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:;ABSTRACl:.-_

S Development of hydrothermal geothermal3resources associated with vol-_~_gyv
rcrff'canic fields of the circum-Pacific region is progressing at an accelerating ;
. pace (Anon., 1982) ﬂ?

L ,This valuable energy resource base can be greatly ;“‘””
o expanded by forming artificial reservoirs in hot but dry rock (HDR) Such
rock contains insufficient permeability and fluid for natural hydrothermal
development but water pumped in a circulation loop through a HDR reservoir
S >(hydraulically fractured between 'two drill holes) is being tested and
i'ifi“ﬂevaluated. The formation of such in situ. heat transfer systems. and subse-a,,“
fgdﬁtquent testing of the man-made geothermal reservoirs in the Jemez volcanic
"'fffield New Mexico have already indicated ‘the technical feasibility of the
hot dry rock: (HDR) geothermal concept'” 'D‘ocumented. production history and
,_if;"heat-extraction data obtained during he’periodffrom 1978 to 1980 have
”7”3:confirmed heat“transfer, ow water loss ;and‘predictable therma Pdradewn
: N,Duringla nine month test of closed loop heat

"»’-*y_models for the HDR syste




umbuuction

: The . S.. Government supports a Slgﬂiflcaﬂt ,, number of research and‘
_.development programs to further geothermal energy development. = Many of the’
;;},_._ivyprojects,‘initiated during the 1973 post oil-embargo period, have been g B
"‘j]directed at’ providing improved assessments of . the national geothermal

resource (White and williams. 1975 HDRAP 1977 Muffler, 1979 Rowley,f SRR

,:;:5_11982) Both natural (hydrothermal) resources and the much more extensive B T

HDR resources are being evaluated.__\__, The majority of 1! S. proaects con-"jj.'/’,‘v .

i | ‘*‘;"Hcentrated on expanding the resource by supporting exploration, drilling.'_"__,-f':, :
and development of hydrothermal reservoirs- The Hawaian Geothermal ‘Project '; S

S ”_f_f,(Shupe, 1982) expanded our knowledge of basaltic reservoirs assocfated with =~
- f'f‘::’?"f,active volcano heat sources.;{_ The Raft River, Utah project (Russell 1982); SRR

demonstrated the feasibility and technology tO PrOdUCE electricity from

‘fextensively known hydrothermal reservoirs with fluid temperatures in the.f'".','::

-'~i_150°c range. At Baca‘ New Mexico there is a demonstration of the first'

’high-grade ()180°C) hot water (non-steam) reservoir system (Dondanville.*ff'_”"f: S
el ,_,:\1979) associated with a volcanic heat source. Support was also provided to Lo
= y_comercial firms attempting to exploit ’the highly chemically-charged fluids,;~




HOR ‘resource fs _enormous _and can _‘be “used to; expand -the output of elec-'

r}icity and of hot water from hydroth,eyrmal ‘developments. n‘ addition 'tov'

The objective of the Los Alamos Hot Dry Rock f‘(HDR) geothermal program ':7»:
is to investigate and develOp the technical feasibility, and to provide a”ﬁffal"/

_.,vu'lcomercial-scale demonstration of an artificial geothermal reservoir.: This:_f o
& rresearch is focused on a field site in north central New Mexico, (Fig. 1)’ e

e ':}where a large mass of hot crystalline rock with extremely low permeability‘ : b
fexists below the flanks of a young silicic volcanic system, theValles
Caldera. B e i

C o The first.test well,_ ompleted in 1972,
‘HDR resource. : Permeability within the Precambrian crystalline rocks ‘was

,,‘_;_;’determined to be Tow enough for the exper'lments.,. Four deeper boreholes |
o rsubsequently were drilled through the 800 m thick, insulating young vol-

f,-i'f"canic and sedimentary sequence into the underlying hot Precambrian complex. o
For one wellbore pair. the wells were connected at. 2 7 to 3 0 km depth byff,"_ B SV

- hydraul ic fracturing._ Heat was extracted by circulating water down one .

firmed the existence Of a,;.‘

well nto the fractured rock. and recovering it ‘in the second well to R

o iprovide a closed-loop heat transfer system with reservoir rock temperatures
- of 185°c.. This system afforded the first technical easibility demonstra-*

‘V}f'f;v'tion of a HDR geothermal reservoir_
Reservoir tests of this first HDF
1980. The work conclusively demonstrated that "




thefinclined parts, thus providing a configuration that allows development:
'ofwa parallel vertical fr”'t"re system that'i SeYe

attractive to several other countries.

