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Conventional Geothermal Resources:

How do they work?

00 A geothermal resource requires fluid, heat, and permeability to generate

600000 electricity. Conventional hydrothermal resources contain all three
— components naturally.
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Heated fluids are recovered at

the surface for energy production

s > Production
Cwell

Power Plant

Injection
Well

EGS: Manmade
geothermal systems
harnessing Stranded Heat

EGS offer the opportunity to access 100-

5000 GWe (USGS, NREL) of EGS resource

by engineering fracture networks in ol
accessible hot rock. injected into

the earth for
continuous
energy
recovery

Water is injected at pressure, to enhance

permeability, and circulated to harness Heated fluid is
. produced back
el’]el’gy N the fOi’m Of heat / to the surface

Heated water is pumped to the surface to
generate electricity.

Injection creates fractures _
resulting in an EGS reservoir
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Induced Seismicity in Geothermal Development

* Recognized and studied for more =
than 100 years

« Fundamental causes are well I
understood:
— Changes in pore pressure (effective stress S
changes) 7

— Thermal stress
— Volume change — total balance of fluid . _
— Chemical alteration of slip surfaces e

3D view of micro-seismic events during the main stimulation at Soultz*

Dyer, B.C, T. Spillman, U. Schen, F. Ladner, and M. O. Haring. 2008. Microseismic imaging of a
geothermal reservoir stimulation. The Leading Edge. V. 27, no. 7, p. 856-869

 Can be controlled and managed by:
 understanding the mechanisms
« diligent monitoring of operations, seismicity and ground shaking
« establishing a plan in advance to ramp-down or stop activities

Majer et. al, (2012). Protocol for Addressing Induced Seismicity Associated with EGS
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EGS needs microseismicity
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Induced Seismicity and Geothermal Development

« The success of EGS technologies will depend on the ability to successfully
inject/withdraw fluids in high volumes

Communications challenges: =-cR) ST 0 P
Public, economic and regulatory concerns A LA GEOTHERMIE
can delay and possibly cancel projects PROFONDE

DANS LE JURA

« High-profile press coverage

* Risk must be assessed properly and
technically:

* Public assurance and trust
* Industry confidence
 Facilitates further development
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U.S. EGS Geothermal Projects

* Desert Peak
— 2 years of seismic monitoring before
EGS injection
— Largest eventin 2 years = M 1.7

— Largest EGS injection-induced event
=M10

* Bradys Hot Springs
— 3 years of seismic monitoring before
EGS injection
— Largest eventin 3 years =M 2.0

S 4o o0 G & g L
1 Earthquakes: Known Geothermal Earthquakes: 1840-2012
— No detectable events during EGS Syeiams oanaie
= perature :
- M il ﬁﬁi\iays ® 191-283 =< ® 45
I nJ ectl On FORGE Boundary 131-190 -3 @ s5-8
[ 3D Geologic Model Area ~ °  81-130 ® 3-4 . 6-74
Monitor Areas < 37-80
N o 5 10 20 Miles
B
A 0 10 20 40 Kilometers
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Main Challenges

* How to regulate/manage/mitigate a process that:
— |Is often (always?) site specific
— Often has unknown or "fuzzy” boundary conditions
— Frequent lack of subsurface data
— Has a variety of stakeholders (some hostile)
— Upsetting but not necessarily high risk
— May occur in areas of no measured historical seismicity
— |s rate/pressure dependent (non stationary)
— Still under study by the research community
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Developing an EGS Protocol

Continuation of 2004-2006 process ——
« Draft LBNL internal whitepaper (2004) 4 .” ScienceDirect GEoTHERMICS

« Three international workshops (2005-2006) ™™ S

. . . . Induced seismicity associated with Enhanced
« Form technical basis for understanding induced Geothermal Systems
Emest L. Majer®*, Roy Baria ", Mitch Stark®, Stephen Oates 9,

SeismiCity and a Strategy for developing a Julian Bommer®, Bill Smith®, Hiroshi Asanuma®

