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Topic

EGEE 497 & EME 597 —- GEOTHERMAL ENERGY ENGINEERING

SYLLABUS
Lecture: TuTh 12:05-01:20 (Blended course: both in-class and online)
Location: 306 Hammond Building
Resource Page: https:/personal.ems.psu.edu/~tkd/courses/eme_497/index.html
Texts: Selected texts on reserve in EMS Library and on canvas.psu.edu.!
Instructor: Derek Elsworth 231 Hosler elsworth@psu.edu
Prerequisites:  None, but understanding of EME 301 & 303, recommended.
Grading: . L . .
Review pre-existing student-created videos & quizzes 30%
Participation or pre-recorded lectures & quizzes 30%
Individual 20 min presentations on topical area(s) 30%
Comprehension of student videos — online quizzes 10%

1. Introduction

2. Thermal Characteristics

2:1

2:2

3. Fluid Flow and Geochemistry

3:1

3:2

3.3

Sources of
Geothermal Heat

Thermodynamics

Subsurface Fluid
Flow

Simple
Quantitative
Models

Chemistry of
Geothermal Fluids

4. Resource Exploration and
Characterization

Total 100%
Sub-Topic

Overview; scientific challenges; economic perspective, development
of geothermal reservoir engineering.

Origins of heat, heat transfer, geological environments, reservoir
systems — conductive, convective-liquid-dominated and convective-
vapor-dominated, reservoir evolution.

First law, second law, Gibbs function and Energy, Efficiency.

Porosity and permeability, porous and fractured reservoirs, head and
pressure, storage, properties of real geothermal reservoirs.

Concepts of storage, pressure transient models, lumped parameter
models, steam reservoir with immobile water, reserves, fractured
media.

Geochemistry of geothermal fluids, chemical systems, saturation and
law of mass action, kinetics, gases in geothermal fluids, fluid flow and
mixing, modeling.

Geology (WG6), geophysics (WG7), resource assessment (WGS),
drilling (WG?9), interpretation of downhole measurements (AG4),
downhole measurements (AGS5), measurements during drilling (AG6),
well completion (AG7), production testing (AGS).

5. Geothermal Energy Recovery and Conversion

5:1

5:2

5:3

5:4

5:5

5:6

Geothermal Power
— Hydrothermal

Geothermal Power
— SedHeat

Geothermal Power
—EGS

Direct Use

Low Temperature
Geothermal —
GSHP

Underground
Thermal Storage

History of production, dry steam resources, hydrothermal systems,
binary generation facilities.

Key issues in SedHeat and EGS, behaviors, fluid flow and heat
transport modes, utilization of O&G technologies.
https://youtu.be/8wOTesyA66¢c

Concept, resource size, characteristics, methods of stimulation and
permeability evolution, history. Reservoir management and
sustainability. https://youtu.be/EzeEODlarUg

Reservoir assessment, modes of heat transfer, establishing feasibility,
district heating, aquaculture, drying.

Basic principles, thermodynamics, shallow subsurface thermal
reservoirs, thermal storage and thermal transport in soils, design.

Principles, conductive and convective transport, chromatographic
effect, multi-well and huff-n-puff systems.
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Course Conduct:

Penn State’s policy on academic integrity applies to all aspects of course deliverables. Students are encouraged to work together on
all assignments but must submit independent work for all graded deliverables and exams. Further details are available for academic
integrity and code of conduct at:
https://www.ems.psu.edu/undergraduate/academic-advising/policies-procedures-and-forms/academic-integrity-undergraduates

corroborated (e.g. doctor’s note, etc.).

This syllabus may be updated during the semester and you will be responsible for abiding with any such changes.

Additional generic Penn State policies that apply to this course are at:
https://www.ems.psu.edu/~elsworth/courses/eme_303/outline_add.docx

Grade Divisions: A (>93.3%); A- (>90.0%), B+ (>86.6%); B (>83.3%); B- (>80.0%), C+ (>75.0%);
C (>70.0%), D (>60.0%); F (<60.0%)

Spring 2026 Calendar - At-a-Glance [In-class and Online]