'ﬁf,and engineers from both countries are in residence at Los Alamos and par-_ft

4 :"':: Kingdom, and Italy. fr A

o HDR, »RESERVO.IR, .°°“9EPT‘ * ':"7“

| “Hffisive reservoir performance data were collected

'”‘75;f7ticipate actively in the project. Projects based upon Los Alamos concepts'? |

' are underway in Hest Germany, Scandinavia,' Japan. France, the UN1tEd N

| jThe tos' Alamos WDRProject s
supported by the U S. Department of Energy-and by significant contribUtionss>Ltufif;f;
;:from the Federal Republic of Germany and Government of Japan.w Scientists:;-_"

T Forming a HDR reservoir involves'drilling a'pair of wells with onelfff
’<f‘injection well and one production well.,; A vertical hydraulic fracture'*

jlfsystem is then formed between the two wells (Fig. 1) The fracture serves 3

. as the heat transfer surface for heat extraction by water pumped down the:r,7"7 o
Afinjection well, . The original HDR reservoir formed at Fenton Hill approxi-'”j‘ .
" mates this simple form. The two wells were nearly vertical and thereforet,;"'

}'fijnly a limited rock volume was available to fracture between the two wells., .

Nevertheless, two different heat transfer systems were created and extenf f;'5

_ Esystem was evaluated for periodsf
Table 1 summarizes ‘the Fenton Hill

Ihitlal testsnwere con_;s.u,



ﬁiThe first deepeborehole ofhthe‘Fenton

Hil] research system, Geotherma11g

‘lffTTest 2 (GT-Z) was._ drilled in 1974 to 2 depth of 2.9 km where thenal;;_éf;

f;afif 'Ffif?‘temperature was 197°c.g;
S Vy;,jthen performed 4n GT-Z.
Ll h_toward the largest of

' the 6T-2 wellbore at & depth§5f 25

a large fracture centered“
;2bpre penetrated several ': >Vki;pened natura1 ?fractu"s

2;as the production'or extractio wel!.r
' ot 7at7Fenton

ing ealcite, ki fe1dspar. _i; e dlnuart The

{have been so effective that in’ri 1ckpermeability and water josses during;

,td tﬂigher pressures will normally resu1t 1n greater jg:gjtg permeation water;_;;fi_
- losses. After trying several | ‘methods of improving. communication between_f]ft:
" the two boreho1es, an_ acceptab\e connection was achieved by side-trackingfif}jjt
km/and redrilling 1t towards the top ofn:ff;7‘f
pth of about 2.75 km in EE-1. The we11-ffi”*t i

~H‘Thisjpath had 1nnf
, : | The combina-:

weTTbore witffthe 'edr111ed path_ts eferred to;
, ln”subseque ",_ ; ; eservoir“:EE-l was

Aaseries of hydraulic fracturing experiments wasyaf]*ft11
”The energy extraction we11 (EE-1 ) was. drilled_ff;fﬁ7fh
e GT-2 fractures in an ‘effort to forma .
i}~heat-extraction loop.é “The ‘intent was. to produce a large vertica] "spacing - fffli'
~ between the inlet and outlet 1pcat10ns in order to maximize the’ effective}f{ﬁffp.9
~”_ffheat-transfer area . while still achieving a reasonably Tow 1mpedance to
'1f,flow.. Low flow 1mpedance 1s required for high rates of heat extraction.“




s 34

ifracture system.r Heat was transferred to the circuiating water by thermal}!

“fThe average therma1 power extracted during this test was 3 l MM, evaluated

ater from GT-ZB was piped ‘to' a water-to-air heat-exchanger where the water‘f?g‘if77
asﬁcooled to 25°c before reinjection.¢ Makeup water.,required to repiace,fff |
ownhoie permeability 1osses to the rock surrounding the fracture, wasii{f R
iadded to the cooled water and pumped down EE- 1.. and then ‘through the

. conduct fon. through the neariy impervious rock to the fracture surfaces._7p!t -

ffzat the surface.» The fiow impedance, a measure of the pressure ioss through i

;g§thhe reservoir per unit flow rate, initiaiiy 1.7 GPa s/m (15 psi[gpm),i - |
decreased by a factor of five as thermai contraction ‘and continued pres-

