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ABSTRACT

Reinjection of water into fractured geothermal
reservoirs holds potential both for improvement
and degradation of total energy recovery. The re-
Placement of reservoir fluid can mean support of
reservoir pressures and also more efficient ther-
mal energy recovery, but at the same time the
premature invasion of reinjected water back inte
production wells through high permeability frac-
tures can reduce &ischarge enthalpy and hence
deliveradbility and useful energy output. In-
creases in reservoir pressure and maintenance of
£ield output have been cbserved in operating
fields, but unfortunately sc too have premature
thermal breakthroughs. The design of reinjection
schemes, therefore, requires careful investiga-
tion into the likely effects, using field experi-
mentation. This paper summarizes field experience
with reinjection around the world, with the inten=-
tion of elucidating characteristics of possible
probleme. The results summarized in this paper
fall intoc three categories of interest: perme~
ability changes due to injection {both increases
and decreases have been observed); the path
followed by injected water (as indicated by tracer
tests); and the thermal and hydraulic influences
of .injection on the reinjection well itself and -
on surrounding producers.

INTRODUCTION

Reinjection of water into geothermal reservoirs
during utilization is intended to gerve the dual’
purposes of waste water disposal and improved re-
source recovery. -In order to correctly apportion
importance between these two purposes, it should .
be noted that reservoir maintenance by reinjection
is a controversial subject and in actual field
cases to date, water has been reinjected solely
for disposal purposes, Reinjection is a wmethod of

water digposal at the present time, and considera- .

tion of reservoir maintenance by reinjection is
largely restricted to the avoidance of detrimen~-
tal effects.

Commercial scale reinjection in geothermal power

plants has heen practiced at The Geysers, East
Mesa and Brawley, California; Ahuachapan, EY
Salvador; Mak Ban, Philippines; Larderelle, Italy;
and in the five Japanese fields: Otake, Onuma,
Onikcbe, Hatchobaru, and Kakkonda. Except for

Lardarello and The Geysers, 2ll of these fields
are liquid dominated, with producing steam/water
ratios between 1:2 and 1:6. The liguid-dominated
geothermal utiljzation represents the most
difficult configuration for reinjection, since
the quantity of hot water to be disposed of is
greater than those of steam~dominated geothermal
or conventional thermal generation systems,

Since almost all of the future planned geothermal
utilizations will be of the liquid-dominated type,
it is of major importance to evaluate current

. experience in reinjection in this type of system.

For example, power stations under constructicn or
planning with definite cormitments to reinject
waste water include Heber in California; Tongonan
in the Philippines; Broadlands in New Zealand;

- and Nigorikawa in Japan. 1In addition, reinjection

has been suggested for existing power stations at
Cerro Prieto, in Mexico, Tiwi, in the Philippines,
and Wairakei, in New Zealand.

In terms of its principal role as a means of
waste disposal, reinjecticn is clearly a greater
problem when the quantity of water to be rein-
Jected (relative to the useful steam produced) is
larger. However, there are additional constraints
on the physical characteristics of the injected
water., Due to dissolved so0lid deposition effects,
the temperature of the injected water is a criti-
cal parameter. Thus, the evaluation of a rein~

Jection scheme needs to consider the quality,:

temperature, and chemical nature of the water to
be injected.

‘The supposed benefits 6f reinjection to the res-

ervoir itself are usually attributed to the

‘maintenance of reservoir pressure and mass of

fluid in place. In theory, maintaining high
reservoir pressures and mass.in place should re~

- &yce the effects of loss of deliverability, and

also those of subsidence or formation collapse.
In practice, it has not proved difficult to keep

‘the reservoir pressures and total discharge high:

however, it is now evident that it iz important

not to reduce discharge 'ntmiu by reinjection,

since if this happens, steam discharge rates will
decline. 1In fact, recent experience reported
here suggests the maintenance of discharge

‘enthalpy is at least as important as maintaining

reservoir pressure. Aside fyom the loss in steam
production, long-term experience at Wairakei
indicates total production also reduces with
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'demasinq discharge enthalpy due to the increasing

hydrostatic pressure of the fluid in the well, even
though the reservoir pressure at Wairakei is now
almost constant (Thain, 1981),

Thie paper examines recent experience of reinjec-
tion throughout the world, The purpose is to
collect all relevant information to attempt to de-
tezmine which fields have experienced increases in
production due to reinjection and which have ex-
perienced production declines. In making such a
summary, it is suggested that the mature and ex~
tent of reservoir fracturing most significantly
affects the cutcome of a reinmjection scheme.
Furthermore, there appears to be a direct correla=-
tion between rate of tracer return Suring tracer
injection tests and subsequent performance of re-
injection schemes. Accordingly, experience with
tracer testing in the same geothermal fields is
alsoc sumarized,

Geothermal fields examined in this paper include
several liquid dominated fields around the world.
These include five fields in Japan (Otake, Omma,
Onikobe, Hatchobaru, and Kakkonda), Ahuachapan
in El Salvador, Tongonan in the Philippines and,
Wairakei and Broadlands in New 2ealand.

large scale reinjection has algo taken place into
the vapor-dominated fields at the Geysers in
California and Lardersllo in Italy. However,
since the results proved somewhat different from -
those in the liquid-dominated fields they have
been held over to: & separate paper.

This paper will seek the answers to three most
important questions in reinjection design:

(a) Can injectivity be maintained?

{b) Where does the injected water go?

{c) ‘What are the effects on the injection
well itself and on surrounding pro-
ducing wells?

NEW ZEALAND

Injection of water into newly drilled geothermal
wells is standard procedure during completion
testing in New Zealand. However since 1974, long
and medium term injection tests have been carried
out at Bropadlands as part of the development

design for reinjection for the planned Ohaki power
“station. In addition, several wells at Wairakei
‘have experienced a downflow of colder water from:

shallower to deeper feed depths within the wellw .
tore and have thus constituted an lecidental."
:I.njection test.

’Injectioa has taken place into wells BR7, 13, 23,

'28,.30, 33 and 34 at Broadiands and the downflow-
ing wellg in Wairakei were WKS0, 101, and.107.

In 21l cases at Broadlands except BR34, injectlvity
increased with time - probably &ue to themmal
contraction of the fissured rock. In BR7 and 28
static formation pressure alsc fell with injectien,
probably due to injection of cooler water into the
two-phase reservoir. Tracer returns have shown

the injected fluid in both Broadlands and Waira-
kel to migrate over long distances dues to the
fractured nature of the reservoirs. The tracer
movement also seems to be slightly downward;
however; since only small percentages of the
tracers were ever recovered in any of the tests,
it is not clear exactly where the injected water
is going.

