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ABSTRACT

The encrgy prodoction of the Aluchapan powee planis (45 MW
instadled capacityr s prosently sedoced o 375 GWhiyear 145%
averuge Toad factor) due W the deereased pressure in the exploiled
resersoir. With the mm o investigating possible remedial measures,
d new simubition model has been implemented o analvze the
Teservuir fesponse toadiemative oxplenation strategics. The madel
study shows that o subsianual intprosenwnt i the steam prodoction
cun only be achiesed through the adopion al a large-sedle
aranjectivn program. The poor production charugeristies ol seveial
wells dridted i ncarhy Chipilupa arca suggest the apportuinity of
atitizing It as the main reinjectivn sectar for Ahaachapan: the
distanee ta few kilomewrs) and  the exisience of - hvdrouaic
comnection between the twa weas represent pronnsing conditions i
e suceess of his strategy. The cxpansion of the wellfickd owards
the South is also envisaged, mereusing the availability of poducton
wells, The power generution could he swbilized at o level
dppresachiog e rded capaciny ol the installed plunt.

1. INTRODUCTHON

Fhe commercial explaitaion of  the Akuoachapan geothermal
reservelr stucted 0 TUTS wath dhe Tieae At AW coaldensing enit.
fotlowed 1 1976 by o second amt ab the same sizes In 981 an
additional. deable-Hlash unit ol 35 MW was pud on line. inercasing
the togal installed capacity w95 MW, During the exploitation
perind, a goneryd productivity decreise of the field wias observed.
wolated with declining reservoir pressure and himited drilling of
make-up wells, As o conseqguence. the power plant 18 presently
utilized ot an average load factor of oaly 45% . The Electric Agency
ol B Salvador (CELY recently started o project aiming 1o stabilize
the electricity production of the Abuachapan power plant ae the
highest possible level, compatibly with the resouree waitahility. In
the frame of this project. @ reassessment ol the resource was cumied
ot tELC 99400 focused on the development vl @ new nwnerical
mudel of the reserveir. with the aim of providing insight inw the
probable reservair tespense to new explotiation schemes and of
supparting the wwehno-coenontical feasibility study of the proposed
interventions {CLC. 199dhy,

2. PRODUCTIHON PERFORMANCE AND RESERVOIR
EVOLUTION

Atotal of 32 wells huve heen drilled mo Ahvachapan in the period
LOOR- 1981, cul of which |7 have resalted (o be producers. and 14
e peeseatty i operativg, Altboweh the deified sells are distributed
aver s O R arca dsee Tigure 20 the productive weiltield is lined
trabeul | kinl

Aler wnomiticl exiraction vate inerease from abot L5200 kdmomb in
E9T7 1 2x M OMW i operationd up o LR kmoenth i [9KI1
womitissivming ol the Andounit, the verage extraction e
progressivedy decreased wea nearby sahilized sabue of [ 100|360
wmvnth e Jast yoas e Figoe B The elecisan generaiiom
accvrdingdy decreased alier the peak value reached an 1981 and
sthee 992 s heing progronumed o be timiead e 373 GWhisear
cvirrespending ooan average plant toad factos of ondy 45700 and

reguiring wnoaverage oxtraction rate ol about O kg/s) Intatly,
retitjection of residual water was cirricd out at variable rates (235-
Mt ol the extacied Quid) i 5 wells (AH-28.17.29. und
marginally AH-t197. Due 1w observed thermal breukthrough etteets
i nearhy wells, reinjection was suspended in 1982 L and sinee then
almast adl residual fluid 3s disposed of o the Ovean through a canal.

The present produetien perlormance ol e wells s characierized hy
tetab Towraies ranging between 12 and 84 kpds e wellhead
pressures 6-X b abs i with steam Howeates between 5 and 17 kais,
The peak total production preseatly wmoeunts o about 700 kgds of
Nuid, providing 213 ks of medivm-pressure steam and 42 kgls of
Low-prossure steam. Howevero Lhis oxbaction rate cannot he
mamiained coninausly. begause 10 weuld ead 0 an unsastainahle
pressore drop o the reservote. Tn fuct. the adopled exploiation
strdie gy is aimed fo mainain @ ocarly constant feseevon pressare al
the eriticad fevel ob about 23 har rat elevatiom +150 masbi, through
the fimitation of the mass extraction o L3500 kéyear, cornespond-
g e an ascruge e of 430 hgds. This is obtained modulating the
extraction on scasongal busis through the wmporary shut-in ol some
welks, purtivulasly those with lower enthalpy, having o hugher ol
Tuid specifiv vonsumption.
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The explostation-induced meservair evolution s mainly characterized
by a strong decrease of the seservoir pressgre in the period 1975-
{982, tollowed by a tendeney o stabilize at low level aftor 1982-
F984. mainky as a consequenece ot the imposed extraction Bmitation
{see Figure 31, Due to the high permeability of the reservoir. the
cvolulion trend s ncarly the same throughout the productive
wellficld.

