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Climate Change
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“Human influence on the climate CLIMATE CHANGE 2014
system is clear, and recent Synthesis Report

anthropogenic emissions of
greenhouse gases are the highest in
history....
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... Recent climate changes have had
widespread impacts on human and
natural systems.”
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lllustrative Primary Energy Projections
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Challenges for Modern Energy Systems
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Renewable Resource Bases
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INatcarb Atlas IV(2013)

Pathways for Geothermal

MIT (2006) Report on
EGS The Future of

Geothermal Energy

NSF SedHeat RCN
(2013) report on
sedimentary basin
opportunities
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PROCEEDINGS, Twenty-Fifth p on G Reservoir
Stanford University, Stanford, California, January 24-26, 2000
SGP-TR-165

A HOT DRY ROCK GEOTHERMAL ENERGY CONCEPT
UTILIZING SUPERCRITICAL CO; INSTEAD OF WATER

Donald W. Brown
Earth and Environmental Sciences Division
Los Alamos National Laboratory

Proposed the use of CO, as fracturing
fluid and as heat extraction fluid. '.
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Subsequent modeling studies illustrated
the effectiveness of such a CO,-EGS
approach (Atrens et al., 2009, 2010,
Pruess, 2006, 2008).
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Figure 2: HDR-SCCO;.
A System Engineered for Geotharmal
Heat Mining Using Supercritical COz,
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(Some) Benefits of Supercritical CO, over Brine

Reductions in water requirements (especially in arid regions)

Potential for enhanced fracturing and fracture propagation

Substantially lower kinematic viscosity: higher fluid mobility

Higher heat advection rates within reservoirs

Temperature-dependent density: self-convecting thermosiphon

Lower mineral solubility: limits the leaching and transport of minerals, likely
reduction of scaling in pipes and turbomachinery.

(Adams et al., 2014, 2015; Atrens et al., 2009, 2010; Brown, 2000; Luhmann et al., 2014; Tutolo et al., 2014, 2015)
THE OHIO STATE UNIVERSITY
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Use CO, Geologically Stored in Sedimentary Basin
Geothermal Resources to Store and Produce Electricity
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Using Sedimentary Basin Geothermal Resources

Can we generate electricity using geologically stored CO,?
... and expand areas where geothermal energy production is cost effective?

Can we time-shift the oversupply of renewable energy and dispatch it
when demanded?

... and enable changes in dispatch that improve environmental performance?
... and cost-effectively transport renewable energy large distances?

THE OHIO STATE UNIVERSITY ENERGY SUSTAINABILITY RESEARCH LABORATORY

Geothermal Energy Reservoirs and Fluids

Energy Extraction Working Fluid

Type of Reservoir Water CQo

Sedimentary Basin (large-scale, naturally Conventional Hydrothegffal | CO2-Plume Geothermal ‘>
permeable, typically lower temperature) System (CPG) System A
Enhanced Geothermal System (EGS) (small- | Conventional EGS CO»-basge

scale, relatively impermeable prior to

stimulation, typically higher temperature)
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Thermophysical Properties of CO,
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Randolph and Saar (2011); Adams et al., (2014); Garapti et al., (2014)
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CO, Density is Highly Temperature and Pressure
Dependent

Water (2.5 km)
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Self-Convecting Thermosiphon

s density difference between injection and
production wells generates flow

Atrens et al., (2009): 17 MWe from 80 MWth @ 5km depth

THE OHIO STATE UNIVERSITY ENERGY SUSTAINABILITY RESEARCH LABORATORY
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Thermosiphon Induced Mass Flowrate:
CO, has more vigorous flow than brine
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Reservoir Heat Extraction:
CO, extracts more heat than brine

Effective pumping power of a CO, system is an order of
magnitude greater than that of a brine system.

