8_1 Exploration and Characterization - Drilling

Recap:

1. Geophysics provides 3D view of the reservoir/site at high granularity

2. Uses only proxies for permeability and temperature - and no samples or p,T,x measurements
3. Geophysics low cost but only slightly reduces investment risk

Movies: (GSHP Installation) https://www.youtube.com/watch?v=IMO9jvwIHFg

West Flank Coso: https://www.osti.gov/servlets/purl/1455367/

Resources: WG9

Motivation:

1. Motivation [10%] Provide context for the topic. Use of relevant public domain videos are a useful

metho d for this. Why is this particular
topic ) i or sub-topic important in the broad
view of geothermal energy engineering?
& |\ e
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Quality of resource defined by Thermal_power = Mass_rate * ¢ * delta_T
Therefore prospect for:
(i) High Mass_rate/permeability/overpressure - define fast flow paths, and
(ii) High T at shallow depth

Less crucial in "engineered" systems - "EGS" and "GSHP"

Scientific Questions:

2. Scientific Questions to be Answered/Outline [10%] What questions arise from the motivation.
What are the sub-topical areas that address these scientific questions.

1. How do we locally define the reservoir and the distribution of:
A. Temperatures - as shallow as possible
B. Permeable pathways - as distributed as possible or high flow rates
.. by direct access.....

DRILLING

1. Soil - Trenching/Augering/Tricone drilling
2. Rock - Tricone drilling/Core drilling
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* Slow and inefficient
= Dificult to collect core

Soure: EPA (1989).
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Hollow-Stem Augsr Diract Rotary Cable Tod
figure 2. IHustraton and advantages and desadvantages of , rotary, and
cable wol driling. Source: EPA (1989). o
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Insert Auger looth

Figure 5. waam—‘ﬁ?q'—dm‘w
Source: University of Missour, Rolia (1981).
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Figure 6. Driving a soil sampler hotow-stem . Source:
deﬂl:ml” b ;






Table 9-3. WMMJW(WMA&QLMGH.
1967; Rehm et al, 1985; USEPA, 1967).

CMETBOD . | U APPLICATIONS/ADVANTAGES Lo U IMITATIONS
HAND AUGERS ~ A hand suger o Shallow soll fsvestigations (0 10 15 ) ¢ Limited 10 very shallow depths
ia advanced by tarning it isto the * Soll sampies collecied from the suger (typically < 15 1)
soll until the bucket or screw s cutling edge * Usabic 10 pesctraie exromcly dousc
filied. The anger is then removed o Water-bearing 3one identification or rocky or gravelly soil
from the hole. The sample s ¢ Conlamination presence CXRmination; * Borehole stability may be difficult to
dislodged from the anger, and sampic saintain, particularly beneath the
drilling continnes. Motorized uaits | Shallow, small diameter well imstallation wmter table
arc also available. * Experienced wer can identify stratigraphic * Potential for vertical cross-
imterfaces by pemctralion resistance contamination
difforcnces as woll su sasaple imepuction o Labew intonaiue
* Highly mobile, and can be wed in confined
spaces
* Various types (Le., bucket, scrow, eic.) snd
sizes (typically 1 %0 9 inches in diameter)
* Incxpensive to purchase
SOLID-FLIGHT AUGERS ~ A * Shallow solls imvestigations (< 100 ft) e Low-quality soll samples unicss split-
cutter bead (2 24ach diameter) s | * Soil sampies are coliecied from the auger spooa or thin-wall samples are taken
stiached (o multiple suger flights. Nights or wsing splitspooa or thiv-walled ¢ Soil sampie data limited to aress and
As the sugers are rotated by a samplers if the hole will not cave upoo depths where stabic solls are
rotary drive bead and forced down retrieval of the sugen
by cither & bydraulic pulldown ora | * Vadose 300¢ monitoring wells ¢ Unabie to install monitor wells in
feed device, cultings are rotated up | * Momitor wells in saturated, stable solls mos! unconsolidated aquifers
10 ground surface by moving along | * Identification of depth 10 bedrock because Of borehoic caving upon
the continwous Oighting. * Faat and mobile; can be ueed with small suger removal
rgs * Difficuit penetration in loose
* Holes up to 3-N diameter boulders, cobbics, and other material
* No fluids required that might bock wp suger
¢ Simpic 10 decostaminaic ¢ Moaitor well diameter kimited by
suger diameter
L (mmm
matcrak
* Potential for vertical cross
conlamination
HOLLOW.STEM AUGERS - * All types of soil iovestigations to <100 it « Difficulty in preserving sample
HOUOW SICID AUGCTIngG B GO o & chow o mlcgrity i borving (ruaning sand)
similar manner 10 solid-Oight * Permits high-guality soil sampling with formations
sugering. Small-diameter drill rods splil-epoon or thin-wall samplcrs o If water or drilling mud i weed 10
and samplers can be lowered * Waler-quality sampling control heaving will isvade the
through tbe hollow sugers for * Monitor well installation io all formation
sampling. If mecessary, sediment sscomsolidated formation ¢ Potential for cross-contamination of
within the bollow stem can be e Can scrve s 8 lemporary casing for coring aquifers where annular space sot
cleaned out prior 10 ineerting » rock positively coalrolied by water or
sampler. Wells can be completed * Can be weed in stable formations 10 set drilling mud or suriace casing
below the waler tabie maing the sur{sce casing * Limited suger diameter mits casing
sugers m lemporsry casing. ¢ Can be weed with small rigs in confined size (typical sugers are: éVedn OD

