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USA
Geothermal
Resources

Southern Methodist University

o geothermal

3.5 GW

Western US
EGS potential

500 GW

Continental US
EGS Potential

2.3 TW



Energy per Well

‘Shale Gas Conventional
Typical Haynesville Geothermal

3 km 2km
230°C
10 MWe 7 MWe

3-5 km
<200°C

<5 MWe

40-50 MWe



Performance Moonshot

Power potential of 60 kg/s of fluid produced
from 5 km depth at selected sites
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Jemperature Matte
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1Ic Advantage — plants online in 2022

Levelized Cost of Electricity (S/MW-hr)

Super Hot EGS 46
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LCOE for 100 MW Super-hot project

Capital and Interest Cost ggg'gnvgéﬁ;)wkm

(million dollars) VR
| alloy casing

i 32.4
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/ 16.9 Stimulation
m Other Drilling
= Power generation
units ($1750/kW)

199

4 Transmission
Lines

Interest (20 yrs @
5%)

Revenue

100-83 MW for 20 years

2% annual resource decline
With redrills at 10 years

Ongoing Expenses

$6M / year O&M

$42M in year 10 for redrills
6% discount rate

LCOE = $46/MWh



» Iceland Deep
' Drilling Project-2

2016 reached
425°C at 4.5 km
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The International Race to Super Hot Rock is On!
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High En?rgy Density Free Fuel Low Cost
100 MW/km? 400°C fluid $46/MW-hr




Innovations meeded# Temperature
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Improvement Advanced Reservoir creation Characterization:
in drilling well and maintenance Sonic & image
equipment and construction techniques logs, fiber optic,
techniques at materials: in super hot rock: stress measures,
o > >400°C: CaSIng. hydraulic, thermal, seismic calibration
" bits, coring, & couplings, & & chemical and sensors
- mud cement

» Start iIn Magmatic Areas
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Improvement:
Drilling Equment and Technlques at >400°C.:

I [’ ’-‘- T ; = '-q.- -—I .
#Current fechnology ~ *. _Techrology |mprovement
: L .
» Cool well with water/aerated water, . ¢ Cooling through water/aerated

‘water/liguid nitrogen

< » "Pressure controlled drilling with HT
stab{e polymer sweeps

eJ}c sing and aﬂnen"%"éle&gn to
and thermal cycling™™

HT r‘ﬁ'udmotors with very HT electronic <

for dlrectlonal control cqfled with liguic
* Logging while trlpplng for dlrectlonaI/T/P.data nltrogen

i quq.rbalanq:ed drllllng for hole cIeanlng
1.
:" Pres,s&re coptrol through, coolmg

= ! L

e "Maintain cooling throughout drilling and

_{grrpietron processy Prevent thermal cyclmg.!:ﬂu

~ < » lﬂfﬂoiors for directional control cooled
with water/aerated water

60|ouq:>e_|_

=« Roller cone bitswith metal/metal seals-_- 2 -.. - Solid body bits'with cavitation
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Improvement: Advaneed Well Construction Materials

L

Current Technology- _ ““Technology Improvement
» Foamed revers g‘.irgulatlon cementing with HT stable o Ultra hi EJrgtur’!"stable compliant cements
cement formula%o up to 325C . i —&e’?%h ontent
* Brittle noncompliant cement can fail with thermal-&ycling. Foamed.- S ne-sand well sealing systems

cement is compliant . ) « New very HT cements needed. Must be compliant/elastic to
« At very high temperatures, cement systemyvlll n?crystalllze o  withstand thermal cyeling

Gaps-ln cemqnt fatal flaw. Foamed cement expands Materials testing facilities for very HT limited

E eTI ,pl grys..fo"r ry HT from thermal heavy oil recovel"y g WeII comp}?tlon designs for very temperature and
\ 'success |n geothermal *thermal-cycling need modeling and testing