THE OHIO STATE UNIVERSITY
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Adams et al., (2014)

CO,-Geothermal System

Coupled Models
Direct CO, Power Plant’

Geothermal Reservoir
Model'2

Simplified Wellbore'2

Economic Costs3#

THE OHIO STATE UNIVERSITY

Ambient
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Sedimentary Geothermal Reservoir Temperature: Ty =T, + d*AT

Reservoir o
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Geothermal Heat Flux
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Adams et al (2014); 2Adams et al (2015); 3EPA (2012); *GETEM (2012)
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Well Patterns and Diameters

Single 5-Spot Pattern Multiple 5-Spot and Inverted 5-Spot Patterns

Inverted 5-Spot Pattern(s) o: ® °
« cool CO, injected into center well \ / \ /
* hot CO, produced from corner o5 o AQ @)

wells \ / . / \ / \
Well Diameters ° ® D i /
* can vary / \ / \
« optimized for cost and energy o ) (¢ ®

. Injection Well (CO, is “cold”)
production = O, owan i @ @@ v ey vy st n owam com
. Production Well (CO, is “hot”)  ===eceue 5-Spot Pattern Inverted 5-Spot Pattern
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System Configurations and Characteristics

Well Pattern (km®) 1-100 (1-10)
(Configuration Number in Parenthesis)

Well Diameter (m) 0.14, 0.27, 0.33, 0.41
Surface Temperature (°C) 15

Reservoir Thickness (m) 305

Geothermal Gradient (°C/km) 20, 35, 50

Ambient Temperature (°C) 15

Porosity 10%

Permeability (m?) 1x10°"%, 5x107"°, 1x107™, 5x107", 1x10™"3, 1x107'2, 1x10™"
Depth (km) 1.5,2.5,3.5,5.0
Approach Temperature (°C) 7,12,14,17,21,28

Greenfield or Brownfield Development
Thermosiphon or Pumped System

THE OHIO STATE UNIVERSITY ENERGY SUSTAINABILITY RESEARCH LABORATORY
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Power Generation
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CO, generates more
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(brine) at shallow
depths
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ams et al., 2015
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Levelized Cost of Electricity:
2.5 km, 35°C/km

5x107!4 m?

1,000

Results in Process
of being finalized

=1
g i
g ¢
Lé .
S ‘..N=3
1 o.
LY NN ~. ~
N=5 N=7 N=9
%
RN
100
0 50 100 150 200 250 300 350 400 450 500
Net Capacity (MW)
THE OHIO STATE UNIVERSITY ENERGY SUSTAINABILITY RESEARCH LABORATORY

5/9/19

Levelized Cost of Electricity:
2.5 km, 35°C/km
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Levelized Cost of Electricity:
2.5 km, 35°C/km
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(Can be) Competitive on Cost and Capacity

(unsubsidized levelized cost of electricity)
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LCOE: Dependence on Parameters

Well Pattern Expansion: LCOE initially decreases and then starts to increase

Pumped vs Thermosiphon: pumped systems have higher capacities and lower
LCOEs than thermosiphon systems unless very high permeability

Development: brownfield cheaper than greenfield
Permeability: drives decrease in LCOE, up to ~10-12 m2

Depth: LCOE decreases as depth increases, but decrease tapers; not feasible at 1.5
km

Gradient: LCOE decreases as gradient increases, not feasible at 20°C/km

THE OHIO STATE UNIVERSITY

ENERGY SUSTAINABILITY RESEARCH LABORATORY

Possible Geospatial Potential

(a) Greenfield (b) Brownfield
) 7
R } v s F } \ 2 T /
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50-100

100 - 150 = |50 - 250 w250 - 500
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Take Aways

CO, Systems Suited for Relatively Design and Development
shallow depths. « Most often preferred well pattern is 49
» CO, systems preferred over brine up to km?2
~5km, particularly advantageous + brownfield cheaper than greenfield
between 0.5 and 3.0km » pumped system typically cheaper than

thermosiphon system
LCOE:

* highly sensitive to permeability

* less sensitive to depth and gradient
(but 20°C/km and 1.5 km are not viable)

Comparison to Other Energy
Technologies

» can be cost competitive
» can be capacity competitive
» can be geographically competitive

ENERGY SUSTAINABILITY RESEARCH LABORATORY
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CO, vs. Water for Enhanced
Geothermal Systems

EXPLORATION
Spec Calecton: Adrces ofElrtonond Uszoon ey of Gl Rsars i oo & EXPLOITATION

Comparison of enhanced
geothermal system with i
water and CO, as working SsAcE
fluid: A case study in

Zhacanggou, Northeastern

Tibet, China

“Water extracts more heat than CO. at the same flow rate...
However, water consumes more pressure in reservoir, and its
pressure decreases more quickly as the flow rate increases.