* Lawrence Berkeley National Labaratery, #]1 Cyvolorron Road, MS 90-R 1116, Berkelew, CA 94720, USA

t | b MIL-TECH UK Ltd., 62 Ro hary, Wt End, Wodineg, Sty 2 UK
p rO O CO = Calpine Covp.,, 110 Foad, Mid: " I, LISA
4 Shell international Exloration sherpark I ifrwiik-ZH, The Netherlamds
= Chvil amel Ervvivonmental Eng rivgg, Imperial e Liwsidems, Semeth Kensingron Camprs, London SW7 2AZ UK
! Morthern Califor ncy, Middletown, PO, Box 663, Middletown, CA 85461, USA
® Ceradiare Sciio ennel Studies, Toheln Universirg 950-8579 Seadai, hspan

Received 21 Sepiember 2M06046: accepied 20 March 2007

« International group of experts gathered to
identify critical issues (technical and non

Enhanced Geothermal Systems (EGS) have the potential to make a signaficant contribution to the world
energy iwventory. Cne controversial issue associated with EGS, however, is the impact of induced selsmicity

technical) associated with EGS induced

= un
eral case histories also dlustrate 3 numiber of echnical and public
v need not pose a threal o the development of
petly, community issues are handled adequately

M M . b e W resources if sile selection 15 carms operly
« Peer reviewed white paper (IEA Report, Majer et e e e e
al., 2007)

vaer Lad. Al rights reserved.

Kevwords: Induced seismicity: Enhanced Geothermal Systems (EGSk The Geysers: Cooper Basin: Berling Soultz-sous.
Foréts

* PrOtOCO| fo r the d eve|0pment Of g eOthermal Majer, E.L, Baria , R, Stark, M., Oates, S., Bommer, J., Smith, B., and Asanuma, H.,
2007, Induced seismicity associated with Enhanced Geothermal Systems,

sites and a Best Practice guide (IEA Report, Geothermics 36, 185-227. LBNL- 61681
M a_Jer et a |, 2009) Majer, E., Baria, R. and Stark, M., 2009. Protocol for induced seismicity associated

with enhanced geothermal systems. Report produced in Task D Annex | (2008),
International Energy Agency-Geothermal Implementing Agreement (incorporating
comments by: C. Bromley, W. Cumming, A. Jelacic and L. Rybach).
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Developing an EGS Protocol, 2012

« Funded by US Department of Energy ENERGY | ey
« Used by domestic and international
businesses to guide their approach to
induced seismicity associated with EGS
projects
» Required for all Federally funded EGS
Protocol for Addressing Induced

projects S
« Cited as th | isting 1S tocol B M. 7V seismicity Associated with
Iited as e on y exIs Ing pro OCO / oL I e Enhanced Geothermal Systems

which could “serve as a template for
other technologies” by NRC, 2012
“Induced Seismicity Potential in Energy
Technologies” Report

« Adopted by 17 countries | .

. . E;ﬁﬂ&“ﬁn{;m Robertson-Tait,
« Accepted by Oil and Gas industry for
induced seismicity control

* Adopted for deep underground CO,
sequestration

Jaruary 2012 | DOE/EE-DEE2

Protocol: http://esdl.lbl.gov/files/research/projects/induced seismicity/egs/EGS-IS-Protocol-Final-Draft-20120124.PDF
Best Practices: https://escholarship.org/uc/item/3446g9cf
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http://esd1.lbl.gov/files/research/projects/induced_seismicity/egs/EGS-IS-Protocol-Final-Draft-20120124.PDF
https://escholarship.org/uc/item/3446g9cf

Developing a U.S. Protocol

Two main elements:

* Technical
— Identify and understand factors controlling microseismicity
— Effect of microseismicity on community and operations

* Legal — Community interaction

— Propose guidelines for a geothermal developer to deal with the
issue of induced seismicity.

