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DEVELOPMENT AND PERFORMANCE OF THE
BULALO GEOCTHERMAL FI ELD

Pio J. Benavidez*?')

(1) National Power
Cor poration

ABSTRACT

The Bul alo Geothermal Field has generated
electricity from geothermal steam since

1979. The wells produce two phase fluid from
a 260-316 deg C benign, low gas, liquid

dom nated reservoir which is made up of
fractured and intensely altered inter-

| ayered vol cani cs. Separated steam from six
satellite stations, flows to NPC's six 55 MW
power plants while the residual brine is
reinjected back into the reservoir on the
peri phery of the production area. Thr ough
1988, the reservoir's performance has been
excel l ent. The maxi mum fiel d-w de steam
supply decline rate observed thus far is
approximately four percent per year. The
power plants, through md-year 1988, have
generated a cunul ative total of 15,375 GM of
electricity. The plants are now generating
14 percent of NPC s Luzon grid energy and #re
currently the top performng plants in the
Phi | i ppi nes. !

| NTRODUCTI ON

The Bulalo Geothernal Field (hereafter called
Bul al 0) is located approximately 70 km south
of Manila and has been commercially operating
since April 1979. Bulalo is one of two

geot hermal projects devel oped by the National
Power Corporation (NPC) of the Philippine
Government and Philippine Geothermal, Inc.
(PGl), a wholly owned subsidiary of Union Ol
Conpany of California. After the 1973
signing of a service contract that includes
the Bulalo area, exploration wrk began.

The first production test, Bul-1 was drilled
in late 1974 and conpleted as a discovery to
5722' (1744 m) T.D. In a 1975 flow test, the
wel | produced a total mass rate of 467 kph
(thousand | bs per hour) (211.8 T/h). Since
then, 72 wells have been drilled and

conpl et ed. These wells provide the steam and
reinjection capacity required to operate
NPC s six 55 MWV M tsubishi direct contact
condensi ng turbine generators.

This paper briefly summarizes Bulalo's

devel opment, reservoir and generation
performance through md-year 1988. Extensive
techni cal work has been carried out by both
NPC and PGl on Bulalo. The results of

sel ected studies will be presented in this
paper.

GEOLOGI CAL SETTI NG

Bulalo is located on the southeast flank of
M. Makiling, an 800 m high extinct and
partially eroded andesitic stratovol cano
(Figure 1). The field is directly associated
with the M. Bulalo dacite dome after which
it is naned. This parasitic dome was fornmed
500, 000 years ago on the southeast flank of
M. Mkiling. Bulalo's nain production.area
as delineated by devel opnent and exploratory
drilling is approximately 7 to 8 square

kil ometers.
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Several southwest-northeast trending regional
and Makiling ring faults cross the field.
These are normal faults downthrown towards
M. Mkiling. These faults have been
intersected by northwest-southeast trending
normal faults downthrown toward the south.
Surface areas of acid sulfate steam ng ground
are located along the traces and at inter-
sections of these fault systenms. These
thermal features reflect the venting of steam
and gases froma two phase zone that overlies
Bul al o' s deep reservoir brine. The first
well, Bul-1, was drilled within a |ow
resistivity anonmaly that is associated with
these thermal features.

DEVEL OPMENT

Bul al o' s geot hermal devel opment continued
over a span of 14 years. In late 1974
exploratory drilling started and continued
through 1976. After the initial drilling
results were evaluated, devel opnent drilling
comenced and continued until 1983.
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The first two 55 MW power plants Units 1 & 2
(Plant A) were conpleted in late 1979,
followed by Units 3 & 4 (Plant B) in 1980.
After extensive testing and anal ysis of
production withdrawal associated with Units
1-4 operations, PA notified NPC that

Bul al 0's reservoir could support another two
55 MWpower plants. As a result, Units 5 & 6
(Plant C) were constructed and generation
started in late 1984.

