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ABSTRACT

Among the technical problems faced by the burgeoning geothermal industry is
the disposal of spent fluids from poWer plants. Except in unusual circumstances
the normal practice, especially in the U.S.A., is to pump these spent fluids
into injection wells to prevent contamination of eurface waters, and possibly in
some cases, to reduce pressure drawdown in the producing aquifers. This report
is a survey of experience in geothermal injection, emphesizing geochemical
problems, and a discussion of approaches to their possible mitigation,

The extraction of enthalpy from geotnermal fluid in power plants may cause
solutions to be strongly supersaturated in various dissolved components such as
silfca, carbonates, sulfates, and sulfides. Injection of such supersaturated
solutions into disposal wells has the potential to cause scaling in the well
bores and plugging of the aquifers, leading to loss of injectivity. Various
aspects of the geochemistry of geothermal brines and their potential for mineral
formation are discussed, drawing upon a literature survey. Experience of brine
treatment and handling, and the economics of mineral extraction are also
addressed in this report, Finally'suggesfions are made on future needs for
possible experimental, field and'theoretical studies to avoid or control mineral

sceling. The overal]'conclusion'that. in principle, undesirable water/rock

. reactions between geothermal effluents and the wall rocks penetrated by injec-

tion wells can be prevented by various techniques. It is the practical applica-

tion and economics of these vabious methods which require further development.
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1.0 INTRODUCTION

1.1 SCOPE OF AND SOURCES FOR THIS REPORT

This report was written in response to - Dr. M, W. Molloy of the U.S.

- -Department of Energy, San Francisco, who requested a “white paper on problem

definition of water/rock -reactions associated with reinjectionl [sic] of spent

brines-from geothermal -plants into aquifers." It is based upon a survey of

.worldwide literature rather than upon mathematical modeling or upon experimental

or field wofk.v~The litebature surveyed included textbooks, journals, conference
proceedings, and:-various-special reports of;moré Jimited;distributfon. A useful
bibliography on geothermal injectionvtechnology is:to be found in Darnell and

Eichelberger (1982) and a convenient compilation of abstracts of publications on

injection has appeared recently. (Stone, 1985). - .°
1.2 BACKGROUND OF THE PROBLEM |

-~ Compared with the petroleum 1ndustry:the§geothermal’industry.must handle
relatively larger-volumes of fluid ‘for each kilojoule:or kilowatt-hour of energy

produced, - This is:because the energy density of geotherma] fluids is much less

..than that of -hydrocarbon fuels;~suchaas petrbieum;or,naturalvgas;::The rate of
:afluid'broduction?neceSSary,to,operate‘a.IOO:Mwé geothermal eiectric.plant'in a
’:1‘dry steam:fiéld 1s-about 107 tOnnes/ygar;;while.for a.plant of similar size in a
- hot wétér<field the -rate is greater by a'factor;ranging from about 3 to 10, |

- depending. ‘on the aquifer-temperatures (EV1is and Mahon, 1977, p. 310)..

11n this report the term “"injection" is preferred over the frequently used, but

incorrect, term “"reinjection."”



Commonly these geothermal fluids contain undesirable dissolved components,
such as high concentrations of salts, or moreymodest, but sti]i undésirable,
concentrations of arsenic, boron, and fluoride, which cannot :be allowed to
affect animal or plant life. In a vapor-dominated field, the steam condensate
may contain high concentrations of boric acid, ammonia, sulfide and other unde-
sirable constituents. For this reason, the usual practice is to inject spent
geothermal fluids into aquifers adjacent to the zones of production. In certain
circumstances this could have the added advantage of helping to maintain -
pressures in the production zone. This would be desirable both to enhance the
longevity of a geothermal reservoir and also to reduce the potential for surface
subsidence due to compaction accompanying mass withdrawal. However, there are
other potential problems with injection., It can result in a thermal
breakthrough from the injection wells to the production wells leading a prema-
ture reduction in power output. Furthermore there is some potential for
increasing seismicity by injection. These potential advantages and problems are
beyond the scope of this report and will not be considered further.

Extraction of useful work from geothermal fluids requires cooling, usually
accompanied by boiling and toss of dissolved gases. These processes commonly
lead to saturation of the hydrothermal solutions in one or more dissolved com-
ponents. Injection of supersaturated solutions in addition to causing aquifer
contamination can potentially lead to formation of mineral scales in well bores
or in the injected aquifer. Similarly reactions between the cooled saturated

| fluid and the reservoir rocks encountered can lead to mineral formation. In
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either case the result could be plugging of the aquifer and the loss of

injectivity.2
1.3 POTENTIAL SCOPE OF THE PROBLEM

A roster of countries with geothermal power plants installed as of 1985

indicates thatrat year's end 188 electric plants will be operational, with a

_total installed capacity of 4,764 MWe (DiPippo, 1985, Table 20). Of this 1,792

MWe will be installed at the Geysers, California, U,S.A. (DiPippo, 1985, Table

'5). Since 1979, when the world's installed geothermal electric power capacity

was only 1,759 MWg. the annual percentage growth rate has been about 16.5%,
which implies a doubling time of only five years (DiPippo, 1985, p. 11).

Using the average flow rates:suggested by Ellisvand.Mahbn (1977), the 1,792
MWe of installed capacity.at the: vapor-dominated Geysers Steam Field,
California, uses fluid at the rate of about 180 x. 106 tonnes/year. Flow rates
necessary for the rest of the world's installed capacity 2,972 MWe, which is
largely fromkwater-dqminated resources, depend upon local conditions, but should

lie, in the range of 900 to 3,000 x 105,tonhes/year,, A1l of .this fluid poten-

. tially;could;require disposal in injection boreholes.

.-, -In-spite of these large numbers, they»ignore;a potentially_eVen larger.
L segment;of»theJgeothefﬁal;energy;1ndustry,'1;e., non-electric.or direct ‘use
;;geotherma],power\(Ahderéoh»and Lund; 1979).~!This involves extractioniofvbenefi-

~.cial heat frbm(geothecmal;waten,for‘district heating and cooling systems, horti-

2"injectivity" - the ability of a borehole to accept injected fluid.



cultural, and aquacultural applications, drying and dehydration, and uses

such as industrial evaporation, refrigeration, and washing. According to
Gudmundsson (1985), at the end of 1984, the installed capacity of all geothermal
direct use projects in the world was about 7,072 MW thermal, This corresponded
to a thermal energy production of 23,957 GWh in 1984. - Considering useful ther-
mal power above 35 to 40°C, with an average load factor of 39%, this energy use
required a flow rate of 57,803 kg/s (Gudmundsson 1985). This corresponds to
1,825 x 106 tonnes/year. Taking this together with the estimated flow rate

- necessary for electric power production, we see that the amount of geothermal -
fluid potentially requiring disposal is currently between 3 to 5 x 109
tonnes/year. Furthermore this amount may double in five years.

The costs of fluid disposal are a significant part of the costs of geother-
mal development. In general, the costs of drilling an'injection well are the
same as the costs of drilling a production well. For example, in 1975 Einarsson
et al. estimated that approximately 10% of the total plant installation and
generating costs from a 100 MWe power station at Ahuachapdn, El Salvador, would
be spent to inject the effluents. These numbers may be typical for a water-
dominated field with a relatively "benign" water chemistry, whiéh requires no
special treatment before injection, and using a single flash steam generation
system. Costs would be higher if the fluid chemistry is unfavorable or in the
case of power production from lower temperature systems which require a higher
fluid flow rate per M. No up to date and comprehensive review of the costs of
injection of spent fluids from geothermal power plants is readily available,

However an earlier projection by Defferding and Walter (1978) estimated that the
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cost of fluid disposal at a 50 MWe geothermal plant, using the binary fluid

..cycle energy conversion process, was expected to be about 19% of the total cost

of the power. -These costs may be relatively less for a flashed steam plant
where the enthalpy is hfgher and -thus conversion efficiency greater.

The capital costs of injection include drilling, logging, casing and
completing the injection wells,;ahd installing well head equipment, including
pumps and pipiﬂg (and brine treatment. facilities, if necessary). Operating
costs consist mainly of the energy cost of pumping, and maintenance costs.
These latter may vary from negligible to prohibitive, depending upon the amount of
wear, corrosion, scaling, or well plugging e*perienced. ‘Hartley (1980, p. 850)
quoted costs of $400,000 to $1,000,000 for a disposal well (in 1980 U.S.
dollars). According to this euthor (Hartley, 1980, Table 9.13) to dispose of
350,060 1pm of fluid\would require 44 wells-each accepting 8,000 1pm, I have

chosen the figure 350,000 1pm from Hart]eyﬁs;data'because it corresponds.

4approximately to the 180 x 10° tonnes/yr of fluid. flow necessary to supply the
1,792 Mie of installed capacity at the Geysers;\California. -Assuming ‘an -80%

availability factor (i.e., each well. is needed only 80% of the time), an amor-

_ tization period of 30 years, and a low interest rate of . 8%. Hartley (1980, p.

851) quoteq_gn,annualized@cost,:1n,1980'U.S. dollars; of $0.0133 to dispose of
1,000 1iters of fluid, given a flow rate of 350,000 lpm.. Using Hartley's cost
eStimates (Hertley, 1980)'d15posa1 of this flpw rate would cost only $2.5 x 106
a year for 30 years‘(in 1980 U.S. dollars) L ?urtﬁermoreldiSbosei”d% tﬁeiup to
3 ,000 x 106 tonnes/year of fluid whlch supplies the remaining 2 972 Mie

‘installed elsewhere would cost only $42 X 106 a year. using Hartley 3 method of



cost estimation.

These figures seem low, even allowing for inflation. However it is clear
that costs will vary over a wide range according to local circumstances. Costs
of drilling vary according to both geographical and geological factors.
Similarly the injectivity depends both upon the lithology of the aquifer and the
nature of the brine. Thus if loss of injectivity due to mineral formation in
and around injection wells were to occur, there could be significant cost

impacts.
1.4 CHEMISTRY OF GEOTHERMAL EFFLUENTS

1.4,1 Introduction

Although an extensive literature exists on the chemistry of fluids
discharged from geothermal wells the world over, in most cases these reports
discuss data only from individual geothermal wells or fields. However some idea
of the wide range of chemical compositions of geothermal fluids can be gained
from Figure 1.4 (Hartley, 1980). The upper limits of the ranges shown in the
figure are considerably biased by the analyses from the Salton Sea Geothermal
Field, Imperial Valley, California. Wells in this field produce fluids of more
than 25% weight percent total dissolved solids, one of the highest con-

centrations known in natural hydrothermal systems.

1.4.2 Representative Analyses

A few compilations of geochemical data from high temperature geothermal

systems have already appeared (Ellis and Mahon, 1977, Table 3.2; Fournier, 1981,
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Table 4.2; and Hartley and Ellis, 1983, Table 1). These data indicate that
| total dissolved solids concentrations in geothérmal fluids,range‘from about
0.05% to 30%, but most commonly fall in the range 0.142%. Table:1.4 illustrates
several typical samples of discharge waters from different types of geothermal
fields, shown here to‘répresent'a broad spécthum of'different geofhermal brines.
The table is based upon earlier compilations of Ellis and Mahon (1977) and
Henley and Ellis (1983). | A | |

The first thrée set§_of énalyses arevall relatively dilute waters from
systems in volcanic rocks. Of these, thé Hveragerdi geothermal system occurs in
the Quaternary basalts of central Iceland, and producés a very di]ute sodium,
potassium mixed chloride-sulfate-biéarbohate bbiné, with less -than 1,000 mg/kg
TDS3. The Broadlands geothermal field in the Téupo Volcanic Zone of New Zealand
is developed primari]y in Quaternary and Tertiary Rhyoliﬁes. If produces a
fairly dilute sodium; potassium chloride brine with about 3.800'mg/kg TDS. The
Ahuachapédn field in E1 Salvador, produéing from an andesite reservoir is a
sodium, potassium calcium, chloride brine cbntainihg approximately 19,000 mg/kg
TDS, a value thch is fairly typical of brines from hydrothermal systems in
volcanic terrains.

The Ngawha, Cerro Prieto, and Salton Sea systems all prdduce fluids from
sedimentary reservoirs. The Ngawha system prodﬁces from siltstones and sand-
stones underlain by argillites and gregwackes adjacent to the Taupo Volcanic

Zone of New Zealand. It is a sodium chloride brine with a TDS of only 4,480

3TDS - Total Dissolved Solids.



o . A i TABLE 1.4 ,
Compositions of geothermal well waters:. Wfrnlm in -wq cﬂioet“:‘ i' n-;h.rle 'pronu"o trom the discharge of geothermel wells,

Well/location . Depth Temp,'C pH UL M K M s m e m fe F o B S0, M 0 sio, o, oo,
63; olomrqpru.“ 650 216 9.6 O3 212 . 27 0,08 <002 =~ . 3,5 <= o L9 197 o4 61 -~ 06 480 0.1 55
iceland i . A : e i - o : . - . ) ) -

8r13; Broediands, . 1,000 260 0.6 126 980 U200 2.2 © L3 - 0,02 24 = == a3 1668 "853 - 63 %2 48 % e 2
20; Muschapda, . 350m 228 = 18,5 6,000 1,000 “ 7,9 6.0 007 430~ - 16 10,900 4 30 12 155 9% - 23
N, Ngewhe 6% 230 T.4 122 ‘ss6 e0 08 04 - . m 0,02 0. 0.8 1,825 o 17 - 1,200 460 46 61
"s; ('brroh'h'o,” 1,205 340 7.7 38 0 9,062 2,287 == e 1 . 520 == 63 2 16008 %N & 05 " 460 46 61.
1ID P15 Seiton Ses, 1,600 340 4.7 215 50,400 17,308 135 M % 28,000 1,400 2,290 15 195,000 120 s 12 90 1,260 20 56
"0; Rerkioses, - 17308 273 7.0 66 12,90 1,90 %2 .- %8 2,200 2.6 — 014 25,054 87 2,4 015 113 943 2.0 -
€:203; tmta, T 1,500m 243 24 26 5,490 900 .12 9.6 13 1,470 40 220 7.0 13,400 - 350 3.6 106 9 % 2
Well 1; Coseno - 1,43% 230 8,3 380 - - 78,930 48,330 4% 60 7 - 106 0.0 07 100 42,85 -- 163,290 8.3 2,630 - 82 5,0%
1taly i - c B . . : ) . ;

; Kizildere, °  430m 200 9,0 4.5 15,20 133 “e= 033 02 2.5 .02 0.0 0.0 w2 MM - 6.2 3% 2.6 1,860
Turkey ' . L o P i B - ] " . - . ) » i

Source: Kizilders - €118 and Mohon, 1377; Others - Honley sad Efils, 1983;
HOD3 Is the totat of C032 aad HODG o *
$10, Is the total of Si0, + siticate
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mg/kg, similar to the Broadlands water except for its considerable enrichment in
boron and depletion in potassium relative to the Broadlands fluid.

Both the Cerro Prieto and Salton Sea systems are developed in the Quaternary
and Tertiary deltaic sediments of the Colorado River, at the north end of the
Gulf of California. Both produce sodium, potassium, calcium chloride brines,.
poor in sulfate and carbonate. However the Cerro Prieto brine contains 28,600
mg/kg TDS whereas that from the Salton Sea system is almost ten time§ more con-
centrated (258,000 mg/kg TDS). The Cerro Pfieto brine is formed by reaction of
partially evaporated river water with the sediments. It is believed that the
source of the high salinity at Salton Sea field is due to dissolution of non-
marine evaporites in the sedimentary section (Elders and Cohen, 1983). The
Cerro Prieto fluid is therefore more typical of systems in sedimentary basins.

Tﬁe'analyses represented from the Reyjanes system in southern Iceland anq
from the Matsao system of Japan represent extremes in the chemistry of systems
in volcanic terrains. The Reyjanes brine containing 43,000 mg/kg TDS is
recharged by seawater mixed with rainwater flowing through basalt. It produces
a nearly neutral sodium, potassium, calcium chloride brine. The Matsao system
of Japan is developed in an andesite-sandstone sequence of rocks. Its fluid
chemistry is highly acidic, a chloride-sulfate brine containing 73,000 mg/kg TDS
(Henley and Ellis, 1983). Such acid chloride-sulfate brines may originate by
mixing of neutral chloride waters with acid sulfate waters which in turn may bé.
formed by steam condensates hydrolyzing sulfur to sulfuric acid (Ellis and
Mahon, 1977, p. 61).

The Cesano system, located some 20 km north-northwest of Rome, Italy, produ-
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..ces one of the most concentrated hot: brines found so far in the world, featuring
360,000 mg/kg TDS. - It consists essentially of two-thirds sodium and potassium
sulfate and one-third sodium and potassium chloride. Its ratio of potassium to
sodium (0.6) is unusually high for a geothermal brine. Other unusual features
include low contents of iron and maganese and high contents of boron. The
geological section penetrated by this well is a series of Tertiary volcanics,
including pyroclastics and explosion breccias, which overlie a Triassic flysch
~complex of brecciated limestones and marls. It is believed that this alkali
sulfate-chloride water at Cesano originated when a more normal alkaline-
bicarbonate-chloride brine, which had reacted with the potassic volcanics,
encountered Triassic evaporitic formations containing abundant calcium sulfates
and then formed a brine of,mixed sulfate chloride type (Calamai, et al, 1975).

_ The«Kizildere,geothermal’field in the Denizli Province of western Turkey
produces water of a sodium bicarbonate type, high in sulfate, fluoride and
boron, but low in chloride, and a TDS of 4,500 mg/kg. This field is developed
in the BUylUk Menderes graben in which a crystalline basement of augen gneiss,
schist, quartzite and marble is overlain by Pliocene to Miocene sediments, con-

g taining;conglonerates,fsandstbnes, limestones,.marls .and siltstones (§im§ek,

171985). -

1 4 3 Origin of the Dissolved Components
' As illustrated by the data of Table 1 4 most high-temperature geothermal
vwaters contain high concentrations of Na, K, Li, Rb Cs as well as SiOz, B, As,

F, and NH3.‘ Except for relatively uncommon situations where fluids of low pH
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occur, Fe and Mg are of low concentration and, except for the somewhat unique
circumstances at Césano, the ratio of chloride to sulfate is high,

A considerable body ofvlitefature (summarized in Fournier, 1981; Ellis and
Mahon, 1977; and Henley and Ellis, 1983) leads to the interpretation that the
source of ‘the common solutes in geothermal fluids is mineral-fluid equilibria
within the reservoirs. This'concept.is supported both by the study of active
hydrothermal systems and by extensive experimental data (Ellis and Mahon, 1977,
p. 83). The common solutes found in geothermal fluids can be divided into two
main classes: (a) components of common rock-forming minerals, such as Si, Ai,
Na, K, Ca, Mg, Fe and Mn; and (b) soluble components, not forming abundant rock-
forming minerals, such as Cl, Br, BO3, As and Cs. The members of the first
group of components are strongly partitioned into the rock side of rock-water
interactions. Their release into geothermal waters is usually gbverned by reac-
tions such as:

K-feldspar + H* = illite + K* + Si0,

Na-feldspar + H¥ = Na - montmorillonite + Nat + Si0,

Epidote + Hy0 = Ca**t + Fe(OH), + 2A1(OH)y + 3H, Si0, + OH™; etc.

