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Introduction

* Sandia National Laboratory

e EGS Collab Project Overview
e Background

Site Layout

Modeling and Monitoring

Results to date

FORGE

e Other areas of research
e Shale Proppant Interactions
e Salt Characterization
* Material Properties
* High Profile Work
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e Sandia National Laboratories

e ~13,000 employees (Largest of the National Labs)
* ~$2.6 billion annually

* Research areas

* Nuclear Weapons — sustain secure and modernize the US
nuclear arsenal

* Defense Systems and Assessments — design and develop
defense and national security capabilities

* Energy and Climate — Ensure secure and stable supply of
energy and resources and protection of infrastructure

* International, Homeland and Nuclear Security — Protection
of nuclear material/assets, nuclear emergency response
and nonproliferation
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Background

* Motivation - What is EGS?
* How do you make an EGS?
* The EGS Collab project

* Experiment 1 (of 3) Jt r ? :
* Challenges/considerations ol e j ™

“1 b Sediments and/or Volcanics

# 3-10km Depth

10,000-30,000ft Depth N, o .

Tester (2006)
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- Geothermal Power in theUS ‘>

Geothermal power plants
require high-temperature
(300°F to 700°F)
hydrothermal resources
that come from either dry
steam wells or from hot
water wells

US has predicted
geothermal reserves on the
order of 700,000 MW
accessible with EGS

.
o«

Geothermal Resource of the United States

Locations of Identified H&/drothermal Sites and
Favorability of Deep Enhanced Geothermal Systems (EGS)

@ NREL (2009).

: o Source data for identified hydrothermal

sites from USGS Assessment of
Moderate- and High-Temperature
Geothermal Resources of the United
States (2008).
« *"N/A” regions have temperatures
less than 150°C at 10 km depth
K r
*“Ter ur
in
i
a

Favorability of Deep EGS

Most Favorable
Least Favorable
= NAx

[ No Data**
e I|dentified Hydrothermal Site (= 90°C)

>

This map was produced by the National Renewable Energy Laboratory for the US Department of Energy.
October 13, 2009 Author: Billy J. Roberts
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EGS Collab Project Challenge

Establish a collaborative experimental and model
comparison project to elucidate the basic relationship
between stress, seismicity, and permeability
enhancement.

* Develop ~10 m-scale field sites, perform well-monitored
experiments and collect high-quality data with
comprehensive instrumentation.

* |dentify and quantify the nature of stimulation and other
key governing parameters that impact permeability.

* Challenge and constrain models with data.
* Prepare, validate, and improve tools for FORGE and EGS.
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Sanford Underground Research Laboratory

General Homestake Mine
Development

Yates Ross
No.2 Shaft Shaft

shaft Oro Hondo

Mill L _air exhaust Ellisonair

- "—LCage Crushed f\_ _exhaust
ore bins ) No3

3950'
Skip .
5000' IService
6800' | shaft

.

No.5 shaft
air intake

—

|
7400' i
L e ——

No.6 31 No.7

shaft exhaust ghaft
borehole

Proterozoic Stratigraphy

Northwestern

Formation Biotite-quartz-sericite-garnet schist

Ellison

Formation Quartzite, biotite.sericite schist and phylite

Grunerite/siderite echist, chart

Poorman
Formation Well-banded, sericite-biotite cartonate phylite

1 T Hornblende-plagioclase (Amphibolite) schist
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Sanford Underground Research Laboratory

Sanford Underground
Research Facility

3 Y

Sanford Underground
Research Facility
Lead, South Dakota

Fermilab
Batavia, lllinois

800 miles sy

&) ‘ Sanfoerd Underground
‘li\ Research Facility

Governor's —"
KISMET — A 4_.!;

EGS Callab+_,,

(Proposed)
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The Morning Commutg

Ross Campus
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EGS Collab Experiments

* Experiment 1, intended to investigate hydraulic
fracturing™, at the Sanford Underground Research
Facility (SURF) at 4,850 ft. depth

* Experiment 2 will be designed to investigate shear
stimulation®.

* Experiment 3 will investigate changes in fracturing
strategies and will be further specified as the project
proceeds.

Each experiment consists of multiple stimulations; and
characterizations of flow, tracer, and heat transfer behavior.
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Experiment 1

kKISMET
collars

Borehole Key

[1 Monitoring

| [ Stimulation
Joe Morris (LLNL)

B Production

" COLLAB

'ATH TO F@RGE




~a) ~ " -
L5 e A =N - VS T 3o
-m L(‘,_‘, e x\s_.

