Energy from Sedimentary Reservoirs (SedHeat) - Gordian Knot or Not?

Derek Elsworth (Penn State)
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Energy & Environment: Complementary Drivers?
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US Energy Consumption 2015 - Key R&D Strategies
~100 Quads = 100 EJ = 100 tcf CH, (~20% of World)
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[After Pat Dehmer, US DOE, Office of Science, 2009; Sankey Diagram from LLNL]
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Global Carbon Cycle
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Capacity Needs - Socolow Wedges

The Stabilization Triangle:
Beat doubling or accept tripling
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Values in parentheses are ppm. Note the identity (a fact about
the size of the Earth’s atmosphere): 1 ppm = 2.1 GtC.

[Rationale in: Pacala & Socolow, Scrence, 2004,
www.stabilisation2005.com/day3/Socolow.pdf]



Capacity Needs - Stabilization Wedges

Fill the Stabilization Triangle with Seven Wedges

Zero carbon: 800 GW
(~40 tcf/yr)
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Close-Out Editorial on 2008-2016 US Administration

Observations:

GHG dropped/flat on 4 occasions:
1980s, 1992, 2009 (recessions)
2014 (growth)

Electricity from Gas:
21% 2008
33% 2015

Employment:
~2.2M Energy efficiency jobs
~1.1M Fossil fuel for electricity

GapMinder Linkage:
US Energy use 2.5% less in

2015 vs 2008 but economy
10% larger

[Obama, Science, 2017]
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The New Normal?

Six ways to pull CO, out of the air
CO2

BECCS Forestation Direct air capture

Fast-growing plants are harvested Planted trees capture CO, as CO, in air selectively “sticks”

and burned to make energy. they grow. The carbon remains to chemicals in filters. Filters are

Exhaust carbonis captured and sequestered as long as forests reused after releasing pure CO,,

piped underground. are not cut down. which can be stored underground.
CO2 CO,

A global unwinding
In order to prevent the world from warming more than 2°C, models count on the fast development
of NETs. But many scientists question whether they can be scaled up in time.

Net emissions

Net negative
emissions

H
)
< - - - - T} -
2 Biochar and soil sequestration Enhanced weathering Ocean fertilization
& Emissions from Charring biomass stores carbon When spread across fields or Injections of nutrients like iron
g fossil fuels, industry, in soil by making it resistant to beaches and wetted, crushed spur phytoplankton blooms, which
] and net land-use change . i s ; » :
£ decomposition. Altered tilling silicate minerals like absorb CO,. When they die,
& [ s | *Media  practices also enhance CO, storage. olivine naturally absorb CO,. they take the carbon to the seafloor.
f
% Historical Achieved gcen;z(nos
2 emissions negative
S emissions
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SedHeat Initiative
http://geothermal.tcu.edu
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Resource
* Hydrothermal (US:10*EJ)
- EGS (US:107 ET; 100 GW in 50y)

Make- up-water
reservoir Cooling

Basic Observations of Permeability Evolution and IS

Challenges
* Prospecting (characterization)
« Accessing (drilling) e ]
S M;.;I — Power generation
e %/

* Creating reservoir

* Sustaining reservoir
« Environmental issues

Observation g
borehole

Production £
T

o

]

Observation
» Stress-sensitive reservoirs
« TH M C all influence via effective stress

- Effective stresses influence
* Permeability b
« Reactive surface area N !;gf“fg §
« Induced seismicity S
A §
155 S
Understanding T H M C is key: *m e
- Size of relative effects of THMC(B) :
» Timing of effects Per'me.abl "ty
Reactive surface area
Induced seismicity

* Migration within reservoir
« Using them to engineer the reservoir



Total Fractured Volume (from microseismicity), km®

Can EGS ever be Viable?
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Induced Seismicity