Disregarding locatized couling related with the reinjection activity
in the period 1975-1982, the (lemperatwe evolution does not
evidence severe cold water invaston until now. apart (rom possible
mdications  in the northeastern part of the field however,
geochemical  variations in the tloid composition suggest the
progressive draining of originally lower wmperature waters fram the
East. heated up along their flow path towards the exploited arca, For
more details on the thermodynamic evolution of the reservoir during
expluitation. sce Steingrimsson et al. (19915,

The evelution wend of the discharge enthaipy is not homogencous,
and the wells can be grouped into o few groups of similar
characterisucs. related hoth o the location o the tield and 10 the
depth ol the teeding horizons, namely:

cwells with comstant or slighly decreasing enthalpy . with o or very
lirntied excess steam AH- 1719212428511

Cwelts with mereasing cothalpy., up o conditions of high cxeess
steam 1 AH-6.26.2221)

cwells with inegolar evoluten nypically ansient inercase 0 the
discharze enthalpy ) andior moderate excess stewm (AH 20.27)
Cwells preducing nearly dry steam throughuout the operation peviod
(AH-17y.

{n ihe acarhy Chipilapa field. shogt 3 kKmeow the BE-NE or

Ahvachapan isee Figuee 210 several explocation wells of commercial
diameter were drilled in the periad 1989 F9Y20 encountering o
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reservoir of rather low temperature (rangmg between 18O and
24Y'Cy o some of the wells (CH-This. CH-9 and CH-D) cxhibit
production characieristics of marginal interest. particularly due 1o
the tow wellhead pressure (< 3-6 bark: on the other hand. wgcther
with the sterile well CH-7. they show u moderate to high injectivity
{in particelar CH-7 and CH-DY. which calls Tor their possible
utilization as reinjection welis,

3. CONCEPTUAL MODEL

The heat source ol the geothermal system relates maindy with the
reagmatic chamber of the volcanic complex Laguna Las Ninfas-
Laguna Verde. some 3 km o the SE of the exploited ficld (see
Figure 2). Along deep reaching laults. prohably perining to the
regional £ W/WNW-ESE system. an upilow of 250-260-C water
takes place in an area focaled between the volcanic axis and the
southern purt of the exploited area. The reservoir is maindy
constitueed by a propylinzed horizon, closely eclawed  with (he
lithelogic unit of the Ahvachapan  Andesites and exhibiung a
roarked lateral continuity, The thickness of this henzon runges
hetween 300 and 4K m in the exploited arca. with its wp laying al
clevation +300-d400 m asl in the central sector, deepening W+ 1(K-(]
m asl wwards the South and the Lase. Some permeabtlity appears w
extemd wlwo e the wnderhviog Gld Agglomerawes. A sequence of
videanic agglomerates, affected by streng hydrothermal dleration
constittes the cap-rack of the systens. For g discussion of the
geological Teatwres of the freld, refer for example w Aunzo ot al.
1991,

The leid circuladion s hasically contrilled by Nults and fracieres,
mauindy retmned with the NNW-SSE neatectonse svsiem. which act
preferential conduits, One the other hand., faubts ol the E-W and




NNE-SS5W systems seem o Hinit the reservatr exicnsion w the
Narth and the West respeetively.

