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Republlc Geothermal, Inc. and Its subcon- 
tractors have planned and executed laboratory 
studles and elght well stlmulatlon fleld experl- 
ments under the Geothermal Reservolr Me11 
Stlmulatlon Program (GRWSP). The program, begun 
In February 1979, has concentrated on extendlng 
petroleum lndustry stlmulatlon technology for 
use by the geothermal lndustry. The most recent 
experlment was ln a naturally fractured Chevron 
well at Beowawe and lnvolved an acld stlmulatlon 
of a damaged Interval uhlch ylelded a 2.3-fold 
lncrease I n  lnjectlvlty. Overall results to 
date have shown that stlmulatlon Is vlable where 
adequate reservolrs are penetrated by wells 
encounterlng formatlon damage or locally tlght 
formatlons. However, wells ln marglnal 
naturally fractured reservolrs have not been 
saved by the types of well stlmulatlon jobs per- 
formed thus far. A recent dlscovery 1s that 
nany wells can posslbly be made outstandlng 
producers by wldenlng and propplng compllant 
natural fractures. Conflrmatlon of thls con- 
stltutes unflnlshed buslness of the GRWSP, and 
offers one of the greatest potentlal opportunl- , 
tles for enhanclng the economlcs of geothermal 
power productlon. 

Introductlon 

The U.S. Department o f  Energy-sponsored 
geothermal reservolr well stlmulatlon program 
(GRWSP) was lnltlated in February 1979 to pursue 
Industry Interest In geothermal well stlmulatlon 
work by extendlng the petroleum Industry's 
stlmulatlon technology for use In geothermal 
wells. The stlmulatton of geothermal wells has 
presented some new and challenglng problems. 
The behavlor of stlmulatlon flulds. fracture 
proppants. and downhole equlpment at elevated 
temperatures must be carefully evaluated before 
a treatment can be properly deslgned and exe- 
cuted. In order to avold posslble damage to the 
produclng formatlons, hlgh temperature chemlcal 
compatlblllty between the reservolr rocks and 
flulds and the stlmulatlon materlals must be 
verlfled. Perhaps most slgnlflcant of all. In 
geothermal wells the stlmulatlon treatment must 
brlng about very large fluld productlon rates. 
Thls requlrement for hlgh flow rates represents 
a slgnlflcant departure from conventlonal pet- 

___/ 

roleum well stlmulatlon and demands the creatlon 
of very hlgh near-wellbore permeablllty and/or 
fractures wlth very hlgh flow conductlvltles 
over long Intervals. These factors, comblned 
wlth hlgh natural formatlon permeabllltles rela- 
tlve to most 011 and gas reservolrs normally 
dtctate relatlvely large volume, hlgh rate 
treatments. 

The prlnclpal aim of the GRWSP has been to 
Improve geothermal development economlcs by 
developlng stlmulatlon as a vlable. less expen- 
slve alternatlve to the normal practlce of 
redrllllng or replaclng deflclent wells. Candl- 
date wells for the GRWSP fleld experlments fell 
Into one or more of the three followlng cate- 
gorles: (1) Wells that falled to Intersect 
major productlve natural fractures In the reser- 
voir; (2) wells that suffered man-made damage 
durlng drllllng, completlon, or workover opera- 
tlons, lncludlng mud or cement lnvaslon; and 
(3) wells ln matrlx-type reservolrs that can 
beneflt from the establishment of hlgh conduc- 
tlvlty, llnear flow channels to Improve flow 
capaclty from surroundlng locallzed reglons of 
low permeablllty formatlon. 

The flrst of the above sltuatlons Is 
probably the most common and flve of the elght 
GRWSP fleld experlments were performed In candl- 
dates of thls type. Even ln well developed, 
productlve flelds, new wells often fall to 
encounter sufflclently productlve fractures. 
Redrllllng ln an attempt to encounter better 
fractures 1s common lndustry practlce In such 
cases. The GRWSP tested both acld fracturlng 
and hydraullc fracturlng as methods of creatlng 
hlgh conductivity fractures to connect wlth 
major productlve natural fractures ln the reser- 
volr. Hydraullc fracturlng wlth proppants was 
favored where large fractures wlth rad11 of the 
order of hundreds of Feet were belteved neces- 
sary to reach major productlve fractures In the 
formatlon. 

formatlon damage by lnvaslon of drllllng 
mud, cement, etc.. l s  relatlvely comnon in both 
fractured and matrlx-type reservolrs. Because 
the damage l s  normally conflned to the near- 
wellbore area, fracturlng or chemical stlmula- 
tlon can be applled. However, selectton of the 
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treatment method depends on slte-speclflc con- 
slderatlons. Two o f  the GRWSP fleld experlments 
were done tn formatlon-damaged wells. 

One experlment was done to stlmulate a low 
permeablllty reglon o f  a matrlx-type reservolr. 
Thls category, belng less comnon, recelved less 
attentlon, but offers opportunltles for slgnlfl- 
cant economlc beneflt by enhanclng the produc- 
tlvlty o f  such marglnal or subcomnerclal wells. 

Some major concerns to whlch the GRWSP 
addressed ltself, are as follows: 

Hydraullc Fracturlnq 

1. 

2.  

3 .  

4 .  

5. 

Hydraullc fractures In fractured 
formatlons may merely parallel the 
predomlnant natural fractures In the 
reservolr and Fall to effectlvely 
connect wlth them. 

Rapld thermal degradatlon o f  polymer 
frac flulds could prevent the effectlve 
growth and propping of  hydraullc 
fractures. 

Conventlonal downhole mechanlcal 
equlpment may be Inadequate for 
fracturlng In hlgh temperature wells. 