Quake Fears Stall Energy Extraction Project

By JAMES GLANZ
Published: July 13, 2009

3 TWITTER
(3 Two federal agencies are stopping a contentious California project [ LINKEDIN
ﬂ:\‘@ from fracturing bedrock miles underground and extracting its SO N0 E
&QJ geothermal energy until a scientific review determines whether the = pRINT
%Q project could produce dangerous earthquakes, spokeswomen for hp——
P '@ the Energy and Interior Departments said on Monday.
%\t SHARE
ﬂ.“ ¥ @, Enlarge This Image 1he project by AltaRock Energy, a ;
(\¥) ; : SOUND OF MY VOICE
start-up company with offices in IN THEATRES 04.27.20)2
A Seattle and Sausalito, Calif., had won | Click to View

a grant of $6.25 million from the

Energy Department, and officials at the Interior
Department had indicated that it was likely to issue
permits allowing the company to fracture bedrock on
federal land in one of the most seismically active areas of
the world, Northern California.

But when contacted last month by The New York Times
for an article on the project, several federal officials said
that AltaRock had not disclosed that a similar project in
Basel, Switzerland, was shut down when it generated
earthquakes that shook the city in 2006 and 2007.
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Key Questions in SGRs and EGS

Needs H = MfAchf
*  Fluid availability
* Native or introduced
* HzO/COZ wor'king fluids?
« Combined with sequestration?
*  Fluid transmission
« Permeability microD tfo mD?
« Distributed permeability
«  Thermal efficiency
« Large heat transfer area
«  Small conduction length
« Long-lived
* Maintain mD and HT-area
« Chemistry
«  Environment
« Induced seismicity
 Fugitive fluids
«  Ubiquitous

viable geothermal

geologic forcing IEServoirs
<— of pressures —{

advective
}— heat transport - >
5 }—— advective solute transport >
T L) PO S B O D B gy g
EGS F +
geothermal- e %
E 10 - metamorphic ]
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S 20+ | .
& disturbed crust
- /
[
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log,, permeability k (m?)

Figure 12: Evidence for relatively high crustal-scale permeabilities showing showing
power-law fit to data. Geothermal-metamorphic curve is the best-fit to geothermal-
metamorphic data [Manga and Ingebritsen, 1999, 2002]. “Disturbed-crust” curve
interpolates midpoints in reported ranges in k and z for a given locality [Manning
and Ingebritsen, 2010, their Table 1]; error bars depict the full permissible range for
a plotted locality and are not Gaussian errors, and the Dobi (Afar) earthquake
swarm is not shown on this plot (it is off-scale). Red lines indicate permeabilities
before and after EGS reservoir stimulation at Soultz (upper line) and Basel (lower
line) from Evans et al. [2005] and Hdring et al. [2008], respectively. Arrows above
the graph show the range of permeability in which different processes dominate.

Steveai  [Ingebritsen and Manning, various, in Manga et al., 2012]
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Contrasts Between EGSs & SGRs

EGS (Order of Mag.) SGRs (Order of Mag)
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Thermal Drawdown EGS -vs- SGRs
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Thermal Recovery at Field Scale

Parallel Flow Model Spherical Reservoir Model
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Key Questions in EGS and SGRs

Needs H=M AT,
*  Fluid availability
* Native or introduced - fluid/geochemical compatibility
« H,0/CO, working fluids? - arid envts.
*  Fluid transmission
« Permeability microD to milliD? - high enough?
« Distributed permeability

Characterizing location and magnitude
Defining mechanisms of perm evolution (chem/mech/thermal)
Well configurations for sweep efficiency and isolating short-circuits

«  Thermal efficiency
* Large heat transfer area - better for SGRs than EGS?
« Small conduction length - better for SGRs than EGS?
« Long-lived
* Maintain mD and HT-area - better understanding diagenetic effects?
« Chemistry - complex
«  Environment
« TInduced seismicity - Event size (max)/timing/processes (THMCB)
« Fugitive fluids - Fluid loss on production and environment - seal integrity
« _ Ubiquitous



ARMA-AAPG-SEDHEAT WORKSHOP

CESSFUL ENGINEERING OF SEDIMENTARY GEOTHERMAL SYSTEMS
Friday June 24t and Saturday June 25%, 2016

50" Rock Mechanics/Geomechanics Symposium
Westin Galleria, Houston, Texas

Derek Elsworth, John Holbrook, Charles Fairhurst, Sid Green: Conveners

armasymposium.org/workshops - Information
armasymposium.org/registration - Registration

This workshop will explore the impediments to making sedimentary geothermal reservoirs a commercial reality and in particular
will examine the potential to leverage new practices and techniques evolving from subsurface engineering in low permeability
and enviro'mentally challenging environments — such as for shale gas and for geothermal energy.