— Inform and interact with the community to understand their
concerns and partner with them to achieve a win-win situation

“One size” does not fit all — not a regulatory document
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Ground Motion as an Indicator

manufacturing, research
laboratories, scanning
transmission electron
microscopes

(1-zec)

Impact Maximum Velocity Acceleration Section
Bridges, Reinforced 125 mm/sec PGV 0.2gPGA 33,34
concrete structures
Building Damage 12.5 mm/sec PGV 0.02 g PGA 32
Human Disturbance 0.1 mm/sec RMS (1-sec) | 0.00036 g RMS (1-sec) 36

0.4 mm'sec PGV

Hospital laboratories, wet 0.05 mm/sec RMS 0.00018 g RMS (1-sec) 37
chemistry laboratories (1-zec)
MRIs, scanning electron 0.0063 mm/sec RMS 0.0005 g PGA 37
micro-scopes (1-zec)
Semiconductor 32 mm/sec EMS (1-sec) 10 micro-g RMS 37

U.S. DEPARTMENT OF ENERGY

Maijer et. al, (2013). Best Practices for Addressing Induced Seismicity Associated with Enhanced Geothermal Systems (EGS
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The amount of perceived
shaking depends on

The size of the
earthquake (Richter
magnitude)
Distance from the
earthquake

12




Determining Acceptable Seismic Risk from a Geothermal
Injection?

1. Does hunflaﬂ‘activity 1 =
» Depends Upon: el e €Y,
— What the maximum as well as | " Jurme
CumU|ative ”Shaking" Wi” be. c_g Earth1q>u;kes
E 2. Can shaking be f-eit No , No
- at surface? \gf_fei:_t_ rd
— Will this shaking be acceptable Tl
shaking?

to the public? G

I Very slight consequence,

shaKing  ccccciccsiiicio: * Q‘Sﬁﬂcy
4. Risk Analysis eauent

Minor | structures [ No! _Noj

shaking "| affected? \_effect
1 Yes

— Will this shaking be below the =
"damage” threshold for \“’w\
structures with interest? - iesto] S ] 7 TE™

strong affected? \eﬁect/

shaking lYes
Human\

casualti

property
damage

risk analysis

National Research Council. (2013). Induced seismicity potential
in energy technologies. 10.17226/13355.
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U.S. Induced Seismicity Protocol for EGS: 7 Steps

Perform a preliminary screening evaluation

Implement an outreach and communication
program

Identify limits for ground vibration and noise

Monitor seismicity and ground motions

Quantify the hazard from natural and induced
seismic events

Characterize the risk from induced seismic events

Develop risk-based mitigation plans

0000000

U.S. DEPARTMENT OF ENERGY  OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY



Case Study: EGS Demonstration Newberry Volcano, OR

* DOE Funded EGS demonstration project
o 2010-2015

» Goals:

o Demonstrate the development and
operation of an Engineered
Geothermal System

o Create EGS reservoir around existing
well NWG 55-29.

o Stimulate multiple fracture zones
using diverter technology.

o Drill production well into mapped
fra Ctu re n etWO rk . Map of Project Site and the Davenport Newberry Unit Area. The Unit Area comprises
Federal geothermal leases administered by the BLM with Davenport Newberry Holdings,

o C O m p | e-te Ci rcu Iation Test Of I(;Il_)gr(:taiziﬁgated as the Unit operator for the purposes of exploration, development and
producer and injector.

0 15 3 & ] 12
Miles

T.T. Cladouhos et al. Geothermics 63 (2016) 44-61 45
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U.S. Induced Seismicity Protocol for EGS: 7 Steps

- : _ Implement an cutreach and communication
Perform & preliminary ecresning evaluation
program

* Review relevant federal, state, and
local laws and regulations.

* Evaluate outreach needs
» Develop plans to approach community,

* Determine the radius of influence stakeholders, regulators, and public safety
within which there could be a officials.
negative impact. « Develop a public relations plan to generate
« |dentify potential impacts, including: interest in the project from local media.
physical damages, social disturbances, ~ * Set up alocal office in the community,
nuisance, economic disruption, and ideally including technical displays for

visitors.