The second group of components in most cases occurs as minor constituents of
rocks, especially volcanic rocks, but are readily leached from mineral . surface
and fractures. For example, Ellis and Mahon (1977, p. 82) suggest that the
outflow from the Wairakei geothermal system of New Zealand produces 20 x 106
tonnes of chloride and 1 x 106 tonnes of boron each year. As the volcanic rocks
| underlying this system contafn between 200 to‘1,000 mg/kg of Cl and 10 to 25

mg/kg of B, the solute output is equivalent to leaching only 0.01 to 0.05
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km3 /year of rhyolite or andesite, Obviously the very high chioride con-
centration in the Salton Sea brine and sulfate in the Cesano brine (Table 1.4)
require enrichment by different processes involving evapo}ation of sea or lake

waters, precipitation of salts, and dissolution of evaporites.

1.4.4 Rate of Chemical Discharges

It is evident that flowjng Qeotherma1 we1is‘bring large amounts of dissolved
solid and gaseous cbmponents to the surface. Ellis and Mahon (1977, p. 310)
have calculated thg approximate mass discharge of cgemica]s from various fields,
assuming flow rates»nécessary_tq supply a 100 MWewgeothermal power plant. Table
1.4.4 shows a selection of théir data with thésadditioh of an estimate for the
Salton Sea system, éssuming that a (yet to be constructed) 100 MWe power plant
there would have the same thermal efficiency and steam fraction as Ellis and
Mahon's assumed 100 MWe piéﬁi;at Cefrp Prieto. - ‘

The first two examples fn Table 1.4.4 the Geysérs andALaderéllo, are vapor
dominated fields prpducing essentially dry steam. A 100 MWe p]ant‘there should
require a steam floW‘eachlyearkprodqcfng between 10% to 105 tonnes of carbon
dioxide and.severalfthdusand tonnes of‘hydrogén‘sulfide, és well as significant
amounts of ammonia énd boron. While these numbers may seen alafmfng, Ellis and

,Mahdn (1977, Pe 311)ipoint out that a 100 MWe coal-fired electric plant could
emit 7 x 105 tbnnes;@f,coz énd 6,000 tons of SO, a year.

The next three exémples are from wéier-ddminated geotﬂérmal(fields where
each tonne of'steam“broducedTreduiresidiébosal of séveral tonnes of saline

water., The examples are chosen to span .a wide range from:about‘4,000 mg/kg to



Constituent

Li
Na

- Ca

(Modified from

TABLE 1.4.4

Potential Chemical Discharge from 100 MWe Power Plants at Five Sites
(Quantity Discharged in tonnes/year)

The Geysers Laderello Broadlands Cerro Prieto Salton Sea
- -- , 300 320 1,800
- -- 3 x 10% 1 x 10% 6 x 105
- -- 5,000 4 x 10% 3 x 105
-- - 80 1 x 10% 5 x 105
-- -- 200 40 300
-- -- 5 x 104 3 x 105 3 x 106
- -- 150 500 1,900
-- - 200 170 140
1,700 1,300 500 800 400
200 200 1,100 400 1 x 10%
- -- 2 x 10% 4 x 104 1 x 105
- - 100 30 700
0.04 -- 0.035 : - -
3 x 10% - 4 x 108 4 x 10° 1.5 x 105 1.5 x 105

2,000 5,000 - 6,000 4,000 4,000

E1l1is and Mahon, 1977, Table-8.10 with additions)

1A
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260,000 mg/kg TDS. Although these three cases illustrate a wide range they
would share an equally acute disposal problem if only one constituent, e.g. As,

exceeded the standards_of'water'quality for industrial effluents.
1.5 WATER QUALITY STANDARDS

A through discussion of potential environmental effects of discharges from
geothermal power plants is beyond the scope of this paper. However, in order to
complete this brief introduction to the chemistry of geothermal effluents, some
mention of the acceptable limits for deleterious components in waters used for
different purposes is in order. Although some geothermal fields may produce
fluids, which after dilution, are of a quality sufficient for subsequent use,
this is not generally true. . Potential uses of water downstream of a geothermal
powerlplant which may be impacted include domestic use, support of aquatic life,
watering stock, irrigation, and industrial purposes,

Criteria for water quality for different purposes are determined by various
international, federal and state agencies’(e.g. World Health Organization, 1971;
Environmental_Protection Agency, 1976A, B, and National Academy of Sciences,
1973); Some examples are illustrated in Tables 1.5A, 1.5B and 1.5C. It must be
emphasized that the omission of a component such as Br, Li, I, Sb, or Bi, which
occur in geothermal brines, from the criteria for drinking water or fresh-nater

fish does not mean that they do not have significance for pollution but rather

‘ that are not common enough yet in surface waters to require establishing limlts

for their safe concentration (Hartley, 1980, p. 810).
Comparison of the data of Tabies 1.4, 1.54, 1,58 and 1.5C dramatizes the
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TABLE 1.5A
Water Quality Standards

Drinking Water* Freshwater**

Constituent Standard mg/L Fish Criteria mg/L
Ammonia 0.5 : 0.02

- Arsenic . 0.05 ‘ 1.0
Beryl]ium. 1.0 -0.11
Boron 1.0 ' 50
Cadmium 0.01 0,004 -
Chromium 0.05 ' 0.01
Iron 0.3 1.0
Lead 1.4 ?
Manganese 0.05 0.1
Mercury 0.002 0.0005
Selenium 0.01 2.5
Zinc ‘ 5.0 ?
S0, 250 ?
Hy S 0.05 0.3
TDS 500 ’?

(*Compiled from Environmental Protection Agency 1976A; **Compiled frbm
Environmental Protection Agency 1976B) :



17

TABLE 1.58

Trace-element‘tolerancés:for irrigation watérs. (From U.S. National Technical
Advisory Committee on Water Quality Criteria, 1968)

" For water used For short-term use

continuously on all on fine-textured
soils soils only -
o mg/L mg/L
Aluminum - 1-0 ) 20°0
Arsenic - 10 10-0
Beryllium 05 10
Boron - 075 ) 2+0
Cadmium .. . 70e0Q05 ... o : 0+05
Chromfum 50 200
Cobalt © 02 ’ 10-0
Copper 0.2 ‘ 5-0
Fluorine 1 1
Iron : 1 . 1
Lead 5.0 2040
Lithium 50 . 5¢0
Manganese 2<0 200
_ Molybdenum 0005 005
Nickel 05 2-0
Selenium , 0:05 005
Tin , ‘ 1 1
Tungsten 1 , , : 1
Vanadium - 100 100
Zinc 50 : , ‘ 100

1Tolerance not determined.
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TABLE 1.5C

Maximum Total Dissolved Solid Concentrations of Surface Waters
Used in Different Industrial Applications.

Industry/Use Maximum Concentration mg/L
Textiles 150
Pulp and Paper. 1,080
Primary Metals 1,500
Copper Mining 2,100
Chemical _ 2,500
Boiler Make-up 35,000

(Source National Academy of Sciences, 1973; cited in Hartley, 1980, Table 9.6)
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problem of geothermal effluent disposal. The case of arsenic is illustrative of
the magnitude of the problem. The As contents of the geothermal fluids shown in
Table 1.4 range between 0.5 to 12 mg/kg: to bring them to the drinking water
quality standard of 0.05 mg/kg would require dilution by a factor of 100 to 250.
In some instances a specific element presents a problem. For example, to use
water from Ahuéchapan in wood pulp and paper processing might require dilution
by a factor of 20, However to use it for irrigation in the adjacent coffee
plantations, which are particularly sensitive to boron, would require dilution

by a factor of 200 or more.
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2.0 GEOTHERMAL EFFLUENT DISPOSAL PRACTICES
2.1 SURVEY OF OPTIONS AVAILABLE

Among the various optlons currently belng used or'developed to dispose of
large quantities of geothermal effluents are::(l) direct discharge-into surface
waters, (2) ponding and surface‘evaporation; (3) treatment and surface
discharge, (4) secondary use of effluents, (5) 1nject1on, (6) injection with
pretreatment, and (7) 1nJection after extract1on of valuable mineral products.
These strategies of disposal are compared in Table 2-1 (mod1f1ed after Table 1

of Defferding and Walter, 1978).
2.2 SURFACE DISCHARGE

Except in'favorable geographic situations, and benfgn water chemistry,
disposal of geothermal effluents for crop lrrlgation or into bodles of surface
water is environmentally unacceptable (Brockway, et al., 1984). These criteria

are unllkely to be met for the effluent from many geothermal power plants.

2.2. 1 Wairakei New 2ealand

An exception occurs 1n the case of the Wairakei plant in New Zealand which
as the forerunner of all power plants exploiting water-dominated geothermal
fields commenced power production in 1959. This plant currently has an |
installed capacity of 157 MWe and produces 4,000 tonnes/hour of effluent (Thain,
1985). These liquid wastes,'averaging'4,400 mg/l TDS (slmilar to Broadlands,

see Table 1.4) have been discharged to the Waikato River, since the beginning of
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METHOD

TABLE 2-1

OPTIONS AVAILABLE FOR GEOTHERMAL DISPOSAL
(Modifled from Defferding and Walter, 1978)

RELATIVE COSTS

STATUS OF TECHNOLOGY ENVIRONMENTAL STATUS

LEGAL ASPECTS

Direct Surface
Discharge

Ponding

Treatment and
Surface

Disposal

Secondary Use
of Effluents

Injection

injection with
Pretreatment

Injection with
Mineral Ex-
traction

Low

Highly variable,
malinly dependent
upon }iner and
land costs

Treatment costs
high for large

flow volumes

With relatively
clean effluents,
revenues may be
realized

Costs may be 10
to 20% of power
rate; highly
dependent upon
injection well
capaclty

Expenslive; treat-
ment costs are
high

Expensive; treat-
ment costs offset
by sale of pro-
ducts; revenues
could be reallzed

Existing technotlogy

Rellable liners
that are low In
cost require
development

Development of less
expensive treatmont

technology necessary

Development of less
expenslive treatment
technology neces-

sary

Additional reser-
voir characteriza-
tion needed; plug-
ging may be a major
problem of sites

Development of less
expensive treatment
technology needed

Development of cost
effective technoi=
ogles and markets

for products

Unacceptable for most
geothermal sites; ex-

ceptions are low tem-
perature flulds for
direct use

Past experience of
poor performance;
break~through of
wastes can pol lute
ground waters

Retiability of treat-
ment systems to pre-

vent I[nadvertent
release of pollutants
Important; subsidence
potentiat high at

| iquid=-dominated sites

Determination of toxic
effects of low level
contamination on

environment needed
Consldered to be
environmentally most

acceptable of all
disposal options

Acceptable

Acceptable

Most effluents cannot
meet-water quality

standards

Closely controtlled by
environmental standards

Acceptable if systems
are reliable and sub-

sidence Is controlled

Acceptable If environ-

‘mental constraints met

Acceptable; some legal
restrictions possible
from Safe Drinking
Water Act

Acceptable

Acceptable

L2
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power production. The power plant discharges 50 x 106 tonnes of effluent into
the river each year. ' As a result the river water normally contains less than
0.05 mg/kg of arsenic and about 0.3 mg/kg of boron and 0.15 mg/kg lithium
(Rothbaum,  1985). - This has led to a reduction in fish populations, an increase
~in aquatic plant growth, and contamination of some plants with arsenic (Aktmann,
11975) (See section 2.4.1).
‘Withdrawal of floid from the reservoir which supplies the Wairakei field has

caused subsidence of the ground surtace of up to.5 m. This, together with the
environmental effects on the Waikato River, has lead to the initiation of injec-

tion tests during the last few years (Thain, 1985; Allis, 1980),

2.2.2 Ahuachap&n, El Salvador

" Since most rivers are used extensively for'domestic purposes and for irriga-
tion, pollutants potentiaily harmful‘to animals and p]ants, such as arsenic and
boron, must be kept‘below strict limits. In the Ahuachapan geothermal field, it
" was found that conformlng to these limits meant that the nearby Rio La Paz could
only accommodate effluent, averaging 20,000 mg/l 08 (see Table 1. 4), from a 30
“MWe power ‘station (Einarsson et al., 1975) Current]y the 1nstalled capacity
is 95 nwé. Therefore the waste from the first 30 Mwe plant was discharged to
the river on]y at the beginning of p]ant operations in 1975. A reinjectlon
program was then fnitiated and construction of a 75 km long covered canal was
'ibegun to conduct the waste to’ the Pac1f1c Ocean (Cuéllar et al.. 1981) From
- 1975 until 1984, 167.4 x 106 tonnes of fluid have been produced and 37.6 x 108
tonnes (or‘22.5%)‘have been reinjected (DiPippo;71985). The experienoe of

a injectionyat this field is further‘disc05$ed in section 4.3.1.
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2.2.3 Kizildere, Turkey

Another example of surface discharge is the Demizli-Kizildere Geothermal
Plant in Turkey. There the effluent of a 20 MWe plant is discharged to the
Blylik Menderes River at the rate of 1,500 tonnes/hour. By mixing with the river
water the concentration of boron is reduced from 30 mg/kg to less than.l mg/kg
(see Table 1.4). However further development of this field must await installa-

tion of an injection system (Simsek, 1985). The case for injection is discussed

in section 4.3.3 of this report.
2.3 PONDING AND SURFACE EVAPORATION

2.3.1 Cerro Prieto, Mexico

This is an option only exercisable where there is an appropriate combination
of land costs and climate. The pre-eminent example of this circumstance occurs
at Cerro Prieto, in Baja California, Mexico, where the installed capacity is
currently 400 MWe with another 220 MWe about to come on line. The total produc-
tion of fluid at Cerro Prieto up to 1983 was 298.4 x 10% tonnes of brine,
averaging 18,000 mg/kg TDS before flashing to steam (see Table 1.4) (Alonzo,
1985a). Surface disposal is to an evaporation pond of about 8 kmz‘area. A 36
km long canal carries the overflow to a dry lake, Laguna Salada. At Cerro
Prieto injection of geothermal effluent is also under consideration (Tsang, et
al., 1980), and a plant for brine treatment is under construction (see section

2.5).
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2.4 TREATMENT AND SURFACE.DISCHARGE

In sections 1.4 and 1.5 we saw that geothermal effluents may contain dele-

terious trace elements, notably boron, arsenic, and mercury., For example,

Anderson (1975) notes that‘steam condensate:from’typical wells in the Geysers
Geothermal Field contain 0.01-5.0 mg/1 of boron. -Although the safe limit for
drinking water is as high as 1. 0 mg/1, certain crops have maximum safe limits of
only 0.75 mg/l for 1rrigation water (Table 1, 5) One obvious strategy is to
reduce the concentration of such trace elements to safe values before discharge

of effluent into surface water.

2.4.1 Pilot Study at Wairakei, New Zealand -

This option does .not appear to have been used yet on a full commercial
operational scale. ~However there have been several pilot studies along this
line. For,example,'Rothbaum and Anderton (1975) described a pilot project to
remove arsenic from the effluent at Wairakei, which contains 500 to 1,000 mg/kg

of silica and 3 to 5 mg/kg of arsenic. They proposed remov1ng the As by preox1-

:,dizing it to the pentavalent state and coprecipitating it with Si02 by d051ng
B the:“aged“ effluent with 700 mg/kg of slaked line. The resultant gel could then
be dried to a low-density calcium silicate powder which could have a market as

) on insulant. A preliminary study of ‘the feasibility of using this process at

Ahuachapan suggested that the estimated costs of 3.2 mills/kw-hr would be prohi-

"';bitive (Defferding and Walter, 1978) | Shannon et al. (1982) described an
"improved pilot plant in which the discharge water was continuously dosed with

Q:ferric sulfate, a flocculant and surfactant. The resulting iron floc, with co-
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precipitated arsenic, could be separated by dissolved air flotation very
readily. More recently, therefore, a commercial organization has obtained per-
mission to reexamine the economics of extracting chemicals of commercial purity

from the waste water at Wairakei (Thain, 1985, p. 150).
2.5 SECONDARY USE OF EFFLUENTS -

4 The feasibility of this option is c]qsely tied to that of the case just
discussed, Excépt for low- to moderate-enthalpy resources used for direct
geothermal app]itations, geotherhal fluids usuafly have total dissolved solids
concentrations too high to be used for potable water or irrigatioﬁ. This can be
seen by comparison of Table 1.4 and Figure 1.4 with Table 1.5. Many geothermal
effluents exceed these limits for some of these components. Any additional uses
of high enthalpy resources for industrial processes such as paper making, drying

and dehydration are still subject to the problem of effluent disposal.

2.5.1 Kawerau, New Zealand

A case in point is Kawerau, New Zealand, where four wells supply steam to a
pulp and paper company plant which generates 10 MWe of electric power and uses
122 MW thermal, above 100°C condensate, as process heat (Freeston, 1985). Most
of the laﬁter use of geothermal steam is in shell-and-tube boilers where clean
steam is generated for use in paper-making equipment. Between 600 and\700’
tonnes/hour of geothermal effluent containing up to 3,000 ppm TDS is discharged
to the Tarawera River., Further development of this resource is limitéd by a

water right which limits dissolved H,S discharge to 1.5 g/sec and heat discharge
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to 75.4 MWt'abOVe‘0°C‘(Berry; et al., 1985). For this reason experiments on

injection are underway.

2.5.2 Cerro Prieto, Mexico

A second interesting case of secondary use of effluents is incidental to the
extraction of useful minerals from a geothermal brine. At Cerro Prieto, Mexico,
a plant is under construction to produce 200 000 tonnes/year of potassium

chloride for fertilizer. (See section 2.3 1 for more details of this field).

This amounts to 85% of the annual domestic demand in the Republic of Mexico

(Alonzo. 1985b) The system w1ll use solar heat to evaporate brine in a series

of five holding ponds covering an area of 16 km2, using progreSSive fractional
crystallization. Mixtures of solid KC1 and NaCl are then to be separated by
flotation. The cost per tonne of potash is expected to be lower than that of

the imported product. Similarly markets for sodium, calcium and lithium salts

are being explored (Mercado, et al., 1979) Other experiments at Cerro Prieto

involve the use of steam condensate to irrigate greenhouse cultivation where

its content of potassium chloride and ammonium nitrate is used to advantage

‘(Alonzo 1985b)

Before similar schemes are developed at other sites, an unusual combination

of criteria must be satisfied. In addition to having a market for KCl, Cerro
Prieto has- (a) a market for electricity, (b) a large available geothermal
- reservoir, (c) low land costs, (d) an arid climate (evaporation 2, 500 mm/yr).