Topical Areas

Reservoir Engineering at Large Scale
Geopressured Resources/Co-Produced Reservoirs
Drilling

Completions

Geophysical Characterization

Induced Seismicity

For information on available discussion and speaking
opportunities, please contact: elsworth@psu.edu



http://armasymposium.org/workshops
http://armasymposium.org/registration
mailto:elsworth@psu.edu?subject=SedHeat%20Workshop

ARMA-AAPG-SEDHEAT WORKSHOP
SUCCESSFUL ENGINEERING OF SEDIMENTARY GEOTHERMAL SYSTEMS

Derek Elsworth (Penn State), John Holbrook (TCU), Charles Fairhurst (UMN), Sid Green (Utah)

WHAT DO WE HOPE TO ACHIEVE HERE?

What are the Key Issues in Developing the Resource Base of Sedimentary
Geothermal Reservoirs (SGRs)?

What are the Prospects for Applying Innovations from Rapidly Evolving Oil and Gas
Engineering?
Reservoir Engineering
Co-Produced Reservoirs
Drilling
Completions
Subsurface Characterization
Induced Seismicity
SUMMARIZED NEEDS

Define "Key Needs" as closing slide and re-visit in discussion

g3.ems.psu.edu 19 derek.elsworth@psu.edu



ARMA-AAPG-SEDHEAT WORKSHOP

SUCCESSFUL ENGINEERING OF SEDIMENTARY GEOTHERMAL SYSTEMS
50t Rock Mechanics/Geomechanics Symposium, Houston, Texas 2016
Conveners: Derek Elsworth, John Holbrook, Charles Fairhurst, Sid Green

FRIDAY AM - Derek Elsworth

8:00 — 9:50 Introduction and Setting-the-Stage

Welcome, Overview and Goals of the Meeting — The Conveners

The SedHeat Initiative — John Holbrook (TCU)

Newberry EGS Demonstration; Results and Future Plans — Mike Swyer (AltaRock)

10:10 — 12:10 Reservoir Engineering at Large Scale [1]

Cornell Geothermal District Heating Trade-offs: Hot Sed Aquifers or Basement EGS? — Teresa Jordan (Cornell)
CO, Plume Geothermal - Jimmy Randolph (UMN)/Jeff Bielicki (OSU)

N, Plume Geothermal — Tom Buscheck (LLNL)

FRIDAY PM - John Holbrook
1:30 — 3:30 Reservoir Engineering at Large Scale [2]
Influence of Heterogeneity on EGS performance — Tom Doe (Golder)

Reservoir Geomechanics for SedHeat — Peter Connolly (Chevron)
The Radiator-Enhanced Geothermal System: Emulating a Natural Hydrothermal System — Markus Hilpert (JHU)

3:50 — 5:50 Co-Produced Reservoirs

The UND-DOE Low Temperature Geothermal Power Plant — Will Gosnold (UND)

A Sedimentary Enhanced Geothermal Reservoir: Lyons Sandstone, Wattenberg Field, CO — Luis Zerpa (CSM)
50 years of CO, EOR experience benefits CO, storage — Larry Lake (UT)




ARMA-AAPG-SEDHEAT WORKSHOP
SUCCESSFUL ENGINEERING OF SEDIMENTARY GEOTHERMAL SYSTEMS

SATURDAY AM - Sid Green

8:00 — 9:50 Drilling

Drain Holes and Mud Motors for Geothermal Applications — Bill Maurer (Maurer Engineering)

Drilling Challenges in Geothermal Reservoirs — Doug Blankenship (Sandia)

Directional Drilling: Historical Developments, Current Technology, Future Challenges — Emmanuel Detournay (UMN)

10:10—12:10 Completions

Long-term Cold Water Injectivity at Raft River and Implications for Fracture Evolution — Mitch Plummer (INL)