January 2026

Su Mo Tu We Th Fr Sa Wk Deliv Tuesday Thursday
11 12 13 14 15 16 17 1 I-c 0. Organizational Meeting 1. Introduction
18 19 20 21 22 23 24 2 I-c 2.1 Sources of Geothermal Heat
25 26 27 28 29 30 31 3 I-c 2.2 Thermodynamics of Geothermal Reservoirs
February 2026
Su Mo Tu We Th Fr Sa
) 2 3 4 5 6 7 4 I-c 3.1 Subsurface Fluid Flow
8 9 10 11 12 13 14 5 I-c 3.2 Simple Quantitative Models [JP]
) 16 17 18 19 20 21 6 I-c 3.3 Chemistry of Geothermal Fluids
22 23 24 25 26 27 28 7 I-c 4.1 Resour. Exp. & Charac. - Geology/Geophysics
March 2026
Su Mo Tu We Th Fr Sa
2 3 4 5 6 7 8 I-c 4.2 Resour. Exp. & Charac. - Drilling/completion [WP]
8 9—Fo03+32313-14
5 16 17 18 19 20 21 9 I-c 5.1 Hydrothermal Systems [JF]1/[GB]
& 23 24 25 26 27 28 10 I-c 5.2 Sedimentary Geothermal Reservoirs
29 30 31 1 2 3 4 11 I-c 5.3 EGS [JM]
April 2026
Su Mo Tu We Th Fr Sa
6 7 8 9 10 11 12 I-c 5.4 Direct Use [PF]
I2 13 14 15 16 17 18 13 I-c 5.5 Low Temp. - Heat Pumps
19 20 21 22 23 24 25 14 I-c 5.6 Underground Thermal Storage [SG]
26 27 28 29 30 1 2 15 I-c 6. New Video Viewing and Quizzes

May 2026
Su Mo Tu We Th Fr Sa
3 4——-5—-—7F—38 9

Assignment submissions

*Class modalities

I-c In-class or alternatively completed asynchronously online and verified by quiz

0-S Online-Synchronous - no In-class meeting but simultaneous zoom broadcast

O-A Online-Asynchronous - no In-class meeting/no zoom broadcast but recorded lecture verified by quiz


https://www.youtube.com/channel/UCBHQHy4hVyBJQFogrKvKUAg
https://igws.indiana.edu/glsn/speakers
https://www.ems.psu.edu/undergraduate/academic-advising/policies-procedures-and-forms/academic-integrity-undergraduates
https://www.ems.psu.edu/~elsworth/courses/eme_303/outline_add.docx

INDIVIDUAL PRESENTATION RUBRIC

In this class, you will develop instructional materials to cover topical areas selected from the syllabus. Each student will
be responsible for a single individual presentation on a topical area of their choice. These will be prepared as powerpoint
or pdf presentations that follow a loosely-prescribed outline which are then recorded by the students and uploaded online
as a tutorial. The narrated recording must be >20 minutes long.

The objectives of this are to: (i) encourage students to explore and to think critically and creatively about a particular
topical area, (ii) to understand this area in sufficient depth to communicate and share this understanding with a student
audience as a tutorial, and (iii) to learn from the other student tutorials that cover a broad range of topics in the course
outline.

Schedule: Deliverables

Week 0 — Organization

Week 3 — Select a topical area and assemble review materials [Submit title Su after wk# 3]
Week 5 — Prepare presentation plan/outline [Submit outline Su after wk#5]
Week 7 — Prepare presentation [Submit ppt/pdf Su after wk#7]
Week 9 — Narrate ppt/pdf and upload [Upload video Su after wk#9]
Week 11 — Prepare quiz questions to narration on canvas.psu.edu [Submit questions Su after wk#11]

Weeks 13-15 — Students complete online class material from all other students [Take other quizzes]

Students will work individually to develop powerpoint or pdf (projected) presentations to communicate the principles of
the prescribed topics(s) to this class. The presentations may be ppt presentations (slide show mode) or use screen capture
to record the material and will be posted and available to the other students.

The full suite of topical areas are as prescribed in the syllabus with baseline initial and structured resource materials also
given in the form of three principal resource texts. These resources will be supplemented by the participants from any
available auxiliary resources.

Presentations should include some description of:

1. Motivation [10%] Provide context for the topic. Use of relevant public domain videos are a useful method for
this. Why is this particular topic or sub-topic important in the broad view of geothermal energy engineering?

2. Scientific Questions to be Answered/Outline [10%] What questions arise from the motivation. What are the
sub-topical areas that address these scientific questions.

3. For Each Sub-Topic:

a. Detailed Explanation of the Topic [40%] Describe the physical principles in detail and at a pace that
is tutorial for an audience.

b. Example Hand-Calculation [10%] Simple calculation to demonstrate the technique.
c. Case Study [10%] If appropriate.
4. Conclusion [20%] Summarize important/key points from the presentation.

OBS Studio may be of interest to you in recording your materials to .m4v format: https://obsproject.com

But the easiest way is to follow the “PPT-to-Movie” demonstration on the course homepage.
Grading:

To be based on the quality and content of the topical self-presentations and on comprehension of the complementary
presentations. Grades to be based broadly on the scoring rubric above.