: (e) an absence of sensitive environmental factors and (f) a government agency

willing to make the necessary investment in an uncommon technological applica-
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tion. Although this site may be unique in these respects, other geothermal
developers will watch with interest the technical and economic program of this

ambitious secondary use of geothermal effluents.
2.6 INJECTION

2.6.1 Introduction

Currently disposal of geothermal effluents in injection wells is the normal -
practice in most situations. In most cases although injection may appear more
costly than direct surface disposal in the short term, it may prove more cost
effective in‘the long term also. Experience at toxic waste dispoéallsités
suggests that pfevention of environmental degradation is an economically sounder
practice than remedial action after the fact. Thus injection is usually per-
formed for environmental reasons. |

However various authors have also alluded to the advantages of injection of
effluents from high temperature geothermal systems to increase reservoir life.
Various authors mention returning fluids and residual heat to the producing for-
mations to maintain reservoir pressures, to delay cooling of the reservoir, and
to inhibit subsidence (Defferding and Walter, 1978; Einarsson, et al., 1975).

Because this method of disposal of effluents from geothermal power plants is
widely used but has a number of problems associated with it, the literature on
injection is extensive. Possibly because injection of low enthaipy'effluents in
direct use applications presents fewer problems, the literature on this aspect
is much less profuse (see, for example, TenDam, 1984).

The extensive literature can be categorized as follows:
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(a) Case studies, e.g, Arnold 1984; Horne 1982a, b; Dobbie and Maunder,

1982; Grant, et al., 1982; (see section 4.0);

(b) monitoring of injection behavior and use of tracers, e.g. Wilt, et al.,

~1983; Benson and Bodvarsson, 1982; Vetter and Zinnrow, 1981; Wright, 1985;

(c) modeling of ‘injection behavior, e.g. -Gringarten and Sauty, 1975;

. -Bodvarsson and Tsang, 1982; Preuss and Bodvarsson, 1984;

(d) treatment of effluents before injection (see section 2.7);

. (e) minerals recovery (see section,2.8);t~

| 2.6.2 Vapor-dominated Systems |

Vapor-dominated fields, in general have fewer problems with 1nJection as a
disposal method than in the case of water-dominated fields. Firstly, there is
relatively less water requiring disposal. Only about 20-40% of the mass of the
produced geothermal fluid remains as excess condensate from the cooling tower
basins. Secondly, the condensate is relatively free of dissolved solids com-

pared to fluids from water-dominated fields.' Thirdly, because vapor-dominated

lreservoirs are. underpressured actual inaection is done by gravity feed and

4inJectivity may actually actually increase through time (Chasteen 1975) ~ Some

representative examples are discussed in section 4.2,

2.6.3 water-dominated Systems

Injection of effluents from power plants exploiting water-dominated systems

: takes_placeAingagmuchfmore diverse range pf;Conditions,than those just -
‘cdiscussed. Consequently problems encountered‘range~from those having negligible

~impact, to those still awaiting effective and commercially viable solutions,
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Horne (1982a) among others, has commented that, in the case of fractured
geothermal reservoirs, there have been both positive and negative experiences
from injection. In principle, injection should help support reservoir pressures
and hence promote more efficient thermal energy recovery. However, up to the
present, injection has been used primarily for waste water disposal.
Consideration of reservoir maintenance has been largely restricted to avoiding
detrimental effects (Horne, 1982a). Care must be taken to -prevent premature
return of the injected water into production wells through high permeability
fractures, leading to reduction of discharge entha]py and hence of useful energy
output. For this reason most of the literature on the topit'ihjection éoncerns
experiments and field tests, tracer returns, and modeling of the thgrma] and
hydraulic influences of injection on bore fields (Darnell and Eichelberger,
1982; Horne, 1982a) ‘

Injection of power plant discharges in water-dominated geothermal fields is
currently practiced on a commercial production scale in the fd]lowing countries:
El Salvador, Japan, Philippines and U.S.A. In section 4,3 some representative
examples of these experiences are discussed, highlighting problems and their

solution,
2.7 INJECTION WITH PRETREATMENT

2.7.1 Introduction

Because of the expense involved, pretreatment of geothermal effluent before
injection is avoided where possible. However there are various systems where,

out of necessity, this kind of treatment is part of commercial scale geotherma1
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power plant cycles. Similarly, because of .problems encountered, elsewhere there

.have been numerous laboratory and field tests of various schemes for pretreat-

.- ment., The rather voluminous literature on this topic has. recently been sum-

marized by Weres and Apps (1982), and Kindle, et al. (1984).
_The problem arises when, during production and use of geothermal fluids from

water dominated systems, the solutions become supersaturated in various

dissolved components. Many hot geothermal aquifers (those with temperatures
- exceeding 200°) contain waters in equilibrium with quartz. The fluids produced

from them are therefore saturated with silica. Other geothermal waters contain

appreciablekquantities of carbon dioxide (> 0.2% wt) and are therefore saturated
with ca]cite;,kSimilarIy some geothermal .waters are close to saturation with
calcium sulfate (Table 1.4). Some representative ex&mples are described in
section 4.0. Although silica and calcium carbonate and sulfate are the main
likely precipitates from geothermal brines, in some cases heavy meta]r§u]fides,
sulfates, oxides and carbonates form. Oc;asionally minerals such as strontium

carbonate, barium sulfate and ammonium carbonate may also be formed (see section

'3.0).

2.7.2. Problems Caused by Mineral Precipitation

j-Experience,atfgeothermal«pbwer,plahts:1navaribus~countries:indicatesrthat

thekmostfcommOh mineral scales which;causelprbblems»are,amobphOUS silica,.

.. calcium carboné;e.(ca]cite and aragonite), calcium-sulfate (anhydrite or gypsum)

and barium sulfate. .Other scales usually occur in too small amounts to_cause

..practical problems (Weres and Apps, 1982, p,_409)alfonefexceptiqnii§~;he Salton
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Sea geothermal field of California, U.S.A., when the brines contain substantial
amounts of iron, zinc, lead and other heavy metals. Thus sphalerite, galena,
pyrrhotite and pyrite form in this system, in addition to amorphous silica (see
Table 1.4 and section 4.3.7).

Sca]ing'can occur in every part of the system in contact with the geothermal

fluid, including the production well bores, surface piping, flash tanks, heat

- exchangers, pumps, valves, and in the injection well bores. Furthermore, addi-

tion of suspended particulate matter and reactions between the injected fluid
and the aquifer rocks may lead to plugging of the formation surrounding the
borehole. Such plugging can led to loss of injectivity in the injéﬁtion well,
This problem increases both the constructional and operational costs of geother-
mal power plant systems. In some of the more serious cases the operation of the
geothermal field may be stopped because of scaling e.g., Tekkehaman and

Kizildere, Turkey (see section 4.3.3).

2.7.3 Control of Scaling

The type of treatment necessary depends upon the nature of the scale, which
in turn depends upon the temperature and chemistry of the geothermal fluid pro-
duced. Scaling can be controlled either by selecting a specific power cycle
which minimizes precipitation of scales or by treating the geothermal process
fluid, either upstream or downstream of the power plant, to control

precipitation and minimize its effects. These two approaches are discussed in

- more detail in section 3.8 and so will only be referred to briefly here.

Avoiding precipitation can be achieved by manipulating process parameters
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- -.such -as pressure and temperature, or by the use of various scale inhibitors, or

other additives, to manipulate the chemistry of precipitation or its kinetics.
» Scale inhibitors have proved particularly effective in avoiding carbonate and
sulfate scales (Kindle, et al., 1984, p. 513).

-Controlling precipitation is the preferred option when it is uneconomic to
prevent precipitation. In this case scale formation is induced in a form and at

a location where it can be handled anduremoved in the most economical manner.

. The strategies employed include both chemical .and mechanical approaches to use

the kinetics of precipitation to advantage.  Use is made of crystallizers,
~crystallizer-separators, reactor clarifiers, .carbon dioxide injection, pH
control and aging. of .the brine in a tank or pond (Kindle, et al., 1984, p. 518).

Various examples of these approaches are further discussed in section 4.0,

2.7, 4 Costs of Pretreatment

Because of the diversity of different geothermal brines, geothermal fields,
and geothermal power plants, it is difficult to generalize the relative costs of
brine treatment systems. One useful approach is to compare the life-cycle cost
~of treatment in the most hostile treatment/injection location versus the 1ife-
'cycle costs of no fluid treatment prior to inJection in the same environment.
Kindle, et al. (1984 p. 7.1) have done this based on data from the Salton Sea
geothermal field of California (see section 4.3 7) These authors compared the
}‘costs of using a crystallization/clarification system versus the base case of no
/ifluid treatment prior to injection (see section 3.8. 8) The base case assump-

tion included the costs of cleaning inJection wells when plugging occurs and the
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need to switch to spare injection wells during the cleaning cycle. They assumed
. that for a hypothetical plant, 10 injection wells each with a capacity of 3,785
1pm (1000 gal/m) would be needed. 5 spare injection wells would be needed for
use while the injection wells were being cleaned by backflushing and acid treat-
ment. As a baseline it was assumed that the injection wells would need to be
cleaned once a month, a conservative estimate.

According to Kindle, et al. (1984, p. 7.3) the life-cycle unit cost of
handling brine disposal without pretreatment would be $1.08/10%1 ($4.11/103gal.)
whereas the cost using a crystallizer/clarifier system would be $0.65/1031
($2.45/103 gal.). For a geothermal plant which required a flow rate of 2.27 x
1081/h (6 x 105gal/h) from the production wells the savings for the
crystallizer/clarifier system over the no treatment system were calculated to be
$6.9 x 10% a year (Kindle, et al., 1984, p. 7.5). If, }n the no treatment case,
the wells were cleaned every three months this would save $2.6 x 106 a year.
This reduces the net savings for the case using the crystallizer-clarifier
system to only $7.3 x 105 a year (Kindle, et al., 1984, p. 7.5). However in
both cases pretreatment is more economic than no treatment.

Unfortunately, most of the relevant operating experience from operating
power piénts using hypersaline brines in the U.S.A. is held proprietary.
However, even in the absence of the operational costs figures, we can fnfer that
the analysis of Kindle, et al. (1984) is at least correct in principal. In the
Imperial Valley of California there are two hydrothermal systems with hyper-
saline brines which have operational power plants. These are fhe North Bréwley

field and the Salton Sea field. The North Brawley Plant of 10 MWe was designed
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- to rely on brine handling techniques requiring maintaining solids in=solution.
It required extensive workovers of the injection wells,. In contrast the Salton

- Sea plant, also of 10 MWe, relied on a crystallization/clarification system.

After several years of operation the Brawley plant has been decommissioned and

the wells plugged. . However, the operator of the steam gathering and brine

disposal system at both sites now intends.to build a 50 MWe plant at the Salton

Sea field using the crysta]li:ation/clarification,technology (personal com-

munication C. Otte, Unocal Geothermal Co., 1986). These systems are further

~discussed in section 4.3.7.

2.8 INJECTION AFTER MINERAL RECOVERY
An obvious point>is that, ifjva]uable chemical. components can be extracted
from geothermal brines before injection and sqid at a profit, then the economics

of brine,treatmenttmight_béﬂconsjderably improved, It well known that small

quantities of base and precious metals, locally of ore grade concentration, are

-depositing in active.geothermal systems throughout the world (Browne, 1984).

For example, in the New Zealand geothermal fields, even with their low salinity

ofd3.000 mg/kg,~base-meta] su]fidés,~nat1ve-$i]vef and tréces of gold, are being

~_precipitated from near neutral alka]i,ch]oride fluids. .

. However _the occurrences which have,QQCasibnEQ the greatest interest are the

:ahighiyLsaling;brings of the,SéltoniTrough (Nhite,_}981). ‘Fairly- abundant ore

| minergls:especial]yﬁgqleha,_spha]erite;_andEchalcopyrite occur-in this system

(McKibben;énqﬁEIders,11985),and_sga1es formed,from,the brine may contain abun-

 ”_qan;_zing,vlead,_coppen and up to 6% of sleec%(Skinner,vet al., 1967). However
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although the concept of commercial extraction of minerals from geothermél fluids
is not a novelty, there appear to be no current commercial activities, apart |
from the potassium chloride system at Cerro Prieto, mentioned in section 2.5.2
above (Crane, 1982).

The high concentrations of potentially valuable constituents in the hyper-
saline brines of the Salton Trough have attracted considerable interest. For
example, Maimoni (1982) estimated that the potential revenues from minerals
recovery from a combined geothermal power and mjneral recovery plant in the
Salton Sea geothermal field could exceed those from sales of electricity. This
author estimated that a 1,000 MWe plant selling electricity at 6 cents/kWh would
earn $394 x 106/year. Assuming that 90% of the mineral values in the brine
could be recovered and sold, the market value of the minerals produced would be
between $500 to $1,500 x 108/year in 1986 $. Such a plant could supply between
14 to 31% of the U.S. demand for manganese, a strategic metal. However, in
spite of the large amounts of metals which would pass in solution through a
power plant in this field, it is by no means clear that the techniques available
to produce them would be economic, at present.

There has been considerable theoretical and experimental study of the
mineral values in the Salton Sea geothermal field brfnes (Arthur, 1983; Harrar
and Raber, 1984; Schultze and Bauer, 1982; Schultze, 1984; Michels, 1985;
Byeseda and Hunter, 1985). Table 2.8 shows some of the potential mineral reco-
very values from a hypersaline brine passing through a hypothetical 50 Mie plant
in the Salton Sea geothermal field. It is important to considér the market

demand as well as the technological aspects of such estimates. Based on such



TABLE 2.8 . .
Potential Mineral Recovery Rates from Hypersallne Brine in the
Salton ‘Sea Geothermal Field from the Fluid Supply of a 50 MWe Power Plant
(After Michels, 1985)

Industrial  Recovery Tonnes/Year - Gross/value

Product Concn mg/kg ‘ Form Efficiency Recoverable $/ton $ millions/yr
Na - 57,100 NaCl 0.9 2,618,180 - 50 - 144 (e)
Ca 25,700 CaCl, (a) 0.8-- 3,000,000 32 106 ze)
K - 14,700 : KC1 (b ~ 0.8 449,090 - 60 - 30 e) .
Fe 1,770 Fe(oH)3.2 H20 0.9 71,818 120 9.5 (e)
M 1,230 Mn0, 0.8 31,180 175 6. (Ff)
In 715 In : 0.8 11,450 450 5.7 '
Sr : 620 SrS0,  (c) - .0.4. 10,545 640 7.4 (e)
Ba - - 550 BaSO, o 069 - 9,909 - 100 1.1
B 365 H3B0; : - 0.05 2,090 550 1.3 (e) -
Li ' 283 L12C03 - 0.6 364 2,800 - 1.12
Pb - 114 Pb , 0.95. 2,182 300 - 0.72
Br 29 Br, > 0.1 58 600 0.038

. Cu 2.4 Cu . 0.5 24 1,300 0.034
Ag 0.09  Ag - 0.5 ' 9 250,000 2.5

Electricity -- -- N 0.8 (9) : 21

9t

(a) 38% liquid

g i fertilizer grade

c) requires conversion to SrCO3;
d) $9 per Troy ounce

{e; inadequate market

f) unknown marketability.

(9) $0.06/kWh
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considerations Wei, (1982) considered that the following components might be
profitably recovered from the hypersaline brineé of the Imperial Valley: Li, B,
Mn, Zn, Sr, I, Fe, Pb, Bry, COp, NH3, Cu, Ni.

Byeseda and Hunter (1985) after considering various process technologies
such as (1) precipitation reactions, (2) electrolytic reduction, (3) biological
concentration, (4) solid-bed ion exchange and (5) solvent extraction, and
testing them on aylaboratory bench scale and in a field trial concluded that
solvent extraction of zinc is the probably the closest’to being put into commer-
cial production. Recovery rates of better than 80% were achieved for this
metal,

In spite of the obvious potential for earning revenues by mineral extraction
I know of no serious plans to implement such recovery schemes for these brines
at present. However removing valuable minerals might also improve the injec-

tability of the effluents involved.
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3.0 CHEMICAL, MINERALOGICAL, AND PHYSICAL .ASPECTS OF INJECTION
3.1 INTRODUCTION

... The chemistry of,geotherﬁal_fluids'was discussed -above in section 1.4 and
the most important scaling or p1u§91n§ agéhts were mentioned in section 2.7.
Chemical problems of reinjection have recently‘been addressed by Weres and Apps
(1982), Kindle et al. (1984), and Vetter and Crichlow (1979). Of the several
hundréd possible hydrothermal minerals known, only a half dozen present problems
due to scalihg,on plugging in injection wells. According to Weres and Apps -
(1982, p. 408), it is difficult to confirm withvcertainfy that even limited

. .thermodynamic equilibrium has been achieved in reactions between brines and

rock. Fortunately, the concentrations of major scaling components of a geother-
~mal fluid can .usually be reconciled with the assumption'of thermodynamic
equilibrium with respect to the more soluble minerals in the host rock (Weres

..and Apps, 1982, p. 408). In the following,discussion‘of the solid phases which
may form, in equilibrium or metastably, from spent fluids from a geothermal
plant, we can use as a guide in’formation from natural hydrothermal systems, as
well aé theoretical and,ekpefimeﬁta];studies.' : |

4,‘Ihe literature on watér/rockdreactiohs_in*naturalagedthermal‘systems,,both

_éctixe and fossil, is extensive.,'Spme excellent ré#iews of the mineralogy of

“these systens. include Barnes:(1979), Browne (1978),~Ellis\and-Mahon'(1927);
Fournier (1981), Giggenbach‘(1981);;Henley~and.Ellis (1983),;Hen1ey; et al.

-.(1984) and White”(1981). _A;gregt;dealvof usefu1 information.on the rock-forming

,mjnera}s:q¢cqpning inzhydrothermaljrgseryoirs;is,reyiewed,in:this literature,
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including data on the minerals responsible for scaling, cementation or plugging
of injection welis. The chemistry of these phases is reviewed in the following
sections, However as will be shown, study of equilibrium mineral phases is not
sufficient for an understanding of the problem or its mitigation, as kinetic

factors become very important, especially in process control,

3.2 WHY SCALES FORM

- The sources of the dissolved components in geothermal waters have already
been discussed (section 1.4.3). Power production from geothermal waters
involves large temperature drops. Many dissolved components, notably Si0,,
exhibit prograde solubility, i.e., over the temperature range of interest they
become more soluble as temperatures rise. Thus adiabatic cooling is sufficient
to induce precibitation. However other components, the most important of which
are calcium carbonate and sulfate, exhibit retrograde solubility, i.e., they
are more soluble in cold rather than in hot water., Nonetheless minerals with
rétrograde solubility may be precipitated by isoenthalpic processes during power
production, .