New Hydraulic-Natural Fracture Interaction Mechanisms Unique to 3D Hydraulic Fracturing — Pengcheng Fu (LLNL)
Hydraulic Fracturing — Ernie Brown (Schlumberger)

ARMA Fracturing Workshop Summary - John McLennan (UU)

SATURDAY PM - Charles Fairhurst

1:30 — 3:30 Geophysical Characterization of Completions

Fracture Network Engineering: Optimizing Production using Geomechanical Sensitivity Analyses — Will Pettitt (Itasca)
Microseismic Geomechanical Interpretation of HFStimulation of Unconventional Reservoirs — Shawn Maxwell (IMaGE)
Induced Seismicity: Fluid Migration and Earthquake Nucleation in Oklahoma - Katie Keranen (Cornell)

3:50 — 5:50 Induced Seismicity

Hydromechanical and Active Seismic Monitoring to Characterize Stimulated Fracture Systems — Yves Guglielmi (LBNL)
Monitoring of Rock Fracturing Induced by Fluid Injection in the Laboratory — Sergey Stanchits (Schlumberger)
Simulation and forecasting of induced seismicity and its collective properties — David Dempsey (Auckland)

5:50 — 6:00 Consensus, Challenges and Needs — The Conveners

Closure and Adjournment



Implications for Energy Independence, Energy Security and
for Climate Change?

Libya’s Civil War | fover)
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Trillion cubic meters

Projected Growth and Opportunities

Natural Gas Utilization

2010

|

~— History —> —<—— Projections ——>

0.75 —

. \ Shale gas
0.5 i

! i
Tight gas

0.25 —
- Lower 48 onshore conventional
Alaska Lower 48 offshore
Coalbed methane%
0 | | I |

1990 2000 2010 2020 2035
Year

[Science, Oct 18, 2012]

17 Tcf

(VI |

Blowouts
are possible.

TAVAVATA'A"

escapes during the
mining process.

Water recovery tanks
Methane gas Polluted flowback water
may be injected into a deep
storage well, recycled or

sent to a treatment plant.

Poorly treated

flowback water
has leaked into
drinking water.

Leakage of fracking
fluids from the pipe
has not been seen.

Possible flow
of methane.

fractures open

Upstream

Secretary of Energy
Advisory Board

Shale Gas Production
Subcommittee
Second Ninety Day Report

November 18, 2011

U.S. DEPARTMENT OF

©ENERGY

e, 2011]

Downstream

— —_—
2HBr+1/20,~>Br,+H,0 —<——
Br, HBr

Methylbromide coupling
CH,-Br—>Products+HBr

Natural gas—>

Oxidation
2

Activation
CH,+Br,>CH,—Br-+HBr

Br, HBr
Electrolyzer <——

Wind or solar converter ———>= 2HBr>Br,+H, —>H,

—> Liquid fuels or chemicals
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Key Issues for Sedimentary Hosted Geothermal Systems

Temperature ( °C)

* Establish the necessary Tk
boundary conditions e
— Sufficient temperature : ‘ T N
— Adequate perm, either current or £ RO N
induced S B 1 N SN
— Threshold flow rate G”,tﬁ’a"“m/‘/'f B
e Define the engineering ot o U < rome

(60°C/km to 3 km)

challenge

330 630
Temperature (°F) Allis et al., 2012

Project Risk

-
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o
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>
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*Direct use as well as
power applications

*Timelines/value of money
and total costs are critical

Test Drilling

Bankabilit

ESMAP, 2012 Geothermal handbook: Planning and Financing Power Generation

. |Penrose, 2013, Dan King, GTP] ENERGY | oo Efficiency &

Renewable Energy




What’s Next for Low Temp? [Penrose, 2013, Dan King, GTP]

Materials Extraction, Direct-Use, Hybrid Systems

Execute on Co-production initiative

» Strategic Materials - Resource assessment and
feasibility

e Large-scale Direct Use: where does it make
technical and commercial sense?