Sample Quiz Question:

1. Power recovered from sensible heat from a geothermal reservoir/well may be define as
a. Power = Mass rate of flow * specific heat capacity * temperature change
b. Power = Mass rate of flow * elevation change
c. Power = Enthalpy
d. Power = Entropy * temperature change

2. Question 2...... etc.
a. Answers to Q2


https://obsproject.com/

AnN OVERVIEW OF

Concepts anp UNiTs

A deep understanding of the peculiarities and complexities
of different forms of energy and their stores and con-
versions requires quantification of these qualities and
processes. For this, we must introduce a certain number
of scientific concepts and measures and their associated
units.

The first problem we encounter in formulating a way
to talk abour energies is that the common nsages of many
of the key terms are misleading, As Henk Tennckes has
noted, “We have made a terrible mess of simple physical
concepts in ordinary life” Few of these muddles are as
ubiquitous and annoying as those involving rerms such as
“energy,” “power,” and “force”

A knowledge of basic mechanics helps ger us started
in sorting these terms out. Forze is defined as the inten-
sity with which we try to displace— push, pull, lift, kick,
throw —an object. We can exert a large force even if the
huge boulder we are trying to push remains immobile. We
accomplish werk, however, only when the object of our
attention moves in the direction of the applied force. In
fact, we define the amount of work performed as the prod-

uct of the force applied and the distance covered. Encigy,
as the common textbook definition puts it, is “the capacity
for doing work” and thus will be measured in the same
units as work. If we measure force in units of newtons (N,
named for Sir Isaac Newton) and distance in meters (m),
our measure of work will be the awkward-sounding New-
ton-meter. To simplify, scientists call one Newron-meter a
joule (J), named for James Prescort Joule (1818-1889),
who published the first accurate calculation of the equiva-
lence of work and hear. The joule is the standard scientific
unit for energy and work. Power is simply a rate of doing
work, that is, an energy flow per unit of time; its measure
is thus joules per second. We call one joule per second a
watt (W) after James Warr (1736-1819), the inventor of
the improved steam engine and the man who set the first
standard unit of power, which as it happens was not the
wart but the horsepower (hp), 2 unit equal to roughly
750 W.

To go further we need o move from pushing and
shoving (which we call mechanical or kinetic energy) to
heating (thermal energy). We define a unit called the calo-




rie as the amount of hear needed to raise the temperarure
of one gram of water from 14.5 to 15.5°C. (You needn’t
worry about why we define it this way,) Using this uait
will help us compare thermal energies, but again it does
aot offer an all-encompassing measure thar will allow us
to compare different forms of energy.

At this point you might be asking, Whar is energy?
This nums out to be 2 hard question to answer. Even one
of the grand summations of modern physics is of litde
help: *Ir is important to realize thar in physics today, we
have no knowledge of what energy 4. We do not have a
picture that energy comes in lirde blobs of a definite
amount,” wrote Richard Feynman in his famous Lectures
on Physics. If forced to choose, I would opt for David
Rose’s evasive answer: Energy “is an abstract concepr in-
vented by physical sciendsts in the nineteenth century
to describe quantmdvely a wide variety of narural
phenomena”

Our modern understanding of energy includes a
number of profound realizations: that mass and energy are
equivalent; thar many conversions link various kinds of
energies; that no energy is lost during these conversions
{this is the first law of thermodynamics); and that this con-
servation of energy is inexorably accompanied by a loss
of utility (the second law of thermodynamics). The fiest
realization —initially called an “amusing and arrractive
thought” in a lemer Einstein wrote to a friend—is
summed up in perhaps the best known of all physical
equations: E = mi?,

The second realization is demonstrared constantly by
myriads of energy conversions throughout the universe.
Gravirational energy sets galades in motion, keeps the
Earth orbiting around the Sun, and holds down the atmo-
sphere that makes our planer habitable. Conversion of nu-
clear energy within the Sun releases an incessant stream of
elecoromagnetic (solar, radiant) energy. A small share of
that energy reaches the Earth, which itself also releases

xiii

geothermal energy. Heat from both these processes sets in
motion the atmosphere, the oceans, and the Earth’s huge
tectonic plates.

A tiny share of the Sun’s radiant energy is trans-
formed through photosynthesis into stores of chemical en-
ergy that are used by many kinds of bacteria and by plants.
Hererotrophs —organisms ranging from bacteria, pro-
tists, and fungi o mammals —ingest and reorganize plant
tissues inro new chemical bonds and use them also to gen-
erate mechanical (kinetic) energy. Chemical energy stored
over many millions of years in fossil fuels is released
through combustion in boilers and engines as thermal en-
ergy, which many processes then convert into mechanical,
chemical, or electromagnetic energy.