Yanguang Liu ®, Guiling Wang, Gaofan Yue,
Wei Zhang, Xi Zhu and Qinglian Zhang

In contrast, CO; is in a sense a better working fluid. CO;
v, e s h ot ey rk gsherml e of th Guid s n g consumes less pressure when it flows and can circulate
Province, China. We used T2Well software—a coupled wellbore-reservoir simulator—to automatically due to the siphon phenomenon_ N

build a “wellbore-reservoir” coupled model with a “three-spot” well pattern (one injection
and two production wells). We simulated several fixed flow rate cases in which water or CO;
is injected. The objectives of our present work are (1) to investigate the fluid flow and thermal
processes of water circulating at well bottoms, wellbores, and wellheads; (2) to identify the
changing parameters at all physical felds; (3) to understand the influence of injection rates on
heat extraction; and (4) to measure the maximum heat extraction capacity of the Guide area.
Water extracts more heat than CO, at the same flow rate. However, water consumes more

A lower injection pressure is required in a higher CO; flow rate

pressure in reservoir, and its pressure decreases more quickly as the flow rate increases. In
contrast, CO, is in a sense a better working fluid. CO, consumes less pressure when it flows and
can circulate automatically due to the siphon phenomenon. In this way, a lower injection pressure
is required in a higher CO; flow rate case. The density of CO; i sensitive to both temperature
and pressure and vice versa. Inside a wellbore, such interactions are extremely complicated
When the fluid rate is slow, a system could operate for 30 years and remain stable, and there
is only a small decrease in temperature. However, with higher flow rate scenarios—namely 50,
75, and 100 kg/s—the reservoir will exhibit greater heat loss. The reservoir's production tem-
perature and extraction efficiency will drop dramatically. Therefore, for the Guide area, if a

ology Chinese Academy of Geological Sciences

&, Hebei 050061, China.

THE OHIO STATE UNIVERSITY

case. The density of CO; is sensitive to both temperature and
pressure and vice versa. Inside a wellbore, such interactions are
extremely complicated...

With higher flow rate scenarios—namely 50, 75, and 100 kg/s—
the reservoir will exhibit greater heat loss. The reservoir’s
production temperature and extraction efficiency will drop
dramatically.

Energy Sustainability Research Laboratory
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Geospatial Infrastructure Deployment: Source-Sink
Matching
¥ Coal and Natural

Gas Power
Plants

Industrial
Sources of CO,

Geospatial Potential

THE OHIO STATE UNIVERSITY ENERGY SUSTAINABILITY RESEARCH LABORATORY

Viable Geospatial Deployment: SimCCS

Engineering-Economic,

Geospatial Optimization MOdeI (a) Fractured Shale Storage ) (b) Saline Aquifer Storage

« Where and how much CO, to ol p
capture

* Where and how much CO, to
store

 Pipelines: Route, Size, and

FlOW B CO, Sources CO, Storage Hubs

. €O, Emitted »_ Capacity Available
CO, Captured Capacity Used

Bielicki et al, (2018); Middleton and Bielicki (2009)
THE OHIO STATE UNIVERSITY

Energy Sustainability Research Laboratory

5/9/19
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Bedrock for Shale

Where did the “shale” (re)evolution

come from?

» Technology
* Markets

» Policy

* First-movers

THE OHIO STATE UNIVERSITY

ENERGY SUSTAINABILITY RESEARCH LABORATORY

2005 Energy Policy Act

Exempted hydraulic fracturing
from regulation under the Safe
Drinking Water Act

THE OHIO STATE UNIVERSITY

119 STAT. 694 PUBLIC LAW 109-58—AUG. 8, 2005

Subtitle C—Production

SEC. 321. OUTER CONTINENTAL SHELF PROVISIONS.

