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ABSTRACT

The drifling in the Berlin arca ol six deep, production diameter
exploratery wells led o the discovery of a commercially exploitabte
peothermal field. with emperatures up to 3RYC at s depth of 18K}
w 250 m. Conmservanve estimates of the weservoir pidential. based
wo the resulis of simple mathematicul models and on considerationg
about the "reservoir ahandonment pressure”, indicate a minimum
proven patenual of 55 MW Flowever, a probahilistic evaluation of
the total 11cld putennial suzgests that values as high as 150 MW can
be consthered as probuble, Taking o accounl the wosabls of the
reservoir assessinent, the installation of 2x25% MW single-tlash.
condensing units has been decided. Muorcover. a program of
gecelerated exploration 1s foreseen. aiming W o rapid development
ul any additenad capucily in excess ol the prosently proven ong.,

1. INTRODUCTION

The Bertin geothermal field 15 Jocated in the northern slope of the
Berdio-Tecapa voloumic complexs 75 kmow the FSE of San
Salvader, capital of E1 Sabvador.

Six deep wells, mostly driifled in the years 1978- 1981, aul of which
taur wrned out o be gond producers, provad the eaistenee ol a
reserveir oF commercial interest. In the beginming of the ninctics.

in the light ot the aceelerated growth of demand for electrie power

in LI Salvador, CEL. the clectric executing ageney. decided to
pursuc the development al” the ficld. Toe this aim. it instablled 1wo
bach-pressure units of 5 MW coch and entrusted the consubting
campany ELC-Electroconsolt with updating the feasthility study for
the installatien ot a condensing plant.

This paper deseribes the resubts of 1he assessment of the geothermal

resourees of the field (ELC. 19931, conducted in the tramework off

the feasthiliy stody (ELC, 1994a) Addivonally, it presents @
strale gy imed at a global development of the tesourees,

2. GEOLOGY OF THE AREA

The area of potentidd geothermal interest 15 located within a 20 km
widhe gruben which ruins m g gencerad W-E divcction, paradle? o and
erwlusing the active voleanic axis of Central America. In the late
Pleistocene a calderic collapse ook place. originating from a highly
explosive eruption from a stratovoleane which overlay a Tertiary
vulcunie husement (Figare 1)

The caldera has a 7xd km ellipucal shape and has heen largely tilled

by revent Tuvic and pyroclasiic products, showing evidence of

magmatic ditterentiation. It is assumed that the heat source of the

peothermal  system is related  with the  magmatic chamber

respionsible o the post-cudderic activiy, as well as with the
restdual heat of the chamber that vetginated the caldery.

Several weclonie syslems wore reeognived o the area The mosy
awestianding one drends NNW-SSE amd atfeets cven the mast eens
fomations, contralling the  distribution of  the hydrothermal
whnifestations, This system erigivated o 3.5 km wide graben that is
visthle i the northern sector ol the culdera. culs s nonthern rim
and extends several Mlometers o the plain owside the culdera.

The geothermal Tuids are focated within a seguenee of andesite e
andesitic: basaltic Livas aml of Aulls beluneing o the Tertiary

hasement. The hydrautic behaviowr of these formations essentially
depends on the degree of alieration indueed by the circulating
thuids: the reservorr uecurs in the propylitic zone. bomed at
wemperatires in cxeess of 2HPCL0 while the phyllitic sune.
characterized by the abundance of chlurites. acts as the cap-rock off
the system.
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3 CHEMISTRY OF THE FLLIDS

The  peothermal  tTeids  exhibit g typical  sodiom chloride
cumpasition and, under eservoir conditions. have a content of 1TTXS
of TRy @ ELIKKRE ppoand of stlica of up w 700 ppm. with a pEL ot
aheut 6 Non-condensible gises wmount g 025005000 iy weight of
the steam for o separation pressue of 8 hae and contain 1064 n
vodume of HaS cCumpes, 19905

The high silics comoeniation constileles o constmont foe thy
explottation o the tield. B has been caleudated that saturation
cotditions with respeet o amerphaus sihes woukl oceur Tor
separation pressure of 13- 14 bar, while For o sepuration pressure of
WY har the satweution ides would amount we 12 this salue was
assumod as a threshold. bevend which significant phenonena of
seading 0 the separatars, reijection pipes and reinjecton wells
might ke pluce, Accordingly. 10 wus deemed sdvisable o adom o

1537



Partmi. Pisani. Monterros,

single thsh system. with a separation pressare of ahawt 10 bar and
hot reinjection o the residual water.