- }i\surization resuited in . the opening of naturai joints that provided
_glf_'additionai communication with the producing well water losses to ‘the rock:

"“j surrounding the fracture steadiiy diminished and eventuaily this loss rate
tt?mswwtuofmemkawr“&°
:"*,p;was benign and the seismic effects associated with heat extraction vere

The geochemistry of the produced fluid,; o

,:ftiﬂiimmeasurably smail. ngever, the reiativeiy rapid thermai drawdown of theylfi o

~ produced water from 175 to :B5°C (345 to_ 185°F), indicated that ‘the - -

. effective heat-transfer area was small,’ about 8000 m (86 000 ft' ),‘and~;,t":
“5fiessentia11y confined to a fracturefmregion between the main;injection and .

;,fproduction zones in the EE- 1 and GT-2B weils (Murphy et al., 1977; Testerﬁf
‘and Aibright, 1979 Murphy and Tester, 197

‘Hff A high back-pressure fiow experiment (Brown, 1982) was run for 28 day5~f

fposedfa potential.danger to the shallow ﬁq01fers,uas well as creating!high“"in




water ;losses. ’

Tacture from an initiation depth of 2"93 km (9620 ft) in EE- ‘
vters deeper than the first fracture in EE-I.?. The resuiting large"

bout 200

fracture propagated vertica]ly upward to at least a depth of 2.6 km (86007;d’j,""
ft) in GT-ZB.: Thus, the new fracture appeared to have a minimum in]et-to-}‘_c'v:,
,;foutlet spacing of 300 m (1050 ft), more than three times that of the;;;,rw

"fffreservoir prior to re- fracturing, which suggested that the ‘effective heat- .~ .

”.transfer area might be szgnificantiy greater than in the first reserv01r.'r

”fff day heat-extraction and reservoir-assessment experiment (Murphy, 1980)

’ Pre]iminary evaluation of the new reservoir was accomp]ished during a 23-‘ &

_— Long-term reservoir characteristics were investigated in ‘a second”lyv y
: evaiuation, beginning March 3, 1980 (Fig. 2) Because of iarge reserv01r_:ﬁﬁ

";’size and resu]ting slow therma] drawdown,

2 a_iengthy flow test of 286 days
7 was necessary to eva]uate the reservoir{”

Because of the iow Ppower levels

“”f,produced with these research size reservoirs, no attempt was made during"
"the reserv01r tests to use the heat for generating eiectrical energy or foru_hrejqu

~some ‘other usefui purpose._‘
];‘atmosphere with an air. cooied heat-exchangerﬁ

Jnstead the heat was simp]y dissipated to the’f;fv~}a;~,
i However. during the long-}',g

";?gfifterm test a small eiectricai generating unit designed and assembled byfj]f-:

Li»fliBarber-Nichols Engineering, Denven

»(OIander.b1979),,wasjkefj,¥_ -




in the lithology. such as_upper and_lower confining shale layers.jresult iniA
*roughly rectangular fractures. it is thought that th ,fractures7inﬁthis HDR_C‘
fsystem are roughly ‘circular because of the homogeneity of  the - biotite?ﬂ"i
! nodiorite. S e
‘Almost a1 of the heat-t nsfer_ar ) of Avﬁ,ystem prob- - - o
‘Ablyzcomes from the hydraulic fractures;A_The heat-transfer area of the - -
~inclined joints is expected to be small, and so is combined for computa-;-i‘njf_
itional convenience with the main hydraulic fractures.; The first’ two reser-""fiff_j :
" voirs of ‘the HDR energy system at Fenton HN showed ‘growth in’ heat-':f/f°i”"::'
‘transfer area through all segments of operation. This growth has resulted
‘;'?fifrom pressurization,, cooling (thermal contraction), and fracture “face
, "'-’displacement or movement., During the early experiments thermal drawdown
’ ‘f;.was significant because of the small size of the reservoir involved.grl BT
later experiments drawdown was much less in the larger reservoir.,_pNo ;f~“;5‘i
drawdown was observed during early experiments in the larger reservoir and ﬁ?g_,
" during the 286 day test, the ‘reservoir sustained only an 8°c thermal'ffffﬂf'
~ drawdown (Fig. 2). Modeling of these early reservoirs led to an estimated e
initial heat-transfer area of 8000 mz, but by the end of the testing the
heat-transfer area increased to about 45 000 m2 or 50 000 mz, about six
‘times larger.& As measured by. tracer chemicals the volume of the reserv01r"
R had grown from 11 m3 tQ 266 m3 through the course of the research experi-',
o -7ments. : o a's' ,“,1:J e .
j v _ Nater losses were low,;for comparable operating pressure conditionsshﬂ_;:g,
,g"‘only a 30% increase in water loss was_observed for | six-fold 1increase inffifiﬁ%jfs,-
‘ﬁfi;fjheat-transfer area. The impedance remained const 1 *oughout the longeriffgs