Broadlands

Broadlands (Ohaki) geothermal field was drilled
extensively in the late gixties, discharged

for threée years until 1971 and then shut in.
Since that time, political and technical deci-
sions concerning its development have been
more or less continuously discussed. Reindec~
ticn is one of the prominent technical ques-
tions at Broadlands since the field is
bisected by the Waikato River which has a mean
water level cnly a few meters below {ts banks
{see Figure 1).: Consequently any subsidence
would cause the river to flood or perhaps even -
change its course.  The question as to where

to reinject has not as yet been resolved and
several different methods have been tried,
including injection into the field itself and

" injection outside the field into cold ground.
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Figure 1, uap of Broaznnnds (Ohaki) Gecthermal
-Area

Each has its difficulties; injecticn into cold
ground brings problems with silica depositien
in surface equipment, wellbore and formation
and injection of cooler water ints the two-
phase reservoir carries the risk of reducing
pressures due to steam collapse. Broadlands
is two-phase largely because of its high non-
condensible gas content (Grant, 1977) and the
results of reinjection experiments here will
be of interest to other two-phase reservoirs
in the world. -
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Reinjection experiments have been carried out
at BR7, 13, 23, 28, 30, 33 and 34 as well as
brief tests at other wells. Both hot and cold
water have been injected. Many of these wells
are producers and lie within the hot (<260°¢)
part of the field., However, BR3D is non-
productive and has temperatures around 220%
and BR34 was & well intentionally drilled
outside the field. In its original injection
configuration BR3¢ had a depth of 400m and was
effectively cold (interestingly this well has

singce been deepened to 2600 meters and reached '

300°C). BR33 was also drilled as a shallow
(365m) reinjection well but lies in the center
of the hottest part of the field (see Fig. 1).
Injection performance of each of these wells
will be discussed individually. ’

BR7

This 1000m deep well injected for nearly two
years in 1976 and 1977 (Bi.gley. 1878). Injec~
~tion temperatures were 150°C for fivg months,
then 120 ¢ for five months, then 110 C for ten
months. Injection rate was about 30 tonnes/
hour throughout the test, except for several
shut=in periods of up to a week for transient
testing. The injected water was piped from
BR27 and was supersaturated with silica.
Figure 2 shows the variation of flow, wellhead
pressure and downhole pressure at 823 m depth
during 1977. fThe breaks in the curves are
where the shut-ins occurred. It is seen that
both wellhead and downhole pressures dropped
steadily throughout this peried even though
injection rate was maintained ~ ease of injec~-
ticn wag therefore markedly improved during
the test.  The suggested explanation for this
is that the reservoir fluid in the vicinity -
was originally two-phase, and cooling of the
reservoir condensed some steam and lowered the

~ pressure.
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It is not known where the water injected into
BR7 went.  In June of 1981 Iodine-131 tracer
was injected into BR7 (McCabe, Barry and
Manning, 1981) in & forty day injection using
water frem BR27, but none was recovered in
BR10, 16, 27, 29 or 36. There was & thermal
effect on BR7 in the 1976~77 test, which was
demonstrated by the reduction in enthalpy when
the well was subsequently discharged after
warm-up, It is not known whether this enthalpy
would have increased with time, since BR7
ceased production while its discharge enthalpy
was still low,

BR13

Water at 98°C was pumped intoc BR13 at rates
around 205 tonnes/hour from July to August
1979. The well is around 1000m deep and

has loss zenes into the Rangitaiki Ignimbrite
at adout that depth. The injection pump was
stopped and restarted eleven times during the -
test, and pressure falloffs and buildups were
recorded. . Analysis of these falloff tests
(Grant, 1979a) showed that the permeability-
thickness product increased with injecticn,

" and Figure 3 shows this variaticn as a func-

tion of cumulative water injected. This
increase in injectivity iz in spite of the
fact that the water was supersaturated with
silica. On the other hand, no reduction of
downhole pressure was observed, indicating a
different response to reinjection than BR7 =
although the duration of the test was very .
much shorter. The increase in injectivity
(permeability) is probably due to the opening
of fissures by thermal contraction < this idea
is suggested more strongly from the BR23 expe-
rience and will be discussed later.
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" Figure 3: Permeability-thickness as a func-

tion of cumulative injection for BR13, from
Grant (197%a)
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The course of the injected water was determined
to some extent by tracer testing. S“ » second
injection of 150 tonnes/hour of 160 C-water in
1980, Iodine-131 vas injected into BR13 and
wells BR19, 20 and 23 were monitored. Tracer
wag recovered in BR23 but not in 19 or 20,
despite the fact that 13, 19, 20 and 23 are
xnown to be in good pressure communication
{McCabe, Barry and Manning, 1981). BRI19 was
on full discharge during the test (150 tonnes/
hour) supplying the water to BR13 Iut still

" 4id pot induce a flow underground from BR13,

BR20 and 23 were originally only on bleed

flows {(around 1 tonne/hour) but BR23 was
opened to 47 tonnes/hour on the seventh day of
injection when the bleed rate began to fall
off. Tracer had already been retrieved at

BR23 on the fifth day, peak arrival times indi-
cate a transit speed of around 0.4 m/hour,
Eventually 6% of the tracer was recovered at
BR23 although this figure may have been differ-
ent had the flow rate not been changed. BR23
feeds in the same Rangitaiki Ignimbrite as
BR13, BR20 feeds in the next higher formation
{the Rautawiri Breccia) and BR19 feeds in both

. the Rautawiri Breccia and the much higher

Waiora formatiom.

In March 1981 sixty-six tonnes {i.e., two
welltore volumes) of coléd river water were
injected into BR13 with a tracer slug, but no
tracer was returned to either BR19, 20 or 23 in
the thirty days of monitoring. It seems evi-
dent then that the flow between 13 and 23 in
the 1980 test was a result of the reinjection
and not a natural flow within the reservoir.

After injection the well was allowed to wamm-
up before discharge. As in BR7, the enthalpy
of BR13 was still depressed even after the
warm-up, indicating a thermal drawdown of the
reservoir in the vicinity of the well due to
the reinjection. There were no effects ob-
served on the surrounding producers = the
decline in production of BR23 menticned above

appears not-to be attributable-to-a €0oling Ofiuusmss n

its inflow.

BR23

BR23 is a deep tvo-phase p:cductioi: well of

. around 1000m depth and is similar to BR13.

Spinner surveys during injection show that all

- injected water is lost below 1000m, close to

the bottom ¢f the hole, into ghef Rangitaiki
Ignimbrite. In June 1979, 98°C water was
injected into BR23 for one week at around

150 tonnes/hour. Four pressure transients
were carried out after 1, 4, 6 and 7 days
(Grant 1879b). The injectivity determined
from these tests is plotted in Figure 4, and
is seen to increase with increasing injection.

"It seems that this increase in injectivity is

as a result of the opening of fractures due

to the injection. The well was left to warm-~
up after injection and then produced; produc-
tivity was higher than before but fell during

production. 1Injection then resumed; injecti-
vity was below its previcus high, but above
its earliest value, and again increased.

This is shown in Figure Al.18 of Grant,
Donaldscn and Bixley (1982).
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Figure 4: Injectivity as a function of cumu-
lative injection for BR23, froem Gzant (157%b)

There were never any tracer tests performed
at BR23 and thegefore it is not known where
the injected water went. - Considering the

observations ¢f tracer return to BR23 from

injection into BR13, it would be very inter-
esting to see if the reverse flow occurred.
BR23 was able to discharge again after a two
month period of warm-up, although at a re~
duced enthalpy < 1110kJ/kg compared to its
original enthalpy of 1320 k3/kg. The enthal-
py rose to 1190 kJ/kg after two weeks of dis-
charge (Grant 1980a).  After a second
injection the enthalpy was reduced to 1030
kJ/kg in subsequent discharge.

