiem. And while ather fluids would have
advantages, particularly with regard to dissalution and reprecipitation of mineres
afs, the total volume of fluid and the makeup requirements far Nuid loss and
therma! coniraction ol the cock are so great that a very incxpensive heat teans:
Jer fluid is wvidently needed. Again in imitation of natural systems, weater is the
obvious fluid jo be used for extraction and transport of 1he geothermal heat.

If the mck -::anstltur.mg the reservair has a high na*ural permeability, a5 may k2
the case'in Porous sediments or fractured igneous of metamorphic rocks, injec
tion of water from the borehole into the fermatien and circulation thrgugh it
to extract heat thould noi be difficult

The problems of canfining the cirgulztien 1o the region fram which it is desired
o exiract hrat and of recovering the heated fluid from the farmation can prob-
ably be handled by Lha resgrvoir-management techniguns which hava been widely
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_ _ , ) extended beyond the pian i
whed for ;cc'-?ndar‘-: recovery of petroleurn.  This, hgwever, in gent‘lrall TEQUIres A reservoir. | these the:n.-nn::jre:? o IJ.-_s Lron provided _by o orginal iracuureg
sientigrapdy inowhich at least the upward fluw af the eservoir flyld 15 prevented ward int0 regians af hotter k 55 s00ms prob Al dovneard —
and recuires alto the drilling of 2n array cf holes jn which injection holes are mal saurce may Hiuzlly ;:ﬂ;?: E = coerg F_*'l'-"babfﬂ. i A o
VB 35 energy is wilhdrawn from it

surrounded by recovery holes and vice versa, Very large encegy extraction sys-
terms alf s type aie peobabily posible, bul convigcing small-scale exnperimenis

10 demonstraze their feasibility will be hard ta arrange. ' FIGURE 11.1: HOT DRY ROCK GEOTHERMAL ENERGY
: . . . DUCED ‘ 5YSTEM PRG-
Ar least initially, it appears simpler 1o invesiigale encrgy exiraciion from hat dry BY DRILLING AND HYBRAULIC FRACTURING
rock wwhose initial permeahility is low. Here the problems of containing end re- .
covering the fluid are replacwd by those of producing flow passages and heat-
rransfer surtaces. Many options exist with regard to creatian and operation of H}gﬁ[%

2 heat-extratlion system in such rack, including: FLanT

L o
F

creaticn ol Grculation paths by chemical beaching, vy explodive Iragmenta:
non, by hydrautie lracturng, of by some Combination of (hete mmathods; 1
alternane dnjection ang etuavery af floid 1tkiduegh g fingte hola, or canting- /
out girculation 1heeegh eoacd! pipes in the Lame hole, of continuaus flow
al the hgid betyween two o more baoles;

trartfart of the erngy toohe sarface By eleam, by hoo water, by a mix-
ture af the tao, piy m secand lluid, or—using some type of conversion de
yice=un & 1orm giher than heat.

SEDMIMENTS
B VOLCANICS
~5000 1y

Several of these passibilities appear to deserve investigation, in a variety ol geo-
lggic environments. Hawever, the only largg-scale experimental siedy of sys
tems ol this type now in progress is the ERDA supparted Hol Dry Rock Geo-
thermal Energqy Prodect at Los Alamos Scientiltc Laberatory. Initistly, this is
an aTiermpt 1o credte a pressurized-water circulation |oop in hot granile by hy-
draulic fraciuring between two barehates, The teasibidity of drilling inta, hy- 4
draulically fracwuring, gnd containing pressurized water hag been dernonsirazed ~l
n granide at depths up 10 9,600 feet (2,930 meters) and tomperatures Up 10
385°F {196°C.

GRANITE:

HOT DRY ROCK GEGTHERMAL RESERVALR

VERTICALLY ORIENTED
CRACK PROUUCED BY
HYDRAULIC FRACTURING

1n the initiad Los Alamos concent, a man-made geatharmal reservoir would be
formed by First deilling into a greviously-idantifizd region of suitably hot rock,
and \en creating within this hot rock a very large surface area for heat transfer
using conventianal, atheit large-seale, hydraubic fracturing 1echnigues developed

by Ihe @il industry.
THERMAL

AEGION, ~300% ¢

LAlter Tannirg a circulation lpop by drilling a socond hale into thu wop of the
fractured region, 2% shown schematically in Figure 11,1, ihe heat coniained in 1
this reservoir would be convected to the saslace by the buoyant circulation of - .
weillee, possbly wilhout the need for pumping, The water in the earth loop ‘o .
would e maintained as a liguid Wroughout by pressurization at the surlace, tource:  LA-UR-77-2028
halh incressing the amount ol heat 1ransporl up the sacond (withdrawal] hole,

v i £ hen com- .
and enhancing the rate of heat removal Trom the fractured reservoir, w .t.' co IITE SELECTION

p,arcd 1O stEaIm. | ‘
be initial geothermal spurga demansiration area

Bau, 3 part of the wrstarn arm of th b
) e Hock
orihern New Mexico {Fiqure 11.2), Y

if located gn tha Jemez Pla-

Freliminary experiments and analyses indicate that thermat stresses rezulling
Mauntzing that extends inta

frem the cooling ol the hot rock in such 3 man-made reservoir may gradually
enfarge the initial Tracture sysiem se that its wsetul lifetime will be preatly
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FIGURE 1.2 MAJOH STRUCTURAL FEATURES AND 2AREA OF INVESTI-
GATION IN NORTH CEMTAAL NEW MEXICO

nrt

36T

Source: LAUR-77-2028

ago, the adjacent valles Caldera was formed when2 hug?

Iy and thes subsided ino its owvn ematy magnd chamber.

rt of an apron of volcanic ash ejected during the eruptinas.

The Jome: Plateou s pa

A subsequent series of smaller velianic events s now represented by 2 number of
ryollte domes alang the inner periphery of ihe ca'dera. As 3 resul ol this rela-
Lively recent yulcanism, @ laege amount of heat is still regained in rocks underkying

the enlire Area within a few kilomeciers of the surlace.

About a million yEArS
volcano erupied vialent

Ia 3971, » field investigation was yndertaken 1o detarminge whether @ lpcatian
arcessible 1o the Laboratery could be Tound 2 which the geothermal gradient,
gaolayy. and hyd rol oty indicated the probable pwittonce of 2 usofuliy hot, dry

gecthermal pesErvOIr ak an peonomical drilling dapth. Temperature-gradient
meassrements made in b sares of hole drilled to depths of about 100 feet 130
meters) and the available geological, geophysical, and hydralogical information
suggested that such 3 reservols might exist benegih the Jemol Flaieau.
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H : 1874 2%
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5:’-1;1{1 from the flow of hat water afong the Precambeian woconformity,

Hole GT-2

. I
The groblems encountered in drilling the PEIMIE.'I-a"ﬂe rad be;js_ an:i dl!'l:ml‘;etlsrnw
vani:l"l age shales and limesteness reguired that a “grmg of IE:I h'!lr':-n e

i ing be set to a deptn of 1,600 Jeet (423 metoerst. f f
;?aEnflr:Z' szarsll:cgn was reacked a3t 2404 feer {732 mererst a;1d a w:;oggﬁ;:::? a

: i ; {roem the sucface to 2, )

Yeineh diameter {27.3-crnl Casing was et . \ . S
:??']I:fetr:rs?. Drilting continugd 1o 6,700 feat {2,042 meters) using & 9%-in
dismeter (24,4 cmi bits.

S e P L e
ecability of the lower granitic rocks. Hydraullc fractu mi el services

2:250 tenducted vsing methods and equipment developed by Ik |3 nb Pl

ir;dustrv. Although the rock at this depth seerned to be broken by

natwral [ractures, water leak off was sligh,

A a reselt of these expesiments, W Fentan Hill site was judged stll;ali!lﬂléﬂgr 515
fusrther development af the goothermal project. The haole wras deepene .

Teet 12,922 metces), and a 600 foot long (1B5-meter} finer was cemenied into the

ili i fracturing
i ] acilitate seating of packers for Tuuwere
5 sectign of the hole 1o faci ;
EDI {:;Tr:':en'sl A 28 1por (1.5 meter] section of hole was belt uﬁﬁdﬁ{gtrhé}
b:?:om The eguiltrivm boliomyhole rock temperature was 386, .

n i
Later, 2dditional fraCiure experiments viere performed through “f;énfm"rxdiiu;
L .ell;.ner and in the opcn hale below The liner. A near.ucfucah 3 l; o of e
il;?‘mu'er] fracture was thought to have heen created nedr the bottom
Lole.

Hale EE-T

i F [ thoast of GT-2. Drilling
T 5 d hole was locsted 252 feel {?? meierst noe
Ihta;cit:l}%"l;:nlﬂi'ﬁ and was completed in Octaler at & dropth OICIU,UEEE'J::ﬁ;
lg%ﬁd meterst and a bottom-hole temperature ofl A02°F l'ZL:IIE-.E- -+ i
cased to 6,470 feet $1,857 meters) with three strings of casing the deep
i:; 10% inches 1273 cmt in diameter,

aRte pond le EE-T1 toward

Birectinnal drilfing teshninques were useidéiln:l;w énésf:::lzgditfe:xgnea”v dritled be-
y m o -2 .

' esumedd Iraciure at he IJDHEJ m of

sz-;%rBE;E fear 12,009 metersh 1o interseqt the fracture rone 3t the boue

: ; clocxwise from -
GT.2. The hele was drilled throwgh a 205% spiral, turning counterclock

an initial northwest heating to a northeast head:ng (Figure 11.31.

i s established, creating * -
Co Qcicher 14, Y975 flow Between the two dinl hales was g5

T i ement
for the first time 2 man-made connection in hot, nearly impermeable bas
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rack. Afler circulazion was witablished, £2.7 vras
meters} with 3 7*%%-inch dismorer {19.4.cm) cusing
flow and heat extracrion BRIEFIMEn s,
were then canducied 1o determine thp
dawnbgle reservgir system,

cased 1o 9,600 fevt 12,975
for subscguent pressurized
Circulatian tests haramen the tvic holes
dimensions and characteristies of the

The predomizant Precambrizn rocx in both holes Ts banded granitic greiss. |n
one section, biglite schisls g interfayercd with the gneiss which is intruged by
unfalizted monzégranite dikes, A relatively extensiva ang homogengous biotite-
granadionte bady was encountered at depth. Orill cores shoy Numargus frag-
tures, vsually well sealed ar haaled.

FIGURE 11.3: PLaAN VIEVW OF PATHS OF DRILL HOLES
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scept {or coring, all drithing in the crystylline Bascmen
icane roek bits. For stanor gritling, the bit
r directional dilling, iz was 25Q vpm. Penetry
8 m/l 15 3 maximum of 38 fih {11.6 m/h,
Tinterval tor a singlg bit was 672 feer |
ectienal dntling interval was 15 feet [34.4 meters) in 5 hours, Thete two

des constiluze the bulk of existing drilling experience in hOt granitic rocks ys-
1 vonventional oil-field equipment.

b was done with full fyea
rotational speed was 40 TR,
tOn rates fanged from 2.8 ttfh
The maximem stendard drifls
205 meters) in 75 hours; the maximum
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Redrilling Holr GT-2

Berause of inaccuracies in locating the Tracture when the intessection was at-
wenpted, EE-1 imissed the fracture by aboul 27 fect 8 melers]. However, 35 a
result ol addiyonal hydraulic Iracturing experiments, the wwo heles were con-
necled. The impedance 1o the flow of water in that fraciure system was 160
high, theugh, far the proposed 10-MWt heat extraction experiment. Therefare,
beginaing in April 1677, GT-2 was cdirectionally redril'ed to connect it with a
fraciure produged Irom EE-1.

A cement plug was et in GT-2 at a depth of 8,300 feel 12,530 meterst, and af-
ter several atiompts, the hale was sideiracked using 9%, -inch diameter (24.3.em)
diamaond bits, Iollawed by tricone bits. The first wajectiory apparently inler-
sected the EE-1 fracture near its upper edge, and the resulting impedanee was
still too high 10 be useful, A second sidewracking was sutcessiul in abtaining an
impedance thal appeared 1o be acceptable.