Avallable proppants may degrade In the 
hlgh temperature, sallne envlronment. 

The posslblllty o f  excesslve fluld 
leak-off, especlally In naturally 
fractured formatlons, could result ln 
an early termlnatlon o f  hydraullc 
fracture growth. 

Acld Stlmulatlon 

1. Acld reactlon rates wlth formatlon 
materlals at high temperatures were not 
we1 1 known. 

2. Data on the solublllty o f  Formatton 
rocks ln aclds and the resultlng 
products o f  reactlon were needed for 
treatment deslgn. 

3. Some concern exlsted regardlng whether 
or not fracture acldlzlng could provlde 
adequate fracture conductlvlty for 
successful stlmulatlon. 

The Phase I and I1 actlvltles descrlbed 
below have provlded satlsfactory answers to most 
o f  these concerns. 

Phase I 

Phase I was the necessary predecessor to the 
planned Phase I 1  fleld experlments. These 
laboratory Investlgatlons. llterature studles, 
and software development accomplished the 
followlng. 

Technoloqv Transfer 

Conventlonal 0 1 1  and gas stlmulatlon 
technology was revlewed for appltcablllty to 
geothermal condltlons. Llterature and 
current unpubllshed work on stlmulatlon 
treatment deslgn, evaluatlon technlques, 
stlmulatlon materlals performance. and 
mechanlcal equlpment were revleued and 
appllcable portlons were documented In GRWSP 
reports. 

Numerlcal Modellnq 

Four exlstlng computer codes were 
modlfled and upgraded to provlde fleld 
experlment deslgn and analysls capablllty. 
Three o f  the codes Involved were avallable 
from other D O E  projects. 

Laboratory Work 

A large body o f  data on hlgh tempera- 
ture behavlor o f  stlmulatlon materlals was 
gathered and documented for the program. 
These results constltute a valuable data 
base for any hlgh temperature well stlmula- 
tlon work. Proppants, frac flulds, and frac 
fluld addltlves were tested at temperatures 
to 500'F to establlsh thelr performance 
llmltatlons In the geothermal reservolr 
envlronment. 

Polymer-based frac flulds were tested 
to characterlze by chemical methods thelr 
degradatlon behavlor as a functlon o f  
temperature and tlme. Thls novel study 
requlred development o f  new analytlcal 
procedures. Results helped to gulde 
selectlon o f  frac flulds for fleld experl- 
ments and the same analyses were later 
applled to resldual frac flulds produced 
from the fleld experlment wells for lnter- 
pretatlon of experlment results. 

Solubtlltles and reactlon products o f  
comnon formatlon materlals and drllllng mud 
clays In acetlc, formlc, hydrochlorlc, and 
hydrofluorlc aclds were studled at elevated 
temperatures o f  347'F and 437°F. Such data 
on hlgh temperature acld reactlons are 
relatlvely scarce and dlfflcult to obtaln, 
but are lmportant to good treatment deslgn. 

Hydrothermal stablllty o f  several 
comnerclally avallable scale tnhlbltors (for 
calclum carbonate) was also studled In the 
laboratory. Interest ln scale lnhlbltlon 
was centered on malntalnlng productlvlty In 
wells subject to downhole scale deposltlon. 
Thls work showed that 5 O O O F  thermal stabll- 
lty o f  comnerclal acldlc lnhlbltors 1s 
Improved by neutrallzlng the lnhlbltor. 
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In mld-1980 two cost-shared stlmulatlon 

experlments were performed at East Mesa, 
Callfornla. Stlmulatlon of Well 58-30 provlde 
the flrst geothermal well fracturlng experlence 
In a moderate-temperature (350'F) reservolr wlth 
matrlx-type rock propertles. The two treatments 
conslsted of a hydraullc Fracture of a deep, low 
pemeablllty zone and a dendrltlc Fracture treat- 
ment of a shallow, hlgh permeablllty mudlcement 
damaged zone In the same well. Both treatments 
were technlcally and economlcally successful and 
together more than doubled the produclng rate of 
the prevlously marglnal producer. 

In January 1981 an acld etchlng stlmulatlon 
treatment was performed In Unlon's Ottobonl 
State 22 well located ln The Geysers geothermal 
fleld of Callfornla. Thls experlment was also 
cost-shared wlth the operator. The treatment 
lnvolved the lnjectlon of 20,000 gallons of 10% 
HF-5% HCl acld behlnd a 20,000 gallon slug of 
hlgh vlscoslty crossllnked gel polymer fluld. 
This technlque was Intended to take advantage of 
the fluld moblllty dlfferences to etch dlscrete 
flow channels, or flngers, In the fracture 
Faces. The relatlvely low lnjectlon pressures 
experlenced durlng the treatment comblned wlth 
post-treatment temperature and R/A tracer logs 
lndlcated that the acld probably was dlsslpated 
In natural mlcrofractures over a relatlvely long 
650-foot openhole lnterval Instead of creattng a 
slngle. large fracture as planned. Thls broad 
vertlcal dlstrlbutlon o f  the acld resulted ln a 
relatlvely shallow penetratlon of the formatlon 
and the treatment had no effect on the produc- 
tlvlty of the well. 