:an‘impedance similar to that experi ncedli_", o -
'hemdeeper, hotter reservoir currently under development, the system could




o Tes '*m‘msm

:HDR fieldftestsmhave been'carried out 4 km west of Yakedake

,}In Japan,

, ;sedimentary rocks from depths of 43 m to 1000 m.A~ Borehole HSV-1 was
f;fﬁfdrilled to survey a potential hydrothermal reservoir to a depth of 1000 m,
';ﬂffwhere the borehole was found to be dry. The bottom-hole temperature was
-:ﬂ‘_high 180°C at 1000 n. Casing was placed to a depth of 600m -~
i In 1977. a HDR research project, was started in HSV-I at Yakedake.'_
: Pressure was applied along the entire wellbore, with a flow rate of 75
,,,” 1:z/min. There was no indication of breakdown and the maximuni wellhead
_t’flpressure was. 100 kg/cm o Several fractures may have been initiated at
;eﬁjdepths between 605 and 740 m, according to a temperature log.l Casing was
‘ *splaced down to 995 m to leave an: open-hole section of 5 m at the bottom of
xv'ff"hole and pressure was applied again in 1979. A fracture was created at the
3V;5bottom of the hole., The diameter of HSV 1 is only 5. 6 cm so that packers’v

D ek ik el Eiw <

ﬁ"f‘;fuused.,;af}i%:°

*fdiameter were 'used for observation'ﬁ
*fconsist of accelerometer, eophone, and hydrophone sondes, were placed in'ff
e, S <SZ and Hsv-l'boreholes.f Hydraulic fracturing tests were repeated?;
Jalong‘the HY hole'iusing ‘an open _hole packer.'”Several fractures were”
nitiated during the*experiments but:acousti tool ih ver ocated‘in
e‘HSV 1 hole received reduced amplitude sig b _ éméﬁtea._
‘casing pipe installed in this hole.,“
$3 and S4 ‘were drilled.

::volcano, Gifu Prefecture.;, Boreholes 'penetrate a sequence of Paleozoic

v;‘and commercial logging‘tools, except for the temperature tool, cannot be's?:,j'

: To- provide more data on fractu e initiation and extension three bnre'd*????j7jh;s
mi;holes were drilled beside HSV 1 in 1980.; The depth of these holes is 300 mfi‘[{,f i
}and bottomhole temperature is sooc.: One of them, HY with a ﬁiameter of 15:5,:,nJ e
i'm; ‘was used for fracturing and the,other two wells, Sl and 82 5 cm 1"u;;3fulf4if",:
Acoustic emission package tools, Wh1Ché?f.f,tF 5k

In'1981 two;more observation holes.7f>;wﬁ,, EhE
“The distance between the HY hole ‘and these four,i S :



minutes and the maximum temperature of‘water.recovered was 40.2°C.; High}g_ (e
4uality micro-seismic signals vere detected during fracturing and circula-f77*jf‘f'
tion tests and are now being analyzed SR el
Aj?This experimental project will terminate 4n 1983. It isvplanned that af_;i;f" i
:,new test site will be selected and surveyed during 1984 1985 and’ thenfaf :
[ﬂexperimental studies will be started to establish a several-megawatt HDR :

: pilot plant by introducing technology developed at the Yakedake and Fentong'

" . Hill projects.'“" S L e

T Rssounce POT}ENT‘IA'L_;L -,

, There are ample geothermal'resources in the circum-Pacific region- in"_ T

B fact there are few countries within this region without them.l Associated,' EEA