On tune 3, 1977 during a 20-hour pumping experiment, cold water pumped
doeen EE-1 a1 1,000 psi (6,89 MPal was heated to 265'F 1120°CY, and the rate
of waler recovery was B5% of the injection rate. The 1emperature and he re-
covery rate arg expecied (0 increase as the system is cperated.

The hole was comgleted by cernenting a string of 7%.inch diameter [19.4-¢m)
casing from 8,572 feet {2,612.8 meters) 10 the surface. [In a 9G-mour circulat-
ing test run perlormed in Seprember 1977, energy was extracted at a raie of
2.2 1AW with water lemperature of 132°C)

Hezat Extraction Experimant

The 10-MWt heat exiraction experiment {scheduled far 19781 will be conducted
far severad months to delcrinine the mechanical, physical, and chemical proper-
ties of the reservoir snd the heal exchange system. A sthematic drawing of the
suface facilities for such & test is shown in Figuee 11,4, 11 it s successful, the
systern will be oxpanded to 3 100-MWT experiment by drilling geeper to 12,500
teet (3.810 metersl where temperateres of 482°F (250°CH are expected.

Such a facility could produce engugh electricity for 10,000 consumers and would
grovide wnique and uselul information on the design and construction of & small-
scale electric generasing plant that wses this new entrgy resource.

"

PROJECTED DEVELOPMENT (Bl

Claarly, na coanmercial preduction ol energy from hot dry rock yuothermal res-
eryoirs will be attempied untit ar least QNeE energy CHTEACUON Lystem Nias been
goerated long enough to demonsirate 115 usefulness and reliability and to eralu-
ate in detail it¢ behavior and econarmics. M the Les Alames Project is success:
ful, this may have been accomptished for one type of system by 1980 If that
occurs, then the lirst demons:rations of the cse ol this type of geothermal en-
ergy both for generzting cleciricity and for neneleetrical purposes could be in
progress by 1381, These dumanstration Systems will prakably ke small, each
praducing on the arder of 83 MWt or 10 MXe, and it will prebably be necessary
o operate them for 2 or 3 years before funds can reasonably be committed for

Haot Dry Rock Project 411

cunst_ruclil:ln of commeegial scale systems, Howewver, a5ain assuming success in
th:e pitatscale operations, it is quite possible that two to four commercial plans
might be in cperation by 1990, producing perhaps 800 MW and 80 MWe,

Therealter, depending both an technical pragress in the use of this and other
lorms afl enecgy and on economie and environmental constrainis, the rate at
which pew hat dry reck systems could be develgped would be controlled ari-
marily by the rate ar which deep hotes could be drilled into hot rock.

FIGURE 11.4: 10 MWt CIRCULATING LQOP
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ENVIADNME AL MOMITORING

An covirenmental momitering study of the profect has been initiated and a re-
port issued (9). Included in the repory are descriptions of the work that has
been dane in three major moniiofing areas: (1) water quality, beth suriace and
subrsurface; (2) seismicity, with a discussion of the monitoring strateay of re-
giongl, local, and close in detection networks;: and {3} climatology. The purpose
of these programs i$ to record baseline data, define potential elfects from the
project activities, and determing and* record any Wmpacts thal may ocoul.

The development of the hot dry rock geothermal energy resource and assogiated
energy extraction teehrology i5 a new tighl of endeavor, with no establishad en-
virgnmental guidelrnes. {1 is doubtful it the problems encountered and selulions
devised in tradibonal geothermal systems will zpply direcily 10 the hot dry rock
develepment. Therefare, the impacts that are encountered in this project will
be of particu:lar value in making future enviconmental asscssments for this Type
af energy resource develcpment in ather locations in different geologic sattings
To date, there have been no unacceptable impacts on the environment in any

of the three monitaring areas.

SUNMMARY

Cver the past & years the LASL HDR Project has progressed considerably. At
LASL gnd under subcontracts with industry, many new instruments were da-
veioped to operate in the high-temperature (200°C), high-pressure (400 barl en-
vircnment dgwnhole, incleding acoustic datectors, gyroscopic survey 1005, 3
mechanical scoustic $ource, temperature probes, sel{-polential 5P} and induced-
potential {(IPY probes, and water samplors,

Mzjor technical achievemenits bave been made in developing and medifying di-
agnoslic and analylical techkaiques for mapping and characterizing the hot dry
rock reservoir. Direclional drilling and hydraulic fracturing in hat granitic rock
were just two of many "firsts" achieved, For a detailed description of this work
see Reference [10). .
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Proprietary Processes

CONVERSION SYSTEMS
Froduction of Power, Desalted Water and tnorganic Salts

The systemn of L. Awerbueh and C.F Draney; L5 Patent 38538752 May 4,
J'E??_E; assigned 1o Bechiel International Corporation includes a surface gvaporator
which allows a preheated distillate, freed of impurities, 10 be vaporized by the
heat energy of the steam andfor brine from a geethermal well. The resulting
vapor 15 used to drive a power uniz such as a multistage lurbine. The vapaor ex-
haus:ed frem the power wnit is condensed by any of a number of conventional
means. A portion of the condensite is then recycled through the system,
wherein it hecomes the diregt contart condensing medium for the vapar pro-
duced by {lashing hot geothermal brine in g murltislage flash evaporator Lhrough
which the hring and the condensate are Fassing countercurrently.

The vapor thus condensed augmens the aforesaid recycled condensate and, 19-
geiher, they constitule the alorementioned distilate eniering the surface evapo-
rator and carrying with it the heat encryy extracted from 1he brine in the flash
evaparater, The remainder of the condensate trom the condenser may Be with-
dfa'-'-'{‘ Eram the system and constitutes a product resulting from the practice of the
desalination process. Residual beine is carried off feam the rmultisiage flash evapo-
ralgs and coniaing retricvable talis and gther valuable minerals,

Cacled Water as Bearing Lubricant

A majar agdvance in the art ol extraction and use of grathermat energy is re-
flected in H.E. Mazthews' US. Patent A824.753, assigned 16 the Sperry Rand
Corp. The Matthevs process provides meanst foe eilicient pawer gereration eme
pfeying encrgy derived ftom grothermal sources through the generation of dry
superbeated sieam and the consequent operation of subsurface equipment for
pumging cxteemely hot well water at high pressure to the earth's serface. Clean
waler is injected 3t a sirface station into Lhe deep well where therma! energy
ilorec in het solute-bearing deep well water is used a1 3 deep well station 1o

214
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qenerate Superheated $tean from the clean water, The resulzan tlry superheated
sieam is uiod at the well bottom for operating a turbing driven pump lor pump-
ing the hot sclute-bearing well water to the station at the eirth's surface. The
vater is pumped af alf times and locations in ihe system at pressures which pre-
vent flash sieam formation. The highly energetic water is used at 1he surface
station in 3 binary fluid sysiem sg that its thermal enerpy is transferred to 3
clesed Toop surface-lpgaied vapor gencrater-turbine system for driving an olecesi
cal power alternator. Cooled, clean water is regenerated by the surfice system
and i¢ reinjected under pressire into the well for operation of the stezm turbine
therein. Undesired solutes are purnped back into the earth via a segarate well in
the farm of a concentrated brine,

The progess of X5, Michofs: (L5, Parenr 3,951,866, Jure 8, 1876, assigned to
Lperey Rand Carporstion is an improvement over that of the Matthows patens
and provides long bife and eificient operation particularly of those parts of the
system employing clean water reinjeciled into the well fram the earth's surlace,
in particular for providing a fubricating Muid in fluid bearings supporting the
rotars of the deep woll lurbine-purmp systerm.  As the clean habricant flows ta-
ward the turbine-purnp hearings, it is pragressively heated, being unavoidably
expesed to heat transferred from the rising pumped hot well water, Tha lubri-
cant water is maintained, in part, in the Huid staie begaose i is under high pres.
sure so thar it fs not altosed to Hash into tteam, b is further desired that the
waler additionally bene!its by cooling near its point of use so as fully to pre-
vent its 1lashing or vaporization within the hydraulic hearings,

In some applications, the heat from the hot pumped well water may raise the
lubricating water to a lemperature near that of the well water. In these circam:
stances, very high pressures are required 1o prevent Nashing of the lubricating
well waler wilhin the bearings. In graciice, swbcooling merely by increasing the
labricating water pressurs s not found 10 be proctical as the well water ap-
proaches the critical femperatore of the glean water al 700°F.  Furthermere,
the load capacity af the hydrodynamie bearings employed s propartional to
the viscosity of the lubricant; thus, lower temperatures in the bearingt provide
increased load capacity, viseosity increasing with decreasing ernperature.

The process accomplishes the desiced result by making effective use of the ex-
fiaust stearn from the steam turhine 1that drives the hat well water pump, This
exhaust stearn is siqnificantly cooler thanm the pemped Bar well water, in part -
because of the expansion and energy exchange process which transpires within
the driving turbine, The low temperature turbine exhausl steam is therefore
passed in heat exchanging refation wilh respect to ihe lubricating watar, addi-
ticnally gooling the atier,

The process of S 8. ffarrhews LS. Parenr 4,025 2040 May 24, 1977 aggigerec!
o Sperry Aand Carparation is an impravement in deep well gecthermal syitems
of the Wind described in the afcremenuaned S, Patent 1. 824,793, Thers is
provided an 2fficient means lor the gensration of electrical powar at the earth's
surface, using cnergy abiiracted from the geolhermal source, The apparatus in-
cludes means for the efficient generation of sepecheated stoam and a gteam
driven pumping system at the well botwom aperated {or transfer of hat water
to the earth's surface where its eneegy conteat is benehcially used for pawer
ceneratian. Accarding 1o one feature of the process, the deep-yell steaem Tur-
bine and pomp arrangements are supporied i a system of hydroedynamie thrust
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and radial bearings with all bearing surfaces Tully bathed in clean water serving
as 2 fubiricant and maintaingd under pressure S0 as 10 Drevent eniry af the coerp.
sive and conaminated hal wel water ang the consequent pltimate destruction
of braring surfaces. Alternatively, a Learing configuration employing hydiody:
namic hearing clements may be emplayed. A thrust ball bearing arrangement

is provided that normally comes into play only when stazting or stopping the
wzbine MOt waler puitp system,

A fuether Teature of the process permits use ol surlace-locared apparatus tor
asswring efficient eomtinwous opcration of the power Goneration system, and alsg
enables controlled starting and $t0pping of the subterrangan steam turbinegurmp
apparatus. A further aspect of the process permits ellicient steam generation in
a confined anoular volume lying between cancentric weriical rshes) the feature
cacses a spiralling downesard flow of steom and a dimipishing pepualation of

Cwrater drops so that they both flow in close proximity (o the hotest af the
tee tubes, thus improving the efficiency of s1eam formation,

Series gf Flash Stages

The process of T.K, Sherwaod, U5 Parent 3972183 Augrsr 3, 1976 assigried
te Union Od Company of Catifornia comprises the steps gl producing hot geo-
thermal brine from a subterranean geathermal reservoir; passing the brine sweces-
sively through a serics of separaee (lash siages, cach successive stage being main.
tained at a lower pregsure than the vapor pressuee of the brine entesing that
stage 50 that the hrine is partially Tlashed to vapor in each stage; countercurrently
flowing a working fluid successively through the series of Hash stages in indirect
heai exchange with 1he vapor produced in each flash stage 1o that the vapor con.
denses in each flash stage and the working fraid is progressively heated as it
passes thraugh the scries of flush stamis: and, then, utilizing the heated working
fluid in a heai engine for the production of mechanical energy.

Exermalary heat engines include steam wurhines, sicam engings, gas turhines, and
olher prime movers capabie of utilizing a heated working fluid in the produciion
of mechanical eaergy, 10 the most practical application of 1his process, a turbing
will be Ls¢d to produce the mechanical energy to drive an electrical generatar
far the produclion of electrical power,

The protess provices the importont advantaze of not allowing 1he hot geother-
mal brine to directly contact 3 hear exchange surface, Another imporang ad-
vantagk it thal mechanigal energy can be produced withoul having brine-produced
vapars led to the heat engine. A fusther acdvantage is thay the working Fluid can
be heated 0 2 tempersture very near the temperature of the produced geother-
mal briee. This is accomplished through the use of incremental pressuse reduc-
thons in each successive flash stage, Because of the incremental reductions in
pressure, the lemperature of the brine is oo only incrementally reduced, thereby
allowing the countercurrenily Howing working fluig 1o be progressively heated

to 8 termpérature ness the temptrature of the produectd gegthermal brine,

In the practice of this process, it is preferred that the temperature of the brine
gntering the {irst Uash stage be above 255°F, most preferably abave 350°F.