Br28

BR28 is about 1100m deep and is a_two-phase
producer. 155 tonnes/hour of 155 C water were
injected between January and March of 1980.

The stadle downholeé pressure fell during injec-

tion (see Fig. $) and continued to fall with

" injection shut down (Grant 1980b). As in BR7
this seems due to the injecticn of cooler water
-into two~phase conditions, collapsing steam

and hence lowering the pressure.

Iodine=131 tracer was g.njected into BR28 with
150 tonneg/hour of 160 C water from BR3S in
November 1980. A small return was received at
BR2S on the sixth day indicating a speed of
movement 0,8 m/hour. No returns were measured
in BR3S or in any other monitored well,
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BR26 is the only well in New Zealand which has
been discharged immediately after injection.
The discharge enthalpy was initially that of
the injected water, and slowly increased.

44
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Figure S: l&setvoi: pressure as & function of
days of injection for BR28, from Grant (1980b)

BR30

BR30 was drilled in December 1975 and {s gen-
erally listed as non-productive, although it
can discharge at low enthalpy (930-980 kJ/kg).
In August of 1980 a stimulation experiment was
carried out by Ministry of Works and Develop-
ment in which 300 tonnes/hour of cold water
were pumped for about two weeks. Permeability
{injectivity) was found to increase exponen=
tially with increasing pressure (Grant, 1981a).
At small flows the permeability~thickness pro-

duct was about 0.1«0.3 &-m but at-400-tonnes/~ =

hour it increased tc over 10 &-m. The increase

was found tobe reversidble, that is, it went. . _- .. -
‘away with reduction in pumping pressure.  This

injectivity increase, therefore, seems differ-
ent from those of BR13 and 23 which aze .
‘thermally rather than hydraulically produced.

A second test was carried out starting n

. February of 1981 in vhigh hot water from BR3S

was injected at 130-180°C. Injection lasted
a period of months although rates were changed
tetween 100 and 200 tonnes/hour. The.injecti-
vity/pressure dependence cbserved in the cold
water tests was essentially reproduced {(Grant,
1981b)., '

' Todine-131 tracer was injected into BR30 in
March 1981, and wells BR25, 27, 28 and 35 were -

monitored for five weeks. No tracer was de~
tected at any of them,

Horne

BR33

BR33 was drilled to 365m as an experimental
shallow {njection well in the center of the
field. A reinjection scheme was run for six
wonths in 1977 in which 300 tonnes/hour of
water from BRIl was discharged to a opond and
subsequently pumped into BR33 at 80 C.

In May of 1977, lodine~13l tracer was injected
ints BR33 and wells BRIl and BRS were moni-
tored. Tracer was detected in both wells.
Travel time betweeen BR33 and BR1l was two -
days to the first appearance and eight days to
the peak, giving a mean transit speed of 0.4
m/hour, Twelve percent of the tracer was
recovered at BR11l (McCabe, Barry and Manning
1981). Five percent of the tracer was re-
covered st BRS, although the peak arrival vas
not until around 35 days. These recovery
rates are unusually large compared to most of
the other tests in New Zealand (although not
as large as scme cobserved in Japan - Horne,

© 1982), and could indicate a tendency for cold

reinjected water to sink - BRIl is cased to
S00m and is only 75m laterally separated from
BR33. At the same time, an earlier test in
1974 in which tracer was injected intc BRIl
and detected in BRB without either well flow- -
ing indicated very similar transit times.

The tracer response during the BR33 test could
therefore be affected by 2 natural flow within
the reservoir.

The 12% tracer reccvery 2t BR1l also indicates .

that 12% of the 300 tonnes/hour produced

frcm BR11l originated at BR33 (this water was,
of course, originally from BRIl and was thus
recycled). The injected water was at 80°C
-and hadolittle gas and higher chloride than
the 245 C water produced originally from BRil.
Surprisingly, there were no changes observed
in the enthalpy or chemistry of the BRIl dis-

ably reheated as it passes through the
reservoir, but the lack of chemical variaticn

is unexplained,

BRI

BR34 was drilled in 1978 as an experimental
‘shallew, cold, peripheral reinjection well and
‘at the time of the injection tests was 400m

" deep. Water from BR2 was separated at atmo-

spheric pressure, but not exposed to the air,
and piped through an uninsulated pipeline »
nearly one (1) km long to BR34, Two 400m deep
slim-hole monitor wells were drilled close to

BR34; BRM2 is 45m to the north and BRM4 is 70m
. to the southeast. Water was injected at

roughly S0°C at.a rate of 160 tonnes/hour into
- BR34 for several months. . i

Quite different to the other reinjection tests,
injectivity at BR34 declined spectacularly,

"and permeability of BRM2 and BRM4 also de-

.charge (Grant, 1982a).  The water {s presum- . _._.____
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clined. Clearly silica was deposited within

- the BR34 wellbore and also far out into the

formation. That this occurred at BR3: and not

* at the other sites despite the injected water

also being supersaturated with silica in most
of the other tests is probably due to the fact
that injected water was reheated in time to
prevent precipitation in the other tests (all
of which were into high temperature formations).

Tracer injection into BR3¢ in December 1978
traveled at 0.6 m/hr to BRM 2 and 1.2 m/hr to
BRM4. Although only about 4% of the tracer

was recovered, it is estimated that 75% of the
water airlifted from BRM2 and 50% of that frem
BRME originated from BR34 (McCabe, Barry and
Manning, 1981). :

" There were no thermal effects observed in the

BR34 test since the injected water and forma-
tion were both cold.

Wairakei

In 1982, the first reinjection tests have been
performed at Wairakei, with water from WR218
being injected into WX220., However, some
unintentional injection at Wairakei has been
taking place for some time. In 1969, pro-
duction in WKI01 {Fig. € shows well locations)
ceased after a downflow from a shallow feed
zone at 360m (Jjust below the casing shoe) to
a deeper feed zone at 600m depth. WKIOT7. . . . .
cé.a.ged production in 1976 and a downflow of
160 C water was measured by spinner at a rate
of 300 tonnes/hour. WK80 still produces

stean from sround 300m depth but has a down-
flow of 175 C water from 350m depth to 600m
depth.  Other wells in the northwest corner
have failed similarly over the years and have
been grouted up. ‘ .

Extensive tracer testing in WK10, 107 and 80

was carzied out .in 1978.and..1979 (McCabe, . . ...