In most water dominated systems boiling is induced in the well bores to
cause the geothermal fluid to flow to the surface without pumping. This causes
concentration of the dissolved components in the residual hot water. According
to Henry's law the solubility of dissolved gases in water under aquifer con-
ditions is greater than that under the lower pressures of the boiling zone.
Carbon dioxide and hydrogen sulfide fractionate into the steam. The resulting

vapor phase enriched in CO,, HyS, and HyS0, becomes more acidic and the residual
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liquid phase therefore becomes more basic, As a result of these physical and
chemical changes induced by boiling, the solution may become unstable and preci-
pitate certain components even as phases with retrograde solubility. Thus pre-
cipitation can occur’byvsimplé coolind, by CO, and H,S loss, pH‘changes, or it
may occur by mixing of incompatible waters. |

It is worthwhile to summarize and restate these concepts emphasizing the
engineering conditions which affect the chemical conditions of scaling and
plugging. This can be done conveniently in tabular form in Tables 3.2A and
3.2B. Discussions of the chemistry of the common scale types and methods of

mitigation now follow.
3.3 SILICA

3.3.1 Silica Solubility

Experience has shown (see section 4 0) that the most w1despread and acute
form of scaling is due to silica. Quartz is the most stable and most common
form of silica in geothermal reservoirs so that, above 150°C, the concentration
of dissolved silica in geothermal fluids is governed by quartz solubility.
However 1in geothermal brines silica is in a monomeric form (possibly H,Si0, or
Si(0H),) (Ellis and Mahon, 1977); Cooling hot geothermal brines can lead to
supersaturation with silica. However the precipitation of silicawfrom aqueous
~solution is very}slow and is governed by polymerization and precipitation as
amorphous silica, which is moreVSOluble'than quartz, as is shown in Figure 3.3A.
Dissolved salts cause a decreasing solubility for both amorphous silica and

quartz with increasing NaCl molality, with the effect being greater in the case
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TABLE 3.2A

Factors Affecting Mineral Scale Formation

@ Brine Cbmposition

o Gas composition and concentration (Cbz, HaS, NH3, HC1, Hy, 05)
e pH

o Temperature of produced fluid

o Single or two-bhése fluid flow |

o Degree of flashing and'stéam quality

o Partitioning of gases between liquid and vapor
o Pressure and TEmperatures after steam separation
o Oxidation-reduction potential

o Residual brine concentration due to steam loss

o Nucleation-growth phenomena

o Deposition surface

o Velocity, Reynolds number, and other flow effects

(After Shannon, 1977)
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TABLE 3.28B

Processes Causing Scale Formation

Silica and Silicates -~ Temperature drop causes saturation, steam loss
‘ concentrates brine, boiling-induced pH
- increase affects kinetics.

Calcite and Aragonite © - €0, loss into steam increases pH of brine,
o steam loss concentrates brine.

Sulfates ‘ Temperature and pressure changes decrease
calcium sulfate solubility, and mixing dif-
ferent fluids e.g. make up water and spent
geothermal brine cause barite scale.

Sulfides Temperature drop decreases solubility and
e : : : _boiling increases pH.

Iron deposits '7 " Corrosion causes Fe*2 precipitates on surfaces
: and in other scale deposits.

Other ~ Incomplete steam separation results in aerosol
carry-over of salts.

(After Shannon, 1977) o
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Figure 3.3A. The solubility of various forms of silica in water at saturated
vapor pressures (from Fournier, 1973).
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Figure 3.3B. Trends in silica concentrations during cooling of geothermal
waters by steam loss and by heat exchange. Lines for quartz and

amorphous silica solubility are shown (from Ellis and Mahon,
1977).
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of amorphous silica (Kindle, et al., 1984, Fig.54.2): -
El1is and Mahon (1977) applied the data of Figure 3.3A to two different

situations which occur in geothermal power plant engineering. Fluid produced
~ from geothermal wellsvmay be cooled in two broadly different ways. For example,
in binary plants, such as the Magma Power Company plant at East Mesa, and at the
Heber Binary Demonstration Plant, both in the Imperial Valley of Cé]ifornia,
U.S.A., hot bringtis pumped to the surface and cooled in a heat exchanger
~without boiling. Figure 3.3B shows hot brine saturated with quartz at three
different.temperatures 200°, 250° and 300°C respectively. The dissolved silica
in these three brines remains_ at constant concentration (along the conductive
cooling lives invyhe figure) until the amorphous silica saturation curve is
intersected at 75°, 125° and 160°C respectively (E11is and Mahon, 1977, p. 305).
Below these temberatures amorphous silica>may'be deposited, depending on kinetic
factbrs. : : ‘

. If the f}uid.f]ashes”partly to steam in the production well bore and then
~ flashes again in:steam separation tanks,.the fluid would cool along adiabatic
cqoling,linesA(shown as dashedllineﬁgjnAFiguré»3,3B);‘_Furthermore the residual
bcines‘wouldibe con;entrated.by;stéam'losses.,;ln this case the three hypotheti-
YJE cal brines at'200°; 250°»and;300?C~wou1d5reachgamorphous silica saturation at

95°, 150° and.2q09ckresbectively,v Bé1ow:thése temperatures po]ymerization-of

thg excess silica is likely.,,in,designing}q procésé cycle,#therefore. tem-
peratures should not be al]owed to go much below the temperatUres,at~ﬁhichrthe
...solubility of amorpﬁous:siliCagrea;hesMsaturation‘(Ellisgand-Mahon;~1977, P.
.306). Ih p(qctice:the points .at which:Scaling;becomes;troublesome are con-

siderably ldwer due to the peculiarity of the poiymerization process.
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3.3.2 Silica Precipitation

In nature, the formation of the most thermodynamically stable phase, quartz
is favored by relatively high temperatures of precipitation, slow rates of depo-
sition and relatively low degrees of supersaturation. On the other hand, the
effluent from geothermal power plants normally precipitates amorphous silica
after sﬁpersaturation is attained relative to that phase. According to Weres
and Apps (1982, p. 410), there are two basic pathways whebeby amorphous silica
precipitates, (a) by molecular deposition upon solid surfaces to give a dense,
compact, silica glass, and (b) by homogeneous nﬁcleation and growtﬁ of colloidal
silica particles in the solution, which then coagulate and precipitate or adhere
to solid surfaces (which may cause plugging in the pore spaces of rock
formations). The kinetics of molecular deposition and homogeneous nucleation
have been studied both éxperimentally and theoretically by Weres, et al. (1980),
and is also discussed by Ellis and Mahon (1977), and Kindle, et al. (1984).

According to these authors, the rate of homogeneous nucleation is strongly

dependent upon the saturation ratio, i.e., the ratio of silica concentration,
under the given conditions, to the concentration at equilibrium solubility.
When the saturation ratio exceeds two, homogeneous nucleation dominates and
becomes very rapid when the ratio exceeds three. When the safuration ratio is
less than two, or when flow velocity is high enough to inhibit homogeneous
nucleation, then the molecular precipitation mechanism dominates (Weres and
Apps, 1982, p. 410).

Amorphous silica precipitation is favored by high initial brine témperatures

so that the brine contains sufficient silica to have a high saturation ratio
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when cooled. In practice this means that silica precipitation. is not likely to
be a problem for geothermal reservoirs cooler than 240°C, but may be acute for

. hotter reservoirs.,

3.3.3 Kinetics of Silica Scaling

In addition to the factors which control silica solubility,Akinetic factors
have a great influence on silica scaling. These aspects of the problem are also
discussed by MWeres and'Apps (1982)ﬂand Kindle et al. (1984’, among others. The
rate at which silica comes out of solution depends upon saturation ratio,
temperature, availability of nucleation sites and the presence of catalytic
agencies. The presence of OH- ions as well as C1-, Br- and F- ions has a cata-
lytic effect upon polymerization of silica in solution. Once the saturation
ratio exceeds 2, silica precipitates rapidly, and the rate becomes maximum when
brines are cooled 25 to 50°C below their saturation temperatures.

Weres et al. (1980) list the follow1ng stages in SIIica precipitation

1, formation of 51lica polymers in solution, _
2. nucleation of amorphous silica as colloidal particles
3. growth of the colloidal particles to above a critical size by addi-
"tions of amorphous silica;
4. coagulation of colloidal. particles to form a precipitate or floc-

~ ‘culation to a semisolid material; -
. 5. - cementation of these particles in ‘the deposit by further additions of

;«,6.A?ml1:ararely) growth of a secondary phase in the interstices between
© particles of amorphous silica.
Solid surfaces in contact ‘with supersaturated solutions of amorphous silica
may ‘be covered by a. layer of amorphous silica and then further deposition may
o occur by step 3. Colloidal amorphous silica may also adhere to solid surfaces

with further'deposition_occurring in steps 4 and 5. Nucleation Of amorphous
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silica on other scale particles, on Fe**, or on silicates or cabbonétes may also
occur (Weres et al., 1980).

The nucleation process usually involves a "lag time" during which concen-
trations of silica are constant. When nucleation begins, then the concentration
declines. Kindle et al. (1984) offer two explanations this lag time or induc-
tion period. Firstly, they suggest that this is the time necessary for subcri-
tical clusters of amorphous silica to reach‘critical size for rapiq particle
growth, Their secondAinterpretation is that the induction time is simply the
length of time necessary for enough particles to nucleate and grow to the point
where the concentration of molecular silicic acid in the solution decreéses.

Kindle et al. (1984) discuss other chemical controls over the kinetics of
silica scale. Their review of silica deposition kinetics is summarized in Table

3.3.

3.3.4 Effects of Silica on Injectivity

Any injected geothermal effluent supersaturated with silica, or carrying
floc of colloidal silica may damage the wellbore and the formation receiving it.
According to Weres and Apps (1982), such brines will deposit vitreous silica on
solid surfaces at rates determined by the concentration and temperature. In the
case of moderate concentrations and temperatures this rate may be negligible.
However, the definition of khat constitutes a negligible rate depends not only
on the properties of the solution but upon the physical pboperties of the
receiving aquifer. These authors cite the following example, “20 um.y~! would

be negligible when the injected fluid is going into a 4 mm fracture. It would
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TABLE 3.3 -

e ; Factors Affecting Kinetics of Silica Deposition

Factor
pH
Supersaturation ratio

Temperature

Salinity.

Catalysts

Impact
Lowering pH slows kinetics by a factor of 10

- -~ for each pH unit,

~Precipitation becomes -rapid as the ratio

exceeds 2.

Kinetics slows as temperatures decline coun-

teracting the increase in supersaturation -
ratio. Maximum depositional rates occur at 25

“to 50°C. below saturation temperatures.

Increased salinity increases the kinetics of

deposition.

Cata]ysts such as fluoride 1ons speed up

.-precipitation especially at low pH.

(Modified after Kindle et al., 1984, Table;4.4)-‘
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be catastrophic if the rock has pore permeability only and an average pore size
of 10 um" (Weres and Apps, 1982, p. 411).

Flocculant precipitates will tend to accumulate in pores or small fractqres
in the formation, so that plugging will be most acute right at the wellbore,
wherg it can do the most harm, most rapidly. In a fractured aquifer the floc
lr,may penetrate further into the formation so that injectivity does not decline
(Weres and Apps, 1984). The situation is improved if the cooled brine is
injected into a hotter formation so that silica redissolves as the brine heats.

Reacfioh of the brine with reservoir minerals, on the other, ténds to desta-
bi]iie colloids and accé]erate deposition. Weres and Apps (1982, p. 411) state,
“For example, injecting brine that is undersaturated with calcite into a
calcite-bearing formation would cause the pH and the calcium content of the
brine to increése, thereby destabilizing the (silica) colloid."

Nucleation of colloidal silica in the formation after brine injection could
involve rapid cementation because there would be simuitaneous substantial
colloid loading and substantial silica supersaturation. Greater supersaturation
would permit nucleation nearer the wellbore, and cause greater damage (Weres and
Apps, 1982).

The subject of the kinetics of silica precipitation is difficult to assess
quantitatively without field tests. For example, silica plugging is a minor
problem in the Cerro Prieto geothermal system of Mexico, which has a TDS of
about 28,000 ppm and a Si0, concentration of about 720 ppm. In contrast it is
a major problem in the Salton Sea geothermal field in U.S.A. which has a TDS of

about 250,000 ppm and a Si0, concentration of only about 460 ppm (Table 1.4).
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. Both these fields produce from similar deltajic sedimentary reservoirs at tem-

peratures in the range of 300 to 350°C.

3.4 CARBONATES

., 3.4.1 Carbonate Solubilityrt o
: fhe_commonest carbonate is. calcium carbonate which has three polymorphs,
caltite, aragonite, and vaterite; however the latter is not a problem for

geothermql fluidvdisposal.,:Frpm;the thermodynamic viewpoint, calcite is the
stable form under the pressure/temperature cond{tions of geothermal systems.

However aragonite frequently forms metastably due to kinetic factors. Other

alkali earth metals such as Sr**, Bat*, and metallic jons such as Fe** and Pb++
may also occur as carbonates in scales (ElliA and Mahon, 1977; Michels, 1981).

' célcite‘has'retrogradé'SOTubiTity so that it does not précipitate from solu-
tion by cooling alOne.irHoweVer,bhihéS which were originally close to saturation
with respect to calcite may reach Eupérsathr tion by decrease in pressube,
boiling, loss of carbon dioxide, and the increase of pH which follows. This is

" due to speciation in the aqueous phase and can be described as follows (Ellis
- and Mahon, ‘1977; ‘Michels, 1984): o R
~ Loss of carbon diOXidéitofthé‘vabob"causégf& ssociation of the bicarbonate fon:
I e
" Under the'iﬁfiueﬁéeiof‘riSiH§”bH éﬁdkCO{”ﬁrésSGre}:caléité*beCOmes'saturéted:
"’ICaf*'+‘2HC034 =*CaC03(s)’+;C0§(Vap)'+%H£O(£) S

“The boric and silicic acids that are often present in some high-temperature
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geothermal brines react with bicarbonate ions due to carbon dioxide loss and may

reduce the pH again.

HCO3~ + H3BO3 = H2BO3- + C0,(aq) + H,0

HC03' + H;.SiO,,, H3Si0., + COz(aQ) + H20

The effect of CO, loss on calcium carbonate precipitation has been directly
evaluated by Arnbrsson (1978) for eight geothermal wells from Iceland. His
results verify that during one-stage adiabatic flashing of geothermal brine
there is a decrease in total carbonate and increases in pH, activity of Catt and

activity of CO3-,

3.4.2 Calcite Precipitation

The kinetics of calcite solution and precipitation are extremely rapid
(Weres and Apps, 1982). Under flashing conditions in geothermal wells or flash
tanks, due to the high degree of supersaturation and the high temperatures, pre-
cipitation of calcium carbonate is therefore very fast. Under injection con-
ditions supersaturation may still occur due to the residual effects of flashing,
and the effects of heating by the formation into which injection is occurring.
Similarly supersaturation of residual brine after flashing may also be enhanced
by addition of make-up water containing dissolved calcium and carbonate ions.

Although there have been numerous studies of calcium carbonate crystal
growth and dissolution, the work so far accomplished is still insufficient to
predict with any degree of certainty, the impact of carbonate precipitation when
supersaturated spent brine is injected (Weres and Apps, 1982, p. 418). The

induction time for nucleation and growth may be heavily dependent on the pre-
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sence of small amounts of Mg*+, Sr*+ and Ba**. Similarly ‘the possibility of
aragonite precipitation needs to be further evaluated. Increasing magnesium ion
concentration causes a progressive decrease in nucleation rates of both calcite

nd aragonite.

3.5 SULFATES

3 S 1 Chemistry of Sulfates | _

: Sulfates are much less likely to present a problem in inJection wells than
silica or carbonates as they are usually much less abundant. However it is
pOSSible that such phases as gypsum (CaSOH-ZHZO) and anhydrite (CaSOu) or barite
(Bas0y ) could form in an 1nJection well or in the surrounding formation par-
ticularly if make-up water containing sulfate is mixed with the re51dual ‘brines
(Weres and Apps, 1982). Calcium and strontium sulfates have retrograde solubi-
lities in water from about 3b5fto 360°C. The presence of NaCl increases their
»'solubility but the solubilityvremainsuretrograde in this temperature range for
‘Srso., up to 2 m NaCl and for Casoi, up to 5 m NaCl (Kindle et al., 1984) The
solubility of barite is prograde in water up to 100°C but the presence of NaCi
“in concentrations > 1 m can raise this to 300°C. Brine solutions containing

> 1 m NaCl saturated ‘with BaSOq at 300°C could precipitate barite as they
cooled. Although sulfate scales commonly form in surface installations only a
v'few examples of loss of inJectivity due to sulfates been reported in the litera-
ture (COpe et al., 1985) The kinetics ‘of sulfate depositions are similar to

'those of the carbonates reported above in section 3.4.
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3.6 SULFIDES AND OTHER SCALES

3.6.1 Chemistry of Sulfides

7 Pfeéipitation of heavy metal sulfides is also effected by temperature’reduc-
tion and loss of carbon dioxide. Both these effects increase the saturation of
sulfides. Most sulfides have prograde solubility and are more soluble at low
pH, while loss of CO, increases pH. At the pH values normal to geothermal
brines (pH 4 to 9), most sulfur is present as H,S or HS=. Loss of H,S during
'boiiing will reduce H* concentrations and cause additional sulfide precipita-
iion. N | A |

The precipitation of sulfides from geothermal plant fluids may be

illustrated by the following reactions given for Cu,S (Chalgocite) (Jackson and

Hill, 1976):

$2= + 2H* = H,S (1)
§2= + H+ = HS- (2)
252 + 4H* + 0, = 2H,0 + 28 , (3)

These are reactions by which the activity of S$2- can be reduced through conver-
sion into other species, enhancing the solubility of Cu,S.
The critical reaction for chalcocite is the precipitation equilibrium
reaction:
$2- + 2Cut = CuyS ‘ (4)
However other processes affect the activities of Cut and Sz'vand determine
whether enough are present to exceed the ion product and precipitate sulfide

scale in a silica matrix. These processes include CO, removal and chloride
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complexing:

2Cut + HC03- + HS= 2 CO,(vap) + Hz + CuZS(S) (5)

' Cut + 3C]‘J CuCl32 (aq) | (6)
Reactions such as (5) where b0111ng or pressure release causes formation of
C02 gas’ lncreasing the pH, cou]d also encourage sulfide prec1p1tat1on (Jackson
and HI]], 1976). The presence of Cl' ions in the brine may cause the formation
of'chloride conp1exes (6) and thus reduce the amount of Cu,S that precipitates.

Although sulfide rich scales are known in surface installations in the

Salton Sea geothermal field (Sklnner, et al., 1967) plugglng of inJection wells
by sulfides has not yet ‘been reported as a problem. However it could be a

contributary factor to silica cémentation and pldgging.