Wth each devel opment phase the steam
gathering and waste brine injection
facilities were nodified to acconpdate
increased reservoir mass withdrawal and power
plant steam line piping flexibility. These
modi fications included facility changes to
improve well testing capability, steam
quality, waste brine injection capability and
producti on-generation efficiency.

Figure 2 : BULALO FIELD
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The generalized |ayout of Bulalo production

and injection areas is shown in Figure 2.
The field is subdivided into the follow ng:
Prod. Area - Includes all production

: wel |'s
Hot Brine Inj. - Separated brine injection

area 175 deg C,
NPC bl owdown,
to atnosphere
Enmer gency injection
wel |'s

single flash
Cold Brine Inj.- brine flashed

Energency Inj. -

The producing area includes 55 production
wel | s. The average steam and total nass
flowates of these wells are approximtely
125 kph (56.7 T/h) and 220 kph (99.8 T/h)
respectively. The hot brine injection area
includes eight wells that can take up to
6000 kph (2721.6 T/h) while the cold brine
area includes three active injection wells
for the NPC coldwell blowdown and PG 's sunp
wat er . These cold brine injection wells
handl e approxi mately 1000 kph (453.6 T/h)
brine.

of

Three additional wells located within the
production area are available for

rei hjection during injection wellbore or

pi peline system problens. These wells are
ei ther non commercial or marginal producing
wel |'s. They provide the field with
injection system redundancy and flexibility.

Figure 3 : STEAM PIPING SCHEMATIC
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Bul al o' s steam gathering systemis a
satellite station type. There are six
satellite stations at strategic |ocations
within the field s production area. Each
station consists of a primary separator,
scrubber and a pumping station (Figure 3).
Six to eight wells per satellite station,
an average flowing WHP of 180 psig (12.7
kg/ sq.cm) produce fluids into the production
wel |l manifold which feeds into the main
separator (Figure 3).

at

The production area has- different
characteristics of enthal py, brine and st eam
fraction, non-condensible gas (NCG

and brine concentration depending on the well
| ocati on. The sout heast quarter (near
satellite station no. 5) is characterized by
hi gher Cl-Si 2 and NCG concentrations.

This is attributed to close proxinmty to the
reservoir upflow zone. Table 1 shows these
characteristics for six typical
the satellite stations.

wells from

SAT. STATION 1 2 3 4 5 6
PLANT A A B C C B
NELL _NO. 1 6 53 38 41 13
Mont h/ Xr . 04/ 87 04/ 87 08/ 87 03/ 87 07/ 87 03-87
WHP ( PSD 251 215' 200 188 241 200
SEP (PSD 183 150 145 152 162 160
STEAM (% 64.6 28.8 47.1 81.7 51.4 88.3
ENTH. (BTO LB) 900 586 741 1040 783 1097
I MF (KPH) 387.7 558.7 327.2 221.8 434.2 273.5
NA 1606 1554 1238 2085 2010 1581
K 305 267 326 509 508 281
CA 26 34 16 28 28 26
M 0.12 0.09 0.06 . 0.09 0.24 0.02
a 2808 2648 2112 3739 3498 2657
HOD 19 32 19 26 26 13
30.4 14 13 13 16 13 18
69 41 41 118 105 88
Si 0, 486 551 593 643 650 546
STM NO3 W % 0.18 0.23 0.34 1.37 1.54 0.29
CD2 mle % 92.04 92.06 95.81 94.02 81.84
H; mole % 1.88 0.95 0.57 0.24 2.57
CHy mole. % 0.10 1.08 0.09 0.06 " 0.12
N, mole % 1.90 0.98 0. 60 0.51 5. 47
NHz ppn 0.7 0.-90 0.6 1.10 0.5
H,S ppm 170.0 160.0 200.0 270.0 350.0
Table 1. Bulalo Field 1987 geochenical and enthal py data for selected
satellite station sector wells. The analysis is corrected for steam
flash. For the well location, see Figure 2.



