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Relevance/Impact of Research [Challenges] gNERGY |5 Effciency &

Renewable Energy

Resource
Challenges « Hydrothermal (US:104EJ)
* Prospecting (characterization) « EGS (US:107EJ; 100 GW in 50y)
* Accessing (drilling) Make- up- watar

Heat reservoir Cooling

* Creating reservoir
* Sustaining reservoir
* Environmental issues (e.g. seismicity)

Observation
» Stress-sensitive reservoirs
* TH M C all influence via effective stress
 Effective stresses influence
* Permeability
* Reactive surface area
* Induced seismicity

Understanding T H M C is key:
« Size of relative effects of THMC Permeability
 Timing of effects

» Migration within reservoir

» Using them to engineer the reservoir

Reactive surface area ‘%,;
Induced seismicity
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Relevance/lmpact of Research [Objectives]  gNERGY | Srere Efficiency &

Renewable Energy

Towards the routine development of long-lived, high-volume, low-impedance and
high-heat-transfer-area reservoirs at-will and at-depth with benign seismicity.

Develop a thorough understanding of complex THMC interactions through synthesis,
modeling and verification:

« [Synthesis] Understand key modes of porosity, permeability evolution and the
generation of reactive surface area.

« [Modeling] Develop distributed parameter models for upscaling in time and space:
— Develop discontinuum models — stimulation
— Improve continuum representations of coupled THMC behaviors
— Examine the strength, sequence and timing of the various THMC effects
For permealbility, heat transfer area, seismicity

« [Verification] Demonstrate the effectiveness of these models against evolving
datasets from EGS demonstration projects both currently (Soultz and Geysers) and
newly in progress (Newberry Volcano).

« [Education] the next generation of geothermal engineers and scientists through
integration of undergraduate and graduate scholars in science and in engineering in
research and via the GEYSER initiative.
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Scientific/Technical Approach

.S. DEPARTMENT OF Energy Efficiency &

Ove ereW ENERGY |renewabie Energy

Approach

» Critically examine key THMC process couplings

« Extend distributed parameter reactive-chemical models

« Extend coupled production models (continuum) — Track 1

» Develop stimulation models (discontinuum) — Track 2

» Understand performance of past and new EGS reservoirs

« Educate the next generation of geothermal engineers/scientists

Go/No-Go Decision Points

 Close of Year 1: No-Go if change in permeability predicted from M or C models
Is within 80% of prediction using MC models.

 Close of Year 2: No-Go if process interactions suggest that existing independent
THC or THM models can predict permeability evolution within 80% of predictions
using THMC.
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Scientific/Technical Approach

Energy Efficiency &

Induced Seismicity — Key Questions ENERGY | rencwable Energy
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Accomplishments, Results and Progress: us. oeeaxtuentor | Eneray Efficiency &

Anomalous Seismicity — Newberry ENERGY | Renewable Energy

uestions: Wellbore Characteristics
*  What is the mechanism of this anomalous distribution . 0-2000m: Casing shoe
of MEQs? < 2000m-3000m: open zone

. What can this anomalous distribution of MEQs imply? )
Spatial Anomaly

. Below 1950 m, only a few MEQs occurred.
€ . Between 500m and 1800m, 90% MEQs
E - iING occurred adjacent to the cased part.
2 _ . _. o ] 0°. 0. o4 0 . ° . "'
8T T peo ok R Temporal Anomaly
Phase | Erracs et B LT JEA «  Deep MEQs occurred within 4 days and
- == i g i diminished after that time.
L":’-'-'_.:'"-_- ;..“ . Shallow MEQs occurred since the 4t day.
Phase Il
\ Depth-Dependent Mohr-Coulomb Theory

(b) Observed Distribution of MEQs
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ARP: Anomalous Seismicity — Newberry

Demonstration Project

1. Shear Failure Analysis

Shear Failure Potential

Shear Failure Potential
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1. Shear Failure Analysis
suggests that if seismicity
occurs at great depth, it
should occur continuously
up the rock column, and
not with a gap.

2. Pore-Pressure Diffusion
_ suggests that se!sm_lcny in
shallow reservoir is not
due to fluid diffusion from
deep open-cased wellbore.

3. Frictional Experiments
are performed to explore
the frictional stability with
depth and to explore the
mechanisms of the
unexplained seismic gap.
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3. Frictional Experiments
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Demonstration Project
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ARP: Linking Induced Microseismicity to us. ozearruentor | Eneray Efficiency &

Permeability Evolution ENERGY | Renewable Eneray

(a) Observed MEQs (b) Map View of Reservoir

1. Seismicity induced by hydroshearing is controlled by the Mohr-Coulomb shear
criterion.

2. The frictional coefficient evolves during seismic slip.
3. Two types of fractures:
- Velocity-weakening/seismic fractures and,

- Velocity-strengthening/aseismic fractures (fracture size smaller than the
critical length).