3.6.2 - Other Possible Scaling Agents;.

Hydroxide, silicate, and fluoride precipitates are also possible from
geothermal waters undergoing injection. . A]though these are of minor importance
they are included here.for?completeness;\‘An exception ‘is-iron hydroxide, a4
- corrosion product, which.has been~ooserved.whenespent.hydrothermal brines, con-

:taminated:with atmospheric oxygen,'reacted.with'steel,piping and casing, in the

,hypersaljne:brines'of the . Salton Sea geothermal field of California, It.is not

‘known if these products are afproblem‘inﬂinjection.Wells,-however_corrosion of
a;casings?and_jinersjis,an”acute prob]em;jn;fields'nhich.produce=hypersa]ine~

brines (Shannon, 1975),
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3.7 COMPUTATIONAL APPROACHES

A widely used approach used in geochemistry to predict the outcome of
water/rock reactions is theoretical modeling. This approach‘has had great suc-

- cess in predfcting or explaining the stability (or non-stability) or mineral
phases”uhder wide ranges of pressure, temperature and fluid chemistry.
Geochemical models.use principles of thermodynamics to calculate the series of
reéctions which occur as a rock/kater system pro;eeds to equilibrium. These
computer codes éan calculate the final composition of a solution after dissolu-
tion and precipitation of a series of minerals has run to completion, and calcu-
late the final mineral assemblage in equilibrium at given conditions. Some of
these codes also calculate reaction paths, as reactions proceed, by a detailed
sequence of precipitations or dissolutions of solid phases. One of the most
successful of these codes is EQ3/EQ6 (Wolery, 1979).

Using such codes we can calculate the masses of minerals which would be
dissolved or precipitated if fluids of known composition are injected into
aquifer under known conditions (Kindle et al., 1984; Henley et al., 1984; Miller
et al., 1977), This kind of information may be useful in predicting potential
plugging of injection wells, in that we can calculate what minerals will preci-
pitate, However such geochemical modeling does not address the possible physi-
cal changes in the system, such as reduction in porosity and permeability due to
mineral precipitation.

However recently mathematical models of plugging of porous media have been

developed. For example, Itoi, et al., 1985 have developed a quantitative model



56

for silica deposition in ‘a porous medium. ' The model takes into consideration
-equations of fluid flow, silica concentration and silica deposition, and
obtained a reasonable match for calculated and observed flow rates.

An example of the computational approach to predicting scaling potential of
calcite and anhydrite in wells in the Philippines has also recently appeared

(Cope et al., 1985).
3.8 CONTROL OF SCALING AND PLUGGING

3.8.1 Introduction

| As was indicated in section 2. 7, above, the treatment of spent brine prior
to disposal 1s by no means universally necessary.v This may come about because
of a particularly favorable brine chemistry of from the deliberate ch01ce of a
process system which minimlzes the problem. However, in many cases, brine
treatment before inJection is essential to prevent blockage of the inJection
wells. Control of scaling and plugging is dealt w1th in rev1ew papers by Kindle
et al. (1984), Kindle, (1984), weres and Apps (1982), and Vetter and Crichlow,
1979' . e.h o o R s . :
| Current and future possible practices of injection can be classified as
'!follows (after Kindle, 1984, P 9) | ”
| , ) immediate injection with no treatment vf

;ub) injection after aging the brine' k' ' 'El . A ) .
iﬂ‘kc) maintaining temperature for silica control and CO2 pressure for calcite

- control ‘ w

:‘d) 1nhibiting silica precipitation by acidifying,
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e) flocculating silica by raising the pH by adding lime;
f) use of a calcite scale inhibitor and maintaining high temperature for
silica control;
g) using a recycled sludge to seed precipitation of silica.
Examples of these approaches are cited in section 4.0 of this report.
As can be seen from the above, these strategies can be further divided into
(i) avoiding precipitation, (ii) controlling precipitation to minimize its

effects, and (iii) separating out the particulates before injection.

3.8.2 Avoiding Precipitation

One ffequéntly used strategy is to select a specific power cycle so that the
precipitation of scales is reduced rather than aggravated. The effect of
process parameters on scale formation is illustrated in Table 3.8A. |

The simplest approach to avoiding silica precipitation is toldesign the
plant so that silica concentration is kept below the saturation level for
amorphous silica. In a binary plant this is achieved by controlling tempera-
ture drops, as at Heber, California. However this has the disadvantage of
requiring a high injection temperature. In the case of a flashed steam plant,
control over the degree of steam fractionation is required. Awerbdék et al.
(1983) have proposed to dilute the residual brine after flashihg by reheated
steam condensate to avoid silica supersaturation. Dilution has yet to be tried
on a commercial size plant. Some potential problems with adding make-up water
include (1) its cost and availability, (2) possible inappropriate chemistry,

e.g., presence of Batt, Cat* or Srtt sulfates and carbonates, (3) pbob]ems with
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TABLE 3.8A

- Effect of Process Parameters on Scale Formation

Effeét on Potehtial Scale Species*

Process - - S 310, = CaCl03  -Sulfides =~ OSulfates
Parameter
Temperature Decrease ' " - + -Ca
(as in plant cycle) ' +Ba
Temperature Increase - + - +Ca
(injection into hot aquifer) S -Ba.
~.Boiling causing pH increase ;o - R + +
(CO2 fractionates into steam) (pH > 9)
Decrease pH ' . - - -
(if acid is added) o
‘Boiling causes salt concentration - - -

* 4 aggrdvétés probiem
- alleviates problem:

- (After Kindle et -al., 1984, Table 4.1)
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the introduction of atmospheric oxygen leading to corrosion, (4) possible
introduction of suspended solids, and (5) the disadvantage mixing causing
cooling and supersaturation of silica and (6) the increased cooling may cause
“thermal break through within the injected aquifer from the injection‘zone to the

production zone.

3.8.3 Aging the Brine

"Aging" of brine to convert dissolved silica to colloidal silica has been
used in a number of cases (Weres and Apbs, 1982). The desired goal is to reduce
the rate of scaling in surface waste brine disposal systems, in'caseslwhere
untreated brine caused cementation of hard scale in pipes and tanks. It was
found that “aging" the brine in a retaining tank for one hour at Hatchobaru,
Japan, allowed time for the conversion of disso]véd silica into colloidal
silica. This colloidal silica is a weakly cemented, floc-like scale which is

easily removed before the brine is injected (see section 4.3.5).

3.8.4 Maintaining Pressure and Temperature

Carbonate scales can be controlled by keeping the pressure on solutions high
enough so that CO, is kept in solution and CaCO3 scale is avoided. Similarly
silica scale can be avoided if the temperature is kept above that at which
amorphous silica is saturated. This requires control of the lowest temperature
~prior to injection. This system is used, for example, in the Magma Power Co.,

binary geothermal plant, at East Mesa, in the Imperial Valley of California.

3.8.5 Acidifying the Brine

One way to slow down silica precipitation is to control the pH (Henley,
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1983). Rates of silica polymerization decrease with :decreasing pH.
Acidification by hydrochloric acid addition has been attempted in the Salton Sea
-geothermal field on a pilot scale (Harrar et al., 1979). Grens and Owen (1977)
reported that adding approximately 200 ppm of HC1 to. the brine could completely
eliminate scaling at a cost -:of 1 to 2 mils/kwh (about 6% of the value of the
electricity produced). However, tests with pumping this low pH fluid through
sandstone cores lead to solution of calcite. -The loosened matrix of the
- sandstone caused serious plugging. It would appear that after acidifying the pH
would have.to be increased once more. Evidently acidifying is an expensive and

complicated technique (Weres and Apps, 1982).

3 8 6 Raising the pH by addigg Lime

The addition of lime to geothermal effluent has been tested in several locali-
ties to remove 51lica and heavy metals such as arsenic (Kindle et al., 1984)
‘Rothbaum and Anderton (1975) used this approach on a pilot scale at Wairakei,
New Zealand. where their aim was to remove As (see section 2. 4.1) The addition
of 40 to 700 ppm of Ca0 to aged brine permitted the settling and removal of a

flocculant precipitate of silica. However, this process is not yet used on a

“.commercial scale.

4‘~3.8.7='Use of Scale Inhibitors, etc.-

- Scale inhibitors.are used widely in-industrynto/treat boiler‘water, etc.;
f~inh1bitors are substances -added to the water,’ usually at ‘the ppm level,
;retard the growth of . scale (Rosmalen. 1983).: Coagulants and flocculants are

substances that are added to the brine to remove prec1pitates or suspended
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substances when formed., Table 3.8B (after Phillips, 1980) classifies additives
used to control scales into (a) alterants, i.e., substances added to the brine
to Change its chemistry, e.g., HCl to lower pH; (b) inhibitors, i.e. substances

added to the brine, usually at the ppm level, to retard growth of scale; and (c)

coagulants and flocculants, i.e., substances that are added to the brine to
remove precipitates or suspénded solids. |

- The greatest success with inhibitors has been in the case of calcite for
. which inhibitors have proved effective at very low concentrations. Vetter and
Campbell (1979), for example, performed CaCO; scale "inhibition tests at a test
facility of East Mesa, California, using Monsanto's Dequest 2060 Phosphonate
inhibitor. They concluded that calcite scale could be prevented by addition of
1 y1 of Dequest 2060 per liter of total flow at temperatures of‘160°C. They
noted that precise control of the concentrations of the inhibitor is necessary.
At < 1 ul per liter the inhibitor is not sufficiently active. At > 7.5 ul per
liter a pseudoscale of calcium phosphonate formed. These authors concluded that
the inhibitor would add less than 0.3 mill/kWh to the cost of electricity, much
more economical than acidification (see also Michels, 1983). Another highly
successful use of calcite antiscalants has been applied at the Rotorua geoéher-
mal field in New Zealand (Brown and Gould, 1985).

- Silica inhibitors have been tried at the Salton Sea field by Harrar (1982)
at temperature ranges of from 90°C to 200°C. After testing a broad spectrum of
inhibitors, no single chemical proved totally effective. Harrar (1982) recom-'
mends a mixture of acid to slow precipitation, an organic inhibitor for silica,
and a carbonate scale inhibitor. It does not appear that silica, sulfide or |

sulfate inhibitors are yet used in commercial power plants.
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TABLE 3.8B

Typical Treatment Methods to Prevent Scaling of Fresh and Spent

Geothermal and Other Brines.

Treatment Method Prevents or Controls
Lime slurry aaleite
<+ polymer . silics scale, mized scales

H silica deposition, corrosion
Amiss ‘ silica, corrosion

Sludge silics, corrosion
Polymeric carboxylic acid calcite

Seading with scale eacits

EDTA : alcite

Poiyscrylate scales

Dispersant (highly carboxyiated polymers) .caleite - , N
Phosphate + oo caicite. Bs30,, CaSO,
Solutions of amines, amides. carborxylic acids scales, inhibits to 204.4°C (400°F)
Alterants

H ic acid siliea. calcits ‘,
Hydrogen perozide, nitric acid H,S )
Fresh water diluent silics

Hegvy dinssi oil silica. FsS, borats

.CO; pressure caleite

Temperature silica, ealcite

Alr, exygen H,S, Ma**, Fe**
Chiorine " HjS. biogrowth
Jon-exchange resin dissolved metals, borats
Coaguiants and Flocculsats '

Anioaic flocculant

Slaked lime + o .. silics, aryenic
Aluminum gulfate, ferrous suifate suspsodad solids, colloids
Metallic core piping scaje. corrotion
Uttraviolet tight biogrowth

- (Phi1vips et al., 1980)
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3.8.8 Crystallizers and Reactor Clarifiers

In this technology precipitation of scale is induced in a flash
crysta]]i;er/separator tank by adding a sludge containing seeds or crystal
nuclei to promote crystallization énd precipitation. Thus growth of sblids is
transferred from the walls of the tank and pibing to the surface of the solid
particles in the sludge. The mass of new sludge is removed from the bottom of
the crystallizer, and steam is removed from the top, while the brine moves on to
the next stage of flashing.: The sludge passes to a reactor clarifier where
sedimentation separates the solids from the liquids. "The solids are disposed of
in a solid waste dump. The liquids then go to an injection well. This tech-
nology has been used since July 1982 by Unocal, Inc. to suppiy steam to a 10 MWe
plant in the Salton‘Sea geothermal field (Mass et al., 1983). Figure 3-8 is a
schematic of the design of the 10 MWe flash-crystal]izér and reactor-clarifier
technology at the Salton Sea. These plants are discussed further in section

4. 0.
3.9 SUMMARY OF BRINE TREATMENT

Kindle (1984) has conveniently summarized the brine treatment processes
which could be used to protect injection systems. This sﬂmmary is reproduced in
Table 3-9. 1In 1986 this table can be brought up to.date by (a) adding the
Vulcan Plant to the roster of crystallizer-reactor clarifier'tgchnology (b)
ndting that the Brawley 10 MWe plant is decommissioned and the wells plugged,
and (c) noting that the Heber Binary plant was completed in the fall of 1985.

Kindle (1984 p. 11-12) compares the particulate load for injection for two
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TABLE 3-9

Brine Treatment Problems and Selected Technical Options

. Possible Solution .
Problem Qccurrence or Component Geothermal Experience
Silica Japan, €1 Salvador, Mexico, New Crystallizer-reactor GLEF, Safton Sea 10-MWe.
Zealand, hawaii, and imperial clarifier technology :
valley; most common problem for r— -
iniection di Acidification Tested in New Zealand,
injection disposal. Salton Sea: now used at
Brawley 10-MWe.
Add base/lime Tested in New Zealand,
Cerro Prieto, Los Azufres.
Chemical inhibitors Tested at Salton Sea and
Cerre Prieto.
Air flotation separator Tested at Wairakei.
Ponding/aging-sedimentation Japan (Hatchobaru), Hawaii,
nelagng and Cerro Prieto (no
injection); unsuccessfully
tested in New Zealand and
at Brawiey 10-MWa plant.
Maintenance temperature El Saivador, East Mesa, Heber
. {under construction).
High-rate settier Tested at Los Azufres.
-Dilution’ Tested in Iceland.
. intai East Mesa, Brady Hot Springs,
Calcite Turkey, Azores, East Mesa Maintain pressure .
Desert Peak, and Brady Hot . Heber (under construction).
Springs. Mainly & production Inject CO, Desert Peak test.
protlem, although calcite crystals [ asigification East Mesa tests,
may nucleate silica particles.
Inhibiters Roosevelt Hot Springs.
Sutfides Salton Sea, Brawley, East Mesa, Aciditication Brawiey 10-MWe piant.
Desert Peak. and New Zealand; ; I
trequently in conjunction with Crystalumrodam@r ‘s:gog LsEeFa 10-MWoe plant
other precipitates. :
Sultates Salton Sea Avoid incompatibte
waters

(From Kindle,

1984, Table 1.4)
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different reservoirs -~ a binary plant where precipitation avoidance is prac-
ticed by maintaining temperature and pressure, and a controlled precipitation
plant with crystallizer, reactor clarifier and media filter technology i.e. a
Heber type and a Salton Sea type of operation. At the plant inlet of the Heber-
type plant the particle concentration would be 0.7 mg/1 and at the injection
well this would rise to 1.1 mg/1 (because of some iron sulfite scale). The
brine flowing to the reactor clarifier system might be carrying up to 20,000-
mg/1 of particulatés. After going through the treatment process, at the injec-
tion well heat it might be carrying 10 to 20 mg/1 of particulates, an order of
magnitude'more thén in the case of the binary system. As both plants are
running we are now in a position to get operational experience of the effects
that these suspended loads will héve on injectivity. It is possible'that work
over of the injection wells by back flushing or acid treatment will be necessary

" in the future in either case.



-67
4,0 CASE HISTORIES OF INJECTION

4,1 INTRODUCTION

In this chapter a reView’is presented, of'eiampiesfon a world-wide basis, of
experience with injection of geothermal effluents. The aim is to highlight both
the successes and thekprohlems encountered. 'Tabies 4,2 and 4.3 list the cases
discussed drawing on the data of DiPippo (1985) and other sources cited .in the
text. Both to vapor-dominated systems where most of the successes are to be
found, and water-dominated systems,;where most of the problems remain, will

treatedQ
4,2 VAPOR-DOMINATED SYSTEMS

4,2.1 The Geysers Geothermal Field, U S.A.

The Geysers Geothermai Field in California U S. A., may ‘be regarded as the
prime representative of this type, a]though, as it has the largest installed
capacity of any of the world's geothernaiifields,ritﬁcan scarcely be said to be
typical. The principal contaminants inithe condensate'are anmonia and boron,
.both of which have concentrations exceeding the limits of the Regional Water
Quality Board for surface discharge (Chasteen, 1975) From 1960 until 1969,
while the installed capacity rose from 11 to 78 MWe, excess condensate was
disposed of by surface discharge into a river, Big Suifur Creek. "Now the excess
condensate from the 1,792 Mie insta]led,electric_capacity is all injected into

the producing reservoir. For each additional 110 MWe unit, an additional 3,400



Fleld Name

1 Geysers

2 Laderel lo

3 Travale-

Radlocondol i

Location

Northern California,
Ue SeAs

Tuscany, Italy

Tuscany, Italy

TABLE 4-2

Examples of Injection In Vapor-dominated Systems

Field Type

Reservolr occurs
In fractured

greywacke,

Main reservoir in

dolomite overlying a
fractured metamorphic

basement,

Reservoir simllar
to Laderello

Instal led Capacity

1,792 MWe with
more than 200
wells supplyling
steam at ~180°C,

384,7 Mve; 200

produclng wells,
out of 578

drilled, suppl
steam at 130 fz

260°C, with ~ 5%
Co,.

48 MWe; 14 wells
produce steam out
of the 59 wells
dritled to date,

Remarks

Injection has been
standard since 1969,

using gravity fee
Currently 20 x |6k

tonnes/yr.