spaces
* "Does not require drilling Ouide

with 3¥ein ID, and 12-in OD with é-
i ID)

¢ Smearing of clays may seal off
imterval 10 be moaitored
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Tabic 9-3.  Drilling methods, applications, and imitations (modified from Aller et al, 198%; GRI,
1987; Rehm et al, 1985; USEPA, 1987).

1 METHOD U L APPLICATIONS/ADVANTAGES 0 'LIMITATIONS
DIRECT MUD ROTARY - ¢ Rapid drilling of clay, silt, aad ressonably * Difficult 10 ressove drilling mud and
Drilling fuid js pumped down the compacted sand aad gravel 10 great depth wall cake from outer perimeter of
drill rods and through & bit (>700 0) fiter pack during development
stiached 10 the botiom of the rods. | * Alows split-epoos and thin-wall sempling ¢ Bestonite or other drilling Ouid
The fuid circulstes up the annular i wacomsolidated materials edditives may influcnce quality of
space bringing cuttings 10 the * Allows drilling sad core-eampling in ground-waler samphos
surface. Al the surface, drilling comsolidated rock * Potential for vertical cross-
fuid and cuttings arc discharged * Abundast and ficxible range of tool sises comtamination
into 2 baflled sedimentation txak, and depth capabilitien * Circulaled cutting ssmples are of
Poud, OF pii. The wak siOwent - Suptisucsecd o illing sl med progsmee poor quality; difficulkt to determine
overflons (oto a suction pit where svailable sampic depth
drilling Ouid is recirculated back * Geopbysical borehole logs ¢ Split-epoon and thin-wall samplcrs
through the drill rods. The drill are cxpeosive and of queslionable
stesm is rotated at the surface by cos! effectivences ot depths > 150 1t
top bead or rotary table drives and * Wircline coring techniques for
down pressure is provided by pull- sampliag both unconsolidated and
down devices or drill collar. comsolidated formations ofien not