The throughput of each satellite station is
approxi mately 1100 kph (498.9 T/h) of steam
whi ch meets the requirenents of one 55 MW
unit. The field-w de design specific steam
consunption rates for the NPC power plants
vary between 18,050 and 19, 050 |b/MN
(8.19-8.64 T/h) depending on whether
steam ejectors or gas conpressors are
operating. Steam flows fromthe satellite at
135 psig (9.5 kg/sqg.cm and through 36 inch
steam lines into secondary scrubbers at
approxi mately 105 psig (7.4 kg/sq.cm prior
to entering the turbine. These scrubbers
renove both condensate and any residual brine
carry-over fromthe satellite station. The
steam enters the turbine at an inlet

pressure of 80 psig (5.6 kg/sg.cm and with
chloride and silica.concentrations |ess than
1 ppm At maxi mum | oadi ng steam gat hering
system pressure drop fromthe wells to the

t he

turbine inlet is approximtely 100 psig (7.0
kg/sq.cm).
After attaining operating experience wth

Bul al o' s steam gathering system sone

nodi fications were introduced. These focused
on inproving the steam gathering system
capability for testing wells and reducing

the amount of atnospheric stacked steam
These nodifications have inproved Bulalo's
overal |l resource nmnagenent plan.

From 1974 through 1985, welltesting was
frequently conpleted with skid nounted test
separators. This work was cunbersone and
required steamto be vented to the

at nosphere during, the test. |In 1985
permanent test separators were installed
all the satellite stations. Wth this
arrangenent, the wells are tested at
pressures higher than the system pressure
whil e producing to the power plants. Well
testing is inportant to characterize the
reservoir conditions and to update steam
supply forecasts. Two to three tests per
wel |l for three day periods are conpleted
every year.

in

At nospheric steam venting due to power
upset conditions and excess hydropower
curtail ments was a problemuntil 1987.
Wellsite two phase throttling val ves have
been installed which have hel ped reduce

at nrospheric stacked steam The current
systemis designed to throttle wells to save
steam equivalent to an 80 MWcurtail nent.

Pl anned inprovenents wll expand and
automate the two phase throttling system

pl ant

By mid-year 1989, the systemwill provide
curtailment of steam production equival ent
to 140 MW

Brine.lnjection Systens

Two brine injection systens have been
installed in Bulalo: 1) Hot brine and 2)
Cold brine. These two systens are nandatory
because Bulalo is a |andl ocked geothermal
system

The hot brine system provides for reinjecting
separated reservoir brine. From t he
satellite stations 175 deg C brine is punped
by 400-440 HP notor and steam driven punps
to injection wells through an interconnected
network of 18 inch pipelines. The nornal
operating pressure for the systemis 300 psig
(21.1 kg/sq.cm), with a tripping discharge

pressure of 365 psig (25.6 kg/sq.cm. The
combi ned injection capacity of the eight
injection wells at normal pressures is about

6000 kph (2721.6 T/ h).
system have been m ni mal
in strainers,

Problens with this
and include scaling
punps and pi pelines.
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A second injection system operates in order
to reinject excess NPC bl owdown and PGl sunp
wat er . This system has many probl ems that
are related to corrosion associated with the
cooling tower blowdown. The bl owdown is
characterized by either |low pH and/or high
concentrations of disssolved oxygen. Punp
casings, pipelines and wellbore failures
have occurred due to the corrosive bl owdown.
Two wel | bore failures which required well

abandonment have occurred due to corroded
casi ng. Future plans are to reinject excess
bl owdown directly from the NPC hotwell punp
condenser discharge line for Units 1-4.
This will greatly reduce the |evel of
di ssol ved oxygen, and has already been
conpleted for Units 5 & 6.