* Initial public meeting and site visit that
covers both technical and non-technical

environmental impacts.

* Establish an approximate lower and
upper bound of potential damage

Issues.
* Classify the overall risk as one of the « Additional site visits during active drilling
four described categories and in advance of the first stimulation.
 Etc...
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Case Study: EGS Demonstration Newberry Volcano, OR

Perform & preliminary ecresning evaluation

National Environmental Policy Act

Moise Control Act, 42 U5.C. § 4901

Clean Water Act

2002 ORS Chapter 517, Mining and Mining Claims

2009 ORS § 540.350, Dams, Dikes and Other Hydraulic Works

2009 ORS Chapter 467, Noise Control

2009 ORS Section 197, Comprehensive Land Use Coordination

2009 ORS § 401.918, Emergency Management and Services, Seismic Safety Policy, Advisory
Commission

2009 ORS § 467.120, Agricultural and Forestry Operations, Mining or Rock Processing

2002 ORS § 469 501, Energy Facility Siting, Construction, Operation and Retirement Standards
Oregon Water Resources Department, Division 20, Dam Safety

Oregon Department of Geology and Mineral Industries, Division 20, Geothermal Regulations
Oregon Department of Geology and Mineral Regulations, Division 30, Oregon Mined Land
Reclamation Act

COregon Department of Envirenmental Quality, Administrative Rules, Division 35, Noise Control
Regulations

Deschutes County Code (DCC), Chapter 8.08, Noise Control: County Noise Control Ordinances
c20}

DCC Chapter 18: County Zoning {C20}

DCC Chapter 23.76: County Comprehensive Plan, Energy {C20

City of La Pine, Comprehensive Plan, March 2010 {C20}

OF ENERGY

OFFICE OF ENERGY EFFICIEN

Implement an cutreach and communication

FI r-::lg ram
Phase Type Audience When Section
Pre- Public Outreach and Professional Public, Media, | > 20 since Fall | 3.2.1;
stimulation Meetings, Presentations, and Regulators, 2009 Appendix D
Discussions Politicians,

Other

Stakeholders
Pre- Social Media and Websites Updates Public Weekly 321
stimulation
Pre- Local Newspaper Notice Public 4 weeks prior | 3.2.1
stimulation to stimulation
Pre- Informational kiosks at Lava Lands and | Public Summer 2011 | 3.2.1
stimulation | Paulina Lake Visitor Centers
Pre- Public Outreach Meetings Public After release | 3.2.1
stimulation of EA for

public
comment

Stimulation | Public Outreach Meetings Public Monthly 322
Stimulation | Social Media and Websites Updates Public Weekly 322
Stimulation | Daily stimulation and seismicity reports | DOE, BLM, F5, | Daily 45

LENL, PNSN
Stimulation Exception Reports DOE, BLM, FS, | As required 52

LBML, PNSN by triggers
Post- Public Outreach Meetings Public At end of 323
stimulation Phase Il

& RENEWABLE ENER




U.S. Induced Seismicity Protocol for EGS: 7 Steps

@ Identify limits for ground vibration and noise @ Monitor seismicity and ground mations

* Assess existing seismic » Collect data to characterize
conditions background seismicity and

* Review local ordinances faults

* Review building threshold * At a minimum, determine
cosmetic damage criteria location, magnitude and source

* Review structural damage mechanisms.

criteria » Sustained monitoring

« Assess human exposure to throughout the injection activity

vibration

e Assess interference with
industrial and institutional land
uses

* Assess ground- borne noise
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Case Study: EGS Demonstration Newberry Volcano, OR

@ |dentify limits for ground vibration and noise @ Monitor seismicity and ground mations
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U.S. Induced Seismicity Protocol for EGS: 7 Steps

@ Quantify the haza'.'d fru::-rr naEura and induced @ Charactenze the risk from induced seismic events
* Estimate the Baseline Hazard * Characterize the ground motion
from Natural Seismicity at each location within the area
- PSHA potentially impacted
e Estimate the Hazard from e |[dentify the assets that could be
Induced Seismicity adversely affected and that
» Ground motion prediction C'O|L<J|d contribute to the total
model 5K |
~ DSHA  Characterize the damage

potential (vulnerability) from the
risk contributors.