svailablc locally
* Drilling fluid isvasion of pcrmcable
BOBes may compromise imlegrity of
subsequent moaitor well samples
* Difficult 10 decontaminste pumps
AIR ROTARY ~ Alr rotary drilling | * Rapid drilling of semi-comsolidated and * Surfsce casing frequently required o
Is similar to mad rotary drilling comsolidated rock 1o great depth (>700 ft) protect top of hole from ceving
exceplt that air is the circulation * Good formation samplcs * Drilling resiricted 10 semi-
mwedium. Compressed air injected (particularly i small quantities of drilling comsclideted and comsolidaied
through the drill rode circulaies Duid arc weod) bocause casing provests formations
cuttings and groundwater up the mixture of cottings from bottom of hole * Sampies relisbic, bul cocur as small
aanulus to the surface. Typically, with collapsed masierial from sbove chips tha! may be difficull 10
rotary drill bits are weed in * Allows for core-sampling of rock
sedimentary rocks and down-bhole ¢ Bquipment generally svailable * Drying effect of sir may mask lower
baoc Ui me vl i bhaves = Albows vy aod guick meatificetion of yicld wmicr producing noees
igneous and metamorphic rocks. lthologic changes * Air stream requires contaminant
Monitor wells can be completed a8 | * Allows identification of most waler-bearing filtration
open bole intervals beneath 2008 ¢ Air may modify chemical or
cdescoped casings. * Allows estimation of yiclds in strong water- biological comditions; recovery time
produciag soscs with sbort “down Lime” is umcenain
¢ Potential for vertical cross-
conlamInaLion
* Potential cxists for kydrocarbon
contamination from air compressor
or down-hole hammer bit olls
AIR ROTARY WITH CASING ¢ Rapid driling of wncomsolidaled sands, ¢ Thin, low pressure waler-bearing
DRIVER ~ This method wees 2 silts, and clays soncs esslly overfooked i drilling mot
casing driver 10 allow sir rotary ¢ Drilling in alluvial maierial (mchuding stopped at sppropriste places 0
drilling through msstahie boulder formations) obscrve whether or pot waler levels
wacossolidated malerial. * Casing supports borehole, thereby are recovering
Typically, the drill bit s extended 6 maintaining borebole inlegrity and reduciag | ¢ Samples pulverized s in all rotary
10 12 inches shead of the casing, potential for vertical cross-coslamination drilling
the casing is drives down, and thes | * Eliminstes circulation problems common * Air may modify chemical or
the drill bit is wead 40 clean - - ~with direct mud rotary method biclogical conditions; recovery time
material from within the caing, ¢ Good formation samples because casing s wncertain




Table 3.  Drilling methods,

9-10

and limitations (modified from Aller ot al, 198%; GRI,
W;MCLMUSEPA.M

St METEOD 3 ﬂ-"f"fi it i Beids APPLICATIONS/ADVANTAGES S0 L AMITATIONS
DUAL-WALL REVERSE * Very rapid drilling through both * Limited borehoic siac that hmits
ROTARY ~ Circulating fiuid (air smcossolidated and consolidated formations dismeter of monitor wells
or waler) s injected through the * Alows comtineous ssmpling im all typos of * In mestablc formations, well
sanulus between the outer casing Sormatioss dismeters are kmited 10
sad drill pipe, fows into the drill * Very good represestative semples can be - approximately 4 inches
pipe through the bit, and carries obtained with reduced risk of * Bquipmco! svailablc more common
cuttings 10 the surface through the coatamination of sempic and/or weser- i the southwest US. than cleewhere
drill pipe. Similar 10 rotary drilling »00e * Alr may modify chessical or
with the casing driver, the outer * Allows for rock coring biclogical conditions; recovery time
pipe stahilives the horehole and * In stable formations, wells with diameters s encertain
reduces cross-costamination of as large as 6 inches can be installed in opea | * Unsable 10 imstall Bher pack unices
Duids and cutlings. Various bits hole compictions completed opea hole
can be weed with this method.

CABLE TOOL DRILLING -~ A * Drilling in all types of geologic formations * Drilling is slow, aad frequeatly mot
drill bit is attached 10 the botiom * Almost sy depth aod diameter rnge cost -effective a8 & result

of » weighted drill stem that s * Essc of moaitor well instaliation * Hesving of wacomsolidstod materiake
sttached 10 » cable. The cable and | ¢ Esse and practicality of well development must be controlied

drill stem are suspended from the * Excelicnt samples of coarse-grainod media ¢ Equipment svailability more common
drill rig mast. The bit is can be obtained in central, morth central, and
alternalively raised and lowered « Potential for vertical cross-contamination is sorthesst sections of the US.

|10 e formation. Ceungs mc redeced bocassc casing i advasced with

periodically removed wsing &

bailer. Casing must be added »s ¢ Simpic equipmen! and operation

drilling proceeds through uasiable

formations.