Injection of 5,25 x
10° tonnes/yr of
excess condensate,
Injection has been
standard since 1981
using gravity feed,

Injection has been
used since 1979 and
was 10° tonnes In
1984,

Problems

Minor: Soillds removal
necessary to prevent
plugging and deaera-
tion to prevent
corrosion,

See above

Injection may be re-
ducing pressure drop,
but break-through of
cold water could
occur,

89




Field Name Location
Ahuachapsn Rio La Paz
: El Salvador
Svartsengl Rekjanes
Peninsula,
fceland -
Denizii- Western
Kizlidere Anatol la,
Turkey

TABLE 4.3A

Examples of injection In Water-dominated  Systems

Field Type

Installed Capaclty

Reservolr iIn
andesites and
other volcanlc
rocks, average
temperature 230°C
Ef fluent satinity

20,000 ppm TDS

Reservolr In
Quaternary -

basalts, average

temperatures
240°C and sali-
nity 23,000 ppm

RS

‘An_upper reser-
. volr occurs - In

fractured -
limestones and a
lower one In
marbles, quart-
zites and |
schists, A
sodium blcar-
bonate brine

“with 4,000 ppm
T0s,

95 MWe supplied
by 17 wells with
a flow ra'&e of
17.4 x 10
tonnes/yr

8 MWe and 125 MW
thermal for
space heating, ~
supplied by 12
wolls, A total
of 30 x 10
tonnes has been
produced,

20.6 MWe
suppllied from 6
welils out of 16
drilled, Fi
rate 14 x 10°-
tonnes/yr

Remarks

injection occurs for
environmental reasons
and for pressure main-
tenance, Up to 1983
22.5% of the total flow
was Injected |.e.,
37.6 x 106 tonnes

injection 1s belng
attempted, after brine
treatment by mixing with
steam condensate,
Current disposal Is in
a surface pond,

Currentiy waste fluid
Is sent to a river,
Injectlion was attempted
and but abandoned, It
wilt be trled again, -
Should use scale inhl~
bitors or try acldl-
fying Injection

wolls,

Problems

Has partially mitigated
pressure declines but
unsuitable well cliting caused
cooling of some adjacent pro-
duction wells, No chemical
problems observed, New
injection wells are planned,

Silica plugging in the for-
mation severely reduced
injectivity of a disposal
well, Acidification or other
processing will be necessary,

High boron content of the
surface discharge, Carbonate
scaling in production wells
and surface installations,
Loss of Injectivity and low
permeability of injection
wells,
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Fleld Name Location
Kakkonda iwate
Pretecture,
Japan
Otake and Olta
Hatchobaru Prefecture,
Japan

TABLE 4,3A (continued)

Examples of Injection In Water-dominated Systems

Fleld Type

Reservolr produces
from Mliocene tuffs
and sandstones
overialn by late
Tertiary and
Quaternary ande-
sites and pyro-
clastics, The
brine Is a chio-
ride type with
moderate sallinity,

Production is from
Tertiary tufts and
andesites, over-
lain by Quaternary
andesites, The
fiuld is a low

sal inity (< 4,000
ppm) chlorlide
brine,

Instal led Capacity

50 Mwe, supplied
by 17 wells and
using 19 injec-
tion wells
disposing of a
brine fiow of 2,8
tonnes/yr.

Otake has 12,5
MWe with 14 pro-
duction and 17
Injection wells,
Hatchobaru has 55
Mwe with 20 pro-
duction and 17
Injection wells,

Remarks

Injectlion occurs at high
pressure (540 kPa) and
temperature (~ 140°C),
This avolds scale bulld
up,. Production and
Injection wells are as
close as 150 m,

The two plants are 2 im
apart and excess brine
from Hatchobaru Is
injected at Otake,
Control of scaling has
been attempted by aging,
acldification, and other
strategles,
Hydrofracture of plugged
welis also seems pro-
mising,

Problems

vAvoldance of ‘loss of injec-

t+ivity has been successful,
Some cooling of the produc-
tion zones is occurring,

Silica plugging causes loss
of Injectivity, averaging 20%
a year, Some wells have been
lost, Interferences with
production zones are acute In
some cases,

0L




Field Name : g Loca*l:lon

North'
Brawiey

imperial
valley,
California
UsSeAd -

Salton Sea
valiey,

Calitornia.

"Ue SeAs

‘ fmpef:lal S

TABLE 4.3A (continued)

Examples of Injection In Water-domlnated Systems

Fleld Type

Instal léd Capacity

Reservolr Is:in
late Tertiary
deltalc sediments:

with temperatures -

exceeding 300°C,

persaline brine. -

with 200,000 ppm
TDS,. R

Reservolr Is in
late Tertiary.

deltalc sediments -
with temperatures -

reaching up to
365° at.2 km,

"~ Hypersaline brine

with up to 2?0,000

ppm TDS".T.

10 MWe but decom-
misslioned after 6
years of pllot
plant operation,

o

A 10 M¥e plant

has operated for .

four years with
four or more pro-
duction wells
sugplylng 5.6 x
10

tonnes/yr of

fluld and Inject=
ing Into two i
disposal wells,
A 39 MWe plant
began operation
In 1985 and has
avaliable 12 pro-
duction and 6

injection wells,

; Remarks
The design ﬁas Intended
to keep slilca In solu~

tion using high tem-
perature of Injection >

~100°C, Injection wells

needed workover and acld
treatment,

These two plants are the
first commercial scale
systems to use flash-
crystallizer and
reactor-clarifler tech-
nology to remove silica
scale before Injection,
They appears to be suc-
cessful and more plants
of the same type are to
be bullt, k

“Injectivity due to plugging,

Problems |

Loss of Injectivity ' of Injec-
tion wells was a recurring
problem, Other problems of
corrosion and loss of produc-~
tion occurred, - :

‘There appear to have been no

probliems as yet with.loss of -
o
However much of the:data on
operational experience is not

tfreely avaltable,
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m3/day must be injected (Kestin, 1980). Thus for the current 1,792 MWe capacity
55,400 m3/day of effluent are injected (approximately 20 x 106 tonnes/year).

This long history of large scale injection has apparently been without major
problems. However during the early history of injection some cooling of adja-
cent production wells was observed, due to intercommunication in the fractured
greywacke reservoir. Therefore injection wells are now completed as far as
possible from the production wells and where possible at greater depth
(Chasteen, 1975; Schroeder; 1982).

Pretreatment of the condensate before injection is simple. The excess from
the cooling tower basins is piped to ponds where solids are allowed to settle
out to minimize plugging of the injection wells. Similarly deaerating vessels
are installed on the injection lines to limit oxidation and corrosion of the
pipelines and casing. As well as being deleterious to fhe plumbing, corrosion
can also add to the load of suspended solids and so decrease the injectability?
of the effluent, High injection rates of 76 2/sec in wells from 720 to 2,500 m
deep are sustainable with no back pressure at the well head. A minor problem of
loss of injectivity due to plugging of the fractures in a well bore by elemental
sulfur is‘easily overcome by shutting in the well and allowing it to heat up to

above 114°C, the melting point of sulfur (Chasteen, 1975).

4,2.2 Laderello Geothermal Field, Italy

At the Laderello Geothermal Field, in the southwest part of the province of

Tuscany, Italy, power production began 80 years ago. This dry-steam field now

4"injectability" - the ability of a fluid to be injected in a borehole.



73

has an explored area of 250 kmz’(Ferrara, et al., 1985). Because of this long
_history, more than 578 wells have been drilled there, of which only 200 are

- currently producing dry steam (at temperatures of 130-260°C) from a reservoir
consisting of (i) an upper zone of marine shales and marls. 100-300 m deep, with
~temperature of 120-170°C, (i1) a main production zone of dolomitic limestone
400-1,500 m deep, with temperatures of 200-270°C, and (iii) a basement of schist
and phyllite more than 2,500 m deep, with temperatures of 300-400°C. The -
current installed elegtricity,production;of3384.7 MWe requires a production of

. 2,800 tonnes/hour;.

Prior.to 1981,»surface'discharge of the excess condensate was the standard
practice. Since then all of the condensate'ffom the power plants has been
injected intd the main reservoir at a rate of 600 m3/hr-or 5.25 x 106
~tonne§/year (Ferrara, et al., 1985). -  »

-In addition to waste disposal, an important aim of-this injection activity
is an experiment to-limit the strong decreases in pressure in:the more exploited
-:areas of the reservoir, where pressure now .averages only 0.5-0.7 MPa.: However
,temperature,remains'atgabout 250°C, so-that injection into thiS;zone could
,imprbve‘heat recovery : (Bertrami, gng[L;;:IQSS)Q ‘During the period 1979-1982
1nject16nrrate§gas;high:as¢i0-50.kg/s wereﬁmaintéined 1njindiv1qual.wells,7into
fractured zones at 400:-to 600~midepth.fuMore,than 85% of the injected water was
;;,-recovéred but;no;thermal?breakthrough~occurred, nor ‘was ‘there any decrease in
well head temperature-in neighboring wells only 150 m away.from the injection
;; site. . Because of thiS»suqcess,'a?large-sgqlelinjection program~i$’planned hsing
both deep and:shallow wells; withﬁthe objective,of;dncréasingnenergy recovery

(Bertrami, et al., 1985). -,
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4,2.3 Travale-Radiocondoli Geothermal Field, Italy

The Travale-Radiocondoli Geothermal Field, 15 km southeast of Laderello, is
also developed in Mesozoic carbonates of the Tuscan Series, overiying a basement
of Paleozoic metasediments (DiFilippo, et al., 1985). Here an installed capa-
city of 48 MWe is serviced by 14 dry steam wells. Seven deeper wells required
to supply steam to an additional 80 MWe are planned for 1985-95 (Ferrara,
et al., 1985). |

Exploitation began in 1952 in the southwest part of the field. However
incursions of cold shallow waters from permeablé rocks which crop out to the
- southwest, caused industrial exploitation to be abandoned in 1962. Power pro-
duction from the newer field, to the northeast, began in 1972, using surface
disposal of the excess condensate. Reinjection of excess condensate began in
1979 at a rate of 105 tonnes/year, increasing to 106 tonnes/year in 1984; it now
amounts to 40% of the fluid extracted. According to DiFilippo et al., (1985)
pressures in the exploited reservoir have decreased by about 4 MPa in the
central part of the field, and ground subsidence of the order of 20-25 cm has
been observed. The subsidence curves, based upon repeated leveling since 1973,
suggest that in the northeastern part of the field reinjection of condensate
has partly offset the pressure drop (DiFilippo, et al., 1985). However
construction of a pipeline 40 km long to connect this area to Laderello is’
planned. Its installation will permit transport of all, or part, of the excess
condensate waters from the Travale power plants for injection into disposal
wells at Laderello (Ferrara, et al., 1985). Presumably there is concern that,
in this permeable reservoir, a larger scale of injection could lead to

break-through of the condensate to the production well,
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4.3  WATER-DOMINATED SYSTEMS

4 3. l The Ahuachapan Geothermal Field El Salvador B

B The Ahuachapan Geothermal Field is in El Salvador, 15 km east of the La Paz
River which forms the 1nternational border with Guatemala to the west. Although
this site has already been discussed in connection with surface disposal (see
section 2.2 2 above), there are three reasons for also discussing it here as an
vexample of inJection in a water-dominated geothermal system. Firstly, its
geology, which con515ts of fractured andesites and other volcanic rocks, is
typical of numerous geothermal fields throughout the world, particularly around
‘the Pacific rim. Secondly, although most of the effluent is disposed of by a
canal running to the ocean, the experience of inJection gained there is more
extensive than that at any other water-dominated field (Cuéllar, et al., 1981;
Campos, 1985) Furthermore, this experience has not been w1thout problems.
frThirdly, it lS a prime example of minimizing problems by precipitation
avoidance. R ’

The Ahuachapan Geothermal Field lies within the south flank of the central
Salvadorean median trough, and is associated with the northwest sector of the
\?Cerro Languna Verde volcanic group, an extrusive complex which developed during'v
jQuaternary time. The field is developed beneath a faulted sequence of
h Pleistocene tuffs and lavas and volcanic agglomerates forming an essentially
iimperameable caprock. The reservoir formation consists of Ahuachapan andesite
l{lavas with intercalations of pyroclastics forming a Pliocene-Pleistocene

' sequence up to 300 m thick.v Permeability if fracture dominated, consisting
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partly of columnar jointing and formation contacts, but largely of tectonic
fractures (Cuéllar, et al., 1981). The permeability if therefore extremely
variable and anisotropic. The reservoir brines are of sodium chloride type
averaging 14,000 ppm TDS before flashing, and temperatures in the production
zones typically average 230°C (see Table 1.4 for’the brine chemistry),

The installed capacity of the field is 95.MWe (in three units réted 30, 30
and 35 MW, reﬁpectively) (DiPippo, 1985). These generating plants are supplied
from 17 deep production wells in an area of only 0.71 km2, These wells produce
1;45 x'106 tonnes each month of geothermal fluid, or 17.4 x 106 tonnes/year.
Wheh exploitation of the reservoir started in 1975, a total of 40 x 106 tonnes
of mass had been extracted. By the end of 1984 the total mass extracted was
167.4 x 105 tonnes, out of which 37.6 x 106 tonnes (22.5%) had been injected, by
gravity drive, with the rest being disposed of by surface discharge.
Injectivity in the disposal wells is maintained by keeping the temperature of
the disposed fluid above 150°C to minimize polymerization of silica.

According to Vides-Ramos (1985) it is evident that the field has been over-
exploited., A pressure drop from 34 kg/cm2 in 1975 to 21.6 kg/cm2 in 1984 has
been experienced in the center of the field (3.47 MPa to 2.2 MPa). During the
period September 1976 to August 1977 approximately 39% of the mass extracted was
injected, from September 1977 until October 1978, 44% was injected and between
October 1978 until September 1980 the fraction of the produced mass injected
exceeded 30% (Vides-Ramos, 1985). The cumulative effect was to stabilize the
reservoir pressure at about 28 kg/cm2., The onset of operation of the third

power unit of 35 MWe, in November 1980, required an increase in mass extraction
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-~ of 23%. This resulted‘in'destabjlizing the reservoir as the pressure decline
rate of the reservoir increased from 1.37 kg/cm2 per year to 2.91 kg/cm2?, The
temperature of the waste water is approximately 150°C i.e. 70 to 80°C less than
the mean reservoir temperature. From 1975 until 1984 the reduction of pressure
in the reservoir has caused a vaporization of the liquid phase in the production
- zone, - This has been accompanied by a temperature drop, which is related to

. pressure by the saturated vapor pressure curve, from 20 to 25°C in the produc-
tion zone (Vides-Ramos, 1985).

.A]though-injectionrhas generally produced positive results as regards reser-
voir engineering, the two injection wells were badly situated with respect to
the producing wells, which caused additional eooling,of the reservoir.
Consequently injection wasustoppedrinf1983.vrlt is now planned that:a new injec-
- tion program will begin to increase reservoir pressure Qith more efficient
__siting of the injection wells. During the injection of 37.6 x 106 tonnes of
.. effluent, without brine treatment, no change_in the‘injectivity-of‘the wells is

- reported (Vides—Ramos,-1985)./»Thus the problems,of injection:at Ahuachapdn have
been physical ratherrthan’chemical, provideduinjection temperatures..are kept

'r4 3 2 Svartsengi, Iceland |
‘ In Iceland, up to 1984 637 geothermal wells had been dri]led for direct use

B purposes and 76 wells had been drilled for electrical and combined use. However

':fout of a total of 713 wells only one 1s listed as a disposal well 1n a com-

pilation published 1n 1985 (Palmason )985 Tab1e 4) This is at Svartsengi, a
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geothermal field in the Reykjanes Peninsula, at the southwest tip\of Iceland.
Although the volume of fluid injected is, as yet, not great, it exemplifies the
problems encountered with injection in a high temperature, water-dominated,
field with moderately high salinity, developed in basaltic terrain.

The Reykjanes Peninsula is a direct landward continuation of the
Mid-Atlantic Ridge, and consists of Pleistocene and Holocene basalt flows and
subglacial Pleistocene hyaloclastites, with very high permeability. The ground-
water of the Peninsula consists of seawater under a thin lens of fresh water.
The chloride content of geothermal reservoirs changes from that of seawater
(anaiysis H8 in Table 1.4) in the Reykjanes geothermal field, to 70% of seawater
at the Svartsengi field 15 km northeast. The fluid chemistry and petrology of
the Svartsengi system has recently been discussed by Ragnarsd6ttir et al.
(1984). The réservoir temperatures are in the range 235° to 240°C andvthe pro-
duced fluids are of a composition equivalent to a mixture of 70% seawater and
30% rainwater, which has reacted with basalts. Potassium, calcium, boron, iron,
silica, CO, and H,S are enriched in the reservoir fluid relative to a simple
groundwater/seawater mixture and sodium, magnesium, aluminum, fluoride and
sulfate are depleted, That the sources and sinks of these elements are the
basaltic rocks of the reservoir is shown by highly altered nature of the rocks
in which zeolite and greenschist metamorphic facies minerals are abundént:
(Ragnarsd6ttir et al., 1984). | | o

Two single stage flash power plants of one MWe each were installed in 1978
and 1979, and a third of 6 MWe was added in 1980. These are supplied'by‘lz pro-

duction wells ranging in depth from 239 m to 1,734 m which penetrate the

LY)
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~basaltic reservoir, in which rather uniform temperatures of 235° to 240°C are
encountered in the production zones between 400-600 m depth. In addition to the

8 MWe of installed electrical capacity, the field also produces 125 MW of ther-

- .mal:power for district heating.: The brine is used at a rate of 456 kg/S down to

a base temperature of 35° to 45°C by a district heating-company~(demundsson and
Hauksson, 1985)., Fluid production at Svartsengi has resulted:in a drawdown of
100 m after a‘fluid_production of 30 x 106 tonnes of fluid since inception of
the plant. . This rapid drawdown led to the development of a steam zone in the

© . reservoir, consequently, tests of . injection systems were initiated in 1982

.. (Gudmundsson-and Hauksson, 1985).

Two phase flow from the production wells entering the power plant is
separated at 5.5. bar-g pressure in-a high pressure system and then passes to a
- low pressure barometric system where it.flashed down to 75°C. The steam passes
through the turbines driving the electrical generators and condenses on to plate
heatiexchangers;to heat water for thefdistrict=heatingwsystem._iThe_brine passes
.to a disposal pond-and percolateSeinththe-groundwater'system.

This residual :brine after steam fractionation contains 630 mg/i of Sibz and
is-highiyfsupersaturated'withfsilica}which“rapidly-polymerizes~and»deposits in
the surface equipment .and pond.: ThiS”brine;must be treated=before-injection.
The obvious approach is to lower the pH of ‘the brine: stream to slow down the
polymerization and deposition reactions. Bench scale experiments indicated that

it needed to be lowered to pH 5.5 to prevent significant silica deposition
| (Gudmundsson and Hauksson, 1985) The approach taken is to combine the brine

with the low pH steam condensate from the power plant.
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In a test of this scheme in 1984 the condensate was mixed with the brine and
injected into a disposal well at 50 kg/S for 77 days, by which time 1,86 x 105
tonnes of fluid had been injected. The geothermal brine produced from the pro-
duction wells contains 440 mg/1 of Si0,. After steam separation this rises to
- 630 mg/1 and the pH rises to 7.8. The mixture of condensate and brine was
injected at 80°C and had a Si0, concentration of 490 mg/1 and a pH of 6.7.
Experiments showed that the silica concentration of this mixture remained
constant for longer than the one hour, more than enough time for the mixture to
move from the mixing tank to the reservoir (Gudmundsson and Hauksson, 1985).