Barry and Manning, 1980, 198l1). In the three
WK107 tests, the two deeper wells WK24 and
WK48 rapidly returned 3.7% and 1.3% of the
tracer respectively, with transit speeds of

22 m/hr and 7 m/hr Yespectively. The other
wells monitored (67, Y0, 68, 30, 83, 81, S5
and 108) showed returns between 0.1 and 0,3%
with transit speeds around 1 m/hr. These .
results are sumarigzed in Figure & from

McCade, Barry and Manning (1981), together
with the WK10l and WKS0 results, The gresults -
were reproduced over all three WK107 tracer -
injections {for those wells tested each time) -
including the third test which used Bromine-

82 isotope instead of the Iodine-13l used in
all others. Figure 7 from McCabe, Barry and-
Manning (198l) shows the WK24 results for two

- of the tests.
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Figure 6: Tracer returns in the Waiora Valley
section of Wairakei, from McCabe, Barry and
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Figure 7: Tracer concentrations at WK24 due to
injection into WKI07. Two separate tests are
with I-131 and the other with Br-82, from
McCabe, Barry and Manning (1981)
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In 1980 WK107 was worked over and the offending
upper feed zone was successfully sealed off.
Surprisingly, after four years of accepting
300 tonnes/hour of 160 C water, the well again
produced at its earlier temperature., There is
some evidence (Grant 1982b) that WK4B experi-
enced an enthalpy drop of arsund 40 kJ/kg and
a wellhead pressure drop of 1 bar (100 kPa) in
1976. Other wells in the vicinity do alsc
appear to be riegatively affected to a small
extent by the WK107 accident; however, the
changes are only of similar magnitude to nor-
mal operating fluctuations and are thus diffi-
cult to recognize. For the same reason, there
have been no clearly dafined improvements since
WK107 was repaired and placed back on produc~
tien.

In the WK101l and Wk80 tests the rather staz-

"~ tling return patterns show that injected water

moves in complex paths (see Fig. 6). Tracer
injected into WK101 arrived first at wKl2l
(the most distant) moving at 8 m/hr, second
at Wkl103 (the closest) moving at 1.3 m/hr and
last at Wkl116 (in a line hetween the other
two) moving at 2 m/hr. Wkl2l is a very deep
well = the deepest at Wairakei = with 2250 m
total depth, .although it produoces mainly frem
perforations at 975 m depth (still deeper
than the usual 600 ; depth in that area).
WK121 received 6% of the tracer injected at
WK10l despite being 500 m distant. It is not

‘known whether WK121 has been affected by the
WK101 downflow since it was not drilled H
'until after 1969, but there is an unusual :

- 215% temperature inversion in the well.

WK121 could perhaps be made productive if
WK101 were repaired. During the WKBO injec~-
tion, WK121 was not monitored as the separater
installed to discharge it specially for the
WK101 test had been removed. However, returns
from WKB0 to WK11l6 and WK76 were an order of .

magnitude larger than those from WK10l which . .. . .

leads to speculation as to what WK121 aay
have shown had it been nonitoted.,

The flow ot reinjected water lt Wairakei is
clearly within the faults although not neces-
sarily by direct paths. The water from WK107
apparently moves down and . to the southwest
through the Wairakei fault, being recovered -
first at WK24 which intersects the fault at
around 760 m. The Waiora fault meets the

‘Wairakei fault at about 1000 m depth and the
‘returns to WK48 (which intersects the Waicra

fault at 760 m depth) and the cther shallower
and later-responding wells seem to be up the
Wajora fault. This explains the roughly
simultanecus arrival st all these wells
{except for the deeper WK48).

Summary

'Reinjected water at Broadlands seems to move .

through the reservoir at speeds arcund 0.5
m/hour indicating that reserveir short-

Horne

" eircuiting may not be a severe problem (tracer

return speeds are gimilar to those cbserved at
Otake in Japan - Horne, 1982). No thermal
effects have been observed at neighboring wells,
although it is clear that in some cases quite
large percentages (up to 12%) of the reinjected
water & break through. Reservoir enthalpy is
reduced in the vicinity of the injection well
as expected, hut the extent of the depression
ig limited,

With the exception of BRI, injectivity in-
creases as a rosult of temperature effects
(BR13 and 23) pressure effects (BR30), or re-
duction in reservoir pressure (BR? and 28).

The loss of reservoir pressure caused by injec-
tion into two-phase conditions should be
avoided as the resulting pressure sink will re-
duce producticn in the viciniey.

The speeds of underground fluid movement at
Wairakei are as much as 20 times greater than
those in Broadlands, indicating @ greater poten-
tial for reservoir ghort circuiting during rein-~
Jection. The rapid pressure response across the
fleld ic a characteristic of Wairakei compared to
Broadlands, although this &ifference is also
attributable to the largs gas content at Broad-
lands {and corresponding high compressibility).

JAPAN

Japan has & wide range of geothermal power sys~ -

tenms, including vapor-dominated (Matsukawa), two-
phase (Onikobe), and compressed ligquids (Onuma,
Kakkonda, Qtake, and Hatchodaru (see Fig. 8).

Figure B. Geothermal Production Sites in Japan-
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TAZLE 1: BUMMAXY OF PRODUCTION AND REDUJECTION IN JAPAN, SEPTDMBER 1980

Staction - Onikobe Kakkonds Oouns 1 ln:chebuQ Otake
Capacity 85w 30 W 10 W S 12w
1980 Production TS W =40 W T 55 Mw . 12 W
%o, of walls 12 1 s s ‘
£l v tepe 000 1000 » 1600 W00, s00 .
8 | Total stean 75 t/nr 380 t/hr 91 ejre 400 t/hr 120 t/nr
E w.b.p. 200 kPs 686 XPa 300 xPs 431 XPa © 304 kPa .
Ro. of vells 1. . 15 4 1% 8
3 Av. depth ) -1000 o 700 a 0w 000 500 =
g Total flow . 118 t/hr 2700 t/nr 360 t/ur 400 ¢/nr 630 t/hr
° Tesperature 95°¢C «160°C g$5°c 60/95°C 95°c
E Pressure (] . 540 kPs 0 ° ]
Configuration sidefdelov sixed/adove sida/above sids/equsl side/equal
Tracer flov rate R 8.1. wp to 4 m/mr | wp to 80 w/vr «0.3 a/hr
Coments Cas Isterference - - $131ca Sealing | ACCPES VAESF
: . froz Batchobary
178 t/nr
All the liquid-dominated systems have single © to that with pH 2.8 water). At the turbine in-
flash steam generation schemes, with the excep- let pressure of 200 kPa (29 psig) the combined
tion of Hatchobaru, which has a double-flash steam cutput from the wells is 75 tonnes/hour-
system. All except Matsukawa have total waste .. ... . . (20.8 kg/sec). Water produced, added to the . .. .-
. water reinjection schemes, necessitated primarily waste water from the station, makes up a totzl of
by environmental requirements. Several @ifferent .- 115 tonnes/hour {31.9 kg/sec) that is reinjected
reinjection configurations are in use, allowing intc a single well at atmospheric pressure. This
an array of schemes to be evaluated. Fach of the single reinjection well is located at cne end of .
fields will be discussed separately in detail, the field (see Fig. 9), and has jits fluid exit
but summary data for all five fields undergeing - points in the 1000 m deep, acidic porticn of the
reinjection are listed in Table 1 for comparison . yeservoir. This represents the most desirable
purposes. Specific items of interest to this configuraticn proposed by Grant and fiorne (1980)
e R ... discussion._are. wemm”Ltmpmmm_mlyWanm PO

reinjected water, the reinjection strategy used, . ducticn depth.
and the observed effects on production. -

Onikobe

Onikobe geothermal station in the Tohoku district
of the island of Honshu is operated Ly the Electric :
Power Development Company; Ltd:~(EPDC),and-has ----— ~~-f--
an installed capacity of 25 MW, Licensed capacity

is 12.5 MW, and actual production in 1980 was at .