The second law of thermodynamics addresses the in-
escapable reality thar the potential for useful work steadily
diminishes as we move along energy conversion chains.
There is a measure associated with this loss of useful en-
ergy, and it is called enzropy: while energy is conserved in
any conversion, the conversion can only increase the en-
tropy of the system as a whole. There is nothing we can
do about this decrease of utility. A barrel of crude oil is a
low-entropy store of very useful energy that can be con-
verted ro heat, elecricity, motion, and light. Hot air mole-
cules leaving an engine exhaust or surrounding a light
bulb represent a high-eatropy state in which there is an
irretrievable loss of utliry.

Loss of complexity and the rise of homogeneity are
the unavoidable consequences of this unidirectonal en-
wopic dissipation in any closed system. (You can see this if
you compare the multitude of complex organic molecules
making up crude oil with the sameness of the few kinds of
simple molecules making up hot exhaust gas.) In contrast,
all living organisms— from bacteria to civilizations —are
open systems, constantly importing and exporting energy,
and hence are able to mainrain themselves in a state of
chemical and thermodynamic disequilibrivm. They are

Oveaview oF Concerrs avp Uners
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remporarily defying the entropic trend as their growth
and evolution bring greater heterogeneity and higher
complexity.

Using unadjusted units to quantify this multitade of
processes would be inconvenient: acrual figures would
nearly always be either trailed or preceded by many zeros.
Both joules and watrs sepresent very tiny amounts of mea-
sured energy and power: abour thirty micrograms of
coal —or two seconds’ worth of a vole’s metabolism ac-
count for one joule. One watt is the power of a very small
busning candle or a hummingbird’s rapid flight.

Mulriples are inevitable, and we therefore introduce
a series of prefixes to abbreviare the most useful multiples:
a kilogram of good coal conmins nearly thirty million
joules, or thirty megajoules (M]), of energy, and the world
now consumes fossil fuels at the rate of roughly ten tril-
lion watts (TW). We attach the same prefixes to the units
that we use to measure electrical energy: Volts (V), which
are a measure of the difference in electric potendal
between two points of a conductor, and amperes (A),
which measure the intensity of an elecrric current. The
power of an electrical system is the product of voltage and
current, which means that one volt-ampere is also one
watt.

Table 1 lists the complete ser of multiples as well as
the submultiples, which are needed much less frequently
when we are dealing with everyday energy flows. Magni-
tudes of some energy stores and fows are listed in tables
2 and 3. Examples of power ratings of continuous energy
conversions are given in table 4, and those of ephemeral
phenomena are shown in tble 5.

Rares and ratios are important for understanding
energy stores, flows, and effects. Energy demsity—the
amount of energy stored in a unit mass of a resource
(joules per kilogram, J/kg) - is a useful comparative mea-
sure for foodsmiffs and fuels. Humans would need a daily
intake of many kilograms of low-energy-density foods

Table 1 Prefixes of Sciendfic Units

Prefix Abbreviation Scientific notation
deka da 10t

heco h 102

kilo k 10°

mega M e

giga G 10

tera AR 1o

pema P 10

exa E 1o

deci d 10+t

centi 3 10:2

milli m 10-3
micro m 10-¢

nano a =

pico p 10~
femro £ {17

atto a 1=t
Table 2 Energy Stores

Energy of Magnitude
Global coal resources 200,000 EJ
Global plant mass 10,000 EJ
Latent heat of a thunderstorm 5PJ

Coal load in a 100-t hopper car 2607
Barrel of crude oil 6 GJ
Bottle of white table wine 3IMJ

A small chickpea 5kJ

Fly on a kitchen mble 9 mJ

A 2-mm raindrop on 2 blade of grass 4uf

Ovenview or Concsers ann Unsrs



Table 3 Energy Flows

Table 5 Powers of Short-Lived Phenomena

Energy of Magnitude Energy flows Duradion  Power
Solar radiation reaching the Earth 5500000 EJ Richter magnitude 8 carthquake 305 1.6 PW
Glaobal net phorosynthesis 2000 EJ Large volcanic eruption 10h 100 TW
Global fossit fuel production 300 EJ Thunderstorm’s kinetic energy 20 min 100 GW
Typical Caribbean hurricane 38 Ef Large WWII bombing raid lh 20GW
Largest H-bomb tested in 1961 240 PJ Average U.S. tornado 3 min 1.7GwW
Latent heat of a thunderstorm 5P Four engines of Bocing 747 10h 60 MW
Hiroshima bomb of 1945 8471 Watr’s largest steam engine 10h 100 kW
Basal metabolism of a large horse 100 MJ Running 100-m dash 10s 1L3kW
Daily aduit food intake 10 MJ Machine-washing laundry 20 min 500 W
Seriking a typewriter key 20 mj Playing a CD 60 min 2BW
Flea hop 100 nJ Candle burning to the end 2h SW
Hummingbird flight 3 min 07w