ROCK CORING ~ A carbide or * Provides high-quality, sadisturbed core * Relatively expensive sad slow rale of
diamond-tipped bit is altached 0 sampies of stiff 10 hard clays and rock penctration

the bottom of » hollow core barrel | * Holes can be drilled at any angie * Can losc 8 large quantity of drilliag
As the bit cuts decper, the rock * Can detect location and nature of rock water inlo permeable formations
sample moves up into the core fractures * Potestial for vertical cross-

tube. With » double snll soee & Man ses srwe boles In run 8 svmplets anile onmtamineison

barrel, driliing Owid circulates of geophysical logs

between the two walls and does * Variety of core sizes svailable

pot contact the core, allowing * Core boles can be utilized for ydraulic

better recovery. Clean waler s tests and monitor well compietion

vsually the drilling fuid. Standard | * Can be adapted to a variety of drill rig

core tubes are atiached (o the types and operations

botiom of a drill rod and the
enlire sinng Of roas MUl be

removed afler each core ren.
With wireline coring, aa iaser core
barred is withdrswn through the
drill string weing an overabot
device that s Jowered on 8 wireline
im0 the drill atring.
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Table 8-3.  Drilling methods, applications, and lmitations (modified from Alier et al, 1989; GRI,
1967; Rehm et al, 1985; USEPA, 1967).

we soalod with growt from the boticom wp
wpon rod ressoval
* Porows probe sampiers can be weed to
collect groundwater sampies with mimimal
loss of volatile compounds
* Soll gas sampling can be conducted
log of contiowously sampied soll at | * Fleid sampling from discrese inlervals can
ao adjscest location. be conducted weing special tooks (e.g., the
™ manutactured by Q.ED.
References: Robertsos and Eaviroamental Systesss of Asa Arbor,
Campanella (1986), Lurk et al Michigan)
(1990), Smolicy and Kappescyer
(1991), Christy and Spradlin
(1992), Edge sad Cordry (1989),
and, Chiang et al. (1992). ;




ble 1. Well-Drilling Selection Guide

e et

gence requires

devices to obtain.)

used. For example, large,

|
Nominal
| Type of Rangeof | Sam
D Drilling Casing Drilling Ohhll'::lo Coring | Reference
Drilled ” Sizes, in 2)
in ft1_J - i
Power None, Water, .
(Hollow Stem) e Yes un::u <180 | 5-22 S.F Yes | 62
Power Auger Mud No | A <180 | 210 B Yes | 6.3
(Solid Stem) | Nater. wm ! .-l
= T VI ) '
None, Water Soil,
Power Bucket Auger | (below water No Weathered <180 18 48 s Yes 6.4
table rock N
7 ' | <70 (Above [
Hand Auger None | No Soll lv&at:nﬂ 2-8 S l Yes 65
DirectFluid Rotary | Water,Mud = Yes | SolRock | >1000 | 2-38 SR Yes 73
o | |
Direct Air Rotary | ALY | yoq Sol, Rock = >1500 2-26 S.RF Yes 74
o Alr, Water, Rock,
DTHMammer | o i Yes Bouders | <2000 4-18 R Yes 75.1
Wisine | AWML | ves | SolRook | 1000 5 8.RF Yes 76
Reverse Fluid Rotary | Waler,Mud |  Yes | Sol,Rock = <000 | 12-3 8.R.F Yes 78
— - .
Reverse Alr Retary “i:' Yos Seil, Rock = >1000 12 28 &R F Yoo 77
3 F a1 8. R, F (F- Below
CableTool Water Yes Soil, Rock | <5000 68 Woter Tabie) | YO 8
Casing-Advancer | AFUMSIEL | yg ‘:‘::“T <2000 216 8.R F Yes 9
- — - — —— -
Direct-Push Technology|  None | Yes Soul <100 15-3 3 Yes 10
< -
I . |
Sonic (Vibratory) mﬁ' v | 42 | SRF ves 1
Jet Porcussion Waler = Mo Soil <50 2.4 | s N | 12
Jetting | et | Yes Soil <50 .- 4 8 No 12
1/ Actual actwevable drilled depths will vary depending on the ambient conditions existing at the site and size of driling

high-torque ngs can drill to greater depths than their smaller counterparts under favorable site
. Boreholes drilled using air/air foam can reach greater depths more efficiently using

positive-displacement

having the capability of developing working pressures of 250 to 350 psi and 600 to 760 cfm (particulerly when
higher pressures) The smaller rotary-type compressors are only capable of producing 8 maximum working
pressure of 125 psi. and produce 500 to 1200 cfm. Likewise, the rig mast must be constructed to
loads expected. To allow for contigencies, it is recommended that the rated capacity of the mast be at least twice the anticipated weight
load or normal pulling load. 2_/ Soil = § (Cuttings), Rock = R (Cuttings), Fluid = F (Some samples might require accessory sampling

safely camy the anticipated working
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Sandia