7.5 MW. Onikobe is a very unusual field in that,

at the targeted production depth of 1000 m, highly
acidic water (pH 2.8) was intercepted. For this :
reason, a shallower, less acidic (pH 5) production -
horizon was tapped at 300 m. The lover productiv-

ity of this upper horizon {around 10 tonnes/hour .
steam flowrate per well compared to 20 to 30 :
tonnes/hour at 1000 m) is the reason for the re-
duced cutput from the station. : R g PRDDUCTlON WELL

® REINJECTION WELL

Pmduction At Onikobe is from 12 wells at an av-

erage depth of 300 m, although one new well S ’

directionally drilled in 1980 produces pH S water Figure 9. Sketch Map of Well Locations at Onikobe
from 2 1000 m deep formation (presumably different . .
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The performance history of the Onikobe field shows
a decrease in the steam cutput from the wells, but
an increase in water output from about 60 tonnes/
hour in 1975 to 120 tonnes/hour in 1380 (see Fig.-
10). . This effect may be due to the influx of
colder water from the surface. It could also be
due to the effects of reinjection. However, there
has been no noticeable additional alteration in
the thermal or pressure behavior of the field
since reinjection commenced in 1978, and, in fact,
the greatest increase in water production has been
from "K" area, which is most distant from the re-
injection site. 'On the other hand, there was a
distinct rise in the nitrogen content of the non-
condensable gas production in the months following
the start of reinjection. This rise in nitrogen
content (vhich was accompanied by a fall in ,)
was attributed to the entrairment of air into the
reinjection well (Amagai and Kawamura, personal
cemmunication, 1980). The reinjection wellhead
consisted of a fummel arrangement into which three
hot water pipelines exhausted. This arrangement

was "boxed in" during 1980 to prevent air entrain-

ment, and the nitrogen content of the producing
wells has since declined. Similar transport of
nitrogen has been cbserved at Hatchobaru (Bizo-
watari, personal communication, 1981).

T wmn PRODUCTION RATE
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Figure 10. Changes in Hot Water Producticn Rate
at Onikobe ‘

Tt seems then at least the noncondensable gases

Horne

Xakkonda (Takinoue)

The newest geothermal power station in Japan,
Kakkonda, is a 50 MW station cperated by Japan
Metalg and Chemicals Co., Ltd. (IMC), and Tohoku
Electric Power Company. It has been producing
since May of 1978.

The reinjecticn program at Kakkonda is unusual in
Japan in that the hot water is reinjected at
separator pressure rather than at atmospheric
Pressure, as is the case everywhere elge in Japan.
Kakkenda i{s also unusual in the very large quan~-
tities of water that are injected, the field en-
thalpy being rather low. The reinjection wells
are “"intermixed” with the production wells, but
are somevhat shallower depth (around 700 m,
compared to 1000 m for the production wells).
Figure 11 shows the traces of the directionally
drilled wells (JMC, 1978). Although the reinjec~-
tion scheme could be broadly characterized to be
*intermixed/above,” there is in fact scme degree
of overlap between production and reinjection
levelc.

@inmemsee  PRODUCTION WELL
B e ivaran ltm.lt:ﬂﬂk WELE - .

WELLREAD :
DOWNMOLE ~ —vomrmers

are mobile between the two reservoir levels at- < - . Figure 1l.. Sketch Map of Well Locaticns at ... .

300 m and 1000 m at Onikobe. This indicates per-
meable connection between them in spite of the

vater in the two reservoirs-being-chemically-very --—----
" different. ‘The fact that no thermal interference -
. due to reinjection has been observed beyond the

steady enthalpy decline already observed while a
hydraulic connection clearly exists may be due
either to the relatively sghort duration of injec-
tion, or to the fact that water 48 heated before
‘reaching the production depth. In either case, .
there was no obvicus “short-circuiting® in the
Onikobe reservoir as of August 1980. Although
further observation isz necessary (EPDC ig investi~
gating the possibility of a tracer test), it

" currently appears that the "side and below” rein-
Jection configuration at Onikcbe is working suc=

cessfully.

Kakkonda

“The very large quantity of water injected at

Kakkonda (3000 tonnes/hour for 500 tonnes/hour of
steam produced) represents a "worst case® for
resexvoir short-circuiting. Such short-circuit-
irig has been clearly identified by tracer tests
{Nakamura, 1981). Although station output re-
nained essentially constant from startup (May
1978) unti) July 1979, after that time it de-
clined rapidly from $0 MW in July 1979 to 37 MW
in April 1981, Most producing wells maintained
production or decreased only modestly during that
period (see Fig. 12) but wvells which had rapid
tracer arrival times from four particular injec-
tiocn wells declined significantly in output even
frem the start of operations. Cessation of in-
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Figure 12. Changes in Total Output and Steam Production Rate at Kakkonda (from Nakamura, by permission

of Geothermal Resources Council)

jéction into those four particular wells resulted
in a recovery of production to 41 MW by October .
1981 {Nakamura, 198l1).

" &t separator pressure and temperature seems to

of the field only, at somewhat shallower depth
than production (see Fig. 13). An earlier re-
port on reinjection experience at Onuma by Ito,
Tubota, and Kurosawa (1977) indicated that

““Othet than possible reservotr “prcbhms* 4njectior ~———pressure—interference-had-occurred; 4a-that-reg——mr—

- ervoir pressures had been maintained. Water

have avoided.many.of the deposition.problems. e flowrates actually. incressed while stean flows ...

- causing injectivity decline in several of the at-
mospheric reinjection schemes.  This is in line
with the high temperature reinjection experience
in El salvador (Einarsson, Vides, and Cuellar,
1975) wheze 8102 depositicn was also successfully
evoided. It haS been suggested that pressurized
‘reinjection might induce an earthquake in Japan;
however, extensive monitoring at Kakkonda has -
shown no evidence of this (DL Pippo, 1980).

JMC 18 investigating the posstbiuty of :einjec-
tion at a remote heat exchanger site, in combina-
tion with direct uses of the recovered heat, '

Onuma

~The Cnuma gecthermal field is the site of the
third geothermal power station completed in Japan,
and began production in 1973. The plant has a
rated capacity of 10 MW, and was built and cpera-
ted by the Mitsubishi Metal Corporation. Its ocut-
put in 1980 was about 7 MW, down slightly from
7.7 M7 in 1977, VWater is reinjected on one side

rates remained the same indicating a net loss
in producing enthalpy. Tracer injected into
. reinjection wells 0-7(T) and 0-7(R) was returned
into wells 0-6(R) and 0-3(R)z at such a level
that Ito et -al. (1977) calculated an intervening -
permeability of 10 darcies, which is clearly a -
high permeability connection compared to the
rest of the reservolr, In more recent times,
the same two wells [0-6(R) and 0-3(R)a] have
shown a greater enthalpy loss than other produc~
‘tion wells and steam production rate has declined
{Koto, 1980). Examination of the subsurface
locations of these two wells (many of the wells
at Onuma are directionally drilled) shows them
to be closer to reinjection wells 0~7{7) and
0-7{R) than the other producers.,