Apart from  fumarolic masitesttions  in the Ahoachupan and
Chipilapa arcus. the main natural discharge of the system s
represented by the thermal manifestations of ET Salive, some 7 km
to the North of Ahuachapan, which before cxploation start dis-
charged TAKH- LSEE s of 68-70°C water. with an estimaed [0-
20 component of deep geothermal Muid (Aunzo et al.. 1991),

Some degree of communication between Ahuachapan and Chipilapa
secms o exast, althoough the deep bot recharge of the tauer could
originale from a ditferent source. also Jocated in the South. as sug-
2ested by geochemical datu,

Reservorr emperateres are in the range 230-241°C in the center of
the exploited arca. with 2 small inversion in the decper part of the
reservoir, particutarly in the SE sector (towards the  assumced
recharge zone), where the muximum temperature onds (o ncrease.,
and o he encountered at greater depth. Pressure values in the
undisturbed state were about 40 bar at a relerenvce level off +150 m
asl. withuut major horizonlal gradients within the productive arca.
suggesting high horizontal permeability. Initially, the reservoir was
essentialty e hguid conditions, with the exceprion of a limited zone
in the NW (around well AH-ET) where @ wwo-phasefsicam cap
already existed in the undisturbed conditions. This cup progressively
extended due 1o the fTuid exteaction, and presently covers most of
the porthera part ol the exploited arca,

4. MATHEMATICAL MODEL

Exfensive reservoir engineeting activity s been carrted aut in the
past on the Ahuachapan reservolr, including mathematical modeling
{ELC, 1983: Ripperda et al.. 19913 A new numericat model of the
Ahuachapan  reservor.  particularly  oriented o the study  of
exploitution schemes, has new been implemenied. based on the
simulation  code GEMMAL developed by  FLC-Elecuroconsuli.
Figure 2 shows the adopted three-dimensional mesh. covering hoth
the Ahvachzapan and the nearby Chipiliapa aren. and extending (o the
Seuth e include the assumed zone of deep. hot recharge {northern
stape ol the voleanic chaing. The reservoir wp is modeled at variable
clevaton, with a maximum of +380 m as] in the cengeal pait of the
cxpluited reserverr, whereas the reservoir botlom is set w -5E0 m asl
throughout the model: the totad number of grid blocks amoonts o
3700

Avits E and NW borders, the geothermal reservoir is surrounded by
a regnonal aquiter. with lower temperature and about § bar higher
pressure poienlial. modeled by rows af constant pressure blocks.
whose connectivn with the maim geothermal reservoie s limiied by
hydranlic barriers of reduced permeability. On the other hand. at the
SE carner of the mudel, the connection with an essentially "infinite-
acting” aquiter has w be assumed. in order W match the observed
behaviour during exploitation. Towards the North, a connection
with constant pressure blocks represents the natural discharge ol the
system twards EL Salitre. The other lateral mode] boundaries, as
well as tts apper and lower limils, are assumed (0 be impervious 1o
both mass and heat Tlow: i particular, conductive heat exchange
with the overlying cap rock is neglected.

Figure 2 also shows the Jocation of the assumed twotally andfor
partially impervious hydraulic barriers. The essentially impermeable
barrier fimiting the Ahuachapan reservoir towards the North @nd the
West can he nowed. as well as the agsumed barriers around
Chipilapa. required 1o satistuctonly match the pressure distribution
before and during exploitation. and creating a condition v} “indirect
conacction” with the main Ahuachapan arca,

The assumed permeahility vatues are 160 mID for the main reservoir
" Ahuachapan Andesites™), 4 mD for the underlving fommation
('O Agglomerates”). and values as high as 1200 mD in the
uppermuost, central part ol the reservoir. in order w match the be-
bavivur al suime wells with shadlow feed hocizons dike the dry sweam
productng AH-17. Mareaver. in the presently exploited zone and in
its seuthern extension o 2x anisotrapy tacter in N-§ direction has
heenn assumed. in order o Tavour the recharge flow trom S-SE.
Apart from levalized  situativns resuling  from the maching
procedure. the vertical permeabidity s ser equal to the horizontal
woe. Porosity is assumed o he § 2% throughout the resenvolr.

The muodel hus been brought 0w "quasi-steady™ stale through
stubilization runs of a few hundred sears, Icading o a steady ste
pressare disteibuation (Feure 4 coherent with the abservations
fabout HY hae at +15300 @ asl both in Ahuachapan and Chipitap.
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small hortrantal gradients within the drithed Ahuachapan seetors,
The wnperatwre distribution is also essentially stbie and fits ihe
vbserved values. This represents the natural, undisturbed state of the
seothermul system prior o expluitation. chardcterizod by:
two deep. hot recharpes. fovaed respectively 1w the SE of
Ahuachapan (125 kg/s at 25V C) and w the South of Chipilapa (1K)
keds at 2300 Cie
- minwor inflews [rom the SE and the SW taprox. $hkg/s cach):
. a main discharge trom Ahvachapan wwards the N-NE (255 kg/s)
and a minor one, also direeted to the N, rom Chipilupa (45 kg/s)
minar surface discharges {abour 20 kgfs) o account o the
presence of hydrothermal manifesiations in the modeled arca.