History ) e,

= First Oil Well in US — Drake’s 1859

" First Geothermal Projects
= Larderallo, Italy 1913
= 250 kw, expanded in 1935
= Sold electricity to the electric railway system
= Geysers, USA 1921
= 250 kw, just for use at the Geysers Resort
= Commercially developed in 1962, PG&E sold into grid system
= Wairakei, New Zealand 1958




Relative Size by Active Rig Count @

= Qil and Gas Rigs Worldwide
1,448*
= USA 424
= Canada 69
= International 955

= Geothermal Rigs Worldwide
~15-20

* From Baker Hughes Rotary Rig Count, June 2016 RS 3




Geothermal Drilling vs O&G )

= Hot

= Often

= Larger diameters

By definition

High matrix strength
Abrasive

Fractured

Underpressurized formations
Corrosive fluids

12 %" dia. bottom-hole common

Drilling Costs can Exceed 50% of a Developer’s Capital Investment




Different Purposes For Wells

Gradient Holes

Test or Exploration Wells
= Core Holes
= Slim Holes

Production Wells

Injection Wells

Sandia
National
Laboratories




Different Drilling Processes ).

= Cable Tool/Auger
= Continuous Coring

= Rotary
= Mud
= Air, Mist, Foam




Basic Components of the Drilling System

= Bits

= Drilling Fluids
= BOP

= Casing

= Cement

Sandia
National
Laboratories




Bits in Geothermal ) 2.

= Used to extend the hole
= Roller / Drag Bits (e.g., PDCs)
/Hammers/Diamond Impregnated
= Roller bits most common in
geothermal drilling

= “QOld” technology — Source of Howard Hughes
fortune (Hughes Tool Company founded in
1909 by dad)

= Durable in hard fractured formations but slow
and inefficient rock reduction tool

= Significant research over past couple decades
(bearings, cutting structure, ...) but
footage/day remains low in geothermal.

= Bits are part of the bottom-hole-assembly
= Collars / stabilizers / reamers/ jars / ...




Rock Reduction in Broader Industry @=.

= Polycrystalline diamond compact (PDC)

= ~2/3 of world footage drilled with PDC’s and
all high $SS 0&G wells

= Efficient, high performance tools
= Viable for geothermal with recent advances

= Percussive hammers (air)
= Extensive use in mining industry
= Efficient, robust tool for hard rock limitations
have been addressed
= High speed motors / turbines with
impregnated diamond bits

= Excellent results in O&G in drilling high
strength rock

Rock reduction systems used in other industries can be applied to geothermal
drilling to substantively improve daily drilling rates




Drilling Fluids h) B,

= A circulation system (fluid/pumps/cleaning)

Clean the hole of cuttings
Cool and clean the bit
Wellbore stability
Lubricate the drill string
Form filter cake

Well Control




Drilling Fluids in Geothermal ) s,

= \Water-based muds

= Bentonite primary viscosifier, polymers used but degrade
at HT

= \Water uptake in solids greater at high temperatures,
cleaning important

= Mud coolers often used

= Air/Foam/Mist drilling common in geothermal
= Prevents fouling of fractures
= Probably not a big issues with EGS

= Clean water
= Used with high lost circulation and drilling without returns

11
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Blow Out Prevention Equipment )
— Well Control

R W
: AR
» ‘\.

Blowout
prevention
equipment
(BOPE) in
geothermal
drilling is
necessary

12




Blow Out Prevention in Geothermal @&x.

= BOPE is used to control “kicks” and potential outflow

= Different components (rotating head, annual preventer, pipe
rams, blind rams, shear rams)

= Deepwater Horizon demonstrated why they are not called
blow out stoppers
" Protects against unexpected steam or gas flow
= Circulating hot water to surface which can flash
= Higher temperatures or pressures than expected
= Loss of drilling fluid in the well can result in flashing
= Lost Circulation

= Some air drilled wells are advanced while producing

Mud is the first line of defense; BOPE and cemented casing are the

second.
13




Casing and Cement ) e,

= Driven by Well Design
= Well design is a bottom up process

= Casing and Cement
= Provides aquifer protection
= Part of the well control system
= |solates troublesome formations
= Can define production zones
= Provides fluid pressure control

= Geothermal casing is cemented to surface
= Eliminates trapped water
= Restrains unacceptable growth




Cement and Casing )

15m

= Casing and Cement need to
= Retain strength at high temp.