Thus there is also evidence of "short-circuiting”
during reinjection at Omuma, although to a lesser
degzee than Kakkonda. In spite of higher con-.
ductivity zones in the reservoir tracer return
rates are an order of magnitude slower than at
Kakkonda ard it appears that reinjection and



production coexist fairly successfully, provided -

wells are not too closely sited. Mitsubishi Metal

Corporation is currently drilling exploratory
wells 1-2 km north of the power station in search
of a more distant reinjection site.
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Figure 13. Sketch Map of Well Locations at Onuma

Hatchobaru

Hatchobaru geothermal fleld in the southern
island of Xyushu has an installed capacity of

55 MW, and is owned and operated by the Kyushu
Electric Power Co., Inc. The plant was opened

at approximately half capacity in 1977, and"
reached full capacity only during 1980; obtain-
ing & sufficient nunber of production and rein-
jection wells was partly responsible for the
delay. * The station iz unigue in Japan in that it
uses a double stage flash gystem that, in itself,
precludes the reinjection of waste water at a
pressure as high as that at Xakkonda. The rein-
jection and production wells are arranged roughly
in a “sgide~by-side™ configuration (Fig. 14) with
reinjectien in the northwest and production in

Horne

_TARE 3: TRACIR RETURNS IN KATCHOMARD TZ3TS OCTORER - DECHNRZR 1979
ysshu Slectric Power Co., wopublished data)
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Extensive tracer tests at Hatchobaru by Kyushu
Electric Power €o. have indicated strong conmec=w
tivity between some wells with actual speed of

‘tracer movement in the resexrvoir as high as

80 m/hour, with strong returns cver distances as
far as 600 m, Table 2 shows the rates of return

" for the three tracer injection tests. Production

wells H-4 and H-7, which both showed tracer re-
turns in all thres of the tests, have since -
shown a decline in two-phase flowrate, particu-

larly H-4 which ‘has nowceased-productionaltoe =

gether.

-the southeast. ~Reinjert ietiom3epths

are more or less equivalent. This rather unusual
arrangetent was necessary simply because no other
permeable level was located (Hayashi, Himm. and
Ymasaki. 1978) . .

Figure 14. Sketch Map of Well Locatiocns at
Hatchobaru

B

another mblem with :einjection at Hatchobaru
has been loss of injectivity, possibly due to
silica deposition since the hot vater is injected

' ~at atmospheric pressure and air is entrained in

some of the older wellhead separator configura--—
tions. 1In order to achieve sufficient injection
capacity to maintain 55 MW of Electrical genera-
tion and to avoid thermal interference by rein-
jected water, 175 tonnes/hour of the €45 tonnes/
hour of waste water are exported to Otake and -
injected there, Kyushu Electric Power Co. has
successfully identified possible reservoir short-
circuiting problems using the tracer tests and
has avoided the problems by injection at & re-

“mote site {Yoshida, 1980). . Interestingly, tracer

tests at Hatchobaru are conducted extremely eco-

nomically using fluorescein dye. Although the

more expensive Potassium Iodide tracer has been
used there it was determined that fluorescein
could easily provide data on first arrival times
which are considered the most important parameters.
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QOtake

Otake power station was the first liquid-dominated
gesthermal field under production in Japan, and
the second such in the world.  Owned and operated
by the Kyushu Electric Power Co., Inc., it has a
capacity of 12.5 MW, and has been operating since

1967. Originally, the waste water was rejected to

a pond; however, reinjection was started in 1972
to avoid chemical pollution due to the arsenic
content of the water, Initially, ean improvement
of recovery was observed (Kubota and Aosaki, 1975)
indicating the support of reservoir pressures, but
by 1975 this improvement ceased, and well 0-7

{see Fig. 15) ceased production due to a loss in
enthalpy (Onodera and Fukuda, 1976) indicating
thermal interference, Since that time, reservoir
output has been declining at about the same rate
(68 per year) as prior to reinjection (Fig. 16).
In 1979 and 1980, production was raised to the
installed capacity by the drilling of new pro-
duction wells 0«14 and 0-15, and reinjection
increased to a tatal of 663 tonnes/hour including
17§ tonnes/hour of waste water piped from Hatcho-
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Figure 15. sketeh Map of Well Iocations at Otake
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Figure 16. Changes in Total Electrical Output at
Otake

Despite the demise of well 0-7, reinjection appears
to be very successful from a reservoir standpoint.
Tracer tests performed at Otake by Kyushu Electric
Power Company in 1976 showed tracer permeation
speeds on.the order of 0.3 m/hour (Hayashi, Mimura,
and Yamasaki, 1978) which is two to three crders of

‘magnitude smaller than cbserved in Hatchobaru.

Tracer wvas injected into reinjection well OR-2
(see Fig. 15), and was datected in wells 0-8, 0-9,
and 0-10 within adout 600 hours. Tracer returns

in the Hatchobaru tests were detected as early as

two hours after injection, 1It appears that inter-
well connectivity at Otake is not high, and in )
fact, wells 0-S and 0-10 continue to produce after
seven years of reinjection into well OR-2, which

is 203 meters distant from 0-9, and 149 neters

_ distant from well 0-10.

Otake does have a loss of injectivity problem -
similar to that at Hatchobaru, probably attribut-
able to the supersaturated silica conditions at
atmospheric pressure. Xyushu Electric Power
Company is conducting extensive waste water treat-
pent studies in attempts both to remove silica to
aveid injectivity problems and to remove arsenic
in order to de able to aveid reinjection alto-
gether.

Summary

In cases where inter-well flows do occur in Japan,
the resulting thermal interference can be greatly
detrimental to the performance of the producing
well,  Specific instances of wellg thermally in-

fluenced  (mentioned in-this paper) include-well— 7

0-7 at Otake, wells H~4 and H-7 in Hatchocbaxru,
wells 0-6(R) and 0-3(R)a at Onuma and several
unnamed wells at Kakkonda, On the other hand,
the hydraulic interference may be beneficial in
providing pressure support. The problem is one
of removing the reinjection well to such a dis-
tance that the cooler reinjected water is re- -
heated before arriving at the producing well.
Previcus estimates of the “safe distance” have
varied. Hayashi, Mimura, and Yamasaki, (1978)

=~ guggested- Mwmmmﬁw

Otake, but not fcr Hatchobaru.

Maintenance of ‘reservolr performance by teiﬁjcc- )

tion may indeed be beneficials however,. in.Japan,. - .

only a single example of performance impravement. . ..
has been observed (at Otake)., On the other hand,

‘three examples of reduction' in-performance by -

thermal interference have been observed (Hatcho-
paru, Kakkonda, and Onuma), If priorities are
to be allocated, in highly fractured systems it

. appears to be expedient to avoid thexmal inter-

action even at the cost of losing hydraulic
support, One attractive method of achieving this
is to inject at a neighboring but separate site. -

Tracer testing has been used to great advantage
in Japan and has helped identify and overcome
scme of the reinjection breakthrough problems =
particularly at Kakkonda. - Both the results and
the tracer tests themselves contrast with those
described earlier in New Zealand. Radicactive
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tracers were used exclusively in New Zealand
vhereas chemical tracers were used in Japan. In
addition, the percentages of tracer recovered in
Japan were much higher - up to 35% (Sunshine Pro-
ject, 1980), and speeds of underground movement
were much faster - as high as 80 a/hr (see Table
2). . '

Loss of injectivity has proved a difficulty in
Otake and Hatchobaru., It is mot clear why the
silica supersaturation provoes problematic in
Kyushu but not in cther fields (New Zealand for
example), but smaller flowrate seems to be a dis-
tinguishing difference. Kakkonda has few injec~
tivity problems with its pressurized higher tem-
perature reinjection.