* R&D on innovative Energy Conversion

University &fdli_ege Campuses
in the’

U.S. DEPARTMENT OF

2 ENERGY

Energy Efficiency &
Renewable Energy




Induced Sei

Icity

I NEWSFOCUS

SEISMOLOGY

Learning How to NOT Make

Your Own Earthquakes

As fluid injections into Earth’s crust trigger quakes across the United States, researchers

are scrambling to learn how to avoid making more

Ohio rumblings. Wastewater injected at this site
in Youngstown triggered jolting earthquakes that
prompeed injection-well shutdowns and strong new
regulations.

Arkansas. In the current March/April issuc
of Seismological Research Letters, the Uni-
wversity of Memphis scismologist recounts his
learn-as-you-go expericnce with injection-
triggered quakes strong enough to scriously
shake up the locals.

Fracking for natural gas, formally known
as hydraulic fracturing, had come to Arkan-
sas around 2009. Not that a scismologist in
Memphis would have noticed. Injecting water
into gas-bearing shale at high pressures does
break the rock to free the gas—that's the poing,
after all. But the resulting tiny quakes rarcly
get above magnitude 0 (the logarithmic scale
includes negative numbers), never mind to the
magnitude-3 quakes that people might feel.

But shale gas drillers need to dispose of
the millions of liters of water laden with natu-
ral brines and added chemicals that flow back
up after a shale gas well has been fracked
(Science, 25 June 2010, p. 1624). Injecting
fracking wastewater into deep rock is a com-
mon solution, so starting in April 2009, 1-to
3-kilometer-deep disposal wells were sunk
in the vicinity of Guy (population 706) and
Greenbrier (population 4706), Arkansas.

That’s when Horton and Scott Ausbrooks

First off, fracking for shale gas is not touch-
ing off the carthquakes that have been shaking
previously calm regions from New Mexico to

seismicity, they are beginning to sec a way
ahcad: leamn as you go. Thorough preinjec-
tion studies followed by close monitoring of
cautiously increasing injection offer to lower,

of the Arkansas Geological Survey took
note of a curious cluster of carthquakes near
Greenbrier. The Guy-Greenbrier arca had had

Texas, Ohio, and Arkansas. But all manner of
i includ

other gy-rel.

d fluid inj

ine deen disnosal of frackine's

Direct fluid pressure
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Induced Seismicity
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Induced Seismicity

Hydraulic
fracturing Refinery Wagte vyater
injection injection
Okm
1km
Caprock —
Qil reservoir
Shale reservoir 3km
Saline aquifer
Basement 5km
Injected fluid
pressure

Fault

[Elsworth et al., Science, 2016]
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Summary of 2016 “"Engineering Challenges” Meeting (DE)

- 2. Possibility of using various fluids H,O/N,/CO;
H=M AT,

L 1. Sedimentary aquifers can be quite hot - ND - 98C (Will Gosnold) -
Cherry pick

3. Wells can be prolific
50 kg/s for ND
Horizontal wells - length-in-zone

H = MfATfo Sedimentary Reservoirs - Porous/less fracture-dominated - Helpful
Environment: Induced Seismicity - conjectured small effects
dVpet is small - therefore dp is small?

dTet is small - therefore dEpsilon is small?

These outcomes suggest that SedHeat should be straightforward?
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So Why No/Sparing Adoption?

Value of resource?: 25¢/BBL - ROI small in comparison to hydrocarbons with much
larger energy density

Risk/Cost of failure: One unsuccessful well - geothermal versus hydrocarbon well
i.e. The "George Mitchell” Story....

g3.ems.psu.edu 31 derek.elsworth@psu.edu



Outcomes - 2017 SLC SedHeat Meeting (4™)
"Tracking the Energy Elephant”

A sg
\'\D,HEAT W,
AT ORKSHO,,

What are opportunities in sedimentary geothermal?

. . . “ oc T
Technically viable but economically challenged E ’epha'f;’t’g the Eng,,,
. : - K
Requires reduced costs or increased rates (revenues) 2y

1. Co-Production with Oil & Gas Operations; ;
2. Retrofit or Re-Purpose Existing Petroleum Wells; h
3. Drill New Wells Specifically for new SedHeat.