‘ Pro;@t Sequenﬁe*(‘mu,ltlple experlments)
 Experiment 1, stress/fracture condition A
Experlment 2, stress/fracture condition B

Experiment 3, Stimulation X

S

_ ,HOﬁzéntal
i Bo rehol@*l g

Stimulate Method 1,

characterize, ] )
flow test Experiment Sequence (multiple tests)

1. Stimulation1

2. Flow and Characterization
Stimulate Method 1, 3. Stimulation 2
h i o
characterize, 4. Flow and Characterization

flow test
5. Heat Exchange Tests
(Fractures individually,
combined, combined
with zonal isolation)
Stirmalate Method 3 Test Sequence (multiple steps)
characterize, 1. Pre-test simulation and design
flow test 2. Test setup, execution, and monitoring

3. Post-test modeling and validation

Plan View COLLAB
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Testbed Characterization

Borehole
e Optical and acoustic televiewer

* Full waveform seismic

* Electromagnetic

Sterling Richard
* Temperature (SDSMT)

Test “block” Craig Ulrich (LBNL) _____-——(

. . . - . . ’Q,‘\;
* P-and S-wave characterization using AN TN Vo
mobile and grouted borehole sensors, g B TN

grouted and mobile sources

* Gamma

* Extended hydrologic characterizations

* Electrical Resistance Tomography
(ERT) baseline and flow

Tim Johnson (PNNL)
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Monitoring during stimulation and flow

e Acoustic emissions (AE)*

* Continuous Active Source Seismic Monitoring
(CASSM)*

* MicroEarthquake (MEQ)*
* Electrical Resistance Tomography (ERT)

 Temperature by fiber distributed temperature sensing
(DTS)

e Strain by fiber distributed strain sensing (DSS)

* Direct 3-D fracture displacement using SIMFIP at
injection and production boreholes
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Monitoring during stimulation and flow

Fracture Pe

ML-CASSM. %
(active seismic) sources
or hydrophone
(depending on borehol .

High freq

acceleromy g AR

(passive s ‘ e QA
1 ;‘ : |
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-rate Injection Method
for Fracture In-situ Properties

Step

O F@RGE
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Fracture Configuration 3 |
H()'rizo"ntal""ﬁ 2 "w i2c " Cycle-1 0
Borehole 1 Borehole 2 X

Well deviation=5 deg.

Fracture inclination from
wellbore axis =5.3 eg.

Plan View

concentration

End effects

-

Jiann-cherng

\ Su (SNL)
Compressive stress

Pengcheng Fu (LLNL)
|
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Rock temperature gradient

e Mined in mid 1970s and ventilated
Flooded and drained in 2000s

| o i
) i
i
by
|
0
'
<
[ 7‘ i
5
y, i.‘
') =
1
s = "
/ |

Temperature (deg. C)
35

J

N ‘t Hu 2-D cross section of temperature field
Stress gradient attracts fractures to drift. Yidong Xia (INL)

Production hole halts fracture propagation.

A Pengcheng Fu (LLNL)
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Geologic Framework Model
Common Discrete Fracture Network Model

“G

Hari Neupane (INL) The CDFNM Team
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Laboratory Measurements

Seismic anisotropy

Anisotropic thermal conductivity

Elastic constants

Fracture toughness

Microbiology

High-Temperature flow/geochem
Cid XRCT groy-scale, segmented (rcturo

phyllite sample and sulfide grains

A

e

P-wave velocity (m/s)

6750

6500

6250

6000

5750 -

5500

5250

5000

— — 45mm

—— 200mm
—i— 3T5mm
——25mm Long core

—a— 150mm

—r— 2T0mm

al
- =g

-100 -50 o 20

100

Angle from the raference direction (°)

Seiji Nakagawa (LBNL)

c
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Stimulation Tendency Analysis

=)
8
T

Shear Stress (Psi)

hmin Hmax

Connected fractures from DFN appear to be Normal Stress (Psi)

favorably-oriented for shear stimulation!
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T

49.90

50.00

50.10

50.20

50.30

50.40

50.60

50.70

50.80

50.90

51.00

51.10

Results — Borehole logging, Inflow

164,

+165.

Craig Ulrich (LBNL)

Paul Schwering (SNL)
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Flow tests

e Quantify fracture opening versus working pressure
* Find a working pressure to contain fracture

* Flow versus fracture pressure

* Conservative, nonconservative, and DNA tracers

* Thermal tests and interpretations

COLLAB

ATH TO F®RGE




Results — Induced Seismicity, ERT

EGS Collab Baseline Bulk Conductivity S/m (DRAFT)

Martin Schoenball (LBNL) Tim Johnson (PNNL)
Jonathan Ajo-Franklin (LBNL)
Hari Neupane (INL)
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Comparison between P-wave
tomography (CASSM) and MEQ_(+ DTS

20
18 20

16

14

--
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o

-25

]
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Fracture network

-1285

* 8distinct fault planes identified fr
MEQ

* Interception points with borehole
consistent with distributed tempe
(E1-OT) and in-situ conductivity
measurements (E1-P) 1295