EL SALVADOR -~ Rhuachapan

" E1 Salvador generates a substantial percentage of
its electricity requirements from geothermal
energy at the 95 M, power station at Ahuachapan
{Cuellar, Choussy and Escobar, 1981). . Well depths
are between 600 and 1000 meters depth and usually
have an enthalpy of between 1000 and 1200 k3/kg.
Wells Ah~6 and Ah-26 appear to have greater frac-
tions of gteam in their feeds, and have enthalpies
around 1500 kI/kg. A well map is shoun in Plg-
ure 17.

\ ; .-
0 300m

e Production wells

Figure 17. Sketch Map of Well Locations at
Ahuachapan .

A reinjection program commenced in 1976 and pre-~
sently 40% of the produced fluid is reinjected
into wells Ah-2, 8, 17 and 29. Wells Ah-2 and
2h=8 are drilled away from the production zone,
but Ah-29 and more particularly Ah-17 are close to
the production wells. The water is injected at
separator pressure (a:gund 540 kPa gauge) at a ‘
temperature arocund 160 C. Xeeping the temperature
high has apparently avoided problems of silica

® Reinjection-wells ... v - oo

N Horne

deposition and there is some indication that the
injectivity of Ah-17 increases. At a pressure of
£90 kPa in Octcber 1976 Ah-17 accepted 167.1
tonnes/hour of water, but by December 1977 ac-
cepted 473.2 tonnes/hour at a pressure of €10 kPa
(Cuellar, Choussy and Esccbar, 1981). There was
algo evidence of improvement of injectivity in
early reinjection tests into Ah-5 in 1871
(Einargson, Vides and Cuellar, 19735).

The paths of the injected water have been de-
termined by repetitive chloride analyses of the
production wells. The water injected into Ah-29
seems to move both to the east and also towards
the center of the field, O©On the other hand water
injected into Ah-17 moves towards the center of
the field. In 1971 a tritium tracer injecticn
i{nto well Ah~-5 (which iz a production well but
was used experimentally for reinjection) indi-
cated returns to wells Ah-1l, Ah=-6 and Ah-7., Well
Ah-1 responded within two days, indicating a
speed of tracer flow arcund 8 m/hour, but wells
Ah~6 and Ah-7 did not respond for several weeks
and after three months had still not reached a
peak of tritium concentration. There is, there-
fore, clear evidence of channeling in the res-
ervoir, but not uniformly.

Tha effects of reinjection have been a general
support of reservoir pressures (Cuellar, Choussy
and Escobar, 1981) although the decrease in
pressure decline may alsoc be due to transition to
two-phase conditions in the reservoir (Grant,
1980c). Temperature effects have been more dif- -

ficult to recognize; AN=5 was thermally reduoced — =~

by the reinjecticn in 1971, but regained its
earlier discharge enthalpy after roughly the same
time as the duration of the injecticn tests.

Since full scale reinjection has been undertaken,
there are scme indications of thermal influence at
wells Ah~6 and Ah-24 due to reinjection inte Ah-17,
although this effect could also be attributed to
boiling in that vicinity since the temperature in
Ah~€ also decreased prior to reinjection. There

iz some suggestion also of a temperature effect on

- Ah=30 “due-to-reinfectiommintorihng r{Arme nto7 - Tremmmwy o

Liguori, Choussy, Santana, Campos and Escobar,
1982). : ‘

.

Loss of injectivity has not been a problem in El

Salvador, and reinjection seems generally to have
supported field performance. Channeling has been
seen to occur in the field, and there are indi-

-cations that more recently thermal breakthrough

has occurzed. Tracer tests and repeated chemical
sampling shows the reinjected water to be moving
into the production area from wells Ah-~17 and
Ah=29, . '

" THE PHILIPPINES

The Republic of the Philippines bas undertaken a -
very aggressive geothermal development policy
since the early 1970's and has rapidly risen to be
the largest producer of electrical power from
liquid-dominated geothermal rescurces in the world.
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There are volcances and geothermal fields distri-
buted throughout the many islands of the Philip~
pines and development is continuing at a rapid
pace.  Of the fields in production or under con-
struction, Mak-Ban in Luzon and Tongonan in
leyte have undergone reinjection. At 220 nwe,
Mak-Ban is the largest geothermal station in the:
world undergoing reinjection of wastewater. Re~
injection is into 14 wells, most of them in the
periphery of the producing area (Raasch, 1980).
By December of 1980 over 15 million tonnes of
wastewater had been injected without any cbserv-
able negative effects (Raasch, 1980). Ko other
published results of this reinjection schene
could be located, so Mak-Ban has not been in-
cluded in this comparative summary.
Tongonan
The Tongonan geothermal field is situated in the
Bao river valley on the island of leyte. Ex-
ploration drilling began in 1973 and the first
deep well {(401) was completed in January 1977 to
a depth of 1942 m in the Mahiao sector of the
sxvo:l.r. The maximum downhole temperature was
324 C and the well was connected to & 3 MW back-
pressure turbine in July 1977 to generate
electricity for the project and for the city of
Ormoc 20 km away. Since that time, around 45
wells have been drilled at Tongonan, and a 112
MW  power station will enter service in 1982,
Discharge enthalpies vary from 1200 to 2500 kJ/xg
and most wells are substantial producers - (arcund
72 tonnes/hour of separated steam).. . .

Reinjection of the wastewater from the station
seems the most viable alternative for disposal as
the exhaust rate will be arcund 1150 tomnes/hour
of 160°C water (Dobbie and Menzies, 197%a, b).

The reservoir fluid contains approximately 12,000
prm dissolved solids and after flashing and sep~
aration the reinjected water will have higher
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Figure 18. Tongonan Geothermal Field

during the 401 injection, although this coulé be
due to the reduction in water injection rate as:
401 discha:ge cnthalpy increased during produc-
tion. -

In June 1981 Iodine~-131 tra'cer was injected into
well 4R1 (PNOC, 1981), and was recovered at wells
404, 401 and 108, Each return was characterized
by two or more peaks, and a total of 16.29% of the
tracer was recovered, A total of 11.45% was
recovered in 404, with the speed of arrival of the
first peak around 57 m/hour. A -total of 2.84% was

concentrations. . Reinjection testing has been. . ——..recovered_ in 401, with the speed of arrival of the _

carried out since February 1978, with well 4Rl

accepting wastewater from the 3 MW plant {(Dobbie
and Menzies; 1979a), and an injeZtion ekperiment -
into well 2R2 was carried out for five wonths in
‘1981 (sarit, 198l1).
out in which water was injected into well 105
.(pNOC, 1981).