Since one important benelit provided by the method resclts from the incremental
reductions i vapgr temperalure, it is desired 10 maintain the pressures in the
Nash stages such that the brine is cooled by nol more than obout 35°F per flash
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stage, 2nd preferably between about 1% and 10°F per fash stage. Ittis also pre-
ferred that the geothermal bring in the last flash stege be cooled 1o below ahout
150°F. ;

For High Temparature Source

The process of P. Sxciuy U5, Patent 3,980,562, Ocroner 18, 1376 relates to 3 geo- .
thermal power device and pracess utilizable specifically with high temperature
peclhermal energy,

The process includes a passing of & heat exchange liquid medium to 3 geother-
al source of predetermined elevated temperajuces, passing a liquid state heat
exchange medium fram the geothermal heat energy source into @ gas generator
hawing a high pressure conduit extending therethrough in hest exchange relation-
ship earrying, in heat exchange contact.isplation from the geothermal heat ex-
change medium, a supereritical pperating coolant preferaldy ammonia, fed 1o
the gas generator in the high pressure conduit in a liguid siate angd converted

10 & supercritical gaseous state of supercrilical temperziure and pressure and

fed 1o a high pressure turbine,

The etfluent of the high pressure wirbine, in 2 gasetus slate, at relatively high
pressura conditions, is fod 10 an intermediate suptrheater through high pressure
coils extending through interior space of the superheazer hgving liquid sodium,
preferably, in the inleriar $9ace heated by the heat exchange media passed by
another high pressure conduit extending also theaugh the space interior of the
superheater in isalated flew but heat exchange reldtionship therewith. Super-
heated ammonia from the intermediate superheater is fed to a low prewure tur-
bine in which the temperature and pressure are reduced to bow conditions, ine
effluent frgm the low pressure tuehine being fed 1hrough a cordenser and thera-
after through a pump in a return cycle to the gas generator for the reheating 1¢
the gasegus supercritical state,

Direct Heat Exchange

W.F. Franr and H.V. Hegs; ULS Parear 40433807 Avguse 23, 1877 assigned 1o
Texdca fnc. provides a process for recovering heat from a hot geglhermal Brine
whith comprises:

fal  pasirg the hot brine in direg! Countrowsent Coneer with a relatively cool
hydraocarbon ligusd in a Hirst heating 2o0e wherehy the Deing is cooled and
the Fydrac i Bon liguid is hased o an elevated emperature under soffi-
Cignt presiure t maintain the being and the hydrocarban in liguid phase,

I8} wathdrawing the hedied nydroearban liquid Irem the (2 heaing 7one sod
passing 11 in Jirecl Countercurrent Aaal dnchange with water in 2 final seer
ond heatimg rong wherehy 1tho hot hydrocarbon agid i3 coaled and the
walar s heared 1o an Elewgtied tampad ature 3 pressyre and wherein sep |bl
it Carried cut under foilicient pressurd 16 Marnlain the hydracabon and
waer in the Mguid phage, gnd .

e} wiltkdrawing the heaed waler Trom the second heating tone,

Tha water heated to an slevated emperature and pressure may be emploved for

a varigty of heating requiremenis in precess operations. For example, the keated
water may be utilized in indirect heat exchange to heat refinery feedstacks, etc.

Alternativaly, the heated water withdrawn fram step (bl above, may be passed
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through a nressuze lerdown valve (hus ftorming s1eam cieful in power generation
in low peessuee ierbines or for a varicty of other pracess heating operations.

Generally the ternperatures of the hot incoming brine will vary from about 400"
to shout 750°F. In the first heating zone the relatively cool hydrecacbhon liguid
will be heated 10 a temperature qf lrpm 409" 1o about 700°F and the pressure
maitained in the first heating zone which must be sufficient 1o mainiain the
brine an) hydrogorhon an ligueid phase, will vary from aboot 250 w0 3,300 psi,
in the second heating zone the water will vsaally be heated from about 1007

s EQO°F while the preswure inn the second heating zone which must be sutficieng
to maintain the hydrocarben and water in liquid phase will range from abown
250 10 1,600 psi. -

Muttiple-Comptelion Syitem ,

. .
The maltiple-completion geathermal system of the process ol AT, Van Huisen,
LS, Paterts 4,057,677 Ocrober 4 1927 and 3 053 176 Octoter 18, 1977 in-
ctudes a plurality of gegihermal wells, cach having a first end converging toward
and meeling at a first point and having a second end diverging Trom that point
and terminating in a2 geothermal sone, each second end being spaced {rom any
cther second end of the geathermal wells. This system further includes a reser-
voir Ipcated atl the first point receiving heated goethermal fluid from the second
end ol vach well, cutlel means conneeied o the reservdir Jor conducting the

heated geglhiermal Tluigd in turn to suparation means and encrgy CORVErsion Means.

The systerm in accardaneg with this wooess also may include confrod means for
sequentially setivating production from each of the plurality of wells in sequencs
1o promote movement ol hydsotherms! fluids within the geothermal zone,

Depending an the condition of the geothermal zone, the $yslem Mmay requirg
further stiucture. In o wet geathermal zone, the {luid will operate at a carrier
for the heat encrgy ta deliver it to the surface undee peessure. In the case of

a2 dry geathermal zone gr one containing @ maolien brine pool with insutiicient
preswure, the implantation of closed ond heat exchangers at the ends of the wells
requires means for condueting heat exchangs fuid 1o the heat exchangers winich
may be connveled o the Tdebine 1o retuarn the condensate 1o the heat eschanger
in & closed cyele lopp. Heat trangler 1o the heat exchanger in a dey gecthermag|
tane may also be enhanced by injection of water into the zone gxternal 1o the
hear eschenger to cregte hot fluid to increase the wansfer rate of heat o the
putside surface of the heat exchanger,

It it apparent that the system minimizes the amaunt gf surface area needed for
access 1o the subscriace geothermal rone, the amount of surface area needed far
collection ang conzersion o the geplhermal fluid 1o elecirical energy and mini-
mizes the caternal piping conduits and entcgy boss 1hal woald ke entziled in the
separate spaced drilling of moltzple wells to t3p and mine the goothermsl encegy
in a known geothernal recource area, The systeen also includes provision far
controlled collection of the energy and in a manner o promote canveciion ang
movement ol the hydrothermal fluids 10 increase the rate ol eneigy rECOVEry
and 1o decrease the possibility of scaling 2nd lowling the exiernal portions ol
1he wells being nilized for collection and tansfer ol heat,
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From Salt Formationt Yo

A method of chtaining geothermal energy Irom salt iurmatlinns is provided by S0
Altschufor: WS, Patent 4052857, Ocrober 11, 1977, assigned ro The Dow

Chernigal Company in which 2 well is dritled and cased irto 3 suitable salt forma-

tian 1o a depth where Lhe temperature is such that the sait behaves plastically. A
weighted, closed end pipe is inserled into the well with s {ower, closed end at

. ghout the bogzom of the salt formation and thereafier an intulated open end pipe

is inserted, after e weight has boen removed from the cloged end pipe, within 1h_e
closed end pipe, thus foiming a double pipe heat pxchancer. A heat exchange fluid
is circulated, usually in a clased loop, through Lhe double pipe heat exchanger, an
energy extracting means, wch as, for exarnple, a steam zengralor or an hydraukbe
turbine, and back through the heat exchanger.

This process urilizes two unique properties af {uck salt; _its relatively high thFrmal
conductivity compared to almost all rock and its p1a:5~:=mt1.r, the anset of which
gocurs a1 temperatazes well below i1s melting poing, e, from ahgu: 200" 10
350°C which are expected 1o be found a1 depihs of about 10,000 10 15,000
feet.

The thermal canductivity coetticient of rock salt forrmations is, far the moat
part, several times higher than the coetficients of 'laEldimEﬂ:Jf‘.f rock structures
thar avertie them. Thus, 3 321t dome will be an efficient condult thrpugh f""'h"'"h
heat will pass from deep within the earih's crust and an apumalv wh!ch will be
hatter 1han its surroundings at equal depths at least near its top, b s well
within the capacity of modern borehaole drilling techniques to reach those depths

. where the rock salt begins o exhibit plastic behavior.

Heating Crganic Fluid in Geothermal Farmation

G.8 Aroold: U.5. Patent 4 060,988, December 6, 1377, .:rs:fgn_ed (2 Texaco Inc.
provices an in site heat exchange process far heating an arganic fluid, which ean
be for example, a normally liguid hydeocarbon hauing fmn:l 4 1o 190 carbons,

in a gesthermzl reservoir formation penetrated by an injection well and 5 pro-
duction well,

The process comarises infecting the fitid into the fqrmatinn via the i_niecn'on
well, forcing the luid through the larmation wi:h‘ 5|mu1:annnuli_hlea:|ng and
finally recovering the heated fluid via the produchion well. Wilizing heat ex-
changers at the surlace, the heated (uid may be employedlm Supplv_ process
heating requirements for such diverse oparanions as preheating af refinpry
strearms at exemplified by crude oil feed to distillatian units, for salt evagora-
tion, etc. of t™he heated fluid, preferably altertremmai ol any brine derived frlgm
the geothermal formation, may be emploved in gasegus farm 10 operate trbine
QEMETATON. .

Use of Hydraulic Impulse Turbing

In the process of J R, Skisids; U5, Patent 4.063.417; Qec.?mber Eﬂ 977
astigned to Carrier Corporation geothermally heated thuid s slupphed inn a nol-
sle af the first stage of @ hydsaulic wrbine. The water constituent of the geo-
thermaliy heated fluid is disected by the nozzle sgainst the whuei of Lhe hy-
raulic turbine ta cause the wheel to rotate. A tirst generator is coupled ta
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the whee! wherehy rotation of the wheel resulls in the generation af electricity.
A portign of tha genthennally haeged Buid passing Wirough the nozzle flashes
lo a vapor phase, The vapor is celivered W0 Lhe firgt stage of a vapor doven Tur-
tine. The vapor passes through the wheel af the turbing which results in rota
tion therenf, & second gencrator is coupled 1o the whee! of the vapor driven
turbine wherchy rgtation of the wheel results in additional generation of elec-
wicity,

The hydraulic turking is preferably of the impulse type, Preferably, the hy-
draulic impelse turhine ingludes rnore than ane stage. The number of stages
empligyed in the hydrzuli¢ turbines and steam twrbines will vary 25 2 function
of the pressares al the infet to the hydraolic ond steam turbines and lurther as
a function af (he candensing water temperalure at the sleam turbine exhaust.

Preventing Ahsarption of Working Fluid

A power producing systerm employing geothermally hemed fuid is deseribed by
SR Shelds: LS. Parent 4,063,418, Decemnber X, 1977, assigned to Carrier
Carporation. The geothermally heared fluid is sopnlied 10 & direct contact hear
exchanger where it is passed in heal transfer refaticn with a2 working fluid. The
working tluid is prederably an organig fluid of the type that is inso'uble in a solu-
tion containing inorganic silts. The working Nuid is vaporized and therealter
defivered 10 2 prime maover wherein i1 15 expanded 1o cause the prime mover to
qenerate power, The expanded working Huid is exhausted 10 2 second direct
contucl heat exchanger where it 15 passed in heat transfer relation with a rela-
Lively cold heat transier medium comprnising a salt soiulion wherein the working
Huid is condenscd,

The candensed working fuid is thoreatter returned to the first direct contact
heat exchanger for recse in the cycle, A gquantity of inorganic salts is mined
wilhi either the geathermally heated Nuid or the relatively cold heat transfer
mediutn ab a point upstrean of the first and second dinect contact heat ex-
changers to mawntain the percsntage by waght ol inorganic salts in the geother-
mally heated Nuid aad the eelatively cold hedt transfer medium above a predeter-
mired value 10 peeven: the working fluid Trom being absorbed by the geother-
mally heated fluid or the relatively cold heat transfer medicm,

The systemn takes advaniage of the facl that an norganic fleid such s isobutane
is generally insoluble in a sclinicn containing inorjanic salis, sueh as sodium
chloride, calcium chiuvride, or sodivm selfate, Prefeiably, the geothermal Toid
should contain al least 0% by weight of inarganic salrs.