Also In 1981, hydraullc Fracture treatments 
were performed on two wells located In Unlon's 
Baca project area ln north-central New Hexlco. 
Both experiments were cost-shared wlth Unlon. 
The treatment In Baca 23 was conducted ln March 
utllltlng a coollng water prepad followed by a 
hlgh viscosity frac fluld carrylng a mlxture of 
slntered bauxlte and resln-coated sand as the 
proppant. A nonproductlve, 231-foot Interval In 
the upper portlon of the Baca reservolr was 
Isolated for the treatment. An experlmental 
hlgh temperature Otls packer, uslng EPDM elas- 
tomer elements developed by another DOE program, 
was used successfully ln thls Job. The same 
packer was used agaln In the poststlmulatlon 
evaluatlon testlng. for thls, a novel drlllstem 
test method was devlsed by Republlc to acqulre 
downhole translent pressure data under the Baca 
reservolr condltlons of hlgh temperature and 
subhydrostatlc pressure. Poststlmulatlon sur- 
veys and productlon tests lndlcated a fracture 
had been successfully created and propped; how- 
ever, the productlon rates decllned to non- 
comnerclal levels because of several Factors 
Includlng the relatlvely low temperature of the 
Interval selected, apparent low permeablllty In 
the formatlon surroundlng the fracture, and 
reduced relatlve permeablllty caused by two- 
phase flow effects In the formatlon. 

Reservolr Selectlon 

Crlterla were establlshed for selectlng 
flelds and wells as stlmulatlon candldates 
for GRWSP fleld experlments. Wells In 
thoroughly studled proven reservolrs were 
favored because: (1) Reservolr data are 
essentlal to stlmulatlon deslgn and are tlme 
consumlng and expenslve to obtaln: and (2) 
In order for stlmulatlon to be vlable. a 
productlve reservolr must exlst. 

GRWSP reports documentlng the Phase I work 
are lIsted ln Table 1. Republlc and GRWSP sub- 
con ractors Maurer Englneerlng, Petroleum 
Tra nlng and Technlcal Servlces (PTTS), and 
Vet er Research were responslble for the Phase I 
lnvestlgatlons and documentatlon. Maurer 
Englneerlng and Vetter Research performed llter- 
ature studies and laboratory lnvestlgatlons on 
stImulatlon methods, deslgn, and materlals, wlth 
Maurer eoncentratlng on mechanlcal aspects and 
Vetter on the chemlstry. PTTS was responslble 
for documentatlon of technology transfer and For 
converting and modlfylng the necessary computer 
codes. Republlc coordlnated these tasks and 
performed the reservolr selectlon task. 

Phase I1 

Phase I 1  o f  the program conslsted o f  elght 
Fleld experlments wlth associated slte speclflc 
laboratory studles. Responslbllltles for the 
varlous Phase I1 tasks are outllned In Table 2. 
In general, the experlments progressed from 
reservolrs of lower to hlgher temperature. The 
flrst two stlmulatlon experlments were performed 
at Raft Rlver Idaho In late 1979. Thls 1s a 
naturally fractured, hard rock reservolr wlth a 
relatlvely low geothermal resource temperature 
(290OF). A conventlonal planar hydraullc 
fracture treatment was performed In Well RRGP-5 
and a dendrltlc, or reverse flow, technlque was 
utlllzed In Well RRGP-4. Thls technlque, 
deslgned to create a branched fracture pattern, 
was used In RRGP-4 to enhance the chances of 
lntersectlng major natural fractures parallellng 
the nearby Narrows fault. Analysls of the 
treatment pressure hlrtory lndlcated that den- 
drltlc fracturlng was probably not achleved. 
Post-treatment evaluatlon uslng the the USGS 
borehole televleuer and pressure buildup data 
lndlcated that a fracture 195 feet hlgh at the 
wellbore and 335 feet In length was created. 
The well productlvlty was lncreased flve-fold, 
but the produclng rate achleved was stlll sub- 
comerclal. RRGP-5, sltuated near the lntersec- 
tlon of two major faults, was stlmulated wlth a 

I conventlonal hydraullc fracture treatment ln a 
216 foot openhole Interval near the bottom of 
the well. The treatment was deslgned to obtaln 
comnerclal productlon rates from a deep hlgher 
temperature portlon of the well. Compllcatlons 
In the well completlon s t e m l n g  from the orlg- 
lnal drllllng Interfered wlth treatment and 
caused the fracture to channel upwards to a 
cooler Interval. Although a hlgh flow rate was 
achleved the produced fluld temperature was 
subcomnerclal 
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Durlng the fracture treatment, Cos Alamos 

Natlonal Laboratory (LANL) performed a fracture 
mapplng experlment uslng Baca 6 as an observa- 
tlon well. A trlaxlal geophone system was 
placed In the well; and uslng technlques 
developed for the Hot Dry Rock Project, mlcro- 
selsmlc actlvlty caused by the fracture job was 
mapped. The 14 dlscrete selsmlc events lndl- 
cated northeast trendlng actlvlty In a zone 
roughly 2.300 feet long, 650 feet ulde, and 
1,300 feet hlgh. The rock Fallure, therefore, 
occurred In a broad zone and suggests the stlmu- 
latlon dld not result In the creatlon of a 
slngular monollthlc fracture. These mlcro- 
selsmlc events would be expected to proceed ln 
advance of any slgnlflcantly wldened, 
artlflclally created fracture and would not 
necessarlly deflne a flnal propped flow path to 
the wellbore at Baca 23. Calculatlons of the 
theoretlcal fracture length were made assumlng a 
300-foot hlgh fracture. The results suggest a 
fracture wlng of 430 to 580 feet In length may 
have been created, dependlng on the assumptlons 
utlllzed for the frac fluld, fluld efflclency. 
and fracture wldth. 