The resulting flow path is shown in Figare 4: 1018 interesting to mne
that a part of the caswen hol recharge alrcady  ows wwards
Ahuachapan in the undisturbed  condition: the low  wwards
Chipilapa results in fact from a mixing of the deep weoharee with a
lawer temperature Bateral tintlow.
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Figure 3 - Example af pressure history mateh

3. EXPLOITATION PHASE SIMULATIONS
5.1 Matching of past reservoir behaviour.

The model was calibrated matching the histoncal data trom the
exploitation period 1975-1993. The  monthly  diaa o mass
extractionfreinjection of cach well were wuilized as inpul data.
assigning the wells 1o the appropricte block (& maximom of two
wells fall inte the <ame Mocky. Through variation of the hyilaulic
characteristics ol the qeservorr (permeahility. harvicrs) and of the
recharge/discharge conditiens of  the  system deffect o the
surreunding  constant pressure and infinie-uenng blocksh il was
attempted 1o mateh the evolution of both the reservair pressure and
the discharge enthalpy of the producing wells: the later essentially
rellects changes in the reservolr emperature and/or the progressive
cxtension of two-phase conditions in the reservoirn,

The matweh of the pressure cvelulion resulted in general very
sauslactory, with deviations between observed und computed values
not exeeeding 1-2 bar (sce an ecxample in Figure 30 The 1993
pressure distabution (Figure 3% shows a pressure low centered in the
presenidy explotted area, with a good agreement with the observed
vatues (aboul 24 bar at +15( m asl). On the other hand. the ohserved
pressure trend between Abuachapan and Chipilapa, with an inter-
moediate  high around  wells AH-14 and CH-D, is correctly
reproduced. This  peculiar  pressure  distribution during the
cxploitation phase. wgether with the evidence ot a pressure response
in Chipilapa wlated with  the extraction activity in Ahuachapan
{present drop of about 10 bar with respect o the measurements in
well CH-1in the early 7). poses in fact an impartant interpretation
problem about the kind of conncetion between both arcas and about
the tlow path changes induced by (he explollation. It has to be
assumed that the pressure drop in Chipilapa is reluted w a decrease
ol the Muid Tow towards ihis tield sector, alter modilication of the
original. natural Mow path, induced by the pressure drop in the
cxploited Ahuachapun area tsee Figure 5).

The stuation vhtatned for the year 1993 hasically coresponds o a
pseudo steady-state condition of the reservairs with a mass balaice
berwern futd exraction from the wells tahout 4460 kedsi, the hat
recharge. the cxploitatien induced laterad recharge, and the strongly
reduced natural dischagge of the geothermal sysiem,

Thir vhtgtned matwh of the dischurge enthalpy cvolotion of the single
wells is considered geceptahle. in spite of somie inaceuracy e the
repraduction uf e behaviour of the wells with medium-hih
enthadpy flwo- phase Feeding of the wells) However, it is deemed
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that this apparent limitation ducs not substantially affect the abiliyy
of the mudel w reproduce the fewre reservoir evelulion, and its in-
flucnce on the wells deliverability,

5.2 Forecasts of future reservoir behaviour

The cahbratcd model has been used W evaluate several aliernative
strategies for the Tuture weserven exploitation. For the forecast
simujations. Lthe extraction is detined in twrms of available wells.
rather than in terms ol specified mass fow rate: w achicve this, he
production characterisiics ot the existing wells and the expected
characienstics ol the future wells have been studied. examining with
a wellbore  simulator  theilr relationship W changing  reservoir
cohitions {pressure ad feed level, enthalpy of the feeding 1uid).
Through appropriate interpelation tables and assigning cach well
s specitic reservoir block, the simulation model automatically
culeulutes the deliverability of cach well {at 2 prescribed wellhead
pressare) and accordingly deflines the related mass Mow rae. The
deliverability variation of the wells becomes (herefore a4 direct
output of the simulation runs. allowing a realistic evaloation ol the
futwre performance of the assumed wellfield.