What are barriers to success?
Economic Challenges:  e.g. Electricity pricing
Improved Business Models: e.g. Direct use
Induced Seismicity: =~ Maybe
Regulations: Permitting and minerals management
Scientific Barriers: Permeability enhancement and risks
Drilling and completions
Play fairway analysis and characterization




Outcomes - 2017 SLC SedHeat Meeting (4™)
"Tracking the Energy Elephant” [Cont'd.]

What should we focus on to make sedimentary geothermal viable?
Use lower cost access to existing oil & gas wells and infrastructure;
Adapt o// and gas technologies as much as possible;
Focus on areas/countries with Aigh demand and high rates,
Customers that need base load power that is always on (e.g. military, server farms);
Combined heat and power:
Efficiency-of-scale - co-producing power from large arrays of existing oil & gas wells;
Lobby local, State and Federal governments for RPS investment in geothermal.
Key risks:
Induced Seismicity:;
The role of subsurface heterogeneity on fluid flow and sustainability:;
The availability of water resources for circulation where needed;
The quality of the well completion when re-purposing old oil & gas wells.

Grand opportunities:
Advantages for the operator at oil & gas sites are where.
lower-cost power is not available;
produced water needs to be cooled:;

produced water is a liability and geothermal activities can assist (e.g. re-
Injection);

use of wells can be economically justified through co-production or repurposing;
the operator wants to increase renewable power into its energy mix.




Necessary "Step-Changes"?

H=M fAT C and Environment

Systems (c¢):

Depth/Temp(dT):

Flow/Sweep(M):

Environment:

CO,/N, combinations - scale of 1 GW and 10c/kWh

Reduce drilling costs to depth (>60% of cost is drilling)

Reduce tripping and casing or increase ROP
Very high enthalpy wells (>600C)

Horizontal drilling - seems necessary
Completions
Cheaper methods for smart completions (<0.5M/system)

Gross volumes of injection are large - but net volumes are small?
Chemical limits over the long-term?
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Concentrated Solar Thermal (CST) Power Systems

Collector Field Turbine |

B 3 Stand-Alone Rankine System
Generator z

I Condenser

W Heat Transfer Fluid

B Steam
Collector Field Turbine / Generator ﬁ‘é.,
orage Solar Steam .
- Hybrid CST System
I with Fossil Fuel Backup

B Heat Transfer Fluid (HTF)
Bl Steam

Hybrid CST System
with Integrated Solar Combined Cycle System
(ISCCS)

W Heat Transfer Fluid (HTF}
Bl Steam
W FlueGas
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Combination with Natural Gas to Utilize Excess Heat

Efficient Conversion Heat to Electricity

Smoke out Small packages

Anew power plant will use carbon dioxide (CO,) instead of steam. Rather than CO, turbines are smaller than steam turbines—and less costly.

venting CO,, it can sequester the greenhouse gas underground. And it approaches \ » )

the efficiency of the best conventional natural gas plants. G Supercritical Conventional
\\ \) CO, turbine steam turbine

The Allam cycle Supercritical CO,

Invented in 2009, the Allam cycle can achieve At high temperatures and

anear 60% efficiency while emitting no CO, pressures, CO, becomes

or other pollutants. supercritical—a gas with Power

the density of a fluid. That's
good for driving turbines.

oG]
| \_\
il Pure 0, m
3 ‘ [[’ I 1
7

Water

Exhaust gases are cooled,
allowing water to condense
out, a bonus for arid regions.

CO,and

I
0 0 N Compressor and pump
Combustor
i Sequestration
— High-pressure exhaust
Natural gas supply Recycled CO, CO, can be sequestered
underground or used to free
Heat exchanger CO, up oil from depleted fields.

Attributes:
Solar thermal — arid — no water needs
Heat drives cycle? — By pressurizing CO;
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Regional Applications..?

2 Western Reserve University and the Indiana Geologic;
are honored to convene the 2018 Great Lakes SedH

Id at Dively Hall, Case Western Reserve University,
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Scientifically Viable but Economically Challenged
Impetus to push over the top?:
Cost of carbon avoided
Entry into deep SedHeat:
Qil/gas pairing/levarage (2016)
Innovative combinations
Shallow - already broadly viable
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