The second Baca experlment was conducted In 
Baca 20 In October 1981, agaln utlllzlng a 
coollng water prepad followed by a hlgh 
vlscoslty frac fluld carrylng only slntered 
bauxite as the proppant. In order to maxlmlze 
fracture conductlvlty and Improve on the Baca 23 
results, a larger slze proppant was used and a 
deeper, hotter lnterval was selected. A 
240-foot lnterval from 4,880 feet to 5.120 feet, 
whlch was lndlcated to have produced only a 
small portlon of the well's 56,000 pound per 
hour total mass flow, was Isolated for the j o b .  
The temperature In thls lnterval (540'F) gave 
Baca 20 the dlstlnctlon of belng the hottest 
well to be fractured tn the Unlted States to 
date. The Otls hlgh temperature packer and 
speclal drlllstem test method were used agaln 
successfully In Baca 20. In addltlon, a speclal 
lnstrument carrler was destgned to house 
Amerada-type pressure lnstruments dounhole 
durlng the fracture treatment. The data 
acqulred enhanced the lnterpretatlon o f  the Job. 

Poststlmulatlon tests and analyses lndlcated 
a hlghly conductlve fracture was achleved wlth a 
length o f  over 340 feet. However, the produc- 
tlvlty of the well was poor, probably because of 
the low permeablllty formatlon surroundlng the 
artlflclally created fracture. Flnely ground 
calclurn carbonate tntroduced as a fluld-loss 
addltlve durlng the fracture treatment was Sus- 
pected In thls Job and others to result In some 
formatlon plugglng. However, a follow-up acld 
treatment In Baca 20 deslgned to remove thls 
materlal dld not Improve the well's produc- 
tlvlty. Although the results were dlsap- 
polntlng, thls follow-up acld clean out was 
successful In dlspelllng long standlng concerns 
about the selectlon and appllcatlon of solld 
Fluld-loss addlttves. 

The Beowawe fleld experlment, the elghth of 
the GRWSP, was performed in Chevron's Rossl 
21-19 well In August 1983. The experlment was 
cost-shared wlth Chevron. The Beowawe reservolr 
1 s  a fractured volcanic sequence wlth tempera- 
tures of 360-420OF. The R o s s l  well was non- 
comnerclal, even though l t  dld Intersect a 
hlgh-temperature fluld zone. Test results 
showed that I t  was llmlted by near-wellbore, 
restrlcted permeablllty, whlle all the remalnlng 
Chevron wells had been tested wlth productlon 
rates measured In the range o f  230,000 to 
320.000 lb/hr. Hydraullc connectlvlty has been 
shown to exlst between all the wells uslng 
pressure Interference tests whlch further 
lndlcate the reservolr has hlgh areal perme- 
ablllty propertles. The stlmulatlon experlment 
was a 60.000-gallon, two-stage acld treatment 
deslgned to enhance productlvlty o f  the natural 
fractures and to remove drllllng mud resldue 
from the fractures. 

The treatment was conflned to the slotted 
llner Interval below 4,369 feet. A presttmula- 
tlon lnjectlon proflle survey lndlcated that 
about BO% o f  the lnjected fluld was enterlng the 
formatlon below a restrlctlon ln the llner at 
5.480 feet. Thls restrlctlon prevented logglng 
to flnd the exact lnjectlon Interval. The flrst 
treatment stage conslsted o f  500 bbl o f  14.5% 
HC1 acld dlsplaced by 2,400 bbl o f  water. The 
second stage conslsted of 982 bbl o f  a 12% 
HC1-3% HF acld solutlon dlsplaced by 3,000 bbl 
of water. Laboratory t s t s  on drlll cuttlngs 
from R o s s l  had lndlcated an average formatlon 
solublllty of 14% ln HCl and 53% lo HCl-HF. The 
hydrochloric acld stage dld not by Itself 
produce any measurable stlmulatlon effect, but 
was necessary to prevent formatlon of insoluble 
calclum fluoride preclpltate In the formatlon 
durlng the second stage. InJectlvlty tests 
performed durlng the experlment lndlcated a 
2.3-fold Increase In lnjectlvlty by the second 
stage. 

Sandla Laboratorles and LANL both partlcl- 
pated In the experlment testlng fracture mapplng 
methods and provtdtng data on the dlrectlon o f  
fluld movement ln the reservolr durlng the 
treatment. Sandla applled Its surface 
electrlcal potentlal (SEP) method to map the 
movement o f  the treatment flulds In the reser- 
volr. The acld solutlons clearly moved outward 
from the well along the known predomlnant 
fracture dlrectlon. LANL was able to detect 
mlcroselsmlc events durlng fluld tnjectlon uslng 
the trlaxlal geophone lnstrument In the nelgh- 
borlng well Glnn 1-13. Thls result was 
especlally slgnlflcant stnce the experlment was 
not a fracturing treatment. 

Unfortunateiy, mechanlcal compllcatlons wlth 
the well precluded an adequate productlon test. 
A shallow. low temperature zone In the well had 
prevlously been perforated for testlng as an 
lnjectlon zone. Although thls zone had exhlb- 
lted very low lnjectlvlty, I t  produced enough 
cold water lnto the wellbore to prevent lnltla- 
tlon of flashlng flow from the lower zone. 
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Attempts t o  p roduc t l on - tes t  t he  w e l l  were aban- 
doned a f t e r  p roduc lng  I t  fo r  approx lmate ly  12 
h’ours by n l t r o g e n  l l f t .  

I n  order t o  p roduc t l on  t e s t  the  w e l l ,  the  
sha l low p e r f o r a t e d  zone w l l l  have t o  be plugged 
o f f  by cementlng or  by l n s t a l l a t t o n  o f  a t l eback  
CaSlng s t r l n g .  I f  t h e  w e l l  l s  produc t lon  
tes ted ,  I t  1s reasonable t o  expect a s l g n l f l c a n t  
lnc rease I n  p r o d u c t l v l t y  o f  t he  lower zone. 
However. t he  abso lu te  l e v e l  of  p r o d u c t l v l t y  
cannot be l n f e r r e d  from the  l n j e c t l v l t y  da ta  
because the  r e l a t l o n s h l p  o f  p r o d u c t l v l t y  t o  
l n j e c t l v l t y  t n  a f r a c t u r e d  r e s e r v o l r  1s h l g h l y  
v a r l a b l e .  