Because of 1he vast amount of waorking {luid cireulated per doy in any commer
cial syslem employing geothermally heated fluid o vaporize a working fluid
such a5 isobutane, the solubility of whe isobutane in the geathermal liud or in
the comdensing Thud has wo be essentially zera. For example, if one part in ten
thousand of the isobutane thuid is ahsorbed into the geothermal fluid or inta the
condensing fluid, the system may not be run econamically. Thus, by maingain-
ing the guantity af inorgonic salts in the geathermal Muid and the condensing
brine solutipn at a prederormined minimuem value, the salebility ol the working
fluid into the two heat transfer brine media appraaches zera, Thus, direct con-
tact heat exchangers may be satislactorily employed in geathermat {luid systems
thereby improving the etficiency of such systems since the diregt contact heat
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sxchangers will not sutter from clogging or other oroblems associ sith sur
face or be-in-whe congdonsers,

Producing Fresh Vater and Electric Power

1A% Edmondson and M.H. Smoot; U8, Parent 4,091,623, May 30, I.'lf?c? pravide
a methpd and apparatus (2 provide fresh potable witer and cleatrie power
from a source ol natural brine by the use of encrgy derived from a gegthermal
saurce ol pressurized fluid that is af a temperature of greater han 212°F.

In the first and simplast form of the process o borehaly is formed in the carth
adjacent a natural body of saline water stich af the Salton Sea, which borehole
has pressurized mineral-containing tuid discharging therefrom at altemperiture
of greater than 212°F, Walve means are pravided 1o eontrol the discharga of the
pressurizett mincral-containing fluid from the borehole.

A closed reservois is provided 1o which satine water from the Salon Se2 can
flaw, preferabily by cravity. The resoovdir is prederably insulated Lo retais heat
within the confines thereof, the reservoir having pressurizesd Huaid lrom the
geozhermal sourte discharging therein, Intermittently, waler {rom the Salton
S03 or other source of saline, aguedus liquid is discharged Tnie the reservoir.

Pressurized flLid from the geathermal souree has 3 sullicient heat conzent that
i1 1ends 1o flash inlo steam when discharged iR the reservaic under recuced
pressure, with the stcam being discharged below 1he body of salina water frqm
the Salion Sea that is in the reseregic. The pressurized Mid heats the cambined
water im the reservoir and transforms the same into steam which flows there-
from to a first heat exchangee where Lthe sieam is at least partially condensed

ta water by the eooling cffect of water flowing through the first heat exchanger
fram the Saltan Sea to the fescrvoir,

The partially condensed steam and condensala flowrs o a second heat exchanger
where eundensation of the geam to water is completed, The water accumulat-
ing in the second heat exchanger is by 3 pump ar similar means withdrawn thera-
from, and by the use of sitable valving, the water may be returned to Lhe Salton
Sea, or diversed lor ather uses such a3 irrigation, or Lhe like.

a2 sazond form of the process a reservoir is used 1o entrap extraneous ma_tE-'lrlal
produced with the pressurized fHuid frem a geathormal source ‘lherebﬁr praviding
cfban steam. The steam discharging from ihe closed reservoir 1S used 1o frans
farm & low boiling paint liquid to pressurized vapor that s "‘“:.d to drive g as
turbine that is connected to an electric generator. The pressurized vapor-d's

- ¢harging fram the turbine is cooled in 2 heat u}r.tjangnr 14 riturh the wper o
the liquid state, and ihe bow boiling point liquid is recycled by a pump.

The pumga in :hi:'!nrm at the process may be driven by an ele:tr}c masar that
is furnished with eleciric power fram the furbine-driven generator. |a the Sec-
and Torm of the process thoe s1Bam Goncensate can be refurned Lo the reservalr
rather than dwerted for gther uses. Residual material is removed frans the heat-
ing resorvoir and returned by RUME o similar means 1o the subturface stratem
containing the geothermal cospurier.

4 third lorm of the process is, it effect, a cambination of the first and seeond
forms, with the third farm providing eleciric enargy a5 well a5 potabie fresh

-
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water that is retorned to the Sulton Sea, or used for irigatian or other desired
purposes.,

A fourth form of the process is, in effeet, a cambingtion of all of the previously
deseribed forms with the addition of a means for seperating the initial steam
trom the geathermal source, and ug.ng the heat from the imtial steam ta heat
the vapors evolved lrom the low boiling point liguid.

Direct Cgntact with Warking Fluid Belaw Its Critical Pressure

5.6 Womiky: L5, Paten: 4089175 May 16, 1973 assigned 1o Orpigental
Putralewm Corpuration provides 3 process for recovering cnergy from qeather.
mal brines and other water-containing or hot watcr sources, the energy being
recovered from the Brine ar hat water vsing a working fluid such as g bolane,
The working fhuid is heated by the Lirine ar hot water preferably in a direct con-
1<l beat vransler cofumn, The heated waorking fluid is passed thzough an ex-
pander g praduce wark, which is csed 1o qenerate electricity or drive equip-
ment. The working tluid from 1he expander is candensed i caoler, Con- -
densed werking {luid, water énd unconjensed gas are separated in an accumu-
lator. The coaling liguid working fluid is purcied from the accumulator to the
heat transfer column to be heated and carried through the eyele repeatedty.

Coaled brine or waler which heated the warking flid in the heat transfer col-
umn exits rom the botiom of the column which acts as a liguiddiquid scpara-
lor to manimize entrainment of. the working fleid. This cooted bring ar warer
withcrawn from the column is mixed wilh waier separated {from the working
uid in the accumulator, and is tlashed a1 a pressure lower than that in the accy-
mulator 1o flash off entrained and dissolved woiking fluid in the bring or water
tram the heat transter ¢oluran. The Flashed working fluid is then compressed
and fed to the cooler 3t the distharge from the expander, which is used to can
dense working fluid, and thus is recavered, r
Uncandensible gases which are introduced intg the tyitem with the faed Brine

or hot water are verted fram she syctem ar the aceumulatar, and carry away
some of the cxpanded working (luid. |1 desired, sinipping of the cooled brine

Gr water withdrawn {ram the calumn, with uncandensed gas from the gecurmula-
tar tor recavery of working {lyid from such brine of coal water can be £rmployed,
il necessary, to further decrease the loss of working lluid in tuch exit brine or
water,

Uncondensed gas is vented from the accumulatos preferzbly under pressure con-
trol set for an economic balance between working huid toss in the venp gas and
BneTgyY recovery in the expander. | necessary, in order 1o degrease 1the loss of
working fiuid in the vent gas, the hot water or brine feed 10 the heat transfer
column is initially degassed. This aperation will decreate the armount of uncon-
densiblz vent gax from 1he accumitator, and the logs o working fluid therewith,

An imporiant feature of the proeess resides in vperating tha heat trapsfer column
50 that the tep of the COluman iy in the euberitical pressuce region of the working
tluid close @ or approaching the zpex of the satarated wapor cunve an the Mollier
diagramn for such fluid. This procedure prevides a warking ftuid boiling zone at
the top ot the column. In view of the lower pressure of tha resulting vaporized
working fluid as compared 1o gperaticn under critical or supercritical pressure
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condilions, somewhat les energy is recoucred per puupd qi wearkir d tur
more paurds of warking fluid are eirculated rezulting in tirnilar energy rnm-.wi.-r*.r
per stage bul a lower cold bring temperature. _A.d-.rnr'L_tages wh.ur.h :'.'an a::::frue rom
from operation under subcritical pressose conditions inciude simplicity of con-

trols,

I norma! operation, singe the cooled brine Of water e:citin!; the r:r.:1umn, al_'lld
which is (lashed off 1o recover entrained or d:nq!w:-d waorking fluid, can slill be
et a refatively high tempedatise, in erder o masimize .th":' Fecoueny ‘of enerdy
from the hot bring or hat watzr feed, two or more unl| s :::_f the basic 51,;stem
noted ahove can be employed in series, the flashed exit brine or water from one
unit al the system serving as the Teed 1o the hear iranster column of the second

Vke unit, etc,

In such modification a differeat working Hm'q can b_e E_mp!ﬂ‘.’ed in the ?ﬂ: tlranﬁ-
ter column of the second unit from the wDrBIIﬁQ fluid in the heat trans jefdc? ur::n
af the first unit, in order $0 adjust tho conditigns of the hot worklrﬂtg fluid in tha
secand heat transter column 1@ a point near the agex of the saturation curva an
2 Mollier diagram and thus meximize energy fecovery.

Hollaw Heat Absorber

The process ol VLF, Ash and 7 R, Ash; (LS. Par_en: 4:09-1',356; {mrﬂmél !‘Ffﬁ'in'
comprises a grothermal energy recovery system in whlc!'f a wmkm.g uuh |shrna
tained in @ closed cycle. The closed gyele llr-::!udes a hoat a.bs"""b".at.lt e m:_om
ol the geathermal well, a beat exchanger within a water boiler ar hmlhirt:m ing
device at the 1op of the well; and a supaly tank |_r~.:err_:clrsﬂd between : 1:.-1 BiXr
changer and the supply mine. !n this e:_uremui-.,r simplilied closed cycle .t“-g m,_
the working Buad asts as its own pumping agent, and no vapar condenser s re

quired.

The heat zbsorber is dispesed 3t the batiom of the geothermal well, and :T’I sur-
vounded by a quantity of heavy drilting mud. The dreilling mud Prutecfj ma "
heat absorber [rom the corrosive action of geathermal vapors, acids, Ia_n ¢ like,
Exiending upwiardly frem the heat ahsml:!er % a high pressure gas de ‘ul':'erv pipe
which is connected in twrn 10 the inpet s:de ol the heat exchanger. khETc:'am.
put alf the heat exchanger is connected 1o a '-'-'c_:rkmg tud supply tank, ut:nd-
supply tank is connected through a thermaostatic valve 10 3 supply pepe @

g denwn into_the veell ta the heat absoener,

it may be appreciated that the long supply pinc_exten{jmg c!:.wn mmtthef ::ecllk.
cregtes a rather high presture head for the 'Iwurlr.;:ng Huwd, The amount a b r
ing Nuid entering the supply gipe anq flowung into the heat -?bsnrber Is-'::ir;
trglied by the thermostatic valve, which sen?es the heat requirements wi

the water hoiler,

The working lluid, which may be a Fre-m_'u :pmpaund of predetermr;n;d den;rz
and boiling paint, is quickly vaporized within the heat absorber an fcu::ld 2
high temperature, high pressure gas. The hot gas has a very low ?er:;: F.;s 3 i
gquickly in the delivery pipe. The rﬁajan:-,-_of the heat canteat of the g > ence
ing the heat exchanger Irom the delivery pipe is in the heat -:_:ri v.lpn:za':u ] :s
the gas, and this heat is given up 10 T.hlE water bm]ler o the like a3 the hunq s
condenses back into a ligquid. The ligquid then drains from the heat exchange

into the working fluid suoply tank.
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a separator 13 from which a hot brine stream is withdrawn and | s and
stearn is taken overhead 16 a compressor 14, The compressed gasfsteam mix-
ture it recycled to the aquiler through gas iniet wabe 10.

BRINE AUCTION AND WELL STIMULATION .
Gas Lifting Brines

Air lifting wsed 1o be a popular methed of pumping liguids but has largely been .

digplaced in many previously luvored applications bg derp-well (down-hoie} centri- FIGURE 12.3: GAS LIFTING BRINES
fugal pumps. The latter pumps are maore economical and can handle corrosive
and erotive liquids when appropriately designed and [abricated of suitable mate- Eﬁ%
rials. Howewer, sijmplicity and 1he absence of moving parts in cantact with the

liquid to be pumpett remain as outstanding advantages of gas-lifting, particularly
where econpmic considerations are not paramount.