RESERVO R

Physi cal Description

Ext ensi ve production testing, reservoir and

geoscientific studies have been conpleted to

eval uate and devel op a conceptual nodel of
Bul al o' s reservoir. The results indicate
that the reservoir is driven by a strong
thermal upflow that rises beneath the south

western edge of M. Bulalo from depths
greater than 3,000 neters subsea to as
shal low as sea level (Figure 4).

BULALO FIELD

CROSS-SECTION
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Figure 4
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RESERVOIR FLOW

The upflow m grates through intensely

altered fractured andesitic flows, tuffs and
vol caniclastics along nultiple near vertical
pernmeabl e fault zones. The rising geothernal
fluids encounter |ower pressures, boil and
forma two phase zone above the reservoir
brine.

The nmore porous and perneable formations
adj acent to the upflow planes such as tuffs
and vol cani cl astics becone charged with the
ascendi ng geothernmal fluids. These

formations are primary reservoir aquifers
which are characterized by intense propylitic
alter ation, lost circulation during drilling

and production influx zones during well
flow ng. The geothermal fluids flow
laterally through these aquifers to the west
and north. Flow to the east and south
appears to be linmted based on observed

low wel |l productivity and which may be
related to abundant secondary mneralization
(calcite). The thick calcite rich zone is
related to the boiling of reservoir fluids
as they ascend. This zone appears to be a
|ateral perneability boundary in the

sout heast part of the field.
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The reservoir volume is very large, it
expands in size and increases in tenperature
with depth. Approximtely 70 percent of the
reservoir volune exists below 1500 neters
subsea. The cores and drillcuttings

anal yzed below this depth are all intensely
altered with the reservoir propylytic

m ner al ogi cal assenbl age. Bel ow this depth
there are no significant m neral ogical or
tenperature gradient reversals and
approximtely 60 percent of the estinmated

reservoir volume is at tenperatures
exceedi ng 288 deg C. The cores fromthis
part of the reservoir have nmean porosities
of 11.4 percent.

Geochemi stry

Table 1 gives the geocheni cal
separate brine (corrected for

conposi tion of
flash) and NCG

for characteristic wells of Satellite Stations
1 to 6 The data shows that Bulalo's
reservoir fluids are a neutral chloride brine

with.low salinities and |ow gas content. I'n
order to characterize and conpare fluid
geochemi stry with reservoir processes, the
follow ng classification of the fluids based
on chloride enthal py and chloride-boron
relationships is utilized. This geochenm cal
di scussion is based on a pre-exploitation
model .

Wells located in the central
such as Bul -41, are distinguished by high
concentrations of chloride and NCG and high

t emrper at ur es. The high concentrations result
from reservoir boiling where steam and NCG is
rel eased. The NCG accumnul ates near the
reservoir top and the well produces high
concentrations of NCG  These wells are
called transient flow wells. Some wells
conpl eted above this zone typically produce
from steam caps and contain noderate to high
NCG, high boron, low chloride and | ower

t enperatures.

upfl ow zone

The |lowest NCG wells are located in the
western part of the field. These wells are
di stinguished by their noderate chloride
concentrations, |ow geochem cal tenperatures,

| ow NCG and high chloride/boron ratios. The
boron fluids are thought to be nodified brine
which originated in the upflow zone. During

upflow, the fluid boiled, |osing NCG and
boron to the steam " becom ng cooler. The
fluids are stored in lithologic aquifers
which act as the primary outflow zones for
fluids from the upflow regions.

The edge wells are further classified into
two categories. Those along the western
margin of the field have |ow NCG contents

whi ch indicate mxing of dilute ground waters
with the brine stored in the reservoir

acqui fers. Those al ong the northern and
southern margins of the field have noderately
hi gh gas concentrations which nay indicate

m xing of dilute ground waters with the

upfl owi ng thermal brine.