Data on the  e l g h t  f l e l d  exper lments a r e  
sumnarlzed I n  Table 3 and the  f l r s t  seven f l e l d  
experlments have been documented I n  r e p o r t s  
l l s t e d  I n  Table 1. 

Deslgn o f  each o f  t he  e l g h t  exper lments 
r e q u l r e d  as a b a s l s  a model, o r  p h y s l c a l  con- 
cept ,  o f  t he  w e l l  and sur round lng  r e s e r v o l r  
based on d r l l l l n g  and p roduc t l on  h l s t o r y ,  pe t ro -  
p h y s l c a l  logs ,  p roduc t l on  logs ,  r e s e r v o l r  
t e s t l n g .  and l a b o r a t o r y  da ta  on cores and d r l l l  
c u t t l n g s .  Data ga the r lng  technlques do no t  
e x l s t  t o  c r e a t  an exact r e s e r v o l r  model and 
d e f l c l e n c l e s  occur I n  t h e  f l e l d  exper lment da ta  
because o f  w e l l  problems or f a l l u r e s  o f  l n s t r u -  
ments I n  the  geothermal envlronment.  Thus, t h e  
des lgn  and e v a l u a t l o n  o f  f l e l d  exper lments a r e  
hampered by an Incomplete knowledge o f  t he  
r e s e r v o l r  and I t s  response t o  s t l m u l a t l o n .  
T y p l c a l l y ,  I n  comnerclal  o l l  and gas operatl”ons, 
da ta  necessary f o r  s t l m u l a t l o n  des lgn  and eva lu -  
a t l o n  a r e  accumulated over a l o n g  p e r l o d  o f  
d r l l l l n g .  r e s e r v o l r  t e s t l n g ,  and s t l m u l a t l o n  
t reatments.  The GRWSP tmproved on t h l s  t r l a l  
and e r r o r  approach by l n c r e a s l n g  emphasls on 
d lagnos t l c  da ta  ga the r lng  d u r l n g  t h e  t r e a t -  
ments. Much stands t o  be galned however, by 
a p p l l c a t l o n  o f  l n c r e a s l n g l y  s o p h l s t l c a t e d  da ta  
ga the r lng  methods t o  d e f l n e  impor tan t  r e s e r v o l r  
parameters and eva lua te  the  response o f  t he  
r e s e r v o l r  t o  s t t m u l a t l o n .  Cur ren t  e f f o r t s  I n  
f r a c t u r e  mapplng and o the r  r e s e r v o l r  d e f l n l t l o n  
technlques h o l d  g rea t  promlse f o r  an lmproved 
unders tand lng  o f  r e s e r v o l r s  and s t l m u l a t l o n .  

Techn lca l  Enhancements o f  t he  GRWSP 

I n  a d d l t l o n  t o  the  major conc lus lons  o f  t he  
GRWSP (d lscussed i n  the  f o l l o w l n g  s e c t l o n ) ,  
t he re  were a number o f  t e c h n l c a l  enhancements 
u h l c h  a r e  worthy o f  note.  I n  the  course o f  t h e  
GRWSP work Republ lc and the  program subcontrac- 
t o r s :  ( 1 )  Created a comprehenslve da ta  base on 
performance o f  s t l m u l a t l o n  m a t e r l a l s  a t  h l g h  
temperature; ( 2 )  dev lsed a new method o f  
ana lys ts  f o r  c h a r a c t e r l z a t l o n  by chemlcal  
methods o f  t he  temperature/ t lme degradat lon  of 
polymer-based f l u l d s ;  ( 3 )  developed so f tware  f o r  
h l g h  temperature f r a c t u r e  t rea tment  deslgn; 
( 4 )  devlsed a nove l  d r l l l s t e m  t e s t  method t o  
acqu l re  downhole p ressure  da ta  f o r  
l n t e r p r e t a t l o n s  o f  f r a c t u r e  l eng th ,  f r a c t u r e  
c o n d u c t l v l t y .  and fo rma t lon  p r o d u c t l v l t y ;  
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( 5 )  devlsed a nove l  method o f  measurlng downhole 
p ressure  d u r l n g  a f r a c t u r e  t reatment;  
( 6 )  p rov lded  an o p p o r t u n l t y  f o r  t e s t i n g ,  hl,gh 
temperature packer elastomers and l o g g l n g  t o o l s  
developed by o the r  DOE,-funded programs; 
( 7 )  encouraged cont lnued development by p r l v a t e  
I n d u s t r y  o f  t r e a t i n g  f l u l d s ,  packers,  
l o g g l n g  t o o l s  f o r  h l g h  temperature we 
( 8 )  galned s u b s t a n t l a l  I n d u s t r y  suppor t  
f l e l d  experlments th rough cos t  shar lng .  

Concluslons 

The two f r a c t u r e  t reatments i n  Ra f t  R 

and 
1s; 
f o r  

ver 
and the  two l n  Baca were success fu l  I n  o b t a l n l n g  
s l g n l f l c a n t  p roduc t l on  f rom p r e v l o u s l y  non- 
productive I n t e r v a l s .  H l g h l y  conduct lve  propped 
f r a c t u r e s  were c rea ted ;  however, t h e  fou r  t r e a t -  
ments f a l l e d  t o  e s t a b l l s h  comnerclal  p roduc t l on  
due t o  d e f l c l e n c l e s  I n  e l t h e r  w e l l  f l u l d  temper- 
a t u r e  o r  f l o w  r a t e  o r  bo th .  