(a) STORAGE ON THE OUTER CONTINENTAL SHELF.—Section
5(a)(5) of the Outer Continental Shelf Lands Act (43 U.S.C.
131(314(51)(5)) is amended by inserting “from any source” after “oil
and gas”.

) NATURAL GAs DEFINED.—Section 3(13) of the Deepwater
Port Act of 1974 (33 U.S.C. 1502(13)) is amended by adding at
the end before the semicolon the following: ¢, natural gas liquids,
liquefied petroleum gas, and condensate recovered from natural
gas”.

SEC. 322. HYDRAULIC FRACTURING.

Par[ajgragh (1) of section 1421(d) of the Safe Drinking Water
Act (42 U.S.C. 300h(d)) is amended to read as follows:
“(1) UNDERGROUND INJECTION.—The term ‘underground
injection’—
“(A) means the subsurface emplacement of fluids by
well injection; and
“(B) excludes—
“(i) the underground injection of natural gas for
purposes of storage; and
“(ii) the underground injection of fluids or propping
agents (other than diesel fuels) pursuant to hydraulic
fracturing operations related to oil, gas, or geothermal
production activities.”.

5/9/19
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VIRONMENTAL
Law / Regulation WL,

Geologic Carbon Sequestration
eph A. Dammel, Jeffrey M. Bielicki, Melisa F. Pollak, and Elizabeth J. Wilson*

ience, Technology, and Public Policy, 301 19th Avenue South, Minneapolis,

Geologic CO, injection regulated under a
modern regulatory system

Hydraulic Fracturing regulated under less
modern regulatory system

Geothermal regulatory system?

Reconcile the hybrid characteristics?

THE OHIO STATE UNIVERSITY ity Sustatnabitity Reseafch Lalpyg#saT &t 31 (2011)

Techno-Economic Assessment of Energy
Technologies

Levelized Cost of Electricity ($/MWh)
» Annualized capital and operating costs

Capital Costs ($/MW)
» Construction

System Integration and Effects
* Value-added
* Infrastructure reductions

Policy and Market Enablers and Constraints

THE OHIO STATE UNIVERSITY ENERGY SUSTAINABILITY RESEARCH LABORATORY
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45 Q Tax Credit for Subsurface Emplacement of
Industrial CO,

Up to $50/tCO, for geologic storage

Up to $35/tCO, for using stored CO, : @
Is CO,-based geothermal-generated electricity 7% . ”ojo“fl\
worth $15/tCO,? & aPTE )

‘
1"

V: B oL |
10

A ‘
IedZ+K5

Back of the Envelope: 7T vy ¥

« Electricity revenue: $70/MWh; Capacity factor:

85% -

* Need ~29 MW/MtCO, (Not accounting for costs)

THE OHIO STATE UNIVERSITY ENERGY SUSTAINABILITY RESEARCH LABORATORY

Socio-Economic Assessment of Energy Technologies

Social Well-Being Profitability
* Employment * Return on Investment
* Income / income inequality * Net Present Value

* Rural development
Social Acceptability

Energy security * Public opinion

* Energy security premium + Sense of place / community

* Price volatility » Transparency / communication
Trade

+ Terms

* Volume
THE OHIO STATE UNIVERSITY ENERGY SUSTAINABILITY RESEARCH LABORATORY
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Relevant Questions for a Specific Technology

How well does it compete on its own?
How well does it fit within the relevant system?

How well does it work with / enable other energy
technologies?

What are the policy, regulatory, and legal enablers
and constraints?

What are the socioeconomic implications and
opportunities?

THE OHIO STATE UNIVERSITY ENERGY SUSTAINABILITY RESEARCH LABORATORY

Jeffrey M. Bielicki, Ph.D.

Assistant Professor'- 2.3 (Associate Professor, effective 5/30/19)
Department of Civil, Environmental, and Geodetic
Engineering

2John Glenn College of Public Affairs

3Environmental Science Graduate Program

The Ohio State University | bielicki.2@osu.edu
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