-

Casmg connectlons W L » Most models canthandle supercritical temperatures

", « Labfacilities have limited sample |z J

. Connectlons that seal'in compression and ten5|on withstand thermal

cycl l.qg with-foamed complete cement job work nnections de d to ea] through
.-3' coqueltlon failuresistilla large problem @clmg need testl-ng at scale™ -
q_'!-‘ll--h at very hlgrh..;pn‘rp'érature has been limited nt testing is thro mdﬂélmg only
- * - * “Most conne!:tlons testeEI by modeling . ectlon failure in IDDP-2
« Casing materials’ . Casmg materials — Innovations used in space
««_Titanium works but is very high cost probes may be extended to verygHT geothermal
* High strength @alloys may not last through thermal cycles -
b 1 -Pupercrltlcal fluids can be h;ghly corrosive iy, - -
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Improvement: Reservoir Creation And Maintenance
Techniques In Super Hot Rock

e

Current Technology | Technology Improvement
* Hydroshearing through pressure |nject|on " .« ‘€ombine tensile fractures near the
along entire open hole wellbore with hydroshearing in the far
~=e PRre- eX|st|ng permeability needed for good y[1ste
o resuItS & ¢ A Fracture Initiation in impermeable harc
2% Zona.l'..l'éolatlen through diverters in perfed b”tﬂe very hot rock
*“liners or modified oil field packers in open == = ' Zonal Isolation in holespwith perforatec
*bole — “ liners.to achieve multiz e stimulation
-—w'-fﬁlﬂqzmé §I|T‘n.ulatrons limited to areas with By higN TIggries
pre-existing perméablllty # Credlte large stimulatedvolumes with

low water methods, shorter times

« Can create reaIIy large stimulated volumes "
o CO2 based stimulation methods

* Require large amounts of water and long

= stimulation-times « Sy, o HT stable targeted explosive fracture

v © -~ Initiation =

» Stress changes with depth as'brittle/ductile -

transition is approached a challengefor 4" Cryogenic stimulation to solidify and
creating large stimulated volumes _ extend fractures in ductile rock

-

/(60|ouq:)e_|_



Improvement: Characterization
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Current Technology \
* Fracture |ma,g|ng

~pechnology-Improvement
» Phased array ultrasenic borehole imager usin

i \WsliBoreicobithapie P50C .ﬂr HT'-e romicsHin heat shield avoids moving

+ ‘Ultrasonic BHT Sandia) temperature I|m|t~2]5C Rotating
element fails

. MlcroreS|st|V|ty requires cooling to about275C*
. Log%mng ea'b1elupper limit 300C (600F) but few available

tbols using lithium batteries for temperatures above

4+ 300C:in heat shielded tools -

il * s Lithium batteries can explode above 1656' Must be kept cool™

“ partsladevelopment.

. ». Extended HT cable limit using polyaramid for
strength and water proofing/weight reduction

i 5o INRE stablegbatteries = recent breakthrough
: needs devel‘bpment/testlng

i ol Ultrasonlc flow meafsurementjlgr no- mpvmg-

*._..MW WD reguires cooling through circulation : ;ﬁ'.part.vmocny logging h

-..,1'_:!'3'9 whll,e.tﬂpplng in ggoled wellbore

lt" " Pro on oggmg Iﬁ’TS—on wireline up to 300C. Over
300C usmg memory tools

» Sonic/neutron density/gamma/resistivity in heat shlelded

toolon HT cable limited to SOOC - -
"o Fiber (;Ftlc DTSIDAS " |, .- o e
» Critical for monitor stimulation ¥ i - 3 »

e Fails above ~250C ) _—_

WD needs batteries plus better
~ acenneetions on wired. drill String

» Fiber optic sensors and cable for >350C
needed . %
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{ _Innovations needed: Depth

% ¥4

Well completion

e techniques and materials

to economically reach
10-20 km
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Super Hot EGS
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Next generation
drilling equipment,

energetic drilling,
casing while drilling
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California

Twe Geethermal well§ drllléd |n 2008

© Orill Pads

- Newberry Geothermal Lease Unit
—— Newberry National Velcanic Monument

Water




Newberry Deep Drilling Project

Project to deepen 46-16 to supercritical temps |
ICDP Workshop, Bend, OR, Sept. 2017 F

55 participants from 11 countries

-
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Goals B P

* test technology for drilling, well completion, and
geophysical monitoring in a very high temperature
environment.

» test EGS above the critical point of water icdp |

/ \ AN’ Geothermal
' Energy
£

 collect samples of rocks within the tectonic brittle-

ductile transition e |

* Investigate volcanic hazards

e study magmatic geomechanics

o calibrate geophysical imaging technigues



Newberry Volcano Super Hot EGS
will power Oregon in 8 western

states powers
significant
portion of West

Achievements — 10 year

Balance
Intermittent
renewable
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