The two s t l m u l a t l o n  t rea tments  l n  a m a t r l x -  
t ype  fo rma t lon  a t  East Mesa 58-30 more than 
doubled p roduc t l on  f rom the  w e l l  and c o n s t l t u t e d  
an economlc and t e c h n l c a l  success. The lower 
zone t rea tment  s t tmu la ted  p roduc t l on  f rom a 
t l g h t  sandstone fo rmat lon .  The upper zone 
t rea tment  s u c c e s s f u l l y  s t l m u l a t e d  mud and 
cement-damaged h lgh -pe rmeab l l l t y  sands around 
t h e  we l l bo re .  

The a c l d  e t c h l n g  t rea tment  o f  t he  Ot tobon l  
S t a t e  22 w e l l  I n  The Geysers f a l l e d  t o  lnc rease 
p roduc t l on .  I t  Is b e l l e v e d  l l k e l y  t h a t  t he  
t rea tment  f l u l d s  were d l s s l p a t e d  I n t o  fo rma t lon  
m lc ro f rac tu res .  and the re fo re ,  f a l l e d  t o  pene- 
t r a t e  deep enough I n t o  the  fo rma t lon  t o  enhance 
comnunlcat lon w l t h  major n a t u r a l  f r a c t u r e s .  

The Beowawe f r a c t u r e  a c l d l z l n g  exper lment 
produced a 2 .3 - fo ld  lnc rease I n  l n j e c t l v l t y  I n  a 
w e l l  whlch apparen t l y  penet ra ted  a l o c a l  r e g l o n  
o f  low p e r m e a b l l l t y  and u h l c h  may a l s o  have 
s u f f e r e d  fo rma t lon  damage d u r l n g  d r l l l l n g .  

Wl th  few except lons ,  comnerc la l l y  a v a l l a b l e  
f l u l d s ,  proppants,  and equlpment performed 
s a t l s f a c t o r l l y  l n  the  e l g h t  s t l m u l a t l o n  e x p e r l -  
ments. I n  many cases, s p e c l a l  technlques such 
as p r e c o o l l n g  t h e  we l l bo re  and fo rma t lon  were 
employed t o  accommodate l l m l t a t l o n s  o f  a v a l l a b l e  
m a t e r l a l s  and equlpment. The demands o f  t he  
geothermal envlronment p laced added Importance 
on q u a l l t y  c o n t r o l .  S t l m u l a t l o n  f l u l d s  and 
proppants were p re tes ted  I n  the  l a b o r a t o r y  and 
q u a l l t y  c o n t r o l  checks were performed on s i t e .  

O v e r a l l  I t  was shown t h a t  bo th  h y d r a u l t c  
f r a c t u r l n g  and a c l d l z l n g  can, l f  p r o p e r l y  
app l  led ,  be e f f e c t  l ve remedl es f o r  near -we1 1 bore  
fo rma t lon  damage and f o r  enhancing p r o d u c t l v l t y  
o f  a w e l l  p e n e t r a t l n g  a l o c a l  r e g l o n  o f  low 
r e s e r v o l r  pe rmeab l l l t y .  However, I n  t h r c e  o f  
t h e  fou r  h y d r a u l l c  f r a c t u r e  t rea tments  a t  a f t  
R lve r  and Baca, ex tens lve ,  h l g h l y  conduc l v e  
f r a c t u r e s  were c rea ted  and propped whlch f a  l e d  
t o  e s t a b l l s h  comnerclal  p r o d u c t l v l t y  f rom the  
r e s e r v o l r .  I n  bo th  Ra f t  R lver  and Baca. the  
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knowledge o f  the reservolr and the geometry o f  
the created fracture are lnsufflclent to 
establlsh for certaln the proxlmlty o f  produc- 
tlve natural fractures to the wellbore and 
whether or not the pattern o f  natural fractures 
Is such that a hydraullc fracture can Intercept 
them effectlvely. At least two methods o f  frac- 
ture rnapplng are belng developed whlch could 
ellmlnate much o f  thls uncertalnty In future 
fracture treatments. 

The declslon to conflne fracture treatments 
to relatlvely short, nonproductlve Intervals o f  
the wellbore at Baca and Raft Rlver was based on 
the premlses that: (1) Petroleum lndustry frac- 
ture deslgn technology Is appllcable to creatlng 
new fractures In unfractured rock; and (2) the 
fracture helght at the wellbore face must be 
llmlted by zone lsolatlon In order to achleve 
the deslred fracture uldth (aperture) and horl- 
zontal fracture extenslon. Thls approach 1s 
conservatlve ln that It utlllzes proven fracture 
deslgn technology, but necessltated recompletlon 
o f  the Baca and Raft Rlver wells to exclude 
about 90% o f  the orlglnal open Interval. 
Because rellable methods do not exlst to 
temporarlly lsolate Intervals for hydraullc 
fracturlng In the open wellbore. vlrtually 100% 
o f  the wells' prestlmulatlon productlon was 
sacrlflced. For the sake o f  experlmentalon. 
these llmlted Interval treatments reduced the 
rlsk o f  a complete job fallure and slmpllfled 
Interpretatlon o f  the results. However. In 
terms o f  the level o f  productlvlty achleved, the 
Raft Rlver and Baca experlments were handlcapped 
by the excluslon o f  prevlously productlve 
Intervals. 