The process of E.L. Caefran, AA, Guaifer, COM. Miller 2nd H.H. Paalman, .
S Parent 4017120, Apeil 12, 1977, assigned to The Daw Chemical Company L&
i the method of peoducing rom 3 subtesranean Tormation a ho! brine contain- T T Ty S—
ing a dissolved gas and from which mineral precipitation will ondgd to eccur if . .
the composition of the gas in the Bring is subsiantially altered, 1he method cam-
grising gasfilting the brice to the surface of the carth through a well bore com.

municating with the lormation, using a gas of essentially the same composition ;}/?/
et

as the dissolver gas, intluding steam, and discharging the resulting gasfbrine mix- Wﬁ; R
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wre from the well ogainst a bock pressure which is maimained at a level not sub. i
T

stantially |ower than the vapor pressure eaeeted by the bring at tge temperature P 27 PR E
prevailing 4t the point of inlroduction of the lift gas in the \\.E":Ehﬁl’ﬂb".l' prEvent- "ﬁ// 3 /%/ J{’-_ -r % f,'!p:',, j,/B""{ LEVEL
ing substantial subsuilace flashing ‘e siripging of 1he brine. / ,,4‘/ // : / {/; é ///
R 7 /% . %n/} Z 7
In & preferred mode al operation, the lilt gas is separazed from the produced e 1-4 ol |- K| iy
gas/brine mixture and is repressurized and recycled 1o the gasdifzing bperation. Th@ ¥ rT-?_"- VT T ST TAT Y
In a particolarly imperiant mode of sparation, the brine containg a dissoleed :'L-;("L YT = :-_' . :“'-'; T 'I‘Tp;umr;.:ar"t
mineral which will tend to pregipitate if the temperature of the bring is lowered P BAJILER  JO SNy i LT T
belovy the formation tempeealore by mare than about x degrees, and heat is re T TR ——
; - h . i P = T_ 17T Yl T AP YY
covered tram the Grine, alter the lift.gas is separated from i, (prefecably indirect T3 1 o = o ps
heat exchange) in an amount such that the 1emperature ot the brine.is lowered T<@ T :z-T—?:- Vet g —= y UNLET LEVEL
below the lormation wemperature by less than x deqrees. LT TE "r_z_,..-- ?-:d\'-l" 2T T T T T -5
T Fe LW RS o VY LT
. . _ . . T’ XI5 id A 3x <« ¥ 4T
In the precoding mode ol operation, the heat-depleted Brine optionally is recygled L J.T Frt My 7 "LT r
to the geathermal aquidfer through ne or more wells sufficiently far from any T 7 ‘Mr r* J A 17 ’bﬁ Al
produciion woll to avaid substantial cooling of brine still 10 be produced, or it 7 Xl -'*"-1_,.- iy - = Al 1 rir r
discarded, ’ }‘,?“T'T.TT b ?-1 - N wh -q:i T 1r1r{?{'f
‘T—;ﬁ"{r?}rflf il
In arr afternative procedure, adeitional heat is cermgued from the produced brine
so that its termperature is deceeased by a 10%al of more than = degrees, and the
resuiing cooled beine is vworked up to recover at least those minerat compo-
rents precipilaled as a result of the additional heat removal, or 15 discarded. Source: U.5. Farent 3,017,120
Referring o Figure 12.1, a wellhore 1 js shown penetrating a laver 2 of surface o . . . . .
tediments, a thickness of relatively impermeahfe :an rack Jgand in aquifer 4, ;rhelﬂat“; I':: .[SL] 'sfmﬂ wattr:::al dlrifer;nce t'“""!m. ”': .s“a“:;;'”e EE“I;mE
the latier overlying bed rock and a2 magmatic intrusion. A well casing 8 is in- Ef:e ar L edr;ne Isur ME‘LT-. he ""'E.I w {::n no bll!‘IE‘ 15 Beng pr Iu_c_ed] and the
gerled in bore T and is pierced by openings (slots or perforations) 9 through ? OvE Ejrrr?urj Tue to '.-l.-lful:rl_!r:.!_l!JI brine must be raised I’clh;' prlr::cesmng ."?t the sur.
i in'ain 12 enar rom U sl 3. o 950t i 10 b oo e e L the st Ui s o mios
throush appropeiate wellhead fittings {not shown in detail or numbered] and tha brine is being pomped at a given rate. That is, TPL s the difference Be.

extends nearly to the bottom of bore 1. |n the figure, the lawer eng of this

tubsing is shown as closed, the closure and adjaceat wall sections being shown

as pierced by openings 11. The produced brinefgas/steam mixture is passed to
+*

tween Lhe brine level when pumping and the processing level, The static sub-
mergence [55) is the vertical difference benween the static brine level and the

4
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pumping gas imlet level, The pumping submergence (PS) 15 less than the static
submergence by an amount ciual to the drawdewn, That 05, the pumping sub-
mergence'ts equal to the vertical distance between the pumping brine level and
the qas inlet level,

In order to specify initial operating pargmeters and size equipment lor develop-
ment of @ given geothermal ligld, empirigal data obrained lrom a7 ledst one eyl
well will ysvally be required. tn addition 1o test well data, geophysical and geo-
chemical data are of cansiderable value, not anly for selecting a test well site,
but also in conjunclion with test well data for specifying operating parameters
and for selecting and sizing eyuipment. Particubarly important for the latter pur-
pose is a knowdedge of the chemical compasitions of both Lthe beine and the
gases associaled therewith in the aguifer 1o be exploited,

Mare than one type of brine can occur within a given geothermal system and
the composilion of the theemal gases lother than steam) associated with a given
brine {ype can vary., Three main types of thormal gases are discesnible: (5] high
nitrogen content; livle or no active gases;: {2] very high C0; and minimal HyS
and H; contenzs; amnd (3] high contents of H,, H;5 and CO,y. Qther constituents
of thermal gases are melhane, argon, ammoniz and H,80,,

The dependency of soluhility equilibria between variaus mineral and gaseous
components of brings on temperature and pressure Idepth] is quite camplex.
Consequentdy. it is difficull to predicl how moch 1lashing of stripping of a given
brine can be permitted 1o gocur without expeticncing in-well peecipitation of
silica, caleite, ete, Furthermore, operating pararneters established for ane well
in a geothermal field may not necessarily Ge applicable 1o a second well, How-
ever, if essentially no flashing or siripping is alloywed 10 ooour in a st well, sur-
face tesis on the produced sicamigas/brive misture will provide data from which
initial operating conditions tor the test well can be set.

Also, operaning condnions far the next well n the same Neld can an least be esti-
mated frgrm the data by those skilled in the aet. Such data include the termpera-
ture drog trepresented as x clsewhere hergind whieh eannagt be exceecled if the
brine is to be produced and processed without causing mineral precipitation to
gceur, The numerical value of x dogt nat have 10 ke, but desirably will be,
determined before sustained brine production is atlempled.

The celivered cubic Teet of air (V) ceguired 1o bring & gallen of water to the
surface by ordinary air-lifting can be estimated using the following empirical
formula, developed by the Ingersoll-Rand Co. from practice:

TRL
Clogy |PS + 34134t

i1 ywe(E

where TPL is the tatal pumping lift {see Figure 12,71, PS is the pumping sub-
mergence ond C i @ constant which varies with the total pumping lift s shown
in the 1able below,
TPL W) 1060 61-200 301-500 S01-£50 B51-250 .
c 245 ‘233 e 1EG 158

An alternative equalion, introduced by Goodrman and Purchas, may be used 1o
calculated ¥ for ordinary air fifting, The eguation is shewn on the following
page.
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(24 v T tag, 01+ 5y

In the equaticn H, = P,/0.434, Py is atmospheric pressuce, where 5 is the stafic
submergence (55 in Figurs 12.1} at initiation of {ift and is the purmping sub-
rnergence {PS in Figure 12,1} after tilting is established and TPL is defined
above. The value of V oblaided by equation (2} is considered as about a mini-
mum far operability and is usually muftinlicd by a factor of about 2 10 4 10
ensure good [~70 ta BO%! lifting efficiencies. The absalute pressure, p, which
must be applied to the lift gas is:

13l p=f + 04345

The percentage subrmergence, (5 « TOQIAS + TPL), decreases as the litting feguwre-
ment increates and can be ca'culated by the following equation:

(4l 5/TPL = AlB = TFLY

wherg A and B are constants, the values of which vary with TPL a3 follows:

183 =TPL 215 TPL =185
A= 520 A w7 BTHS
g = 01081 r B = 0.003465

in arder to aveid subsurface precipitation of dissolved minecals, it will tsafly
be essentizl 1o maintain 3 back pressure (discharge pressure, pgl on the gasfbring
mixture which is at least high encugh o ensuee that steam flashing and syripping
of dissalved gases do not occur o any substantial exlent prior to egress from
the well.

On the olher hand, economic considerations dictate opecating at (he lowest POS-
sible lilt gas pressure, i.e., at the minimum pressure necded to force through the
gas pipe and well the amount of gas required o produce the desired gallons per
minuie of brine. 1f the minimum discharge presture py which will peevent sub-
surlace flashing is maintained. then both Hy and the total pumping Gift will have
to be increased by a minimal amount equal 1o paf0.434 and p {defined as abovel
will be equal 1o Py + 0.4345 + pg. The minimum valug of pd will be essentlatly
equal (o the vapor pressure exerted by the Lrine (including dissalved gases) at
the tomperature at the point of intredoction of the [t gas in the well,

The vapor pressure of the brire [ be produced can be estimated by closing
Jdown the well as soan as it is finished and allowing it 1o come (o equilibrium.
The temperatuse of the qas above the static brine colurnn will be lower than

the temperatuce of the gas/bring mixture reaching the surface during proguction.
Thus, the pressure measured Lhis way will be lower than the vapor pressure
which will be exerted by the Lrine under dynamic condilions and allawance
should be made for this fact

I3 should be noted thay the facter, 0,434, used o converl pressures 1o eguiva-
lent heads of water must be multiplied by the specific gravity, g, of the bring in
arder to apply the foregoing wguations 1o gas-lifling of het brines, The averags
temperature of the flowing gas/brine mixiure in the well will be higher than tha
average temperature of the static bring column, Accordingly, the value af g uted
should allow for this difference.
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In arder 1o ¢ tin the bzs pipe ottler a1 pressure p (defined as abavel, the
COMpressur outler pressure fhe gus proe input pressurel witl have 16 be greater
than p by an amgunt equal o the pressure drog {pf,) due 1o frigtion within the
gas pipe. l;ll‘dll‘lanh,r, the gas pipe diameler and shape will be sych thal this fric-
tion loss will be refatively small,  Allowvance will als be necessary for the fric-
on Iqss {pt,) 'Ideh'Emﬂ'Ed by the gasfbring mixture as it flows to the surface, This
l':.’“ will eflectively inerease the total pumping lift required, as well as the 913:
pipe inlet pressurg, '

Thus, in applying either of equatians 1) and {2}, the value of TPL must include

the discharee préssure and the latter friction loss and B must include the disgharge

i 5 1] Il (K . Amar G0 2 F
Y. Eﬂu:ll [v] l J'., [+

oa *+ Pt
TPL + [-E.
' (1}.43:1-; s
Ve |D|Je 1+

Fa+pd P v pd

_ 0434y D434
5]
ar

v QAa3dg [TPLI + pyg + o,

. Q424a8
P pg g (1 * * PO

wherer Pd i5 the c_ﬁscharg& or I?nck Aressure on the casfbring mixwre and o+, is
the friction loss in the conduit thraugh which the mixiore fises 1o the mrf;ce;

{B) fp = Py » 043295 + pg -y,

where p 1 15 the Iﬂliﬂlﬂ |D$$ 1 he 'gd‘s i F} RLLOr I!ISt:!]argE‘
pipe Bnﬂ il ] ihe Cﬂmpr 1
pfﬂﬁu E, | d

-

17 % tubmergence = A pep EB[TPL + %+ :" J
EEIH

According o a well kngwn rule-of thumb developed from air lify exporignce, the
cress-sectional dreq fin square inches) of the condui: {the annglar space be:-a'.-ezn
the gas-pipe 10 and the cosing B, in the arrangement of Figure 12.1) carrying
the gas/bring mixture to the surface should be qual to the brine discharge in
gallons per minute divided by a fuctor of from about 12 1o 15,

Since thF megnitude of the friction tosses {Hor given casing and gas pipe dimen-
sions] vall depend on W {and on the 9rine production rate] a first appraximation
ol ¥ should be obtained by using (TPL + pa/0 4340} in place of TPL and

(P3 + pet)/(0.434g) in place of Hg, in equation {2}, The fiction. losses P, and
pf, €an then be estimated by conventional methods {see K.E. Brown Gaslr.ffr
Theary anq Fraciice, Pelrgieum Publishing Co., Tulsa, Okla., Znd pri'nlil'lg' 1973)
qf calculating such losses and a second zpproximation of ¥ obtained us‘mé equar
tion {Gh Butter values of pf, and pi, ¢an 1hen be calculated, and so on, until
the diflerenca betl.-.-leen the value ot ‘Iu-' veted 1o calculate pf, and pf am:r‘:he value
ol V ohtzined by using equation {6 becomes wtisn‘.amn.'.mriIv,,rL irnall. ? .