e Estimate the risk.
* Map the results
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Case Study: EGS Demonstration Newberry Volcano, OR

Quantify the hazard from natural and induced

O Characterize the risk from induced seismic events
SEISMIC Svents

Table 3-3. Summary table for the three deterministic approaches used to estimate Mages Only highest Myas
estimated by each method is shown in this table. Mg based on a wider range of input walues shown in

2130w 211z0w

Appendix E \\ < \\7 L .
Technigue Characteristics Highest Mya “ \mn\\J/ P
Brune (1970)* Dynamic stress drop, 500 m (1640 ft) radius, 3 MPa 389 _moon \ \i‘n g \ :
stress drop \\ A \
McGarr {1976)* Injected volume of 30,545 m? (8 million gallons) 3.24 ¢ m e e3 \%—L \v
Leonard (2010)° Based on fault area 1000 m (3280 ft) strike length and 398 Mt Bachelor Ski & Summer Resorty Tar &s* T
1473 m (4833 ft) vertical extent limited by shallow
(3.5 km) brittle-ductile transition R e

Table 3-4. Calculated Probability of Event Ocourrence

Event Event Probability
- . ) Three Rivers B
Magnitude Minimum Maximum o e
»1 0.7% 405
»2 0.1% 6%
*3 0.01% 0.5%
=4 0.002% 0.09% .,

Mewberry Initial Injection Induced Mmax Probability
— T T — T

Klamath Lake ’
D=10 ms \ County county / ’ﬂ
55  — (,J {13 )
: i3 l
Y / L. .
s \ _ o \ 4 / ’ 5 o 500N
\ T T
! T21sbow 21gow N
' \ Peak Horizontal Ground Acceleration
' \ PGA (g's) N —h
n \ \ |:| <0.01 Y Injection Well (NWG 55-29)
G q —— Quaternary Faults (Source: USGS Quatemary Fault Database)
= \ \ [ Joot-00s B Towns Kilometers
z . \ ] 005 -0.10 O —
E \ \ B ci-o0s —— Highways 0255 10 15
e ) l\ —] L i " Regional Seismic Stations Ski Areas Miles
aal ] \ | e A L0Cal SEiSMIC StatioNS s | ava River Cave Trail 0 25 5 10
. \ \ B 021-0.25 Date: 31 January 2011
\
' \ Project No. 26817879 | pREDICTED PGA GROUND SHAKING MAP Figure
! Newberry Volcano FOR A POSTULATED )
“ Oregon M 3.5 INDUCED SEISMIC EVENT
0z .
2 X
\
.
.
e
oo 1 L 1 I T M e
-2 o 2 4

Magnitude
Northern Basin and Range fecumrence b=0.82
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U.S. Induced Seismicity Protocol for EGS: 7 Steps

@ Develop risk-based mitigation plans

» Direct mitigation: “traffic light” system (Bommer, 2006 & Majer et al.)

* RED—the lower bound of the red zone is the level of ground shaking ar which damage to buildings in
the area is expected to set in. Pumping suspended immediately.

»  AMEER—the amber zone was defined by pround-motion levels ar which people would be aware of the
seismic activity associated with the stimulation, but damapge would be unlikely. Pumping proceeds with
cantion, posibly at reduced flow rates, and observations are intensified.

» GREEN—the green zone was defined by levels of pround motion that are either below the threshold of
peneral detectability or, at higher pround-motion levels, at occurrence rates lower than the already-established
backpround activity level in the area. Pumping operations proceed as planned.