Table 4 Powers of Continuous Phenomena

Energy flows Power
Global intercepr of solar radiation 170 PW
Wind-generated waves on the ocean 90 PW
Global gross primary productivicy 100 TW
Global Earth heat flow 42°ITW
Worldwide fossil fuel combustion 10TW
Florida Current berween Miami and Bimini 20 GW
Large thermal power plant 5GW
Basal membolism of a 70-kg man sow

such as fruits and vegetables to mainmin themselves,
whereas less than half a kilogram of rice, which has a high

“energy densiry, will do. Conversely, gasoline makes a great

portable fuel because its energy density is nearly three
times that of air-dried wood. Table 6 shows the energy
densities of some common fuels, foods, and their meta-
bolic products.

Power density—the rate at which energies are pro-
duced or consumed per unit of area (watts per square me-
rer, W/m*) —is a critical strucmural dererminant of energy
producrion systems. The power density of fuel production
from a large open-cast mine extracting excellent biru-
minous coal from a thick seam is easily more than 1000
W/m?; the power density of electricity generation in a
large hydrostation whose dam creates the huge reservoir
needed to store a sufficient volume of water may be as low
as a few W/m?®. In order to illustrate the sparial aspect of
various energy conversions, values of power densities are
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Fable 6 Ranges of Encrgy Densities of Common Fuels and Table 7 Efficiencies of Common Energy Conversions
Foadstuffs (percent)
Energy density {(MJ/kg) Conversions Egergies  Efficiencics
Hydrogen 114.0 Large elecrricity generators Moe 98-99
Gasolines 46.0-47.0 Large power-plant boilers et 90-98
Crude oils 42.0-44.0 Large elecrric motors e~ m 90-97
Pure planz oils 38.0-37.0 Best home natural-gas fisrnaces €3t 90-96
Narural gases 33.0-37.0 Dry-cell batreries c~e 85-95
Bureer 29.0-30.0 Human lacration c=c 85-95
Ethanol 29.6 Overshot waterwheels m—m 60-85
Best bituminous coals 27.0-29.0 Small electric motors e m 60-75
Pure protein 23.0 Large steam marbines t—m 4045
Common steam coals 22.0~24.0 Improved wood stoves =t 25=gf
Good lignites 18.0-20.0 Large gas turbines c—m 3540
Pure carbohydrates 170 5 Diesel engines c—=m 30-35
Cereal prains 15.2-154 Mammalian postnatal growth €= 30-35
Air-dried wood 14.0-15.0 Best photovolwic cells r—e 20-30
Cereal straws 12.0-15.0 Best large steam engines c—m 20~25
Lean meats 5.0-10.0 Internal combustion engines c—m 15-25
Fish 2.9-9.3 High-pressure sodium lamps e—r 15-20
Potatoes 3.24.8 Mammalian muscles c—m 15-20
Fruits 1.5-4.0 Traditional stoves c—t 10-15
Human feces 1.8-3.0 Fluorescent lighes er 10-12
Vegetables 0.6-1.8 Steam locomotives ¢—m 3-6
Urine 0.1-0.2 Peak crop phorosynthesis r—=c¢ 4-5
Incandescent lighe bulbs e—r 2-5
Paraffin candles c=r 1-2
Most productive ecosystems r—c¢ 1-2
Global photosynthetic mean t=c 0.3

Energy labels: c—chemical, e¢—electrical, m--mechanical
(kinetic), r — radiant (elecromagnetic, solar), t—thermal
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shown in figures 1 and 2, graphs plotting areas against
power.

The efficiency of an energy conversion is the ratio of
the amount of energy ourpur to the amount input. This
measure js used to describe the performance of energy
converters such as boilers, engines, photovoitaic cells, or
lights. Efficiencies of common converters are listed in
table 7. Energy intensity is the cost of 2 product or service
in energy terms. Titanium and aluminum are highly en-
ergy-intensive, for example, whereas iron and glass are
fairly cheap. Typical ranges of the energy costs of common
materials are given in wble 8.

“Technical advances keep pushing efficiencies up and
energy intensities down: today’s best lights are about
twenty times as efficient as the first light bulbs of more
than a hundred years ago, and production of a kilogram
of steel now requires less than one-tenth the energy it did
WO cenruries ago.