A weuk vversaturalion during {tashing with respect to caleite vecun
moseme wells, pointing out the sk of calciom carbonaie
procipitation. 1o be verified by means of long form tests.

During the uperation of the back-pressure units. magnetite and
pyrite depasition was deteeted i the conveyance pipes and in the
steamn filters (Guidos, 19923 Thiy deposition was interpreted as
being retated 1w corrasion phenamena within the producing well
TR -2 doe 1o the entrance of acidic shullow waters through a casing
treak. According o this hypothesis, the corrosion phenomenon
would be Tocal and wmporary and would aot affect significandy the
commercial operation of the pland.

4. RESERY(OHR CHHARACTERISTICS
4.1 Thermodynamic Data

Within the investigated area. semperamure increases vather regulasly
ap 1o @ depth of about t 500 @, reaching at the 1op of the rescrveir a
value of 280-290°C. Further down, a moderate increase is observed
up e the maximum values of 295.305°C. followed by a slight
reversal in the bottom of the wells, with o devrease of 3-200C with
respect to the maximum wmperature.

Both temperature and pressure end 1o inerease moving towards the
SWoat the ficld. In its undisturhed condition. the reseroir is in o
waler-deminated staw,

4.2 Hydraulic-Textural Parameters

The main circulation fosses during shifling uswalty ok place in
correspondence with the masimum emperatre zones, aithough
permeability vxaends beyond these sones. The following vaiues of
the bydruulic parameters were determined:

Chgectivity index: -2 (s i/har
- Tragsmissivile; 1 Dem
- Productivity index: 0.9-3 ikgfsihar

These values puint o un vserall fow permeability of the formations
comstituting the gevthermal reservolr. Huweaer, the analysis of the
ticld response o exploitution through the  back-pressure  units
suggests a glubal transmisstvity of the reservair in the order of 23-
33 Dum. This discrepancy might be due w the intersection by the
wells of afew prodocing frdewres. sharply limiting the wsetul
thickness aid hened the transmissivity of the individual wells,

An average porosity of 100794 was determined_in the cores. while
the uverage prain density amounts o 2.6 giem? iLarios de Lopes.
19880
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4.3 Wells Prodoctivity

The prodociion churacteristics of the 4 commercial wells are
summarized i Tabic 1. It should he mentioned that the maximum
discharge pressure of these wells s guite high, ranging between 20
and 4 har,

Table |- Wells Productivity

i
Wl Total | Enthalpy [ 4 Steam Flow ¢ Power
Flow tk)kgy | Swcam ikglsy IMWe
tkefs} .
TR-2 87 1354 89 24R 119
TR-2 380 1280 2541 9.5 4.6
1R-5 n2 1374 %5 18.3 %8
TR-9 36 0 1300 2641 9.4 4.5
S SN —

TOTAL L223 ]
1

'I L 62.4) 298

5. CONCEPTUAL MODEL OF THE FIELD

The main heal source for the system is situated in the southern
scetur of the ficld. The heated 1uids rise along deep fractures.
probubly belonging o the regional W-E system. and reach Javers
with widespread fracturing. being aftected by inense nev-tectonic
activity, The impervious phylliuc horizon restricts the movement
twards the surface of the Tuids, which tend to How trom the surge
ane 1o the NNW._undergoing a grudual cooling (Figure 21,

The scctor of maximum permeahility. where the best conditions
veeur for the formation and development of the geothermal system.
correspond o the intersection between the NNW-SSE sraben of
neoteetonic origin and the caldera.

The urea of potcntial interest was ranked in terms of probability for
the caistence ol & commercially exploitable reservoir, on the basis
ol the wsults of the wells and of the geoscientific vestigations
(Figure 11 The proven area. identified as the zong, directly tested
by means of deep wells. covers a surtace of L9 km=2. The probabie
area. identficd as the zone associated with favourshle structural
conditions and with the pregence of hydrothermal manitestations.
covers a surface of 6.8 km~. The possible areq, identitied as the
PRGN in«;ludc,g within the NNW.SSE eraben. covers a surface of
about 20 km~.