* Indirect mitigation:
o Seismic monitoring
o Increased outreach
o Community support / compensation

» Liability and Insurance
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Case Study: EGS Demonstration Newberry Volcano, OR

Develop risk-based mitigation plans

Event Level and Characteristics Field Operation Communication

= Regulatorapproval 1) Initiate stimulation plan 1) Notify pubic

2) Initiate real-time data feed
% 2) € t step-rate test
* MSA/SMS active JEoiHet et e 3) Initiate daily report

Start

. *r>1000m e g
Qutlier 1a) M > 2 Apply diverter

Alert

7 < 6000 ft 1b) M < 2 Confirm, then apply diverter

2) No flow or pressure increase
* NNVM < 500m 3) Assess result for 24 hours

1) Issue outlier report

No Flow L
* M 2.0to 2.6 within 3 km 5 :
Increase 1) No flow or pressure increase 1) Issue trigger report
2 1)1 tri rt
DI e M 2.7 to 3.4 within 3 km 1) Reduce flow to reduce pressure in Jissdetrigger Sl
e 2) All phone notifications
Flow * PGA:0.014100.028 g ; Ll S 3) Implement USFS site restrictions
3) Wait 12 h
3) Wait QU 4) Solicit damage reports
Sto P T 1) Issue trigger report
Iniection— * M 23.5 within 3 km 1) Stop injection 2) All phone notifications
IJ ! * PGA=0.028 g 2) Flow to surface 3} Implement USFS site restrictions 545-26 Path Magnitude (Mw])  Depth B35 (m)
Flow We 4) Solicit damage reports —_— *» O0-0F
F Surface Seismic Stations ¥l & 200-750
N b e Caxed Holes & 05-10 @ T50- 1000
ewbper| : — Hd 10-15 @ 1000 - 1100
= B Boretucts Seismes Stasons Sper e o
! M O 1s.20 © 11001350
- e = L ] 1 -
ALTAROCK Pt [1 1000 Meters From weimead ':;'I..ss-nm.ua O 20-28 350 - 3050
ENERGY INC DEMONSTRATION
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Other Existing I.S. Protocols

U.S. DEPARTMENT OF ENERGY

Majer et al. - ot | wi ot SED risk govern-
Framewuork 2012 2013 mer 1Emer ance workflow
al., 2015 al., 2015 ;
[Sections &-10)
- Il induced other-
Scope EED geo- a .| ul: geother seothermel
thermal thermal seismicity mal
Country of application ) Switzer- )
usA usA EEMEric Switzerland
land
Preliminary screening brief detailed - detailed
Seismic hazard
Assessment
® Empirical seismic haz- brief | detailed brief brief brief
ard study
Probahilistic seismi
* o TORERIEHE SEEmIE brief | detailed brief brief brief
hazard study
# Secondary hazards brief birief brief birief
Manzgement
&  Ssismic monitoring brief detailed brief brief birief
= MigRedoboseatel- |y brief brief brief brief
fic light systems
Risk-based traffic light
+ nETRRseC AT le brief brief brief brief brief
systems
*  Adaptive risk-hased brief brief brief
traffic light systems
Seismic risk [exposure and vulnerability of structures and population
Assessment
*  Macrossisimic intensi-
ty- or engineering- brief detailed detailed brief
based risk study
Manzagement
*  Building monitoring - detailed brief brief
# Insurance and liability brief brief brief brief
*  Structural retrofitting detailed brief
. REIE!EE-I]I:I‘l of the pop- briaf )
ulation
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Geothermal Risk of Induced Seismicity Diagnosis (GRID)

* Trutnevyte & Wiemer (2017) - Geothermal Risk of
Induced seismicity Diagnosis (GRID)

e GRID scores are:

— derived from indicators that describe concern about seismic hazard,
risk (in terms of secondary hazards, exposure and vulnerability), and
social context.

— dependent on, but not exactly proportional to, the level of seismic
hazard or risk.