Starting from the obtzined thermodynamic conditions lor the year
1993 qend of the matched penind). following hypotheses were
considered for the time span reaching the year 200H0:

continuation with the present exploitation strategy.  without
reinjection and withoul increase of the number of produciion wells
or of their utilization factor oeference case )
. eold” reinjection of the water from the second tlash in the arca of
Chipilapa. with an increased extraction in ihe presently exploited
song thigher wilizatian Gactor of the wells):
. expansion of the extraction wrey owards the South. with drilling of
new wells.

The simulation resules sugpest that:

- without the implementation of a large-scale reinjection program.
the more intensive use of the existing wells or the drilling of new
wells would only lead o a deliverability inercase of very transient
nature, being  therefore unattractive. Oniy the replwement of
cxisting. low cnthalpy wells with new wells with higher steam
fraction imaintzining basically (he swme mass extraction with a
helter coergy conversion efficteney ) coudd be envisaged,

- thromgh the weinjection in Chipilapa of the second Mash witer
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{about 300 kg/s ar L17°Ch, it uppears possible to maintain in the
futore a nearly constant exteaction rae of about 350 ko/s tabout
200 more than the present rate), operating the cxisting wells with i
higher utilization tactor (80%. insicad of the present 654 ), The
pressure levet in the reservolr would remain exsentially unchanged
throughout the analyzed pericad.

Although the basic model could be rather opiimistic in the
evatuanon of Muid retwrn from Chipilapa (up to 80% of the injecied
water. sensilivity studics show that even a partial return as low as
23-35% af the injected water would limit the productivity loss umil
20y within 5- 105 of the inital value (see Figure 7). Due 1o the
large distance between the exploited area and Chipilapa and the type
ol hydraulic connection, avoiding a direct return of the reinjected
waler. no significant cooling chiects wre ohserved. so that the
average discharge enthalpy would remain cssentially unchanged:

. the expunsion of the extraction arca towards the South (sce Figure
61 with the drilbing of 6 new production wells would make possible
an increase of the average production to YH-950 kefs (with a wells
atifizaton factor of 8D ). Howewver, mainluining this extraction
level {with a decrease until 2010 limited 10 gboat 10% of the initial
vatue) requires the total reinjection of the separated water {about
61K kg/s). The reinjection could partially be carried out in the
conveniently located arca of well CH-D {vonveying there the water
Itom the lirsi-stage separation of the now wells, and reimjecting in
"hot" conditiuns), However. with this explotation scheme the
simulation results (Figure ¥) indicate a potendal risk of adverse
covling effects in the production arca. 1o fuct. the most pessimistic
cases amalyzed o this respect (through the assumption of a finie
cocfficient of heat exchange beiween rock and fluid. corresponding
to the hypothesis o a sirong chasneling of the returning Huid) show
a parallel decrease of totd tlowrate (by 15200y and of the
discharge enthalpy thy 30-1000 kl/kgi. leading to a possible loss of
steum production im the order of 0% at the end of the simulated
period. This would he refated in particular with the possible loss of
some produclion wells in the expansion arca,  due W oxcessive
wellhead pressure decrease. Although this reprosents extemely
negative and  rather onlikely conduions. a caretul monitoring
program should be set up. in order to face possible thermal
hreakthrough by modifications ot the renjection scheme  (for
cxample, moving all the vetnjection to the northern Chipalapa rooe .
Muke-up wells should he located in any vase in the weswern part of
the foresecn expansion areat. in order to mintmize the cooling sk
due to the remjection in the CH-D urea.
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6. CONCLUSHONS

. The reservair study has shown that only an exploittion strategy
based on Jarge-scale reinjection ol the sesidoal fluid will make
possihie an incrcase ol the present extraction rate in the Ahuachapan
ficld.

The already  avuslable Chipilapa  wells represent on eagellent
oppuortunity w implement the reinjection.

. With the presently avaitahle welis, a 20% improvement of the
producton conld be obtained through weinjection of the second flash
waler in Chipilapa.

. A substantial inerease of the extraction rate could be achicved
through the southem expansion of the present exiraction wred,
provided total reinjection of the residual water is cairied out.

I the positive expectations about pressare support through
reinjecton and productivity of the cxpansion area are confirmed, the
power vulput of the installed plant could be substantially improved.
approaching the rated vapacity (up o 8390 MW),
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