There will generally be latle point in attermpting 1o obtain 2 perfect equality
Frnm_equatmn {ﬁ_'n} because the equalion involves an viresclveble element of up-
cerwainty. That is, the tatal pumping litt depends on the drawdaown, which in
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turn depends on tha resistance 1o brine flow within the formation a.....c con-
ternplated proddoction rate. The latter resistance cannot be predicted with much
aoCLIracy. )

Accordingly, even the hest values of W, p and % submergence obtainable from
equatian (7} must be regarded merely as approximations and it may not be pos-
sible to establish a desived production rate unless provision is made in advance
far adjusting the submergesce (adjusting the depth o the gas qutlet in the well),
{ince 2 bring has been hrovght 1o the surface and separated from the Nift gas, it
can be utilized as a heat source by whichgver of the several conventional math-

ods appears to be most appropdiate,
Use of Thesmit Reaction

In the process of L5 Scuck; U8 Aarenr 3030549, Juse 27, 19727 assignod
to Cities Service Company a structure and system far the transfer ol energy be-
fween a Jocyus in @ borehole and a sebiecranean formalion is formed by (al drilf-
ing a borthole from the surface into the larmation, (b) fracturing and prepping
the lormation by injecting a fracturing and reactive slurry inta the formation,
the slurry comprising finely divided aleminum and a reactive metal oxide in 2
fluid carrier, {¢] igniting the reactive slurry within the farmation so that the aly- |
minurm and metal ncide components thereof react in a Thermil redtion o
form a liquid metal within the lracture system formed in the formation by the
fracwuring and propping, and {di altowing the liquid metal in the formation to
coql and solidify within the fractured system.

Exampfe; To illusirate the process, 3 well bore is drilled from the suriace intp
a gaathermically hol formation to a depth of 10,000 feer. The formatian pene-
trated lrom well bottom to mare than 500 feer shove that point is 2 dense crys-
tailine dry rock having 2 temperatare of about SG0°F. The well is cased and
insulated Irom the averburden to a depth of 9,700 feet,

Thereupon, an aguegus based palymer thickened slurry containing finely divided
particles of Al and Fey £, in 2 stoichiometric ratio of 8:3 is injected into the well
at high pressure to effect extensive fracturing by the farmation below the well
casing. The reactive slurry injected also has sfficient propping agent included
therein 1o hold the fracture system open. A sufficient amount of less dense
slurry iz then injected to further fractuee the formation gnd mowe the reactiva
slurry below the cated portion of the well,

A pyroiechnic device is inserted downhale into the reaglive slurry. Pressure it
maintained on the well. The pyrotechnic device is igaited by electrical mesns
thus igniting the reactive slurry, A Thermit or Goldschrnidt aluminothermic ra.
action oecurs in the reactive slurry forming molten iron and alumina slag. Ex.
tersive heat energy is evolved Irom the Thermit reaction forming an iron con-
ductor lin network within the formation and extending to the locos of the wall
bore below the cased ares. The formation in the focus of the well is atlowed
to cogl and the melten iran solidifies in intimate contagt with the lormatian
forming 3 solid jron conductor fin network within the formartion connected ta
the well baore.

Thereupsn, the well bare 5 mitled 1o holo bottom at a dimension approximately
twa-thirds of its origina! diamoter. Thereupan, 2 pise insulated on the interigr
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a manway & of actess and service. The vapaorized Tluids from the contae
10F Gre passe.. gl @ Iewer-gxiratting gas expansion device, with the come-
position ol the vapor being controlled 1@ maximize the power extractable by
the gas expansion device. ‘

SCALE PREVENTION AND REMOVAL OF NONCONDENSIBLES
Scale Provention

In U5, Patent 3,935,102, there is deseribed a systern for exwracting heat irom
hot unrefined water with the avoidance of detrimental effects caused by itnpuri-
ties contatned in the water. The hot unrefined water s prevented lram coming
into direct contact with the surfaces of the heal pxchanger vsed 1o boil a work-
ing fluid, Filters and like equipment are nol necded. A heal transier medium
in the form af a howsing conlyining porous material such as a bed af gravel or
other granclar material i used to transfer heat lrom the unrefined water 1o
clean water which i3 then passed throwgh the heal exchanger. Such a hea trans-
fer medium will be referred to herein as an accumsulator-type heat ineechanger.
The porous rmaterial i3 inexpensive and expendable and can even be easily cleaned
and reused if desired,

bn the system a valume of the hot unrefingd water is passed 1through & housing
containing porous material which picks up the heat of the water. A valume af
clean water is then passed 1hrouvgh the houting to pick up the heat from the
porous material. The now heated clean water can then be passed theough a
heat exchanger without significant danger 1o the surlaces of the exchanger, The
clean vizter can be recycled through the system many limes, each 1ime patting
through the housing immediately alter a volume of 1he unrefined water,

In anglher important aspect of the system of US. Patent 3.935,102, the source
of the clean wawer may be the unrcfined water which has been passed 1hrough
the porous material. AFer being removed from the housing, the cocled wnrefined
water is delivered to 2 detention recepiacle. Here it Bitaing stabilization as many
ol the impurigies settle 16 1the bottom ol the receplacte. The liquid which is

lefr on the top of the recoplacle is substantiaty tree of impurities 1o the extent
1hat what imguritics ace b2l in the lqoid are not suificient 10 unduly damage
the surfaces of Lhe heat exchanger, 11 is this subsiantially impurity-free liguic
which is used as the clean water, yet no filiering, eic., 15 necessary.

A preferred embodiment of the fystern diselosed (n V.S, Patent 3,935,102
peovides 1or continaous operation of the system hy the use of two housings
containing parous matetial,

The entrance endt of the howsings are dtermalely connecied 16 1the sources of
wnrefined and clean waler and each time the connectians at the entrance ends
are switched, the connections at the gxit ends are 3%o Switched to allernaely

direct unrefined and ciean watee from 1he houtings 1o the detention receptache ™ ©

and the heat exchanger respectively.

485 Swearigens (L5 Patents 4 054,175, Octaber 18, 1977 and 3,951,754,
Apeif 201878 provides an improved method Tor extr.?cting he_at from hot un-
refined water containing scale-forming dissolved and dispersed impurities whersin

Proprietary Processes ' 433

the hot unrelined water is conracted with a heat exchaege surfuce rfaces.
Thuse hoat exchange surfages may be the surfaces of a conventicnal hear ex-
changer such as a wbe and thell or they may be the surfaces ol the poraus mate-
fiat in an Jccumolator type heat interchanger, The improvemnnt invelves adding
1o the hat unrelined wvater prior 1o its contagt with the heat eachange surlace
an agent capable of increating the formation of nonscale-forming specics of the
scale-forming impurities whereby scaling and otier solid build up on the hegt
exchange surfage, particularly upon caoling of the waler, i$ minimized, Mon-
stale-farming speci€s are thuse which remain in solution or suspension in he
uarefined water as it is passed through the heal exchangs apparatus without
foriming scale andfor those which are harmieszly precipitated, e.q., solid non-
scale particles which are smalt enough 1o remain in suspension in the mgving
water and be carried out of the heat exchanga apparatus thereby.

in one embodiment of the pracess, wiere is added as the aforesaid agent, suspend.
ible particles af finely divided sofid marerial, preferably in the lorm ol a tuspen-
sion, which may be a slurry or dispersion, and more preferably, particles having
the sarme or similar constituency as at least some af the impurities in the unre-
tined water, |In carrying out this preferced aspect ol the process, the particles
are coliecied from cocled unrefined water substquent 1o its contact with the
heat exchange surface, and Lhis is achieved preferatly by direcling the cooled
unrelined waler inte 2 detention recoptacle where it is Jeld unnl it is stabilized
by natural cooling and settling of precipitates and other sciids of the impurities
originally dissolved ang dispersed therein.

Some additional generation of non-seale solids, &.g., precipitation of dissolved sub-
stanfes, may accur al this point due e further cooling al the water, At the bat-
tam of the detention receplacle there is formed a porticn of the water which is
rich in these solid particles af impurities, and it is From this portian of the e
ceptacle Lhat the agueous suspension of particles is collected and aoded to the -
hot wnrelined water.

In anether embediment of the process, the preliminary accurmulatar-type heat
interchange wechnique describied in the aforementioned patent it emplayed which
comprises passing 3 velume of hot enrefined water thiough a housing containing
porous material whereby the heat of the pnrelined water is given up to the po-
rous material, possing 2 volume of clean liquid thraugh the housing whereby the
heat of the porouws material is given up to the clean liguid and thereafter, pref-
erabily, passing the heated clean liquid through a heat exchanger wherchy the
heat of the clean diquid is extracied.

In eonnection with this embodiment, there is used as the clean liguid at east in
gart water from a swbistantially impurity-lree partion of water which 15 farmed
aL the surface af the previausly defined datennion receptacle which recrives 1he
unretined waler zfier 1t 1s pasted, 1n this case, through the housing containing
porous material.

In y&t a further embodiment, there is pravided 3§ method wherein the hot pare
fined water is derived from an underground gegthermat cavity and the addition
of linely divided pasticles to the hat unrefined water is accomplished by adding
the particles to the water underground, preferably by injecting a suspension of
particles directly into the bore of a geathermal well. Most preferably, the parti-
cles are added a1 a point in the weil below a point whera the hat unrefined
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IT Fum 10 v . 4 fewe fort of wel' Bottom, Waoier 15 injecied into the annelos
between the casing ang the insulated tubing siing passing down the annulus in
the locus of the iran conductor fin nebwerk, larming steam, and then returning
to the surface through the insulated twubing string 1o deliver high emperalure
and high pressure steam 10 1he surlace. The sieam is emplayed to run a turbine
which drives 2n electrical generatgr, Condensate is recycled 1o the waell.

Preventing Flashing

O H Berg: U5 Paren: 3 058 156 Novermber 22 1977 discloses a method for
1the proguction of geathermal brines that avoids depressuring the brine below

its flash point in the well bore and thereby avoids the scaling and plugging un-
avoidably expericnged whenever high salt content Brines are degressured, releasing
carbon digxide and epietiing their solubilisy equilibrium and precipitating cal.
cium carbonaie, The process 2vsids the flashing of the geatherma! brine by in-
jecting a It floid immiscibile with and of substantially lesser density than the
brine inla the production bing te form a colemn af @ mixiare of brine and

Lifr fluid which bas a sutficiently letsar density thaa the column of brine that
1he hydrostatic head of the column of brine raises the mixture 1o the surface
from where it is withdrawn withour Hashing, separating the lift fivid and process-
ing the brine for heat recovery.

When the hrine is cxtremely hot, the pressure is maintained at higher levels to
avoid flashing by an gdditional colurmn of bring below the production level.
This is provided by es:ablishing a column of the goethermal brine a substangial
depth below ity production interval, instzlling 2 production tubing Jor a tubstan-
tial depth in the column of bring and injecting a 1it fluid which yields a higher
pressure at the top of the well,

Lite of Gas Genermwor Eartridge

Geothermal wells may be stimulated by means of explosives. Nore specilicaliy,
geothermal wells may be stimilated by means of shaped charges which blast
pencil-shaped jets of liner material inlo rock strata, crushing and penetrating the
rock, cement and 1ebing and allowing geothe:mal fuids 1o seep through from
the perlorated materials inte the main bore hale of the well, However, when
one wishes 10 utilize shaped charges 1o stimulate the production of geothermal
wells ope 15 faced with two problems—Llemperature angd fluids under pressure,

The temperature near the botem af 8 geothermal well where one normally
writhes 10 blast is prdinarily extremely high. When a shaped charge is lowered
into this high termperature a prablem of preventing what is commanly catled
"rook.ofi” of the explosive arises. .