- f£irst peak around 30 m/hour.

¥ell 108 received
about 2% of the tracer with a first peak arriving

~ at around 22 m/hodr™{PNOC, 1981)3= oot T

A thiréd test-was also carried----¥ith such large and rapid- tracer returns-and the--

five years injection into 4Rl, it is interesting

The results-of- these three-injec~— ---to- examine the-effects- on the reservoir-perfor— ~------

tions will be-discussed here;——A up»ef-weue%ocamrmance«—Mmentioned«ear&ietaweli A0l -increased -in.—an=

tions is shown in Fiqure 1e.
am

Wastewater at 170°C was injected under pressure
from the 3 MW plant into 4Rl from February 1978
until June 1980, then from September 1981 until
the present., Well 401 supplied steam to the plant
until January 1979, after which well 404 was used.
In March of 1981 the station steam supply was
again switched back to well 401, Injectivity of
well ‘4Rl was found to increase with cumulative’
volume injected, in a manner similar to that found
in Broadlands wells in New Zealand.
in Figure 1 of Dobbjie and Menzies (1979a). 1In
addition, there was a drop in downhole pressure

This iz shown -

enthalpy as it was being produced, and strangely
also while it was sghut in between January 1979 and
March 1981. When restarted in March 1981, well
401 had almost doubled its flowrate and, when

back pressured to supply the 36 tonnes/hour of

separated steam to the power plant, had a wellhead
pressure of 5000 kPa. Since being reconnected to
the plant both enthalpy and wellhead pressure have
been slowly reducing. It is difficult to £ind an
explanation of this behavior consistent with any
known effects of reinjection, and the performance

changes are attributed to feed zone interactions

within the wellbore (which are a common confusing
influence in fractured systems and particularly so
at Tongonan).
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Well 404 has exhibited a more normal response,
and ‘experienced an enthalpy decline during rein-
jection. This is consistent with the results of
the tracer test. :

2R2

In the Sambaloran sector test in the first part
of 1981, more than 800,000 tonnes 6f 160 C

water were reinjected into 2R2 from wells 202,
209, 212, 213 and 214. The five production wells
were not produced gimultaneously but one, two or
three {and on one occasion four) at a time
{Sarit, 1981). The average flowrate throughout
the testing was arcund 200 tonnes/hour. Analysis
of two-rate transient pressure tests during rein-
jection and fall-off tests after reinjecticn did
not indicate any change in permeability of 2R2
(sarit, 1981).

Icdine-131 tracer was injected into 2R2 . on 28
March 1981 and again en 20 June 1981 (PNOC, 1981).
In the March test wells 202, 209, 212, 213, 214,
303 and 101 were monitored, and positive returms
were measured in wells 202, 209, 212 and 213, In
this test the tracer was released into the upper
feed zone {400 m) in 2R2., In the June test, the
tracer was released into the lower feed zone

(1300 m) in 2R2, and wells 213 and 214 were wmoni-
tored.

net recovery at 213 was 0.34% in the June
test, with peak arrival at 19 hours (arcund
10 m/hour), whereas, in the Marxch test 1.68B% of
the tracer was recovered but the first peak &id nct
arrive until 4.4 days {around 2 m/hour). 1In the
March test, all of the indicated underground
tracer arrival speeds ware of the orxder
1-2 m/hour.

No published observaticns of the reserveir etfects
of this reinjection were found.

105
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Summary

Underground £fluid movements in Tongonan geo-
thermal reservoir are at rates as large as those
in Kakkonda and Hatchobaru in Japan, and the po-
‘tential for premature thermal breakthrough,
therefore, seems high. Experience.with well 404
also appears to indicate this. Interestingly
tracer returns seem faster in the developed sec~
tor of the reservoir than the sector under test~
ing, although the amount of data available is
insufficient to assert thizg with confidence. The
experience of the two tracer tests into 2R2
emphasizes the effects of fractures in reinjected .
water breakthrough, gince tracer returns were
distinctly different when injected into different
fractures intersecting the same well.

Injectivity at Tongonan does not seem to be a
problem when reinjection is at separator pres-
sure, but deposition occurs at lower pressures.
Increasing flowrate seems beneficial in re-
ducing silica deposition. This experience is
very similar to that observed at Broadlands,

concrosTons

1. Loss of injectivity due to silica deposition
has been successfully avoided in New Zealand,
Japan, El Salvador and the Philippines in
cases where reinjection is under separator
pressure and temperatures in excess of 150°¢.
Lowering the temperature below 100 C has pro~
duced injectivity losses.in several places, . .
‘but not always. Injecting at high rates into
hot formations seems beneficial, presumably
because the kinetics of the silica deposition
are sufficiently slow to allow temperature
and dilution to undersaturate the water before
micleation occeurs.

‘2. In most places, injectivities bhave increased

with injection, either by the opsning of __
fractures due to thermal contraction or by
gressure qgatmn of _the fractures.

The 105 ifijection mentisned in' Dobbieand Mehzieg™>~—-=*=—- 3 =owms oo

(1979b) was intended to-investigate the effects of

a higher degree of silica—supersaturation:—Well— - —----

103 was produced and back pressured to reduce:

3. Injection of cooler witer into ewo-phaslﬁ res-
“etvoirs has in- scme-cases-produced a-reduc~ - -
tion in reserveoir pressure. This {s to be

separator pressure and-temperature; —~AS - CONSE~ =~ v JoaTdad {n-the- design of-a-reinjection schemes -—
guence only around- 20 -tonnes/hour+ofs120:€ Waters o war et s o waits oo o }

was injected into 105. .In order to accept water
at such low pressure, well 105 was quenched with'
river water for almost as long.as the reinjection
duration, so in fact the injection test was much -
larger than is cutwardly apparent. When well 103"
water was then injected into 105, injectivity
declined in 105 within one month. The well re-:
covered on subsequent digcharge, however, and
after a second, short river water quench accepted

‘water from 101 and 103 together at a larger flow-

rate. In this second test injectivity decline

- was slower, indicating an inverse dependence on

flowrate.

Ko tracer test vas carried cut at 105 and no in-
fluence on the production wells cobserved,

4. Tracer testing has shown that underground
£luid movement can be subgtantially altered
by reinjection,

5. Collating all tracer experiments from both

producing and nonproducing fields suggests
that nonproducing £{elds tend to show slower
rates of tracer retnrn. The body of data is
not yet-large enough to confirm this, but if
true the prediction of reinjection break-
throughs from pre-production tests could be
& serious difficulty. ' ,

€. Chemical, short-lived radicactive and leng-

lived radicactive tracers have all been
successfully used in fractured geothermal
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reservoirs, It is worth noting that radio-
active decay and chemical reaction would
probably render the fluorescent dye, halide
ion and short=-lived radicactive tracers use-
less were it not for the very rapid recov-
eries seen in fractured systems.

7. There appears to be a correlation between
tracer return rates and subsequent thermal
breakthrough in the field. .

'8, Reinjected water tends to follow faults, but

not necessarily in direct paths. There is a
tendency for water to move downwards but this
can be overcome by vigorcus production close
w.
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