At least two solutlons appear posslble. One 
Is to perform a serles o f  short-lnterval treat- 
ments In each well, thereby creatlng a long 
stlmulated Interval. However, thls approach 1s 
lnherently expenslve and, as mentloned prevl- 
ously, a sultable method o f  zone lsolatlon does 
not exlst. A second, and much more promlslng 
approach 1s to focus on stlmulatlng exlstlng 
productlve fractures. Observatlons durlng the 
fleld experlments and Republlc's own well 
testlng actlvlttes lndlcate that fractures can 
wlden and lncrease In flow capaclty under fluld 
lnjectlon condltlons. Thls 1s probably the most 
slgnlflcant observatlon o f  the program and has 
led to a new concept o f  uldenlng and propplng 
natural fractures near the wellbore to enhance 
thelr fluld conductlvlty. 

Thls proposed new approach takes advantage 
o f  the phenomenon o f  "fracture compllance" whlch 
has been observed In the GRWSP fleld experlments 
and uhlch has been studled and descrlbed on a 
laboratory scale In the technical llterature. 
Natural fractures are known to dllate durlng 
fluld lnjectlon and constrlct durlng productlon, 
wlth a correspondlnq loss In productlvlty. For 
a sufflclently elastlc, or compllant. fracture 
system, It 1 s  theoretlcally posslble to prop 
fractures in the dllated state, thus retalnlng a 
hlgh fluld conductlvlty under productlon con- 
dltlons. Successful stlmulatlon o f  thls type 

could lncrease geothermal well productlvlty by 
several-fold. Relatlve to other technology 
development work sponsored by D O E .  such stlmula- 
tlon offers one of the greatest potentlal oppor- 
tunltles For enhanclng the economlcs o f  
geothermal power productlon. Unfortunately, the 
funds for testlng the propplng o f  cornpllant 
fractures are not avallable under the GRWSP. 

Stlmulatlon fleld experlments are expenslve 
and rlsk prone, but offer hlgh potentlal for 
slgnlflcant economlc Impact on the geothermal 
lndustry. Fleld experlments are clearly 
necessary however, to develop technology o f  use 
to the lndustry. The geothermal lndustry 
retalns a strong Interest In well stlrnulatlon 
and the development o f  tools and technlques for 
well and reservolr data acqulsltlon. 
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TABLE 1 

GRWSP REPORTS THROUGH JULY 1983 

1. Part I - Contract Proposal - Geothermal Reservolr Well Stlmulatlon 
Program Nanagement - EW-76--32-0114 
Part I1 - Technlcal Proposal 
Part 111 - Cost Proposal 

Nanagement - Narch 22. 1979 

Rlver Fleld - GRWSP - June 1979 

2. Nanagement Plan for Geothermal Reservolr Well Stlmulatlon Program 

3. Proposal for Produclng Well Hydraullc Fracture Stlmulatlon, Raft 

4. Geothermal Reservolr Well Stlmulatlon Project - Reservolr Selectlon 
Task - November 1979 

5. Geothermal Reservolr Well Stlmulatlon Program - Flrst-Year Progress 
Report - February 1980 

6. Proposal for Produclng Well Hydraullc Fracture Stlmulatlon Treatments - East Nesa Fleld - GRWSP - Aprll 1980 
7 .  Nodlflcatlon and Implementatton of the N.E.T.C. Slmpac Program - Hay 

1980 (PTTS) 

8. Interactlve Fracture Deslgn Model - May 1980 (PTTS) 
9. Volume I - Geothermal Reservolr Well Stlmulatlon Program - Technology 

Transfer - Nay 1980 (PTTS) 
Volume I1 - Technology Transfer (PTTS) 

Volume 111 - Technology Transfbr (VR) 

Volume IV - Technology Transfer (NEI) 

- Baca Project Area - GRWSP - November 1980 10. Proposal for Produclng Well Hydraullc Fracture Stlmulatlon Treatment 

11. Raft Rlver Well Stlmulatlon Experiments - August 1980 
12. Proceedlngs of the Geothermal Reservolr Well Stlmulatlon Symposlum - 

13. Proposal for Produclng Well Chemlcal Stlmulatlon Treatment - The 

14. Volume I - Geothermal Fracture Stlmulatlon Technology Fracturlng 

February 7 ,  1980 

Geysers - GRWSP - December 1960 

Proppants and Thelr Propertles - July 1980 (REI) 
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Volume I1 - Geothermal Fracture Stlmulatlon Technology - Hlgh 
Temperature Proppant Testlng - July 1980 (MEI) 
Volume 111 - Geothermal Fracture Stlmulatlon Technology - Geothermal 
Fracture Flulds - July 1980 (NEI) 
Volume I V  - Geothermal Fracture Stlmulatlon Technology - Proppant 
Analysts at Geothermal Condltlons - January 1981 (MEI) 

15. Chemlcal Stlmulatlon Treatment - The Geysers - Ottobonl State 22 
Geothermal Reservolr Well Stlmulatlon Program - February 1981 

16. Hydraullc Fracture Stlmulatlon Treatments at East Mesa 58-30 
Geothermal Reservolr Well Stlmulatlon Program - February 1981 

17. Hydraullc Fracture Stlmulatlon Treatment of Yell Baca 23 - June 1981 
18. Technlcal Proposal - Geothermal Reservolr Well Stlmulatlon Program 

Extenslon - June 1981 
Cost Proposal - Geothermal Reservolr Well Stlmulatlon Program 
Extenslon - June 1981 