During the test, the water level in the disposal well rose from 300 m to 180
m depth and there was a marked loss of injectivity. A caliper survey indicated
no measurable deposition in the bore of the disposal well so that the loss of
injectivity appears to have occurred due to silica deposition in the formation.
When silica-free water was injected, most of the lost injectivity was regained.
It is concluded therefore that use of condensate from the turbines by itself is
inadequate to presefve injectivity and that some acid will have to be added
(Gudmundsson and Hauksson, 1985). Another strategy might be to use coagulants
to leave the silica behind in the holding pond. However this approachihas the
disadvantage of a lower injection temperature. The economics of

flash-crystallizers and reactor-clarifiers might also be investigated,

4,3.3 Denizli-Kizildere, Turkey

Practices at this geothermal field have already been discussed under the

heading of "surface discharge" (see section 2.2.3). To discuss it again as a
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"Case History of Injection" may seem inappropriate as 1njectfon is not currently
;- practiced there., However it is included here*as an: example of a case where
-injection is clearly desirab]e,butlis prevented from being implemented by chemi-
cal .problems. - It represents a class of water-dominated geothermal fie]ds deve-
loped in calcareous sediments, where canbonate scaling is acute,
~The Kizildere geothermal field is in the Denizli Province of south-western

Turkey, north of the Menderes River. It lies in the Blylk Menderes graben, an
active orogenic;be]t»dominated by~block_faultihg, A major fault across the
~northern part of -the-field separates crystalline basement to the north from
Miocene-Pliocene sedimentaryrstrata;to the south, These sediments are broken
into a series of horsts and grabens by block faulting. . The geology of the field
consists of a basement of gneisses, schists and metasediments overlain by
Pliocene sediments of sandstones, conglomerates, claystones, overlain by
1imestones, marls and siltstones, which in turn are overlain by poorly con-
sb]idated cpnglomerates,.sandsfppes{and claystones, The stratigfaphy and struc-
ture is reminiscent of the Laderello field discussed above, (section 4.2.2) but
lacks volcanic rocks. ;HOWeyer the field is water-dominated, apart from shallow
- fumeralic qctivity;at'pigh elevations (Simsek, 1985).

:-;;tThe:{nStalied‘capaéityyis current1y-20.6'MWe‘which 1s supplied with 1,600
rtdnnes/hr~pfpgéothermal fluid from 6 oflthetiﬁ?wells.drilled to depths of bet-
ween 370 and'1,241 m deep, which produce fr@mltwo reservoirs, The shallower
tresefvoif 1§vdgve]opeq4in'ffactqred limgstopes_at‘a quth>pf_500 to. 600 m, where
~temperatures pf 170° to 200°C arezencouhtgred.rZThe'déeper‘reservpir has been

L]

- penetrated in we}}s_sﬁo to 1;2411m deep;and proquceékfrom,marbles,,guartzites
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and schists of the Menderes metamorphic group. These latter have high secondary
porosity and permeability. The temperatures in this reservoir vary from 170° to
212°C. The brine in the Kizi]dere system is of sodium bicarbonate type with
4,000 to 5,000 ppm TDS, high in sulfate, low in chloride, and containing
relatively high fluoride, boron and ammonia (Table 1.4). The two reservoirs
produce fluids which are chemically similar, indicating a common origin. They
are charactefized by unusually high carbon dioxide content, up to 1.6% of the
total well discharges (§imgek, 1985; El1is and Mahon, 1977).

There are two problems which result from the peculiarities of this

chemistry. The problem of wastewater disposal of water containing 30 ppm of
boron has already been referred to above (section 2.3.3). The high gas content
of this system presents a second set of problems. The noncondensable gases
comprise about 10 to 22% by weight of the steam at the separator pressure of
4 kg cm=2g, These gases consist of 96 to 99% CO, and 100 to 200 ppm of H,S.
The high C0, content causes precipitation of calcite, magnesite, and stron-
tianite in the boiling zone of the production wells and in the surface installa-
tions. Scaling in the production facilities has been minimized by keeping the
well head pressures above 15 kg cm=-2g and b; mechanical cleaning. The produc-
tion wells are worked over every six months. Experiments are going on to use
inhibitors or to reduce scale by injecting carbon dioxide below the bubbling
paint in the production wells (Simgek, 1985).

As long ago as 1977, injection of the geothermal effluent was attempted.

‘The ‘aim was to maintain pressure in the reservoir and to limit contamination of

the BUylk Menderes River. However these attempts were abandoned because of low
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.capacity and loss of injectivity .in the upper reservoir. A new round of injec-

tion experiments -is now planned (Simsek, 1985).. This would appear to be a good

candidate for experiments with calcite scale inhibitors and acidification and

backflushing of injection wells

4,3.4 Japan's Injection Experience

Of the countries with major investments in geothermal power Japan's injec-

tion experience is the most diverse if not- the most extenéiVe'(Horne, 1982b).
In January 1985 there was a total of 215 MWe of installed geothermal electric
power, representing installations in nine different geothermal fields. A com-
- pilation of wells drilled to support this power production lists a total of 86
production wells:and 73 injection wells. Surface disposal is used in only three
fields, at Matsukawa (22 MWe), Suginoi (3 MWe) and Kirishima' Kakusai (0.1 MiWe)
(Mori, 1985); In the remaihing's'plants the injection“experience has had mixed
results. ‘

~~ Injection 1s appéfently wdrkingfsucceSSfuIIy”in Mori (50 MWe, 6 ‘production
and 11 injection welfs):butithefe is evidence for:thermal interference at Otake
(12.5'Mie, 14 production and 16 injection ‘wells)," Hatchobaru (55 MWe, 20 produc-
tion and 17 injection wells).“Onuméz(lo Mie , S‘pEOduction{dnd 6 injection -~
, wells), and Kakkdnda*(SO.Mwe,,i7 prdductionwand‘1931njectidn‘wélls).3‘Ih'mdny
‘cases injected fluids MOvejthrough»highly‘pérmééble‘ffactures in tﬁe reservoir,
 which cduld lead to enthalpy declines from'the’production zones. On the other
. hand, such hydraulic iﬁterferencé caﬁ be -beneficial 1nﬁpro§iding'preSSUre sup-

=-port (Horne, 1982b). -
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Loss of injection capability is a problem at Otake and Hatchobaru, but has

- - been avoided or minimized, by the choice of a high pressure injection system at

Kakkonda. These three sites will be discussed therefore as illustrative of

methods of dealing with chemical problems of injection.

4.3.5 Kakkonda, Japan

The Kakkonda geothermal power plant is Qituated in Takinoue geothermal
field, Iwate Prefecture, in the vicinity of the Hatchimontai National Park,
Hokkaido. A 50 MWe power station has been operating there since 1978 in an

-environmentally sensitive setting. The plant is supplied from 17 production
wells 887 to 1,600 m deep and discharges waste to 19 injection wells 521 to 1,600
m deep., A second power plant is under development (Mori, 1985). Injection

wells and production wells are interspersed, with injection generally occurring
at shallower levels than production (Horne, 1982b).

The injection program at Kakkonda is unusual in that the effluent is
injected at separator pressure (539 kPa) rather than at atmospheric pressure and
injection occurs at very large flow rates (3,160 tonnes/hr of brine disposal for

- 636 tonnes/hr of steam production). This represents a "worst case" in terms of
hydraulic break-through as injection wells are close to production wells, injec-
tion pressure is high and very large volumes of fluid are injected. The result
has been a decline in enthalpy leading to a reduction in output to 40 MWe by
August 1980 (Horne, 1982b).

-However this extensive injection program has not led to loss of injectivity

in the disposal wells. Certainly precipitation of silica is minimized by the
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high injection pressure (& 540;kPa) and temperaturen(~:100°C). Thus the stra-
tegy of exploitation at Kakkonda has avoided scaling problems by process design,

albeit with .a penalty;in overall thermal efficiency. -

4, 3 6 Otake and Hatchobaru, Japan

The Otake power station of 12.5 MWe has operated since 1967 and is located
in Kokonoecho, Oita Prefecture, Kyshu Island. It lies 2 km north of the adJa-
cent Hatchobaru field which has an installed capacity of 55 MWe and has
operated since 1977. These geothermal fields are situated at the southern
margin of the east-west trending Aso Beppu depression. In both fields the
geological sequence consist of a basement of granitic and metamorphic rocks
overlain by Tertiary tuffs and volcanic agglomerates, pyroxene andeSites ‘and
tuff breccias and Quaternary hornblende andesites (Yoshida et al., 1985; Inoue
and Shimada, 1985) The reservoir is primarily developed in the pyroxene ande-
;51tes and there is no production from the crystalline basement. The geothermal
brine is primarily produced from a shallow reserv01r between 250 and 500 m at
Otake, with temperatures about 200°C and is a typical sodium chloride brine with
3, 500 ppm T0S and 668 ppm of S10,. |
o When the Otake plant started operations in 1967 surface discharge was used
FTAfor disposal in a pond 4 km away.4 A year later silica scale 30-40 mm thick had
accumulated in the 35 cm diameter»pipeline used Because of the clogging in
ﬁ”'these surface installations the production was scaled back temporarily to 8.5

’. Mwe in 1968 and a system of aging in holding ponds was resorted to. In 1972
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because of environmental concerns with arsenic, injection was initiated (Inoue
and Shimada, 1985).

The Hatchobaru plant taps a deeper reservoir at up to 1,000 m depth, with
temperatures of 230°C. The brine produced is also a sodium chloride brine with
up to 9,000 ppm TDS and 890 ppm Si0,. It was the first double flash geothermal
plant in the world and began operations in 1977, with an outpUt of 23 MWe which
rose to 55 MWe only ih 1980. Injectiob wells and productionrweils were arranged
side by side at similar depths as no other suitable permeable hdrizon,was
availabie.

Intérferenées between injection and broduction wells were noted»in both the
Otake and Hatchobaru. At Otake injection initially caused a rise in produc-
tivity until 1975 when thermal break-through occurred sufficient to Cause one
production well to fail. In 1979-80 new wells had to be drilled. These
problems were even more acute at Hatchobaru so that it was necessary to export
175 tonnes/hr out of the 645 tonnes/hr produced to Otake for injection (Horne,
1982b).

The declining enthalpy of the production zones has also been accompanied by
chemical changes in these reservoirs due to injection. Total dissolved solids
have in some cases increased markedly and there are many indications of chemical
interference (Inoue and Shimada, 1985).

Andther observable change has been a large reduction in inject%vity of the
disposal wells., For example, the well HR18 at Hatchobaru had its injectivity
decline from 350 tonnes/hr in 1982 to 200 tonnes/hr in 1984. A typical loss of

injectivity approaches 20% per year. When injection is halted and then resumed
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- the injection capacity is not-restored.- Blockage of the surface plumbing by
silica scale is also a serious-problem. It is concluded therefore that loss of
- injectivity is due to silica scaling (Inoue:and Shimada, 1985).

Remedial measures in these fields have only been partly successful. New
injection wells have been sited in locations to minimize hydraulic interference
~with productioh wells but this strategy:is limited by the hydrology of the
~system. In both fields various methods-to prevent or remove:silica deposits

have been attempted with limited success. These include: (i) Use of a
retaining tank to age-the brine for one hour. The effectiveness of “this
. approach dependsfupon~the,temperature; pH and SiOé of the brine involved.
(i1) It was found that exposure to:éir~accelerated silica Scaling and so the
“surface installations were redesigned to exclude air. (iii) Another approach
was to site injection wells to inject into parts of the system with acid altered
rocks:or acidic groundwater. ' In practice, injectivityfofva'well in such a loca-
- tion did:not sensibly decline in use;~~(iv)‘Thefstrategy of injecting at high
.temperaturesvwas abandoned because‘of*tﬁe~penalty‘of~reduced~steam flow. In
’both'Otakg and Hatchobaru injection occurs at 95°C and atmospheric pressure.
(v): pH control -by. adding minéréi,acid was -abandoned because-of corrosion of sur-
-;face'ihstailatidns:and caéings and po$§jble,énvironmental concerns (Inoue and -
Shimada;'1985); ot g |
Studies are underway to find:écceptablefsolutions,tthhis>problem. -They

~fall into two,classes; chemical :and mechanical. ,Nisniyamé.gg;gla (1985) - have

carried.out basic:studies of. rock/water interactiohvusing-HatchobarunandzOtake

- _..brines in.batch-type autoclaves, and in simulated injection tests. : Possible
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countermeasures suggested by these authors include: (1) siting injection wells
in fraciure zones, (2) injection into high temperature zones, (3) choosing a
process cycle which keeps injection temperatures as high as possible, and (4)
acidifying the brine, or injecting into acidic alteration zones. A possible
method of lowering the pH is to utilize the exhaust gases of the Hatchobaru
plant, where the steam contains up to 0.6% of non-condensate gases. A change in
the process cycle to use a non-flashing or binary cycle would be an expensive
option. (Nishiyama et al., 1985).

Mechanical approaches to the problem have also been attempted.. Simple
hydraulic fracturing without proppants has been used to restore injectivity in
the wells HR13 and HR14 at Hatchobaru. The wells were pressurzied at 20 to 30
kg cm=2 by pumping, which induced hydrofactures. - In the case of well HR13 the
injecfion capacfty increased from 5.6 tonnes/hr to over 100 tonnes/hr after
fracturing and continued at 40 tonnes/hr for 4 months. Capacity of well HR14
increased from 4 tonnes/hr to 65 tonnes/hr after fracturing, but then declined
to 16 tonnes/hr over the next 3 months (Inoue and Shimada, 1985). The experi-
ments of Nishiyama et al. (1985) indicated that in a flow-through experiment
using five cylinders packed with rock fragments in series, using Hatchobaru
: brihe with a high saturation ratio, silica scale was concentrated in the upper
part of the first cylinder, regardless of the grain size of the packing
materials. If this experience is applicable to the reservoir, it would imply
that most scaling occurs at the rock/water interface immediately adjacent to thé
well bore. This kind of “skin damage" would be amenable to treatment by

hydrofracturing using a proppant to hold open the fractures. This would permit
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the silica saturated brine to penetrate deeper -into the reservoir and encounter

progressively larger‘volumes of hot rock.

; 4 3 7 Hypersaline Fields in California U S A.

| The hypersaline geothermal fields of the Imperial Valley of California,
u.S. A. present a special challenge in the area of brine handling and injection.
However ‘there are currently two power plants operating in the Salton Sea field,
the Southern California Edison plant of 10 MWe, and the Magma Power Co., Vulcan
Plant of 34 5 MWe. A third plant of 10 MWe recently ceased operations in the
North. Brawley field | |
| The Imperial Valley comprises the northern part of the Salton Trough, a
structural depression forming the landward continuation of the Gulf of
California. This basin is bordered by granitic and crystalline metamorphic
l rocks of Mesozoic age and is partially filled with late Tertiary to Quaternary
deltaic sediments deposited by the Colorado River. Quaternary volcanoes have
been emplaced into these sediments at Cerro Prieto, in Mexico, and at the
southern end of the Salton Sea in California. These locations are also the
‘sites of high temperature geothermal fields (Elders et al., 1972, Elders and
'Cohen, 1984) However, within the trough other high temperature geothermal
_ fields, such as the North Brawley field, are not associated with surface mani-
festations. The North Brawley field and the Salton Sea field have in common :

| (i) temperatures exceeding 300°at only 2 km depth and reaching 350° at 3 km, and

_(ii) extremely high salinities, in the 20 to 25% by weight range of total
:;Vdissolved solids (Table 1 4)
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Development of the geothermal resources of the Salton Sea field was
attempted in the 1960's but abandoned due to the problems_of scaling and corro-
sion. By the mid 1970's some twenty production wells with depths of from 1 to 2
km had been drilled and a test facility was operated in order to gain eXperience
of brine handling and injéction using flash-crystallizer‘and reactogfclarifier
téchnology (San Diego Gas and Electric, Co., 1980; Quong,v1976).‘

Meanwhile the Southern California Edison Co., construcﬁed‘é simpler §ystem
- on the Ndrth Brawley field with the steam gathering system operated by Unocal
Geothermal Cb., using six production wells and three injection wells.

This 10 MWe single-flash plant at North Brawley ranrfrdm 1986 untiivéarly
1986 when it was decommissioned. This plant was not entirely satisfactory from
an operational viewpoint as it had an overall capacity factor of only 35%
(DiPippo, 1985). This system relied on brine handling technique§ requiring
maintaining dissolved solids in solution. The brine chemistry of this field is
similar to that of the Salton Sea field (Table 1.4), being only slightly less
saline. Disposal of Si0, saturated brines into injection wells in this field
caused loss of injection capability. It wés concluded that most of this
occurred not in the borehole itself, but by particle invasion and subseQuent
plugging of the sand matrix along with precipitation of Si0, within the mgtrix.
Significant damagé occurred within 5 cm and 60 cm of the well bore due to
plugging and precipitation. Acid stimulation was resorted to in order to
restore injectivity (Kindle, et al., 1984, p. 8.7). -

In contrast considerably better performance was experiencéd>in'the Sélton

Sea geothermal field where a two stage flash plant of 10 MWe hés been operated
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- by the same two organizations since July 1982 (Figure 3.8). The plant has a
lifetime on-line factor of about 85% and a capacity factor of about 75%
(DiPippo, 1985). Utilizing lessons learned at Brawley, an elaborate brine
handling facility was installed (Elders, 1984).' Mixtures of brine and steam
from the production wells are allowed to flash in a high pressure separator
(Figure 3.8). The steam goes to the high pressure side of the turbine after
passing through a scrubber and demister. The brine from the separatof is super-
saturated with silica, carbonates and sulfides. To control scaling the brine
flows to flash-crystallizer where it flashes to steam a second time and is.
injected with seed crystals of scale and agitated so that the precipitaté
remains in suspension. From there it passes to a reactor-clarifier where the
solids are removed as sludge and the clarifier brines Qo to the injection wells.
After thickening the sludge, the solid wasté is disposed of in a solid waste
facility, apart from about 1% which is returned to the crystallizer for use as
nucleants (Moss et al., 1982). Since December 1985 the Vulcan Power Plant, also
in the Salton Sea field, has been producing 34.5 MWe net using the same tech-
nology for which the operator, Magma Power éompany, hqlds patents. It operates
from 12 production and‘31x injection wells averaging_l.s km deep. Unocal
vGeothermal’Division, which supplies steam to'tﬁe:plant i]lustrated’in Figure 3.8
- now 1ntends to develop a.50,Mwe'p1ant in the same part of the field using simi-
lar technology (personal communicatibn, C. Otte, 1986). As yet information on
the injectivity perfofmance’of the disposal'wells in these systems haé hot been

- released, much of it is yet té be acquired.
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5.0 EXECUTIVE SUMMARY
5.1 INTRODUCTION

. The purpose of this report is t0'attgmpt problem definition of water/rock
reactions associated with injection of spent brines from.geothermal plants into
aquifers, It is based primarily upon a literature survey rather than upon new

~laboratory or field ‘investigations.