The pressure of geothermal fluids in the depihs of a geothermal well is ardinarily
high. Shaped charges generally ezilize cone-shaped liners which coilapse when
the explosive i3 detondted and focus the pencil-shaped [ets spoken of above,
When such 2 cone is [illed with high-pressure goethermal fluid, the thiid inter-
ferge with the proper collapse of the cone and the gt does not get properly
formed.

It has been found by O.W. Legrard and C.F. Austin; U5, Pagenr 4,053,508,
December 20, 1877 assigned o (L5, Secrerary of the favy that a gasreledsing
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means sush as @ gas Genoralor cartridge which reucts willy geotherma.  Jar &
pyrotechnic cartridge may be ctilized to cambat Ehc problcm;_af ternp_ermure
and fluid inrerference in geathermal well stimulavien.  Agcording to this process,
the gas-releasing means is utilized 1o pressurize a huusi‘ng in which ane ar more
shaped charges are suspended and keep geothermal fluid qut as the housing and
shaped charges are lowered inta a well. The exclusion of geothermal fluid tram
the housing prevents the foid from intlerferinq with Lhe proper collapse ol shaped
charge conical liners. i.e,, interfering 1.'.'|T.|!_'| jet farmation, and alse RreEVENLs geo-
therma! fluid from being in near proximity to thaped charges wh?re it can de,te'
tericusty aifect the shaped charge performance temperaturewise, I.e., by causing
"cook-oll”.

One example, although Aot by any means the anly ong, of a pyrotechaic cort-
ridgs is a cartricdge based on sodium azide, One example of a material u?at will
react with 2 gecthermal flud to produce gac i sodium, Baoth p'.rrute::hmc cart-
ridges and gas generator materials that will react with geathermal Huids are
LAl TL

Injecting Low Salinity Water .

The process of L.0. Christian; U.5. Patent 4 074 F54; February 21, 1878 ass_a'g‘led
ra Exxon Production Research Company is direcied 1o a method lor pmducqu
grathermal encrgy andfor minerals from subterranean high tempuorature and high
salinity brine resapvoirs in which fresh or low salinity water at melEl‘l.t sur_lace
temperature is injected into the bring reservoir thrnsjg:h a well; reservoir brina
from the wicinity of the well bore is displaced; the injecied water 15 heatad by
the reservoir hieat and is then produced from the £E5& o If through T.herwei].
The volume of water to be injected in each injection-productian cycle is sa e ted
an [he batis of reservoir characteristics and overall project design. The well may
be shut-in for a soak period following injection 10 permit time far the last water
injected to be heated.

The injecied water has a sadliniy ranging from rero 10 a selected amount such
that when the water is produced fram the reserveir, substantially no precigita-
tion of salt cceurs in the well bore. -

injecticn of Fluid

According to £ Sheisbaumy LLE, Parmrﬁ.ﬂ?!f,sﬂﬂ: March 21, iS78 the "‘?“‘
from genthermab wells is stimulated by injecting a liguid a1 szlecled levels in the
well with the liquid having a toilng point below lh»:‘.' temperature of the geo-
thermal fluid at e levels of injeciion at t!-ua ngera:lnu pressure at the levels of
injection, The geothermal fluid znd vaparized imected fluid from :he_wefl are
applied o 3 sysiem for extracting the heat enerq‘,r zs well as for cleaning sand
and other well depositions that ray accomulate in the ge_oth&_:m:lf well. .The
gysem may include a dircct contact heag exchanger ha'.l'l!'ltj pither a UIE!I'IIL‘:IIF"IEH‘I*
ber or 2 horizontal charnber, The contactor bas 2 plurality of zones including 2
boiler zone, one of MArg SECAration 20n4s, and at least one heat #xchangs zane.
The contaciar may also include a wash zong and a Hath 20ne,

Ir the wash zone there are advantageously included recirculation trays vertically
spaced for washing the vapor to remove entrained s:hstances, wich 25 minerals

dissolved in the fiuid from the geathermal wells. The racirculation trays include
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waater is aceomph 3y adding the particles 1o the watrr underground, pref-
erably by injecting » suspension of particles directly into the bore of a geother-
mal well. Maost preferably, the particios are added at 8 goint in 1he well below
a point where the het unrelined water is becoming supersaturated by being
cooled andfor concentrated as, for example, by heing partly converted into
steam.,

n znother embodiment there is provided a melthod wherein the agent added 1o
the hot unrefined water comprises a reagent capable of generating non-scale solids
of the impurities in situ, 10 the case of dissolved impurities this reagent may be
capable of causing precipitation of a part of the dissolved imaurities, preferably
in the form of finely divided particles. In the case of dispersed colloidal im-
purities. the reagent may be one capable of ¢ausing anglormeration of part of
these colloidal impuricies. In either case this reagent is preferably added directly
10 the water while it is still ungerground in 2 geothermal water well.

A similar gmbodiment comprises adlding to the hot wnrefined water an agent
tapahle of Intreasing the solubility of at least some of the dissohved impurities
andfor of detreasing the degree ol dispersion of seme of the colteidal impurities,
for example, an agent capatds of raising the pH of the water, Again, the addi.
tion of such ggents may take place directly in the geathermal water well bore, T
Still angther simitar embodiment comprizses adding a chatating agent (D the watlsr.

There is glto provided in sceordance with the pracess a system for extracting

heat from hot unrefined water contgining dissolved and disperted impurities com-

prising a source af hot unrelined warer, a heat exthange means having an en-

trance end angd an exit end, 3 means for conveying water from the source 10 the

enirance end of a heat exchangs means, 2 detention receptacle for recelving

cooted uneefined waler trom the exit end of the heal exchange means and a

means [or recycling a supensian, which may be 2 stutry or digpersian, of solid

particles of the impurities fram the eooled unrefined water in the dewgmion re-

ceptacle for addition to the hat unrelined water at 2 point prioe 1o s entry

nto the heat exchanger. ) ;

The heat cxchanger may comprise either a conventiona! indireet eontact heat

exchanger, tuch as a shell and tube counterllow-type exchanger, of an accumula-

tar-type heat interchange system comprising at {east one housing mn?ining pa-

rous material together with a sowrce of dlean liquid, means Tor seleciirely ¢on-

necting the saurce ol unrefined watef and the source of clean liquid through the

entrance end of the housing, a heat exchanger fof exicacting heat from the clean .
liquid and means for selectively aliernately connecting the exit end of the hous-

ing to the detention receptacle and to the heat exchanger.

stantizlly impurity-free waler which i5 produced in the detention receptacle. |n
the most preleried aspect of this emboediment, there is alsa provided 3 second
aceumilator-type heat inlerchanger €omarising a second housing containing po-
rous meaterizl, which housing is of substantizlly the same size as the first housing
antl a'sa has an entrance end and an oxit end, means for selectively connecting
the source of unrelined water and the source of clean water to the engrance end
al the second housing, and means for selectively alternately connecting the exit
end of the second housing 1o the detention receptacle and 1o the heat exchanger.
Furthormafe, it is advaniageows to provide for recycle of the suspension of parti-
cles directly into a geothermal well supplying the hot unrefined water,

|
Freferably, the source of clean tiquid is at least pactially comprited of the sub- ’
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_ -+ another preferred aspeet of the system, the detention receptacle comp, ses
ar least two separate zanes, ingluding a first 2one adapred foc first receiving the
cooled unrehined water and for permiiting larger particles of impurities to settlg,
and inte;connected therawvith, 3 secand zone adapted for receiving the cogled
unrefined water subsequent to the first zone and for permitting finer particles
of impuritics to settle. The recycle systern thus communicates with the second
zone of the detention receplacle and withdraws a suspension of slurry com-
prising the liner particles,

Removal of Silica Uting Ammanium Hydroxida

In the process of V.H. Witking; U.5. Patenr 406,075 April 5, 1877 assigried
o Southern Paoific Land Company ammaonium hydroxide iz added to steam
and bring as they ace produced 3t 2 high temperature and pressure from 2 geather-
rmal well. The ammonium hydroxide will react with the disschved aluminom
and ferrous ions to form a gelatinouws sludge presipitate of alumingm and fereous
hydraxides. This precipitated sludce farmed in the brine wiil sweep the brine
so that dissalved silica will agsarb on the surface of the sludge particles. 11 has
teen found that the degree of silica fixation, or removal, 1 depengdent upan the
pH of the brine. Enough ammonium hydroxide is added to the brine 10 in-
creasg the pH af the brine sutficiently 1o that the remaining dissolved silica will
be below ils saturation level in the brine at the temperature ano pressure 1o
which [he brine is reduced for subisequent handling. The precipitated sludge

it then removed from the bring 50 that the clarified kbrine can then be furthar
processed,

Preferably the amount of ammonium hydroxide added ta the bring /s main-
taiped at 2 level such that the pH af the brine is nar raised above 7.0, since it
has been found that the ampunt ot additional silica remaved at a higher pH level
it small eorpared to the required increase of ammoniom hydroxide.  Additien-
ally, maintaining the pH of the brine at 7.0 or below will minimize the removgl
from solution of the manganous ians 35 manganous hydroxide, so that the manga
nese can be later recovered fram the brine,

Besides reducing the dissolued silica concentration 1o a nonscaling level, the in-

crease in pH of the bring 1owards a neutrzl oM due to the ammonium hydroxide
addition will alsa sérve to minimize the corrasion of systom sarfaces exposed Lo
tha brine, .

Addition of the amengnium hydroxide to the produced brine resulls in an in-
cregsed amppanium ion concentration in the brine, Subsequent adedition of a
strong base, such a5 calcium hydroxide, o the brine will free ammania and en-
able ammonium hydroxide 1o be recovered tor reuse in the process.  Although
gbout 5 tons of calcium hydroxide ara required to free 4 tons of ammonia from
the bring, adding caleium hydroxide (o the system for amwnonia recovery is an
trnportant advantase since calgium hydrgaide is less expensive than ammonium
hydro=ide, : -

Remgving Dissolved Nongondensibles
I tha process of W.T. Matthews: U5, Parent 4,026,111 May 3F, 1977 assignod

o The Dow Chernical Company Neat energy is more efficiently recovered fram
geothermal brines by preflasning the brine to remove cissolved, noncondensible
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gazes before fla.....g the brine to produce mative steam. Power requiremenis
for removal of noncongensibles from twrbine exhagsts {in order 1@ maintain ade-
guately low exhiust pressuresh are obwiated. The heat contént of the preflashed
vagors may be largely utilized for superheating and reheating the molive sueam.

Contarmination Prevention

One main peoblem overcome by the apparatus and method of £ 4. Schwartzman,

L5 Parenr 4084328 Apeit 18, 1828 is the energy exchange which takes place
without the ensuing contarinatian probles, This is eccomplished by this prog
ess by emploving such working fluids as propane, butane, n-hepiane, ethane,
ethylene, or mixtures theseol in sucn @ manner a5 1 blanket 3!l of the surfaces
of the components used in the energy exchange from the energy scurce fluid
which containg the dissolved solutes.