— reflect the concern level rather than hazard or risk level, meaning that
higher concern requires more thorough risk governance

 adopted in the Swiss “Good Practice Guide for
Managing Induced Seismicity in Deep Geothermal
Projects in Switzerland.”
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GRID Indicators

SEISMIC HAZARD COMCERMN 0 (little concern) 1 (medium concern) 2 (high concern)
Depth of the reservoir <1km 1-3km >3 km
Cumulative injection volume <1,000m? 1,000-10,000m3 >10,000m?

during stimulation

Evaluated by at least three

parties:

 the project operator,

* the licensing
regulator/authority,

* independent experts

Assigned values of:
* O (little concern)
* T (medium concern)
« 2 (high concern)

The licensing

authority/regulator decides
final category of the project
based on GRID scores

DEPARTMENT OF ENER
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Daily injection or extraction
volume during operation

<1,000m3/day injection or
<5,000m3/day extraction

1,000-10,000m3/day injection
or 5,000-50,000m3/day
extraction

>10,000m3/day injection or >50,000m3/day
extraction

Rock type

Sediments

‘Within 500 meters from the
crystalline basement

Crystalline

Separation between back-
ground and induced seismici-
L

=0.6 m/s? dimensioning value ag
from SIA [2003), defined as
maximum PGA on Ground Class A
of natural seismicity with a 475-
year return period*

<1.3 m/s? dimensioning value
3z from SIA (2003)*

21.3 m/s? dimensioning value ag: from SIA
(2003)*

Fluid injection pressure <0.1MPa 0.1-1MPa >1MPa
Distance to known and >5km 2-5 km <2km
potentially active faults with
length greater than 3 km
CONCERN ABOUT SECOND-
ARY HAZARDS, EXPOSURE 5 . .

0 (little concern) 1 [medium concern) 2 (high concemn)

AND VULNERABILITY
(within a radius of 5 km)

Local site amplification
[within a radius of 5 km)**

Mo buildings or infrastructure on
soft soils (Ground Class D, E, Fin
SIA (2003))

<10%: of buildings or infra-
structure on soft soils
(Ground Class D, E, Fin SI1A
(2003))

>10% of buildings or infrastructure on soft
soils (Ground Class D, E, Fin SIA (2003))

Exposed population
[within a radius of 5 km)

Remote (<100 inhabitants)

Rural (100-20,000 inhabit-
ants)

Urban (>20,000 inhabitants)

Industrial or commercial
activity (within a radius of 5
kmn)

Low activity

Medium activity (=1 enter-
prise with 100-499 em ploy-
ees or 21 industrial installa-
tion of a particular valug)

High activity (=5 enterprises with 100-499
employees or »>1 enterprise with over 500
employees or 22 industrial installation of a
particular value)

Importance of buildings and
infrastructure (within a
radius of 5 km)

No buildings or infrastructure of
Class Il or lll, as defined in S1A
(2003)

Buildings or infrastructure of
Class Il (SIA, 2003); no build-
ings or infrastructures of
Class Il (514, 2003)

Buildings and infrastructure of Class lll (SIA,
2003)

Infrastructures with consid-
erable environmental risk
[within a radius of 5 km)

Mone

One or more

Unreinforced cultural herit-
age (within a radius of 5 km)

<5% buildings listed as important
local, regional or national herit-
age sites

5-10% buildings listed as
important local, regional or
natienal heritage sites

>10% buildings listed as important local,
regional or national heritage sites; or any
buildings listed as important international
heritage sites

Susceptibility to secondary
hazards (within a radius of 5
km)

Very low

Exists

Hizh

SOCIALCOMNCERN 0 (little concern) 1 (medium concern) 2 (high concern)
Potential for concern in the MNone Exists Significant
general population

Vulnerable or strongly MNone Exist Significant
opposing stakeholders

Megative experiences with MNone Exist Significant
similar projects

Lack of trust in the project MNone Exists Significant
operators or authorities

Benefits to the local commu- Direct benefits with or without Maonetary compensation only | None

nity

monetary compensation

& RENEWABLE ENERG




GRID Categories

Category O:
* Induced seismic hazard, risk and social concerns
very low or absent

* no dedicated induced seismicity risk governance
is needed.