Expl oi tation ‘Effects

Initially the Bulalo reservoir was a liquid
dom nated systemwi th a two phase zone
present at depths above 600 neters subsea.
Expl oi tation reduced the pressure which has
caused the steambrine interface to drop from

600 mto 1070-1220 m subsea. Both vapor and
reservoir brine pressure decline rates were
high up to 1'984. After late 1984, the vapor

pressure has stabilized and the brine
pressure decline rate has slowed down.
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The stabilized vapor pressure supports the
presence of near vertical fractures which act
as conduits for recharging vapor zones from
deeper boiling fluids. The slow ng down of
the brine pressure decline rate appears to be
related to deep reservoir influx of either
natural recharge or injection fluids. Thermal
br eakt hrough of the injection fluids has

been m ni mal .

Figure 5 '« BULALO 79-88 PRODUCTION
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Figure 5 shows Unit chronol ogi es steam
quality, and nmonthly flow rates for steam and
mass during the devel opnent period up to
August 1988. Presently the yearly average

wi thdrawal from the reservoir is approximtely
5000 kph (2268.0 T/h) of steam and 4000 kph
(1814.4 T/h) of brine. Al the brine has
been reinjected back into the reservoir. The
average steam quality has risen from bel ow 25
percent to approximately 55 percent. Sone of
the wells are still drying up and these
exhibit little or no total ness decline rate
An exanple is Bul-3A as shown in Figure 6.

Figure 6 : WELL BUL 3A PRODUCTION
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Currently the largest well in the field is
~Bul -1, the 1974 discovery well. This well is
now produci ng 250 kph (113.4 T/h) of steam as
conpared to it's 1975 steam flowate of 150
kph (68.0 T/ h). This inprovenent is partly
due to a 30 percent increase in enthal py.

Since 1983, mmke-up steam supply optimn zation
has been ongoing. The last production well,
Bul -66 was drilled 5-1/2 years ago. Additional
steam supply has been obtained by converting
idle injectors into producers, reducing
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The field's generation output has increased
every year with the exception of 1982, 83 ad
86. This increasing trend will hold true in
1988, assuming there are no mgor forced
outage incidents during the remaining part of
the year. Table 2 shows the generation
performance indicators for the last three
years up to August 1988. The theoretical
output load from the power plants minus
annual scheduled maintenance and overhaul
downtime is 290.2 MW, The past three year

pi peline pressure |osses, and acidizing wells.
Figure 7 shows the results of acidizing six PERFORMANCE 1985 1986 1987 1988 |AVERAGE
producers with hydrochloric and hydrofluoric INDICATORS AUG.
acids. Through 1988 all these efforts 0
conbined with the reservoir's high porosity FAE\U)&T? 6, MW 86.7 81.8 84.4 857 84.7-
and excellent vertical comunication have Capacity 77.7 69.8 77.7 77.1 75.6
resulted in a low total field steam decline Pd. Ld. Ave. 256.6 230.4 254.1 254.1 | 2494
rate of approximately four percent per year.
EQUIV. LOAD (MW)
. , Optg. Losses 29.6 39.8 22.1 284 30.0
Figure 1'« BULALO STIMULATION Excess DT 40 201 116 74 | 108
1. T TTTTTT]TT e me Ee s AF 12 LELEE LN LEEE LAE) TOTAL (MW) 33.6 59.9 33.7 35.8 40.8
v v :Isoo THEORETICAL (%)} 11.6 206 _ 11.6 12.3 14.1
Table 2. Mak-Ban 1985 thru 1983 August generation
= : _ performance indicators. II?:,))e/rmeetmg he ntime schedule
Q_120p- k'd" of 6336 hours per year, (Per Unit: 1-35 day/overhaul and
-4 3-3 _da%_quarterly maintenance shutdowns) the madnum
' vg 500 availability and” capacity factors are both 87.9% or 290.2
7] Mass & MW ("0 _operatmlg or eXcess downtime losses). The total
= 1000 o ~r WELLS -1 under | equivalent [oad is the potential gain per year in
[ 'ﬂ.ﬂ"ﬂ B T load  if both operating and excess ime losses are
o = 5 =100~ eliminated, pd - Period.
@ «
= . 13 - w . .
Q 800 3 v f\ - % average of 249.4 MW is 86 percent of this
K1 1 = theoretical amount. The 14 percent
(@) N PUPS \M 00*- deficiency is attributed to both extended
6004 ]Wa - overhaul/maintenance periods and operating
. /»"‘S_tea_-m generation losses. NRC is addressing this-
s, P —— deficiency and is implementing programs to
oc ; o AC%EMENTALZOO reduce the losses. Ore successful program
Q 404- ' TEAM has been turbine steam scrubbing. Unit 6 has
[T FITY Y APPE I TR AT l.f%_ had steep load declines due to turbine scale
ANJ AODFAJAOD FAJdAOD build-up, on the first stage nozzles since
19851 1986 '| 1987 | 1988 initial startup (Figure 9). A successful