The best way to understand the world of energy and
power units is to ger a small calculator and do exercises
rooted in the realities all around us. How much energy
does it take to play Mozart’s last piano concerto? What
volume of gasoline conmins energy equivalent to a cord
of stacked, air-dry wood? What is the kinetic power of an
arrow shot from a modern compound bow? How much
more powerful are the four engines of a Boeing 747 than
the eight engines on B-52 bomber? What share of daily
metabolism can be supplied by a slice of whole-wheat
bread?

If you are so inclined, the figures listed in the rables
given here, the ranges shown in the power density figure,
and the hundreds of numbers scatrered through the book
will lead you to a virtually unlimited supply of such
challenges—and hence to an insider’s understanding of
energies.

Table 8 Typical Energy Costs of Common Materials (M]/kg)

Material Energy cost Madeor
extracted from

Aluminum 227-342 Bauxite

Bricks 2-5 Clay

Cement 5-9 Clay and limestone

Copper 60-125 Sulfide ore

Glass 18-35 Sand, ete,

Iron 20-25 Iron ore

Limestone 0.07-0.1 Sedimentary rock

Nickel 230-70 Ore concentrate

Paper 25-50 Standing dmber

Polyethylene 87-115 Crude oil

Polystyrene 62-108 Crude oil

Polyvinyichloride ~ 85-107 Crude oil

Sand 0.08-0.1 Riverbed

Silicon 230-235 Silica

Steel 20-50 Iron

Sulfuric acid 2-3 Sulfur

Titanium 900-940 Ore concentrare

Warer 0.001-0.01 Sereams, reservoirs

Wood 37 Standing timber

Ovenwniew or Concerrs avp Units
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THE ENERGY NEW DEAL
RELATED TO SUBSURFACE ENERGY OPTIONS

Derek Elsworth (Pennsylvania State University)

Some Key Issues in Energy Supply
Needs
Constraints
Solutions
Low Carbon Fuel Solutions
Gas Shales
Coalbed Methane (CBM/Coalseam gas)
Methane Hydrates

Carbon Management Solutions
CO; sequestration

Zero Carbon Solutions
EGS Geothermal
Nuclear power
Hydropower/Pumped Storage/CAES
Wind
Solar PV and Thermal
New Zealand Energy Picture

G N2
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g3center.org 1 derek.elsworth@psu.edu
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Sustainable Energy in New Zealand
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Energy-Environment-Economy Nexus

. we can see how energy is the key
o solving all of the rest of the problems -
from water to population”
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energy is the core of the environment problem, environment is the

core of the energy problem, and resolving the energy-economy-environment
dilema is the core of the problem of sustainable well-being for industrial
and developing countries alike."

--John Holdren

Chc\)dem cos™©

8y,
P f 2 Uep, &
oigins o N e yal”l"f or £

= WL, 2 A
W e ‘.,Q}s‘&s;\l C
- b (4
it
ey

e e eIOE

et



Energy & Environment: Complementary Drivers?
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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
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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]

Fuel Switching
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Global Carbon Cycle

0.2

5.4 PgC = 5.4 GtC
5.4 GtC = 20.1 6t CO,

Atmosphere
590 + 161
A A A | A
Anthropogenic
59.6 60 1.9 Land 1 Natural
| ~eesl i 24
Weathering respiration
Y v\ s
Vegetation | Fossil fuels
Soil & detritus 3700 -220 B@S

2300 +65-124_ -
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S 900 + 18 -— 39 === 3

Intermediate
& deep ocean

37100  + 100

Surface sediment
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[Sarmiento and Gruber, Physics Today, 2002.]
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Climate Change - Equivocal -versus- Unequivocal

CO2 versus historic time - IPCC

Parsing Filter

(a) se0
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FAQ 2.1, Figure 1. Atmospheric concentrations of important long-lived green-
house gases over the last 2,000 years. Increases since about 1750 are attributed i
human activities in the industrial era. Concentration units are parts per million (pp!
or parts per billion (ppb), indicating the number of molecules of the greenhouse ga
per million or billion air molecules, respectively, in an atmospheric sample. (Data
combined and simplified from Chapters 6 and 2 of this report.)
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Science is Parsed through a Legislative Filter
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Science is Parsed through a Legislative Filter
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Administration’s Energy Plan

= Within 10 years save more oil than we currently import
from the Middle East and Venezuela combined.

= Put 1 million plug-in hybrid cars - cars that can get up to
150 miles per gallon - on the road by 2015.

= Generate 10 percent of our electricity from renewable
sources by 2012, and 25 percent by 2025.

* Implement an economy-wide, cap-and-trade program to
reduce greenhouse gas emissions 80% by 2050.