244m

= Withstand corrosive fluids 1067m

= Cementing to surface often -
problematic . ! .
= |nside out common L g

= Qutside in being used (reverse circulation)

= Geothermal specific cements have
been developed by DOE

= e.g., “Thermalock”




So what are Well Cost Drivers? ) s,

HOLE Information CASING Information
CONDUCTOR CONDUCTOR PIPE
. 48into 80 ft 40 in, Line Pipe to 50 ft
= An exercise SURFACE HOLE SURFACE CASING
S Sy
" 6km (20’000 ft) well PRODUCTION L-1 TIE-
. . BACK
= Analytical flow calculations 133,720 10
performed to determine wells INTERMEDIATE HOLE 1 INTERMEDIATE CASING 1
ability to meet MIT report Bt Somminag BT

recommended flow rates (80 kg/s
@200 °C, 5 MWe)

= ThermaSource Inc. per‘for‘med PRODUCTION HOLE 1 PRODUCTION LINER 1
" R ” . 17-1/2 in to 10000 # 13-5/8 in, 88.2 ppf, P-110, BTC,
drllllng On paper exerCISe seamiese Top of 13-&/8 in Production

Liner 1 at 4800 ft

describing operational steps, tools,
materials and costs

= Drilling script provided by
ThermaSource is subsequent basis
for well construction analysis ERODUCTION HOLE 3

PRODUCTION HOLE 2
12-1/4 in to 17000 ft

PRODUCTION LINER 2
53.5 ppf, P-110, BTC, Seamless

Top of 9-58 in Production Liner
2 at 9800 ft

PRODUCTION LINER 3
7in, 32 ppf, P-110, BTC,
Seamless

Top of 7 in Production Liner 3
at 16800 ft

16



EGS Well Construction Costs

W Casing Consumables

M Drilling Consumables

BRunCsng
HRigU/D

OLog

8%

O Trip
1%

2%

0%

5%

1%

OWH Ops
1%

OBHA

59, @MBOP

1%

O Casing
21%

mRigU/D

ORunCsng
6%

BWH Ops
2%
OBOP
3%

1%

OBHA
13%

OCirc

W Cement
3%

ELog

Sandia
m National

Laboratories

@ Drill
41%

Bl OCement
D Dri 0,
23% 19% B Trip

W Circ 22%

2%
0 . .
Well cost (%) breakdown by task. Well construction task time percentages.
Drilling Casing

Phase Drill Trip Circ Consumabl| BOP BHA Casing RunCsng [ Consumables| Cement | WH Ops Log RigU/D [ Grand Total |Cost/ft
1 Surface $109,728 $36,070 $6,278 193,155]  $81,620 148,916 $170,000 31,392 $258,171 $43,949 130,813 24,183 1,234,276 $2,469
2 INT-1 $987,550 203,561 $14,116 582,450 $62,785 153,840 $950,000 94,177 $1,258,078 $75,341 165,691 12,557 $4,560,146] $912
3 PROD-1 $909,173 309,909  $34,045 354,380 $0 291,501] $1,123,200 94,177 758,349 200,569 12,557| $4,087,861] $818
4 PROD-2 $1,786,996 768,065 $132,817] $352,590 $0 252,146 $705,600] $125,569 577,114 241,261 6,278 $4,948,436| $707
5 PROD-3 $852,750 833,203 $155,906 185,492 $0 264,786 $217,600( $125,569 $368,342 270,326 6,278| $3,280,253]$1,093
6 PL1-TB $6,278 100,455 $12,557 $81,620 213,468] $1,128,000| $43,949 690,428 $69,063 6,278| $2,352,097
General $255,000 $255,000
Grand Total $4,652,477| $2,251,263] $355,720( $1,668,067| $226,024| $1,324,657| $4,294,400| $514,834 $255,000{ $3,910,481] $188,354| $1,008,660| $68,132| $20,718,069
SAND2008-7866 (2008) 17