GENERATI ON  PERFORMANCE

Generation

steam scrubbing experiment has been ongoing
since February 1988, reducing turbine scale-
induced generation losses by approximately
15,000 MWh This has reduced the unit's
average load decline from 1.3 MWmath to 0.3
MWimaoth (Figure 9). NFC and PGl are
currently designing a permanent steam

. : scrubbing system for Units 3, 4, 5 & 6. Once
For the past nine years, Mk-Ban has been one operational, the steam scrubbing program is
ItDEeI best PeffOFF'.“ ng p%merh pl ant C3|’C| es In :_he expected to increase the annual generation
i 1ippines. igure 8 shows yearly generation GMh
bar graphs from 1979 to 1988. levels by 120 to 140
Figure 8 * 1979-1988 Figure 9: LOAD DECLINE
.GENERATION PERFORMANCE
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In order to maximze unit availability, NPC
pl ans are underway to elimnate excess
downtime | osses. These inprovenents are
needed in order to optimze the perfornmance
of Bulalo's reservoir capacity. At this
time, Bulalo's available reservoir steamis
10 to 20 percent higher than the operating
capacity of the power plants.

Speci fic Steam .Consunption

Bul al o's overall production generation
efficiency is indicated by the specific steam
consunption ratio. This ratio represents the
fol | owi ng:

[ CONSUMVER STEAM (1 D) STACKED STEAM 1D
NPC - Turbine LDO .
NPC - Steam E ector + | NPC Wpset
NPC - dand Seal K ector NPC Mai nt enance
PA - Turbine Punps PA Upset
Pd_ - Scrubber Drains Cont. _Venting
= | b/ MW
Metered Goss Generation (MY
This rati-o together with nonthly generation
nunbers are shown in Figure 10. The ratio is
plotted against the field design rate of

18,050 | b/ MV (8.19 T/MN (using gas
conmpressors - G.C.). This design rate
includes all steam consuners |isted above.
There are sonme high ratios in 1985 and 1986
that are attributed to LDO (excess hydro
power ), Peoples Power and Luzon grid
contingency pl ans. In all cases, excess
stacked steam occurred as a result of |oad
curtailnments. The years 1987 and 1988 have
been the best years for production generation
efficiency. In 1988, the field average
specific steam consunption ratio through
August is 19,850 Ib/MV (9.00 T/MN. Wth the
pl anned expansi on and autonation of the two
phase throttling system it is expected that
this number will become lower in the future.

Figure 10: PROD/GEN EFFICIENCY
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CONCLUSI ONS

The Bul al o geot hermal power plant cycle is
reliable due to the presence of a very |arge
and efficient reservoir, dependable steam
gathering and waste brine injection systens

and wel | -desi gned power plants. For the |ast
ei ght years, Bulalo has been the top

perform ng power plant cycle in the

Phi i ppi nes. NPC and PE@ are introducing

addi ti onal design inmprovements that will
improve Bulalo's perfornance. NPC and PG

are currently studying the feasibility of
adding nore capacity to the field in the form
of several small units.
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