Pat Dehmer, DOE Office of Science, March 2009
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= Within 10 years save more oil than we curr
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= Put 1 million plug-in hybrid cars - cars that ca
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Capacity Needs - Socolow Wedges

The Stabilization Triangle:
Beat doubling or accept tripling

»
A Réa
T )
21 Gigatons v@\),."'
Carbon @ K
Emitted \(\e ",v
per Year 006'
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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 - Socolow Wedges
Wedges -7

A oo 7’
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[ emissions 7 GtCly
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[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)

/——
Renewable Elm

and Fuels
Zero carbon: 800 GW

Baseload

CO, Capture
and Storage

Zero carbon: 800 GW
(~40 tcf/yr)
Global Enerqy Budget .
~10-15TW Y gorests & Soils
~500 Quads/
~500 EJ/yr
~500 tcf/yr

Billion of Tons of
Carbon Emitted per
Year

e
4
7/

14 GtCly

14

&

~3006T/ 1.5%0\»*““

<— Seven “wedges”

7 GtCly

||||||||| -
Flat path

‘ (~40 tcf/yr)
|

Energy Efficiency &

.+ 14 GtCly Conservation
4

2 billion cars at 60 mpg
instead of 30 mpg

.o". Stabilization

Triangle Fuel Switch

g

Low carbon: 1600 GW
(~80 tcf/yr)

/@

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

7 GtCly
2054

i

Nuclear Fission

Zero carbon: 700 GW
(~40 tcf/yr)
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Sub-Surface Energy/Engineering Solutions

Low-Carbon Fuel Solutions?
Unconventional Hydrocarbons
* Gas shales
* Coalbed methane
* Methane hydrates
Carbon Management Solutions?
 Carbon Capture and Sequestration
Zero-Carbon Solutions?
* EGS Geothermal - The new landscape
* Nuclear power
* Hydropower/Pumped storage/CAES
« Wind
» Solar PV and thermal



Low-Carbon Fuel Solution? - Gas Shales




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

Libya’s Civil War omouse | (08T
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- INorth American shale plays
: (as of May 2011)

A

B Current shale plays
Stacked plays
= Shallowest / youngest
—— lntermediate depth / age
e Deepest / cidest
* Mixed shale & chak play
** Mixed shale & imestone play
*** Mixed shale & tight dolostone-
sikstone-sandsione play

| Prospective shale plays

Source: U S, Energy Information Adminisiralion Based on dala from various published studies. Canada and Mexico plays from AR,
Updated: May 9, 2011




Trillion cubic meters

Projected Growth and Opp

ortunities

Natural Gas Utilization

2010

|

~<— History —> —<—— Projections ——>
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[Science, Oct 18, 2012]

17 Tcf

Blowouts
are possible.

Water
table

Possible flow
of methane.

[Nat

Methane gas
escapes during the
mining process.

Water recovery tanks
Polluted flowback water

may be injected into a deep
storage well, recycled or

sent to a treatment plant.

Leakage of fracking
fluids from the pipe

has not

been seen.

Poorly treated

flowback water
has leaked into
drinking water.

Downstream

2

Activation
Natural gas—>
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Electrolyzer <——
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Microbially-Enhanced CBM (MECBM)

Geographic Distribution
[~100 Tcf recoverable]

Coalbed methane fields, lower 48 states
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Volume

Methods of production

Butt Cleat
—_—

%

)

(1) Nutrient Injection Skid:
Nutrients added to water
and injected into well
using gravity

(4) Produced water
| | used to inject nutrient
| L, into wells in other parts
|| of the field
B PT 8 48D

YL

Production through
natural fractures

Figure 1. Coalbed Methane Develop

[ifi
(3) Water and methane (in
place gas + newly generated
gas) produced from well

f

Principal Issues
Environmental Effects
Rate Limits on Production
Dewatering
Desorption - Capacity
Advection - Perm Evolution
Sequestration

(2) Well closed off and
nutrients allowed to
soak for several years

MECBM Scheduling
A E Gas

MECoM Goal

I
l y
1 Water
Dewatering I Maximum ! Decline
Stage I Production | Stage
" ’
Time

[Nuccio, 2000]
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Low-Carbon Fuel Solution? - Methane Hydrates

Types of Gas Hydrate Deposits

Although all factors controlling the type, Solid methane
distribution, and amount of natural hydrate hydrate ice forms
accumulations are poorly understood, in bands and

lenses close to

geologic environment is known to play a
Arctic/Permafrost |the surface

significant role. In particular, gas

hydrate formation is influenced by el
the porosity, permeability and 5 M Jt Drilling

enclosing medium. - AR o
.