Category |

* Perturbations of the stress field may be expected
« damaging events are very unlikely

* no significant social concern

Category II:

* Induced seismicity is possible

« damaging events and social concern cannot be
excluded

Category lIl:
* Induced seismicity is likely

« damaging events and significant social concerns
are possible and require thorough risk
governance measures

« Seismicity will certainly occur and felt events are
likely

U.S. DEPARTMENT OF ENERGY

Exploration

.ﬁctept.aﬂl:.e GRID
criteria

Empirical hazard
assessment

T

1
¥
N

Exploration

.ézccept.a m:.e GRID
criteria

Empirical hazard
and risk
- assessment

Exploration

ArCceptance

.. GRID
criteria

Probibilistic
hazard and risk

LSR5
)
1
1
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Licensing
decision

w GPE i tlﬂn

License
re-assessment

Updated hazard
assEssmEnt

Post-

operation

ﬂr Insurance and fiability

)

- I
| Structural |
| retrofitting |

Licensing
decision

Voluntary magnitude-based
traffic light system

Category |

Single station selsmic monitoring

Post-
operation

License
re-assessment

iR

Updated hazard
and risk
assessment

ﬁ Irsurance and Hability

>

Licensing

U |
| Structural |
| retredfitting |

Category Il

4%

Magnitude-based traffic light system

i A i

Seismic monitoting network

)
>

decision

License
re-assessment

Post-
operation

ik

Updated hazard and risk assessment

ﬁ Imsurance and liability

>

| Structural

s

Category Il

s

Adaptive traffic light system,
n parallel to a magnitude-hased system

)

N ]

Seismic monitoring network
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Conclusions

« Induced seismicity issues are not new in energy industries

« General causes of earthquakes related to fluid injection (e.g., EGS) are
known and can be mitigated

— Continued R&D is critical : Increased understanding of the physics of induced
seismicity will enable development of more robust mitigation and control procedures

— Large base of available technology and expertise to draw upon to address issues

 Successful utilization of induced microseismicity is critical to successful energy
extraction and mitigation activities

— Negative issues can be mitigated and the risk will be low compared to
benefits

« (Continue to develop and update engineering guides/protocols that
identifies means to accurately assess risk and mitigate unacceptable
seismicity
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EGS vs Oil and Gas / Wastewater Injection

Advanced seismic monitoring required
« Map major faults with intention of avoiding them
* |njection and circulation to equalize pressure

* Follow the DOE Protocol to minimize and closely
monitor any seismicity

Injected Volume No. of Wells in Target Duration of
(gallons/minute) Area Injection

Oklahoma ~800 thousand Thousands Years

1 million times less 1000 times less 10-100 times less
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Enhanced Geothermal Systems

Fracture Mechanics

U.S. DEPARTMENT OF ENERGY

Types of Fractures relevant to
EGS*;

Dilational fractures/joints:

 Two rough surfaces with normal
displacement continuity (moved away from
each other perpendicular to the surfaces)

Shear fractures/faults:

 Shear displacement continuities move
parallel to each other . Relative movement is
either:

1. Perpendicular to the fracture
front

2. Parallel to the fracture front

Mixed mode:
« Combination of the above

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

Fracture Mechanisms:

Fluid is injected into a rock mass at or
below the fracture opening pressure (or
minimum principal stress).

Shear deformation is induced in favorably
oriented natural fractures in the rock
mass > increases the permeability of the
rock
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\
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i { A
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0 20 40 60 80 100 120 140
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*Rock Fractures and Fluid Flow: Contemporary Understanding and Applications, Committee on Fracture Characterization and Fluid
Flow, National Research Council, ISBN: 0-309-56348-8, 568 pages, 6 x 9, (1996).
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Desert Peak:
Low-Magnitude Events Between Injection and Production Wells ,

2 Years Before EGS Injection 12 Days During and After EGS Injection
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Brady’s Hot Springs:

No Events Related to EGS Injection
3 Years Before EGS Injection 14 Days During and After EGS Injection

39.814

Latitude
Latitude

Injectio

Legend

Plot Key

Inj. Well
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0.5>M<1.0
1.0>M<1.5
1.5>M<2.0
M=2.0
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