Well Cost Exercise )

= Results consistent with proprietary drilling records
= Drilling, casing and cementing costs are obvious

= QOther costs such as tripping and BHA handling are
not trivial

= Task and consumable cost structure changes with
depth and design

= Relative impact of new technologies and methods
will be dependent on well specification

= Non-hole making tasks are significant cost drivers
= Tripping and BHA handling are not trivial contributors

There is no economic silver bullet! Reducing well
construction cost will require multiple focus areas

18




Geothermal in Sedimentary Systems®z.

= Drilling will be closer to the O&G experience, but not
the same.

= Large diameter wells, High temperatures, Casing
approaches, ...

= Higher ROPS likely, but cost will be comparable
= Many drivers on cost that are agnostic of application

= Economic pressures will remain (leverage co-production?)

= Completion schemes will likely be different than
“traditional” geothermal

= Simple slotted liners may not be viable

19




High Temperature Challenges
in Geothermal Drilling and
Resource Exploration




High Temperature Failures ) .

= A high temperature environment by itself can be a primary failure mode
with electronic components, seals and circuit boards
= High temperature can also accelerate other failure modes
= |ntermetallic growth and voiding
= Materials outgassing
= Corrosion from wellbore fluids
= Hydrogen darkening of optical fiber

= Stress induced failures from CTE mismatch




Standard Open Hole Logging Tools

= Temperature, Pressure, Spinner (Flow)

= Spontaneous potential

= Resistivity (induction and laterolog)

= Gamma (total and U, K, Th spectrum)

= Gamma density (can include photoelectric factor)
= Sonic (porosity, stress estimate from dipole tool)
= Neutron porosity (can include formation sigma)

= NMR (pore size, porosity, permeability estimate)

= Borehole imagers (microresistivity and ultrasonic)
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Other Logging/Monitoring Tools @&

= Cased Hole
= Multi-arm caliper
= Casing inspection (ultrasonic, EM and Hall effect imagers)
= Cement Bond Log (sonic and ultrasonic)

= Seismic
= Vertical seismic profile

= Fiber optic
= Distributed temperature sensing (DTS)
= Seismic
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MWD/LWD ) .,

= Measurement While Drilling (MWD)

Pressure and temperate

Shock and vibration

Direction and inclination

RPM, weight on bit, torque on bit

Data is transmitted in real time (EM or mud pulse telemetry)

= Logging While Drilling (LWD)

Most of the open hole logging measurements

Measurements are stored for later download




Commercial HT Tools =

= Most open hole logging tools are available in a HT versions up
to 260°C

= Dipole sonic tools, microresistivity imagers and NMR tools are the
exception

= Dewar heat shields are typically used above 177°C
= Logging time can be between 4 and 12 hours

= MWD/LWD systems are typically limited to 180°C

= Halliburton claims a 230°C system with directional, drill string
dynamics, pressure and gamma information

Significant costs incurred if tools are run over their max

temperature!
25
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Electronics )

= Most commercial HT tools use automotive or MIL-SPEC
components and heat shields

= High temperature SOI devices provide limited analog and
digital capability up to 300°C

= SiC power devices and GaN RF devices offer additional
functionality at temperatures exceeding 300°C

= Barriers to adoption
= Cost
= Component selection

Packaging
= Everything else (solder, sensors, seals, cables...)




Passive Components th

=  Wirewound resistors are typically used
at high temperature

= Become large as values increase

= Coatings can degrade over time

= Metal film resistors can be susceptible Resistor Test
to the downhole environment 17800 e wrewauns Rosir
= Only ceramic capacitors can be used o0 RS
above 225°C o200
= Values are low for stable dielectrics e W R 0

® Fail shorted

=  Currie Temperature becomes and issue
for magnetic components as operating
temperatures increase




Packaging and Circuit Substrates = @i

Polyimide boards begin to fail above
250°C

Ceramic boards show promise for
applications above 300°C, but are

difficult to manufacture for large aspect
ratio boards (ex. 18” X 1”)