4. Fracture interaction is ignored — consequently variations in the orientations of

seismic fractures
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ARP: Linking Induced Microseismicity to us. ozearruentor | Eneray Efficiency &

Permeability Evolution ENERGY | renewable Energy
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Rock & Water

ARP: Thermal drawdown and late-

stage seismic-slip fault reactivation
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Longitudinal reservoir length, m
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ARP: Thermal drawdown and late-
stage seismic-slip fault reactivation ENERGY | renewable Energy

Energy Efficiency &

Event timing controlled by flow rate But, event magnitude independent
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ARP: Equivalent Continuum DFN Model ENERGY Energy Efficiency &

Renewable Energy

Fracture permeability k_in x direction at 180 days . .
Shaer stress drop in fracture set 2 Equivalent Continuum DFN

* DFN to describe network
« Effective medium behavior
* Inter-element fracture compliance
» Scaled with length
* Fracture permeability
» Scaled with length
* THMC process couplings as TR_FLAC
* Dual porosity thermal transport
» Advective heat transport

R 0 T R

Fracture permeability k_in y direction at 180 days

Injector

Reservoir width, m

PrtT 11111

ST T

Reservoir length, m
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ARP: Equivalent Continuum DFN Model ENERGY Energy Efficiency &

Renewable Energy

Reservoir rock temperatures Comparative thermal drawdowns

Rock Temperature for Case A at 20 years Rock Temperature for Case B at 20 years
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.S. DEPARTMENT OF Energy Efficiency &

Future Directions ENERGY | rencwable Energy

Project will end June 1, 2015
Enduring Interests
« Methods to link seismicity and permeability — observations and laboratory measurements

« Methods to recover reservoir performance/characteristics from geodetic and tool
measurements

 Methods to measure then “engineer” the reservoir
« Evaluate controls of stress and well placement on induced seismicity including large faults
* Magnitude of largest credible seismic event

Milestone or Go/No-Go Status & Expected Completion Date

Production models Completed
Stimulation models Complete June 1, 2015
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Summary Slide — Key Points ENERGY |Enerey Eficiency &

Renewable Energy

Complex THM and THC Interactions Influencing Reservoir Evolution
— Permealbility evolution is strongly influenced by these processes
— In some instances the full THMC quadruplet is important
— Effects are exacerbated by heterogeneity and anisotropy
Spatial and Temporal Evolution — Effective stress/permeability/seismicity
— Physical controls (perm, thermal diffusion, kinetics) control progress
— Effects occur in order of fluid pressure (HM), thermal dilation (TM), chemical alteration
(CM)
— Spatial halos also propagate in this same order of pressure, temperature, chemistry
Induced Seismicity
— Distribution and propagation rate controlled by:
« Stress magnitude (weakly for the same stress obliquity)
» Fracture network geometry (strongly)
— Crucial role of material properties in IS
— Linkage between seismicity and permeability — characterization and control of reservoir
Discontinuum DFN Models
— Accommodate discontinuum effects on compliance and permeability
— Embody all positive attributes of TR-FLAC — advection and heat storage/transport
— Allow rapid prototypmg of reservoir development ideas
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Additional Information ENERGY | Sreroy Effciency &
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Selected Publications (2013 & 2014) [www.ems.psu.edu/~elsworth/publications/pubs.htm]
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9. Gan, Q. and Elsworth, D. (2014) Thermal drawdown and late-stage seismic-slip fault-reactivation in enhanced geothermal reservoirs. J. Geophys. Res. Vol. 119, pp. 8936-8949.
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10. Gan, Q., Elsworth, D. (2014) Analysis of fluid injection-induced fault reactivation and seismic slip in geothermal reservoirs. J. Geophys. Res. Vol. 119, No. 4, pp. 3340-3353.
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Invited Presentations

2015: Int. Symp. Envt. Sci. and Disaster Management, Muroran, Japan

2014: AGU; ETH Zurich

2013: AGU; SPE/AAPG Western Regional Meeting

2012: AGU; GRC Stimulation Workshop; EnergyPath 2012; US—New Zealand Joint Geothermal Workshop; 9th Int. Workshop on Water Dynamics, Tohoku University
2011: AGU; GeoProc2011 Perth [Keynote]; SIAM Comp. in Geosciences [2]; Hedberg EGS

2010: EGU; JSPS Fellow [Kyoto, Tokyo, JSCE]

Education - Educating the next generation of geothermal engineers and scientists

. Combined Graduate/Undergraduate Education in Sustainable Subsurface Energy Recovery (GEYSER) — 2013 - http://www.ems.psu.edu/~elsworth/courses/cause2013/
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