-1290 |-

* Very low slip tendency, consistent
tensile opening in Stim 2

-1300 -

Northing [m]

* Slightly higher slip tendency for St
fractures but higher breakdown
pressure

-1305 [~

-1310

=1315
800

805 810 815 820 825
Easting [m]

Slip tendency
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EGS Collab Project

Project kicked off March 2017

 Numerous simulations and
measurements have been performed

* Experiment 1 stimulations/
characterizations under way

* Tests performed with immediate feedback
Data will be made available ASAP
Evaluating locations for Experiment 2

COLLAB
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Sometimes things go sideways
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Path to FORGE

* FORGE -Frontier Observatory for Research in

Geothermal Energy

* Full-Scale Testbed being built in Milford, UT

West Flank of Coso, CA

Snake River Plain, ID

Milford, UT

Fallon, NV Fallon, NV 7 Fallon, NV

~12 months ~4mo. ~4-12mo. ~4-8 mo.

®

~60 months Based on annual appropriations, DOE reserves the

PHASE 1
SITE SELECTION

+ Planning and conceptual geologic model

PHASE 2
SET-UP & CHARACTERIZATION

2A
* Environmental Information Volume
« Preliminary seismic monitoring

2B

* NEPA

+ Induced Seismicity Mitigation Plan
+ Initial site characterization

2C

* Full site characterization

« Data system development

« Leadership team assemblage

FORGE

« R&D plan Full implementation of FORGE and tasks
specific to the identification, testing and
evaluation of new and innovative EGS

PHASE 3 techniques and technologies

IMPLEMENTATION

« Drilling

« Reservoir stimulation and testing
« Site monitoring

« Competitive R&D

@ =Team @ = Final Site & Team

right to fund, in whole or in part, any, all, or none
of the Phase 1 applications or subsequent phases
The maximum number of teams are represented.

FORGE

U.S. Department of Energy

COLLAB
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Manual Fracturing Tests

0.1 inches

0.1 inches
100%

X-ray pCT data allows us to investigate the effects of the application of pressure,
temperature, and pore fluids on cracks and proppant particles. Grain fracturing,

C LLAB
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Mesh Generation/Flow Results

* Particles are identified by adaptive
thresholding of the crack region (similar
to determining crack space)

* Individual particles are identified with a
3D watershed algorithm

Combine particle size and location
information with crack geometry by
generating spheres at appropriate
locations = possible to generate high-
guality mesh that accounts for particles:
(Still in progress)

COLLAB
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Simulation-based study

Generate mesh,
compute permeability

——

p
1.000e+00
[0.75

Z05

[0.25
0.000e+00

* Computer-generated crack geometries with controlled tortuosity

* Particle placement is somewhat artificial (compression w/ periodic boundaries), but here we
are only interested in final placement of particles

* Large number of simulations underway to study combined effects of particle size distribution,
particle arrangement, number of particle layers and crack tortuosity on crack permeability
and flow patterns

Potentially analyze particle stress distribution = use simulations to find optimal particle
characteristics that maximize permeability, minimize stress COLLAB
A PATH TO F@RG
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WIPP Closure

I : Undisturbed
Time 0.0 years |:::%: ] Damaged

* DRZ
* Low stress creep

Herrick et al. 2009

C LLAB
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Geomechanics Facilities

* 4 Uniaxial frames with pressure
vessels (<1,000,000 Ibs, <145,000

psi)
» Axial-Torsional frame (220,000
Ibs, 7400 ft-Ibs) W
* True Triaxial system (0,<14.5 ksi + == Filasd
0-3) . | ]
e 1019 /s < Strain rate <102 /s e
* Creep Frames y
* Split Hopkinson Bar |

* -65°C < Temperature < 300°C

Image from Moo Lee

CQLLAB
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Materials Testing

e 70% Geomaterials
e Sandstone
e Salt
e Shale
e Granite
e Limestone

* 30% Engineering Materials
Bulk Metals

Honeycombs

* Silicon Carbide

e Ceramics

e Carbon Composites

' COLLAB
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Materials Testing

= Uniaxial

= Axial — Torsion
= Hydrostatic

= Axisymmetric
= True Triaxial

= Active and “Load Spreader
Passive \E e sc il
Acoustics | Specite

= |mpact | '

(Hopkinson Bar)

Thanks to Moo Lee for SiC-N Images C !LLFQ«E




High Visibility Projects

 Aliso Canyon Blowout

e ~100,000 tons of natural gas
leaked from storage facility for
~3.5 months

* Deepwater Horizon oil spill

* Estimated 4.9 million barrels of oil
leaked over 87 days

* Both instances attempted top
kills, which are commonly

effective at stopping production.

EIA Data for Gas Storage Facilities

Thanks to Steve Bauer for information on these two events.

- >
Subsea World News

CQLLAB
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