Alse, since 1this system employs cssentially on evaporation process similar ta ihat
uscd im desalination sysiems, all af the solid type impurities are eliminated from
the vapor used [or exiraciing energy by the expansion process. The lluids used
as the working fhuid are chosen with respect 1o their thermodynamie properiies
in relationship to thai required by the given inlet condition of the engrgy source
fluid. In general, the light hydrocarbons or mixiures thereo! are ideally suiteg
for 1his pucpose snce they can be 1ailored 1o have both the desired thermody-
namic characteristics and are almost completely immiscible in the energy source
fluid, '

However, since the working fluid may be slightly sofuble in the cnergy source
fluid dusually a snlution of water) a very small portion ol the warking fluid is
lest by being washed out with the spent energy produeing uid, This process
fursher sets focth a system whereby this 1oss of working Huid s reduced 1o an
irsignifitant amount by taking advanizge of 1he salting out effect which ococurs
when a solute saturated water solution is wsed as the energy fluid source, The
salting out effect is the phenomenon whereby the soluhility of the working
fluid in the energy producing fluid i greatly reduced vwhen the engrgy praduc-
ing fluid is saturated by a solute. In some instances where the energy producing
Huid is not saturaled, it might be necessacy to stage the given process whereby
a heavier hydrecarbon working fluid {which is subsiantizlly insoleble in the un-
saturated energy praducing fluid] is used 1a transfer the cnergy 1o an artificially
satwraled energy producing fluid in order 1o take advanlage of the salting out
eifect, '

A convenient sall such as calcium chloride may be used 1o obtain the desired
effect by saturating water whereby the given salutiogn is then used with a {ight
rydrocarbon working flyid 10 obtain the power by expansion as previously men-
toned, This solution af water saturated with calcium chloride 2150 eliminates
any corrosion which is normally associated with the gommeon sedium ¢hioeide
sodutions uswally encountered,

Firthermaore, this process, by the ute of combinations a5 set lorth, can be em:
pleyed in such a8 manner that the noncondensible gases suck as hydrogen sulfide
and carbon digxide plus the dissolved air of any, can be separated out and can-
veriently disposed of prior 10 the power extraction porticn of the system and
thereby prevent any corrosion eflecl on the power producing components. Alsg,
lhese undesirable noncandensible gases can be reinjecied Lo Lhe spent energy
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source Huid and thus disposed of without any contaminatian or pol. . af
the surrgunding epvironment.

MEASURING AND CETECTION TECHMNIQUES
Heat Flux Transducers

The process of A F, Poppendiek and P.T. Meckel: 1.5 Patent 4003 250;
Joapary 18, 1377 assigned 1o Thermuonetics Corporation relates to improved
means angd {echnigues for measurernent of heat flow from a saurce far below
the earth's surface.

& geothermal heat flux transducer is pravided which includes a plurality of in-
milating s1ats on which Constantan wire is wound and each half tuen is coated
with 3 silver layer 10 produce a hot junction and a cold junction per tuen of
wire, The slat with wire thus coated i5 assembled with insufating material be-
tween adjacent stats such that silver coatings on adjscent slats fage each other
and also uncoated wire half turns an adjacent stats face each ciher. This allows
a multipligity of thermal junctions thus lormed 16 be assembled in a smafl pack-
age which may be suspended in earth bore holes in mine shafts or otherwise
below or above ground far measurement of heat Row emanating from sources
far below the earth's surface,

Variable heat flow atcasianed by diurnal andfor seasonal variations are accounted
far in ascertainment of that steady heat flux Howing from geothermal sources
alons, The transducer is of special dimensional properlions with parts specially
relzted both structurally and thermally,

Predicting Geathermal Gradients

E.B. Reyrohds; LS. Patenr 4,008,608, February 22, 1877 assigned to Continen-
rad ONf Company provides a methad of predicting the geathermal gradient &f sub-
terranean 519313 by determining velacity trends in the sirata and comparing same
wilh the velogity trénds of formations for which geathermal gradients have pre-
miously been determined and plotied qn semilogarithmic paper as a family of
curves of velocizy (rends versys gecthermal gradignts comprising:  {a} derermin-
ing the velocity frend 3T various cepths of a wave propagated through the sub-
terranean strata, (b)) plecting the velocity trend wersus depth on semitogarithmic
paper to generata a curve, and {c) comparing the curve obiaired with a family
of timilar curves of known gecthermal gradients, The velocity trends can be
eslablished by acoustic logging, check shot velocity Surveys, or seigmic velacity
analysis.

Locating Sources by Conductivity-Temperatura Analysis -

W. L, Sayer, 15 Paternt 2805 587 Aprif 23 1574 describes a method and ap-
paratus for locating sublerranean sources of gegihermal energy characterized by
discharging test energy inia lhe garth ar a depth sufficient o ke substantially
insulated from sucface T@mperdiure variations, removing heat from the earth at
the discharga position o establish a sphere of cooling at Lhe cischarging position
subject 1o heat from the geothermal source, and detecting changes in the con-
duetivity of the earth between the discharging pesitian and a plurality of detect-
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]
N position. o5 near the surface. The delecting positions are equally spaced
230ut an’axis of reference extended frem the discharging position versically o
the surface. The azimuthal orientation of the source of geothermal heat from
the axis is determined from changes in the cﬂnducu'.r:w af the earth between

the diseharging position and the detecting positions incident 19 geathermal warm-
ing o} the sphere of conling,

WELL CASING SEAL

A geothermal energy transior and wtilizalion system makes yse gf thermal en-
ergy stared in hot selule-bearing well water 10 generate 3 thermal waor king iluig
from an injected flow of clean fiuid. The working fluid is then used for operat-
ing a turbinedriven pump near the well bottom far pumping the het solure-
brearing v:ater in N slate to the earth's surlace, whire it is used by transfer
otf 15 hezst cenlent 10 a closed loop generator furbing alermator combination
for the heneficial generation of clectrical power. The deep well pump system

is supported within the well casing pipe from the earth’s surlace by a {urbine
exhaust conduit.

H.B. Marthews; LS. Paleni 3967448 Jily 6, 1976 sssigned to Sperry Rand
Corparation describes an improvernent facilitating ready installation and reliable
operation of such geothermal systerns; according 1 this process, there are aroe
vided means for the support of the deep well gesthermal pump system within
the well casing from the earth’s su-face by the pump-driven turbine exhauss
steam conduit,  In view of the ditferential expansion effects on the relative
lengths of the casing extending downwvard Tram the earth's surface and the ex-
haust steam conduit contained therein, a particular flexible seal areangement was
provided between the suspended geothermal pump system and the well pipe cas-
ing,

A first elerment of the impravement provided a vertical, smooth cylindrical seal-
ing surface at the desired location for the deep wel! apparatus by rmeans pre-
viously sealed 1o the well casing pipe. A second element assured easy asserm-
bly of 2 second sea! interfacing the cylindrical sealing surface and suspended
from the hot waler purmp so as 1o permit sliding maotian of the seal in the pre-
vailing hostile environment.

It it necessary 12 provide an eflicient seal of some kind between the byine pump
and the well casing; otherwise, a3 differcntial pressure would never Be built up
across the brine pumg impeller. While the seal of U5, Patent 2 967 448 has
certain estzblished advaniages for this purpose, it is complex and expensive, -
This expensive desigh will seal against very high ditferentisl pressures aznd is ef-
fectively leakproof, while some leakage may actoally be permitted. The packer
used requires a large-diameter casing, whereas casings ol more conventional di-
mensions are 1855 expensive and evidenlly preferred. The fixed packer is rela-
tively expensive 1o buy and to insert, adding considerably 1o tho time reguired
lor deployment of the equigrment in the geothermal well, The fixed packer
must be drilled out when it is to be removed. -

The process of H.8. Marrhews; L5 Parent 4,050,517, Septamber 27, 1977,
apigred 1o Sperry Rand Corporation is an improvement facifitating ready tnstai-
tation and reliable operation of geaithermal systems, including gecthermal energy
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vetrieval systems of the king described ahove. The process affords reaw, and
less expensive installation of deep well gegthermal apparatus. The ceep well
apsaadtug it supported within the well casing pipe from the well heat ar the
earth’s surface by the pump-driving turbine exhaust conduwit.  Alternatively, the
warking tluid conduit may serve as the suspension. Diflerential expansion ef.
fects are accommodated by a sealing arrangement mounted on the gepthermal
pump itself before it is lowered into the wetl and having seal interfaces directly
mating with the interior surface of the well cating when deployed ar the well
bottom. An arrangement is provided for protecting elements of the {lexible
seal during lowering of the pump and its associated seal system into the well
and then for automatically deploying the seals in their aperating condition.

DRILLING COMPOSITION

P W, Fischer, 1O, Joner, D.F Pyle and 8 Pye; U5 Patene 4,013,568 March 22,
1977 assigned to Umian O Company of Califarnda provide a3 composition and
method of uie far drilling a well into & subterranean formation containing a geo-
thermal fluid at 2 temperature of about 250°F or above comprising circulating
through the well during drilling a gas-containing dritling fluid cemprising a mix-
ture af water or brine, a gzs, a ¢orrosion and erosion inhibitor, 3 lignite 1o can-
trel fluid fegs, o ga'c of a high molecular weight acrylic acid nolymer to improve
the wall-building and cuttings-carrying properties, and optionally, a foaming
agent,

Example: Two offset wells are drilled from he surface 1o a depth of shout 100
feat abowve the geothermal zone wiing a rotary bit and conventional agueoys clay-
containing drilling mud, 1t is known frem previous wells drilled in the area that
when aqueous clay-cantaining drilling fuid is used to drill the gegthermal rane,
substantial drilling flaid is lost to the fermation resulting in partial piugging of
the zdne by the drilling fuid. This plugging decreases the rate at which geather-
mal fluids can be produced following completion of tha well,

In the First of the two 1est wells, drilling is continued while injecting down the
drill string 1,000 cubic feer per minute ol air and 120 gallons per minuts al an
aquecws solution containing-150 gallons per minute water and G4 pound per
barrel al an erosion and carrasion inhibiter prepared by first mixing together
75 weight percent water, 10 weighi percent diethylenetrioming and 15 weight
percent of an acidic Lriester prepared by the condensation of triethanolamine
and dimerized linaleie asid and then diluting with additianal water in the pro-
portion of abour 30 gallans af inhibitor t¢ each 10 barrels of water.

The well is drilled through the geothermal zane and completad in the usual
manner. During the above-cescribed drilling operation, the cccurrence of con-
siderable lost ciredlation of the aerated drilling fluid o the formation 1§ noted.

In the second af the tweo test wells, drilling is continued by injecting down the
drill siring the same aerated diilling iluid described above except thar the aque-
ous solulion is an agueous dispersion whach includes, in addition to the above-
desceibed ingredients, 3 pounds per barrel lignite and 1 pousd per barrel of the
sodium walt of an acrylie acid golymer having an average molecolar weight of
around 25000, The well (s drifled through the geathermal zong and compleied
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in the usual macger, During the drilli this second teit well, there is less
lost circulation than when using the aerated drilling fhuid wsed in the first test
well,

LSE OF GEOTHERMAL WELL HEAT TOQ EFFECT CHEMICAL REACTION

The process of G A, G, ULS. Prtent 4,085 795 Aprjt 25, 1978 pravides a
method {or converting geolhermal energy into a morg useful form, such as a
liquid fuel or the like, so it can be stored 2nd shipped easily {or use in other
lgcations. A chemical reaclion vessel, made of a corrosion resistant raterial, is
placed in a geotherenal well, ar in the effuent therelrom, The reacrion wessel
bas an input and 3 discharge pipe 1o [low the reaclants through & catalyst ior the
reactlion vessel, The fluid in the well 5 circatated, of necessary, for better energy
flow and 1emperature control.

One chemical reaction which is well suited to the process is the catalytic conver-
sipn ol carbon monpasxide and hydrogen to methanol, This reaction takes place
in the pressure range of 100 to 600 a1mospheres and at 1emperatures from 2507
to 400°C, although where the temperatures are balow 250°C there is still a2 reag-
tign between dissolved carbon monoxide arnd hydrogen, The chemica) reaction
vessel is lowered e 2 grothermal well of suitable 1emperature so it 5 mmersed
in the well 1iuid. The chemical reactams are fed to the chemical reaction vt
sel under The necessary pressur® o react with the calalyst within the chemicak
reaction vessel,

The resulting product, such a3 methanol, is discharged through a discharge pipe
into any suitable containgr for storage and subsequent transpertation to the wse
area. |t is not necessary that there be a flow af fluid leom the well, as a well
drilled intn hot rock would also be effective as long as there is effective thermael
contact with the rock and 1the chemical reaction vessel. The therma] contact
could be accomplished with untireulated fluids. Also, since the préssure wsed
in the chemical reaction is quite high, the exzernal pressure of the fluide in 8
deep geothermal well lessens the design reguirements of the chemical reaction -
vessel. '
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