Small multi-chip modules show promise
for HT packaging
= Die attach CTE mismatch must be solved
for a wide range of systems
= Die -Si, SiC, GaN
= Substrate - Al,O;, AIN, Si;N,
®= Die bond pads must be matched to bond

wire to avoid issues with intermetallic
formation and Kirkendall voiding
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Hybrid Circuit in Metal Package
(courtesy Quartzdyne, Salt Lake City, UT)




Solder and Wire )

= Most HT solder alloys consist of
high concentrations of Pb with
either Sn or In

= High temperatures increase
intermetallic growth rate
" Cu-Sn, Au-Sn, Au-In
= Leads to brittle failures and voiding
= AuSn solder can help, but is
expensive and difficult to work
with
= HT electronics assembly
requires specialized tools




Seals and Insulation

= Polymers typically fail quickly
in geothermal environments

= Temperature, pressure, corrosive
chemicals

= Seals are typically changed
after a single HT logging run

= |nsulation and encapsulants
cannot be replaced easily

= Example materials:
= Teflon
= Kalrez
= PEEK
= Kapton

Weight Percent
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Sensors rh) e

= Pressure and temperature sensors are available up to 300°C

= Some accelerometers can function up to 275°C, but
geophones are limited to ~200°C

= GM tubes and Nal crystals are limited to ~200°C
= PM tubes available for 175°C
= No commercial high temperature photodetectors

Widebandgap materials may provide a pathway to new
high temperature sensor designs
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Fiber Optics ) .

= H, darkening is a major cause
of fiber optic sensor failure in

ge Ot h e r m a I We I I S 50 ft, 250C, 7?;?::ﬂf:lagressure of H2
0 T T
= Fiber embrittlementis also an 25 s |
. E | R e
Issue s j \\Wi — Intal
8 V
. . g -10 ——1.5hrs
= Pure silica core fiber and g T | —
. . 3 AN 3.75Hrs
hermetic carbon coatings help - lf’f*i —sam
N . E —THrs
at lower temps, but still fail at % 1 1®  16 |—ssm
3 Ooo C Wavelength, um

= H,scavenging gels can be
used, but also only buy a little
more time
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Special HT Considerations for e,
MWD/LWD and Drilling Tools

= Downhole power for MWD/LWD systems is typically provided
by mud driven generators and batteries

= Batteries are not readily available between 200°C and 300°C

= Supercapacitors may provide a solution

= Elastomeric seals in downhole motors begin to fail above
177°C

= Bearings in rollercone bits can fail at temperature

= Shock and vibration mitigation becomes difficult due to lack

of reliable elastomers
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Thoughts for Discussion ) e,

= Understand what kind of wells will be needed for EGS

= Well construction, completion, reservoir construction and
operations are all interrelated.

= Leverage technologies and practices employed by
other industries.
= What can be adopted or adapted to geothermal conditions

= Continue development of enabling technologies and
known needs

= Continue with the obvious




Thoughts - Understanding Needs [

= Well field design
= Number of wells (Injectors/producers)
= Hole orientation
= Extended reach directional drilling (“horizontal”)
= Multilaterals?
= Casing design
= Cost reduction strategies
= |dentify tool/supply deficiencies
= QOptimize cementing practices
= Completions definition

= What approach is needed to meet EGS needs and what is the state of
the technology?

= Should consider reservoir creation strategy, stimulation applications,
production applications, intervention applications
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Thoughts - Leveraging from Others @&:.

= Woo larger and similar industry service providers
= O&G is obvious
= Mining has similar mindset (lower margin)

= Adopt capabilities where possible
= Active monitoring of drilling efficiency
= Bit technologies

= Adapt to fit needs

= Reverse circulation cementing
= Expandable casing

" Look at wide bandgap development for power

electronics, SSL and harsh environment sensing
36
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Thoughts - Development Needs

= Enabling Technologies

= High temperature electronic components for logging and drilling
tools

= HT hard rock directional drilling tools

= HT production and intervention tools
= |mproved telemetry (copper and fiber)
= HT pumps

= HT smart completions

= HT H, tolerant fiber

= Known needs

Increase daily footage (not instantaneous ROP)
Leaner casing designs / new casing materials
Reduce tripping time

HT tools

Zonal Isolation
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Application of Site Investigation to the
West Flank of Coso FORGE Site

https://www.osti.gov/servlets/purl/1455367/