19. Fracturlng Flutd Evaluatlon (Laboratory Work) (Vetter Research) - 
January 1982 

20. Acldlflcatlon of Geothermal Wells Laboratory Experlments (Vetter 
Research) - January 1982 

21. A Revlew of Surface Equlpment Requlrements for Geothermal Well 
Stlmulatlon - February 1982 

22. Status Report GRWSP - May 1982 
23. Requlrements for Dounhole Equlpment Used for Geothermal Well 

Stlmulatlon - August 1982 
24. Proposal for Produclng Well Chemlcal Stlmulatlon Treatment Beouaue 

Geothermal Fleld Experlment No. 8 - May 1983 
25. Flnal Report - A Laboratory Study of Acld Stlmulatlon o f  Drllllng 

Mud-Damaged Geothermal Reservolr Materials - May 1983 
26. Hydraullc Fracture Stlmulatlon Treatment o f  Well Baca 20 - July 1983 
27. Experlment 8 FInal Report (to be wrltten) 

28. GRWSP Sumnary (to be urltten) 
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TABLE 2 

PHASE I 1  TASKS 

Republic Geothermal. Inc. (prime contractor) 

Reservoir 
Location Temperature 

ixmerimnt and Yell (*F) 

1 Raft River, ID 290 
RRGP-4 

2 R a f t  River, ID 290 

3 East Mesa. CA 350 

RRGP-5 

58-30 

4 East nesa. CA 320 
58-30 

5 h a .  NM 450 
9-23 

6 The bcysers. CA 460 
os-22 

7 naca. nn 540 
8-20 

8 8 . a M . N V  
ROSSi 21-19 

Overall program d i rec t ion  
So l ic i ta t ion  o f  geothermal operators and selection o f  experiment Candidates 
F ie ld  experiment planning and design 
F i e l d  experiment execution 
F ie ld  experiment report ing 

Ihurer Eng 1 neeri ng  (subcontractor) 

Stimulation treatment design 
Jobspec i f i c  laboratory tes t ing  o f  proposed s t i u l a t i o n  materials 
F ie ld  supervision o f  st imulat ion service companies 
Continuing l i t e r a t u r e  review and l i a i s o n  with service companies t o  maintain 

Reporting on st imulat ion treatment execution 
awareness o f  new developments 

Petroleum Training and Technical Services (subcontractor) 

boer ica1  modeling f o r  design o f  f i e l d  experiments 
Seminar i n  February 1980 f o r  technology transfer 

Vetter Research (subcontractor) 

Jobspec i f i c  laboratory tes t ing  o f  proposed st imulat ion materials 
Planning. execution, and interpretat ion o f  chemical and WA tracer studies 
Chemical analysis o f  f l u i d s  in jected and produced during f i e l d  experiment 

st imulat ion and production testing. 

Terra l e k  (subcontractor. beginning In 1981) 

Laboratory tes t ing  f o r  acid st imulat ion o f  ard-damaged f o r u t i o n s  

6RblSP SWOAI OF EXPERIIIENlS 

T r e a t a t  
Interval 

st iu1at ion , H.ight 
Reservoir Formation Treataent Tvpa l f t )  Flurd 

Fracture0 mtmorphic ' k n d r i t i c  hyoru l l c  
and intrusive rocks fracture 

Fractured metmrphic Large hYdMUllC 
and intrusive rocks fracture 

h l t a i c  sanostone Hydraulic fracture 
ana Shale sequence 

Deltaic sandstone ana 
shale sequence 

Dendritic hydraulic 
fracture . 

Fractured Bandeller Large hydraUl1c 
Tutf f racture 

Fractured Franciscan Acid etching 
graywacke and greenstone 

Fractured Bmdelier Large hydrlU11c 
Tuff fracture 

Fractured 8.ndclier k i d  treataet t o  
Tuff dissolve c a l c i u  

carbonate fluld- 
loss additive 

Fractured V O I C M I C  k i d  etching and 
formation o u g e  
remval 

scqU- 

Promant 

195 

216 

247 

304 

23 1 

1000 

240 

240 

1111* 

7- bbl Sann0 50.400 l b  IW-meSh 
10 I b  HP 6uarll000 gal 
2 Ib  XC Polyrr/lWO gal 

58.000 l b  20/40-msh 

7600 mi Sand 04.OOO l b  lW-mesh 

z m m i  I Sand 44.500 Ib  100-mesh 

30 l b  HP 6uu/1000 gal 347,000 l b  20/40-msh 

60 I b  HP 6uar 
(crosslinked gel)/ Resin-Coated Sand 

59.200 Ib 2OllOaSh 

60,OOO Ib  20/40-msh 1000 gal 

IO Ib HP GUar/lM10 gal 
2 Ib  XC Polyrr/lOOO gal 

10.300 bbl Sand 44.000 l b  100-mesh 

3600 bbl water prepad Sand 42.000 I b  100aSh 
4000 bbl Resin-Coatea Sano 

60 I b  HP Guar 81.500 I b  24/40-mesh 
(Crosslinked s l ) /  Bauxite 
1000 9.1 98.500 lb  ZO/U)-msh 

15 Ib  W bull000 pal 

60 l b  HP 6uar 
(Crosslinked gel)/  
I000  gal 

476 bbl 511 KI-IO11 HF 
445 bbl d l s p l l c a n t  

476 bbl prepad None 

416 bbl pad 

I5  Ib  WP 6uar/1000 gal 

yx)o bbl water pepad Bauxite 
5600 bbls 119.700 Ib 16/20-msh 

6 0 I b H P 6 u r  119.700 l b  12/20-msh 
(Crosslinked Qe1)/ - -  
io00 *I 

1045 bbl 11.91 nCl b e  

llone w bb 14.511 HCl 
2 u b  bbl water displacement 

w l 2 S  HC1-3S HF 
3019 Bbl  water d i s p l a c c a t  
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