5 with subduction zones around the Pacific are. hundreds of young volcanic4,

‘ fields, and also areas of crustal extension showing high thermal gradients
L { ‘and obvious surface manifestations of heat, such as hot springs, geysers.’ S
and volcanic eruptions (for'a}general review see Healy, 1975). - Of the . _
thousands of pages written about the geothermal resources of the Pacificffiffffvn
, margins, nearly all of it concerns only natural hydrothermal systems. Whatv"sff_i, :
' most of the discussions. of high"temperature resources ‘don't point out’ isyi”*'u”‘"
the fact that hydrothermal systems make up only & small Paft of the t°t‘15
:Q 9eothermal ‘resource present in. each areai Thé;maﬂy hot but. “d'y"V"e‘lsi
T (deea, owells without enough fluid for - PPOd"CthN" z%i1ed each year by
fgeothermal develOPers is ‘an indicator of the elusive nature of hydrothermalf
- ystems.;; In order to take full advantage geothermal energy lﬂ thef




clus1ve1y by hydrotherma1 systems. Although every calder,

,} , Because of the visible indicators of hydrothermal act1v1ty it has;iff}lag ol
'1ways been assumed that these large features are occupied a1most*ﬁ*}f7ff e
1fferent many of thems ontain very thick (1 to 2 km) deposits_ f:densely fxzil,“,v g
ered tuff.} Tuffs deposited during ca]dera co]lapse form an - initia]ly hot ¢ o
eposit of great vo]ume. Caldera fin is kept hot by shal]ow magma bodies
_and dike-sill systems which 1nvade and congea] beneath the caldera ford:f'.
s ;fffseveral hundreds of thousands to several Myr (Smlth and Shaw, 1975).
'“tf;'within densely we]ded tuffs that fi]] a ca1dera, the only permeab1lity is

'fracture permeabllity.’ Indeed,g1n most ca1deras, hydrotherma] systems are A .

j‘7gffassoc1ated with falrly act1ve faults cross1ng the crater and a]ong caldera
- margins (summarized in He1ken and Goff 1982) Most of the geotherma1

”*g:resource 1lies w1thin ‘the caldera, 1ocked up 1n tuff un1ts with Tow matrix .

| fl\permeab1lit1es.;, Surround1ng a ca]dera is a1so an extensive ‘thermal
aureole, which could a]so be developed us1ng man-made geotherma1 reservo1r':
f{systems‘_k?; _,’ o S ‘vh IR 'f : ,m}pm ivN'M : j . T
- Much less is known of the hot dry rock geotherma1 resource in and near .
,compos1te cones.h W1th1n the Cascade Range of the western Un!ted States,
fqthere has been ‘some 11m1ted dr1111ng 1nto compos1te cones. " When the
’fj*tshallow, water fllled permeab1e carapace of pyroclastic rocks and lava
~flows has ‘been penetrated there 1s a conSIderable resource ava11able nearh

' the base or core .of one’ of ‘these vo]canoes. There 1s, however, in many

kcases, 11m1ted permeabi11ty.xﬁF'

‘1nformat1on on the HDR resource ava11ab1e';

o ;fein composwte cones;;see reports'hy Arney et al. (1981 1982) If geo-f;fﬁ,f7 :
. thermal deve]opment is ‘to succeed in the Cascade Range, HOR systems must bef";;j»ﬂ“r't

.'h°f‘jdeveloped

;f A]ong thevPacif1t late margins with:n “the

.t ithermal resource has been eya]uated rwithwsomexpre]iminary estimates of 1ts!g:
a;magnitude (GOff and KPOn 1982 Arneyaelgsz),ﬂ

U S” theﬂ'°t dry‘rock geo-3f?5;

Prel1m1nary results 1nd1cate‘g;7;£gf5"}



jof creating and;&f i
It‘proyided the,f_‘;fg;;;}f
which is'f;;?”ﬁe-f’t

initia] system’have demonstrated theftechnicaizfeasibiii
operating a hydrau]ica]]y fractured HDR geothermai system.
incentive to create the Vengineering system"at Fenton Ri
expected to approximatl'a”system of commercial size.
eing prepared (June, 1982) fracturing operations have be :
system., Similar experiments at Yakedake have a1$o led to the search for af;jf.t'd"
site‘to begin a HDR commercia1 test in Japan, : ‘5; :;% , :; o *"4_
_71We hope that in the future, geotherma] wells w111 ‘be driiled 1ntof“f’ o
iuthermal anomalies without regard to the type of reservoir system. wheretg, L
'5°the production of’ natura] fluid is’ adequate, the hydrothermal resource':'v
G would be deveioped where production of water and steam s inadequate, thei -
;ii;;weil wou]d not _be abandoned as 1s currently the practice.r Instead the_yl .
"iheat would be extracted W1th a man-made geotherma] system.f'f“»;' e

:;rn “the new*f;«{aiifaf
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