Bascd on the evidences of permenble zones, the thickness of the
FESCIVOIT 18 estimated to range between 800 and | 000 m.

Main discharge

Frowne 2 - Model af the field
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Figure 3 - Muodels fur the evaluation of poateniial

6. FEIELD POTENTIAL ESTIMATE the ‘operation of the wetls™ wlou sufliciently high pressure. The
adupted threshedd value toe the MY P wus L3 har tor

6.1 Proven Potential the first 20 sears ol expheitation and [ bac for the Tollowing pesiod

120125 years s,
The evaluation of the minimm proven potentiab was caroed oue
through a simulation stody. determining fhe waximum  power
whereby the reservolr prossure. at the assumed extraction fevel.
exceeds throughout the uselul life of the plant a specilicd pressure
vitlue (Cahandonment pressare v This value was esiablished. based
v the charavleristces of & typrcal production welll as a lunction of
the eathalpy of the Turd and af a M.DLP. adequate For guacimeeing

Two dilferent, very simplificd  axisymnctric models woere
implemented in erder we evaluate the seservolr meaponse 1o
exploitation (Frzure 3z ot muodeds were very conservative in
werins gl producire selume and oid wesceves -
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CMudel AL covering an area equivalent we the probable reservoir
cxlension. hut with strong  wemperature  decrease vutside  the
prescitly proven area: and

- Muodel B.owith an areal extension lemited @ the proven arca,

Ditterent  reinjection schemes  ware hypothesized.  inctuding
reijection mside and ouside the proven area. as well as e
possibility thai reinjection Lakes place inan unconnected aguifer (ne
return o the producing reservoirk.

Through several simulation runs. the minfrum proven porential was
found 10 be 55 MW with a condensing plant. assuming a uvsetul life
ol 25 years, a load factor of §5% . a specific consumption of steam
of 7.5 kp/hWh and it separation pressure of 11 bar.

6.2 Probable Potential
The value of potential ohtained through the above- mentioned

mudels represents a mintmum which can be subswantially lower than
the actual capucity of the Lield.
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Figure 5 - Prohability curve of the tield potentisl

In vrder w evaluate the probahle/possible porential. a probabilistic
approgch was adopted. On the basis of comsiderations an the
pussible extension o the wservair (derived trom the conceptual
mudell and on the paranetcrs controlling its potential fesseniially
porosily, wemperature and permeability), i probahility curve ot the
alobal potential of the feld was consiucied. exteapolating the
results of the simple models wsed Tor determining the proven
potentiul by means of the Monteearlo method (Frzares 3 and Sy

The study revealed 2 probability maximum around L MW
("expected value"}. while there is o 504 probabitidy that the wial
potential resutts to be in excess of PS50 MW and only a L(F#
probability that it excecds 350 MW,

7. FIELD EVOLUTION UNDER EXPLOUTATION
7.1 Evolution of the Reservoir

The expected cvolution of the reservadr under expluifation was
investigated by means  of a1 prelimipary  three-dimensicenad
mathematical model. representing  the condions considered s
"prohable”. tn particular with respect we the arcal extent of the
reservoir (Figure &), Therefere, this madel differs Irom  thase
adopted for assesstng the proven potential of the field.

Initally. the model was adjusted 1o the watural srare ot the
reserverr, establishing o thermodynamic  undisturbed  condivon
coherent with the actual observations (pressure and emperiure
distribetion in the drilled arca}. varving the hydraulic parameters
and the amowu and locapon of the hot recharge and of the
discharge of the system,

Several exploitation stategics were stimulated (see un example in
Firure 7i characierized by a different locaton ot (he reinjection
song in relation to the cxiraciion zone. 1 was abserved that the ther-
modynamic evolution of the urea subject o exploitation essentially
depends on the e of exraction and only marginally oo the
reinjection strategy. pravided that reinjection is carriad o outside
the caldera border. which seems to represemt o barricr of Hmiwed
permeability,

The visk of “thermal shoet clireoiting”, due (o preterendal Gow wlong
fractures of the reinjected water towards the exploitation arca, wis
cvitluated considering fintte values of the heat exchange coctlicient
hetween rock and fTuid. The apalysis shows thut, even in the most
pessimistic cuases. the negaiive efiects of reinjection woutd be
moderate. by virtue of the distance between the extraction and
IRINJECLON Z0NeS.
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By assuming the installaden and uperation of a 50 MW power
plant. the results of the simulation indicae that (Figure ¥

. The pressure drop in the reservoir remains within totally
acceplable limits. heing very sharp in the  inital  stage of
expluitation (200 hur after vae yeard, due o decompression of a
single phase liquid. and guite gentle Taker oo CTulling digquid level™ ).
Aller a 25-year period of expluilation, the pressuce deop in the
reserveir within the explaited area is expected o amount o 35 40
bar.