Geothermal plants require very high fiuid rates of flow, for example, a 100

- MWe power plant requires between 3 to 10 x 107 tonnes of steam/brine mixture
each‘year. Injection of the liquid effluent from these plants is usually
nécessary efther for environmental reasons or in order to maintain pressures in
the reservoir. Flashing of brine to steam and cooljng frequently cause the
solutions to beﬁome'saturated withVVaridusﬁcdmponents,‘which-can lead to for-
.mation of mineral scales in well bores and in the injected aquifers.

. It is estimated on a world-wide basis, at: the end of 1985‘there were 188
geothermal eleétric;p]antszoperational,'which'required a combined flow of up to
3 x-10% tonnes a year,'of.geothermal fluid, a large portion of which: requires

~injéctioh. Given: the cukrent-growth:rate ofrthe‘industry; the‘insta]led capa-
city could double_ih five’to eight years. It is estiﬁated?that approximately 10

_ to 20% of the total costs of 1nsta11ation and¥oper&t10n'of'a*typical.geothermal

_ power: station and bore field are.consumed: in disposalrof the effluents, -
‘5.2 CHEMISTRY OF GEOTHERMAL EFFLUENTS
Geothermal reservoirs contain'an enormoUs_divehsity of chemical com-

positions, ranging from 1,000 ppm to 300,000 ppm of total dissolved solids, but



93

most commonly having less than 20,000 ppm TDS. Common types include sodium
chloride brines, and mixed chloride-sulfate-bicarbonate brines, both usually
with neutral to slightly acid pH. The common dissolved components are derived
almost entirely by reactions between the fluids and common rock-fbrming minerals
in subtefranean aquifers, or by leaching of highly soluble components, such as
evaporitic minerals.

A typical geothermal plant requires the disposal of several tonnes of saline
water for each tonne of steam consumed. Many of the dissolved components are
environmentally undesirable. These include elements such as arsenic and boron
which can render water unfit for drinking or irrigation at concentrations as low

as 0.05 mg/1 and 0.75 mg/1 respectively.
5.3 GEOTHERMAL EFFLUENT DISPOSAL PRACTICES

The strategies available for disposal of the effluents from geothermal power
plants include: (1) direct discharge into surface waters, (2) ponding and sur-
face evaporation, (3) treatment and surface discharge, (2) secondary use of
effluents, (5) injection, (6) injection with pretreatment, and (7) injection
after extraction of valuable mineral products. With few exceptions, the trend
in various countries is to use injection as the method of disposal, primarily
for environmental reasons. Only in situations of particularly benign water che-
mistry and a favorable environment, surface disposal possible."Thus injection
is usually performed with reservoir engineering purposes as only a secondary

aim,
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.. Because of problems encountered with -1oss of injectivity in disposal wells
in several geothermal fields, :it is becoming increasingly common to pretreat the
brine before-injection. On the other hand, in many instances, deliberate
_choices are made to use processes which avoid scale formation rather than remedy
itt An option which has been much discussed, but for which we have yet to gain
operational experience, is extraction‘of.valuable-minerals before injection.
Potentially valuable components include L, B, Mn, Zn, Sr, I,, Fe, Pb, Bry, CO,,
NH3, Cu, Ni, etc. It has been suggested by some authors that potential ear-
nings‘from.dissolved'mineralsjinlgeothermal brines could, in certain circumstan-

ces, exceed the earnings from power sales.
5.4 CHEMICAL AND PHYSICAL ASPECTS OF PLUGGING

5.4.1 Introduction

Although almost the whole periodic table of elements might be found in a

| geothermal brine, relatively few of the dissolved components cause problems with
inJection. The chief culprits forming precipitates are: (a) silica (b)
 calcite and aragonite, (c) sulfates, (d) sulfides, and (e) iron hydroxides, etc.
Other possible phases which might be formed from geothermal brines are either
l'too soluble or have unsuitable kinetics to be a problem 1n the environment of
injection. Equilibrium considerations can tell us what minerals are potentially
able to form. Kinetic considerations explain which ones actually do form.
EWHowever only field trials can tell us what effects the formation of these

minerals will have on aneCthlty.
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Many dissolved phases, notably silica, are less soluble at low temperatures
than at high temperatures. Thus cooling is sufficient to cause solutions to
become saturated with these minerals. However other phases, especially calcium

carbonate and sulfate, are more soluble in hot water than in cold. In spite of

.. this, they can be induced to precipitate by boiling. When boiling occurs C0,,

- HpS, and H,S0,, if present, fractionate from brine into the steam, which there-
fore becomes more acidic. The residual brine becomes more concentrated but also
more basic and can become saturated in carbonate and sulfate. Thus even
minerals with retrograde solubility may be induced to precipitate by boiling and

loss of gases.

5.4.2 Silica Precipitation

In geothermal brines silica occurs as a monomer H,Si0y (or Si(OH),). If the
brine becomes supersaturated with Si0,, due to cooling or boiling, the brine
does not precipitate the stable form quartz but instead forms amorphous silica
(which is more soluble than quartz at equilibrium). The kinetics 6f precipita-
tion of Si0, are quite slow, being governed by polymerizaton/nucleation/growth
phenomena. The rate of homogeneous nucieation of amorphous silica is strongly
depen¢ent on the saturation ratio, i.e. the ratio of silica concentrétion to the
equilibrium concentration of amorphous silica. Silica is precipitated very
easily when the brine is 25 to 50°C below the temperature of satufation of
amorphous silica for a given concentration. Silfca precipitation is most acute

for fluids produced from reservoirs with a formation temperature greater than
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- 240°C, which easily attain saturation ratios of two or more, if boiled and
- cooled. .

Because precipitation of silica involves polymerization, nucleation and
growth, there is a lag time or induction period between attaining super-
saturation and precipitation. This lag time may}be hours. Brines super-
saturated with silica are often responsible for declines in aneCthlty of
disposal wells. Flocculant precipitates tend to accumulate in pore spaces and-
small fraCtures; Plugging tends to be most acute right at the wellbore/rock

interface.

5.4.3 Calcite Precipitation

Brines which were originally close to saturation with carbonates may reach
supersaturation by decreases in pressure, boiling, CO, -loss, etcs, and begin to
precipitate calcite. The rate of calcite:precipitation<after nucleation is

essentially instantaneous.

5, 4 4 Sulfate Precipiation -

v Phases such as anhydrite (Caso“) and barite (Basog) are known to be
vsometimes responsible for declines in injectiv1ty of disposal wells. Calcium
jsulfates have retrograde solubility like the carbonates.' They may also be

Q?Tinduced to precipitate by the dEStabillllﬂg EffeCt °f b°1]i“9 on brines. |

B 4 5 Other Precipitates -

--Most:sulfides  have prograde solubility. Loss of stfduring boiling will

~ favor. precipitation of sulfides just as in the case-of the calcite. Other pre-
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cipitates, such as hydroxides, silicates, and fluorides, are known in nature and
may, in certain instances, be at least partly responsible for plugging of injec-

tion wells,

5.4.6 Computatlonal Approaches

' There are a number of computer codes availab]e which can pred1ct wh1ch
minerals are stable in equilibrium at a glyen reservoir conditions and reservoir
Ehemistry; Some of‘these codes have been developed to model plugging of porous
hedia‘by mineral scales. Application of equilibrium thermbdynamic models alone
has proven to be‘inadequate to characterize plugging of injection wells, as
kinetic factors, and reservoir parameters such as porosity and fracture aper-

tures seem to be more important than the mineralogy of the reservoir per se.
5.5 CONTROL OF SCALING AND PLUGGING

Strategies for control fall naturally into two categories, avoidance of
mineral precipitation, and remedial action when precipitation occurs. Avoiding

precipitation can be achieved by selecting process parameters such as pressure

and temperature, or by the use of various scale inhibitors, additives which
retard precipitation. Scale inhibitors have proved particularly successful in
controlling calcite scaling. As an example of controlling process‘parameters,
we can citerthe advantages of binary cycles where boiling is not necessary, so
that CO, 1is kept in solution and hence CaC03 does not precipitate, The choice
of process parameters however must also optimize the efficiency of power produc-

tion. Whereas a higher injection temperature helps keep silica in solution, it
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reduces power output. - In the same vein, it 'is obviously advantageous to keep
~‘'minerals with prograde solubility in SOlution by injecting into the hottest part
of. the reservoir, - However this strategy may extract a penalty by reducing the (
enthalpy of  the production.zones;~ Silica‘pretipitation can -also be kept in
check by reducing the pH of the injectate, by adding-acid;'or steam condensate
and non-condensible gases.' In some cases it-is even possible to choose injec-
tion locations with acid alteration zones and ‘acid groundwater.

Controlling precipitation.isfthe,preferred option where avoidance is uneco-
nomic. For example, simple“agingvof brine in a.holding tank may permit silica
floc to settle out before injecting. - A very promising technology, currently
used in the Salton Sea geothermal field of California. is the use of
crystallizer-separators and reactor-clarifiers to remove 51lica before injec-
tion. In this technology a sludge of silica nuclei 1s introduced into flash

tanks‘where steam is separated for use in turbines. The sludge induces precipi-
~“tation of silica which is kept in suspension until it can be removed in a
reactor-clarifier and disposed of in a solid waste dump. The clarified brine is
then inJected. Cost comparisons show that, in favorable cases this strategy is
g fmore economical than accepting the cost of working over plugged inJection wells,
;FWithout question as operating experience is gained this technique will be

refined and applied more widely.

. 5.6 "CASE HISTORIES: "‘OF‘ INJECTION

' 5.6 1 Vapor-dominated Systems

Vapor-dominated systems have many fewer problems associated with disposal
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than in the case of water-dominated systems. Only about 20-40% of the mass of
the produced geothermal steam remains as excess condensate and requires injec-
tion. Actual injection can be done by gravity feed. Furthermore the ‘conden-
sate is relatively free of dissolved solids which could cause plugging. . Thus
the story of injection in vapor-dominated fields is one of success as far as
plugging is concerned. At the Geysers in California, U.S.A., approximately

20 x 106 tonnes/yr of condensate is injected without problems., At Laderello and
at Travale-Radiocondoli in southwest Tuscany, Italy, apért from environmental
considerations, an important reason for injection is .pressure maintenance in

the production zone and control of subsidence.

5.6.2 Water-dominated Systems

Injection of effluents from water-dominated systems takes place in a much
more diverse range of conditions than those just discussed. Consequently
problems encountered range from negligible to insurmountable. Injection goes on
on a commercial scale in E1 Salvador, Japan, Philippines, and U.S.A., but there
has been a myriad of field test and experiments in many locations.

To date, expefience with injection for pressure maintenance has not been
always worthwhile. Great care must be exercised to prevent prematufe thermal
and chemical break-through. However there are many locations where,kfbr various
reasons, optimal siting of production and injection wells has not occurred.
Usually this occurs because optimum locations were determined after the fact of
drilling.

The field with the most extensive experience is Ahuachapdn, E1 Salvador. By
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-the end of 1984 a total of 167.4 x 105 tonnes of fluid had been produced, most
of which was discharged by canal to the ocean. However 37.6 x 106 tonnes

. (27.5%) had been injected. This is a prime example of using process parameters

- to avoidrchemicai problems of -injection. Injectivity of the disposal wells is
maintained by keeping the témperature of the disposed fluid above 150°C to mini-
mize polymerization and precipitation of silica. Thus problems with injection
at Ahuachapdn have been physica]n(cdoling of the reservoir) father than chemi-
cal. . » k ‘

. A much smallerlscale operation at Svartsengi, Iceland, is offered as an

- example of plugging contrpl by brine treatment. The Svartsengi plant is a com-
bined electrical and direct,ﬁse,system currently using surface disposal of
geothermal effluent,  Because of pressure drops in the .reservoir and environmen-
tal considerations, injection experiments are being performed. It was found

; pecessary tovlqwervthe pH of¢thepipjected brine to prevent silica plugging of
disposal wells. The approach taken Was to mix the brine with steam condensate

~ from the power plant. This was only partially successful.

‘ Jhevkizilderefpower_plant_injwestgrn Ar;tolia,”Turkey,,represents a case
@whgre-ipjgctionfis highly desinab1§ but-hasrprovedlimpossible,-so far, because
,fpfithengfficu]t;brinerchemjsthy.cﬁTbe;brine 1n.thjs;resgrvoin;1s of  the sodium

}bjcarbdnate type«and ha§,a.bighfcoz;contentw(l.ﬁ% of the ﬁptallflow).' The ‘non-
: condensible;gaggs comprjse~10;to 22% of the steam fraction.::PEecipitation of
carbongtés 1n.the‘proﬁuction;wel]s‘andrsurface 1nstallat10n$~1s~a pervasiVe
problem. 'Scaling:haStbeen reduéed by keeping wellhead pressures up to:15 kg

cmrggvbut‘it;js,;tiil neceSsqry,tg workover-the wells every:six months,
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Injectioh has been a failure due to loss of injectivity by carbonate scaling.

In Japan injection has been routine in six different geothermal fields for
some time. Three examples with different problems and different solutions are
cited. At Kakkonda, in Iwate Prefecture, injectivity problems are solved by

- process control, Injection of 3,160 tonnes/hr of brine occurs at séparator
pressure and temperature, i.e. at ~ 540 kPa and ~ 100°C. This has avoided
scaling problems, albeit with a penalty in overall thermal*efficiehCy.'

The Otake and Hatchobaru power plants are 2 km apart in Kokonoecho,IOita
Prefecture. Both have had extensive injection experience with mixed results.
There has been a history of declining enthalpy due to thermal break-through from

~ injection to production wells. Large reductions in 1njectivity of the disposal
wells, typically approaching 20% a year, have been experienced. This appears to
be enfire]y dué to silica scaling.

In contrast to the Kakkonda field injection occurs at atmospheric pressure,
and 95°C so there is little help from process control. Mitigation of the
problems has been attempted by: (1) aging the brine (impractical), (2) deaera-
tion of the brine (necessary), (3) injection into acid-altered parts of the
reservoir (only locally possible), (4) attempting higher temperatures for injec-
tion (impractical), (5) pH control by adding acids (impractical), (6) utilizing
non-condensible gases to lower pH (pilot scale only}, (7) hydrofracture of the
plugged wells (seems promising). These two geothermal installations appear to
be-a wonderful large-scale laboratory to test of methods to control silica |
scale,

The hypersaline geothermal fields of the Imperial Valley of California,
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U.S.A. represent a special challenge because of their high temperature,
(> 300°C) and unusual chemistry (25% wtaTDS).‘ A 10 MWe pilot plant at North

Brawley was designed to attempt to keep silica in solution by high temperature

. .injection. However repeated workovers and acid stimulation of the injection

wells were found necessary.  This plant was abandoned -after six years of opera-
tion during which it had only a capacity factor of only 35%, due to various
problems, including loss of injectivity.

Currently two plants are utilizing similar -brines in the Salton Sea geother-
-mal .field, .employing the flaeh-crystallizer/reactor-c]arifier teChnnlogy. In
these plants silica is precipitated in a.controlled way and the solids removed
before injection.,Thislscheme~seems to hold great promise although, as yet,

long-term operational experience is still being acquired.

5.7 TOWARDS A PROBLEM DEFINITION

Compared to the complexity of watér/foék reactfons nhich'occnr in‘natnral
geothermal systems 1n the undisturbedistete..only a handful of reactions are of
importance in.. reduc1ng lnjectivity of disposal wells. Although geotherma] bri-
nes. are diverse 1n their concentration and content, the most ubiquitous prob]em
occurs. from- silica polymerization when brine is cooled or concentrated and
‘destabi1ized¢by:f]ashing5to steam.ALOncefformed 1n‘an injection system it is
~ difficult to remove, even by;acidificetion}and;backflushing.g i
f;Except,jn”the'speciél:case of sodium bicarbonate brines, etc., calcite is
~more of a problem in,pndductjon:wells;andlSurface,jnstal]ations«thanrin injec-

. tion wells.. The samerseems to be largely true fon-sulfates. sulfides and other
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phases which can form mineral scales. Thus, reduced to simple terms, the defi-
nition of the problem reduces to understanding the behavior of injected silica-
saturated brine, reacting with aquifer rocks. In this quite extensive survey of
the literature,'there seems to be hardly any significance attached to the actual
hineralogy or chemistry of the injected formation. One small (and special)
exception is at Hatchobaru where it was found to be advantagéoﬂs to inject into
zones containing acid alteration zones or acidic groundwater. Thus, reduced to
even simpler terms, the definition of the problem of "water/rock reactions asso-
ciated with (re)injection of spent brines from geothermal plants into aquifers,"”
devolves into the realm of physics rather than chemistry. A large fracture
aperture can offset an unfavorable chemistry; hydraulic fracturing can reopen
blocked pathways to injection; and so on. Thus it is clear, that although we

need to understand the chemistry better, we ignore the physics at our peril.

5.8 TOWARDS A DEFINITION OF SOLUTIONS

Avoidance of injectivity problems first requires recognition that there is a
problem to avoid. During the development stage of a geothermal field it is
therefore necessary that the team of power engineers and reservoir engineers
interacts with a team of geochemists and chemical engineers to assess the poten-
tial for mineral scaling for different power production and borefield strate-
gies. Along with the usual production and injection tests, there should be
tests performed specifically on scaling and loss of injectivity. It should then
be possible to select a process to optimize the economics of power production

and effluent disposal jointly, by appropriate choices of well head temperatures'
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and pressures of disposal wells and ‘their locations relative to the production
wells, A wide range of choices is possible, ranging from binary cycles to
flash-crystallizer/reactor-clarifiers. Do not wait to call in the geochemist
until after the engineering is designed, constructed, and in trouble.

Meanwhile there is work for the geochemists. Bench scale experiments need
to be carried out on the effect of precipitation of silica, carbonates, and
sulfates on a variety of rock types, in order to relate progressive stages of
precipitation with reductions in porosity and permeability. These data are
needed to set up quantitative models of the process of injectivity reduction.
These models in turn need to be tested and refined against actual field trials.
When developed and validated the models can be used predictively, and to design
and improve operational practices. One promising field method is the
"injection-backflow" technique of testing geothermal wells, in which alternate
injection and pumping out‘of injectate can test the effects of water/rock
interactions on injection wélls (see, for example, Wright, 1985).

Further work is necessary on scale inhibitors, especially for silica, for we
have, as yet, not experienced with silica the success seen with carbonate scale
inhibition., As well as laboratory studies, it is crucial]y 1mpoftant to have
field trials of-these séale inhibitors to acquiré data to assess their prac-
ticality and ecbnomics. Considerationrshould also be given to simplifying and
optimizing the promising crystall1zerfciar1fiérrtechnology and adapting if for
dsé‘in other sitdations than the hypersaline systems to which}it isvbeing

applied currently. Finally, it is cruciélly important to continue to monitor
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injection practices on a worldwide scale, to collect engineering and economic
data, and to benefit mutually from these collective experiences of success and

~fatlure,
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