The average enthalpy of the extracted tluid remaing atmost
cunstant. with no important phenomena of hoiling at the assumed
extraction level nor stgnificant cocling due o reinjection,

7.2 Evolution of the Production Characteristics

The simulation of the reservoir behuviour under exploitation
allowed to cvaluate the Tuture evolwion of the production wells’
characteristics

It wus wssumed that the wells Yall under teo cateperies ol high
ftvpe A and medium (type By productivity. for an average cupacity
of 6.5 MW and that 10 wells are initiatty drilled w teed the 30 MW
plant. thus ullowing Tor a cortain excess of uvailable sieam 13 wells
in excess o the initial requitemenisi. The stmulation model
indicated that (Figure 93

ERLractlon aisa woww.  Calilera TLT

:l Reinzection ar=a
Fraction <f scparated

25% . - . fonstanl pressure Slock
water reinjected in the block SUil=Lant . : "
(recharge;

Figure 7 - Hypothesized exploitution scheme

. A pronounced loss of productivity, in the order of 15% . oceurs
during the fiest year of operation: laer on. the producavity s
substantially stable (average boss of 1% fyean.

. The average cnthalpy of the produced fluids shghtly decreases
with time. atthough  this docs not affeet  significamly  the
productivity of the wetls.

O Two additional wells are W be drilled during the course wt the
plant operation. o make up for the productivity losses - {noi
accounting for possihle losses due w mechanical tailures, or similar
cvents notckated with the reservair performance b

8, CONCLUSIONS

The resource dssessment that was conducted Tor the feasibilny study

af the Berlin geothermal Tield has proven a minimum poteutial of

55 MW, B also indicated a high prohahiliny for e exisenee of a
putential of at Jeast 10D MW,

On the basis ol these results, the developinent of the fesourees is
due ta procecd along two parattes lioes:

Parini. Pisuni, Montemos

a. First Developitent

Larec-seale ¢xploilation ol the peenen putential in the shoriest
possihle time is planned 1o begin by installing o single-Tash
mudular units with a capacity of 23 MW cach. The muodulur
solption was sclevted in consideration of ity higher flexibility of
aperativn and the possibility of u further developnent af the fickd in
smaller size steps.

The optimization of the units ook inlo account. besides the
environmental  conditions,  the  thermohydrautic and  chemical
characieristics of the resource. In particular. an optimum range of 8
to 11 har o tarbine inlet pressure was identilicd. in view of ihe
pussible fulure instalfation of vther units and ul’ the constraints
rfated with the high stfica content,
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Figre 8 - Reservoir evolution with 30 MW capacity

Beeouse of the  rugged (opography. and in order o minimize
drilling related civil works and to optimize the well separation and
cathering system. drifling of directional wells has been plined (3-4
wells per platform).

b. Future Develepment

The conceptual modet of the field hus singled out areas of priority
interest. adjuining the sector af proven reserves. which are
potentially suitabie tor the implemenation of additienal modular
units with a capacity of 25 MW (ELC, 1994b). Within cach one of
these priority areas, 2-3 sites have heen identificd. suitahle for
drilling up w4 directional wells.

I is proposed o drill exploratory wells in these selected SHCS.
Should the vwcome of any of these wells be favourable, ke
surrounding area has o be the object of o study aimed at verilying
the technical and cconomical feasihility of tastulling o 25 MW
modular unit. Any steam o exeess W owhal s needed for the
condensing units during speralion can be profitably used  for
running ane or more hack-pressure wnits, wnnd aonew condensing
unit comes on line,

This propuosed sty has the advantage ul unticipating the
clectricul senermion und of minimizng the fsks and vestments
assuciated with the implementation of farge-scale peathermeelectne
pProjects.
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