Deéplocean =

deposit: 1

AN

Impermeable solid
methane hydrate &0
embedded in mud.
C o
p ooO o Q 5 X
pped metha ' 8 (ot )5

Tmunder prm".?” The hydrate stability zone oo &

region ranges vertically 0.0 o °

between 1,000-2,000 feet, y X o

and can cover large o

Slow seepage horizontal areas. &, ges s sanple i o
of methane O S s 0 C y
gas from below - o .
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Capacity Needs - Socolow Wedges

Replace Coal Fired Plants with Gas-Fired
Generation

Effort needed by 2054 for 1
wedge:

1600 GW of coal-fired
generating capacity

~80 Tcf/yr Natural gas

COZcoal/COZQQS ratio is ~1.78 for
equivalent thermal energy

Pulrose Gas Power Station, Isle of Man, UK
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Overview of Geological Storage Options | | e— Droduced oil Of gas
1 Depleted oil and gas reservoirs sreseeseevesesee = injoctad CO;

2 Use of CO, in enhanced oil and gas recovery — Stored CO
3 Deep saline formations — (a) offshore (b) onshore 5
4 Use of CO, in enhanced coal bed methane recovery

Courtesy of CO2CRC, http.//www.co2crc.com.au/



Capacity Needs - Socolow Wedges

Power with Carbon Capture and Storage

Effort needed by
2054 for 1 wedge:

Carbon capture and
storage at 800 GW coal

power plants.

~40 Tcf/yr Natural gas

Overview of Geological Storage Options
1 Depleted oil and gas reservoirs ssssssssasesesses  Injocted CO,

2 Use of CO, in enhanced oil and gas recovery EEESEEES Stored CO,
3 Deep saline formations — (a) offshore (b) onshore 2
4 Use of CO, in enhanced coal bed methane recovery

e

[Rationale in: Pacala & Socolow, Science, 2004,
Courtesy of CO2CRC, http://www.co2cre.com.au www‘sfab”isafion2005'com/day3/s°co|°w'pdf]
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Resource

Zero-Carbon Solution? - Enhanced Geothermal Systems

» Hydrothermal (US:10*EJ)

Challenges
* Prospecting (characterization)

« Accessing (drilling)
* Creating reservoir
* Sustaining reservoir

- Environmental issues

borehole

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(B)

« Timing of effects
* Migration within reservoir
« Using them to engineer the reservoir

- EGS (US:107 EJ; 100 GW in 50y)

Make- up-water
reservoir Cooling

Power generation

: &2
Observation §

borehole ¢
]
o
L]

Production

\i’)}_ s;mu‘:‘zbs

TT
b ]
B 5
i g /
1T

AH’ . /_:;
0- \Om -

Permeability
Reactive surface area

Induced seismicity
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Hydrothermal v Engineered Geothermal Reservoirs

VOLCANIC

HYDROTHERMAL

SEDIMENTARY

MMMMM

HOT WET ROCKS

SedHeat Initiative
http://geothermal.tcu.edu

High-grade EGS Areas
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Total Fractured Volume (from microseismicity), km®

Can EGS ever be Viable?
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Capacity Needs - Socolow Wedges

Retire Coal Fired Plants and Replace with EGS

Effort needed by 2054 for 1
wedge:

800 GW of EGS capacity
~40 Tcf/yr Natural gas

v
A

»
%

2

\
¥
%
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Zero Carbon Solution? - Nuclear Power
Connected Cycles [Ewing, 2007]

WasTe Dlsposal and Polmcs
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Zero Carbon Solution? - Nuclear Power
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Figure 1: Underground laboratories worldwide. Physics
laboratories (blue) are listed with their depths in meters water
equivalent. Laboratories for resaarch into the long-term
(~million-year) isolation of high-level nuclear waste, shown
in red, are listed with actual depth. The NELSAM laboratory
(black) is for earthquake research.

1 Homestake
Depth, m.w.e.: 4160

2 Soudan
Depth, m.w.e.: 2040

3 WIPP
Depth, m.w.e.: 1580

4 SNOLAB
Depth, m.w.e.: 5990

5 Baksan
Depth, m.w.e.: 4700

6 Gran Sasso
Depth, m.w.e.: 3030

7 Canfranc
Depth, m.w.e.: 2450

8 Fréjus/Modane
Depth, m.w.e.: 4150

9 Boulby
Depth, m.w.e.: 2805

10 Kamioka
Depth, m.w.e.: 2050

11 Mol
Rock Type: Clay
Depth: 220 m

12 Bure
Rock Type: Clay
Depth: 450 m

13 Toumemire
Rock Type: Clay
Depth: 300 m

14 Horonobe
Rock Type: Sedimentary
Depth: 1,000 m

15 Tono (Mizunami)
Rock Type: Granite
Depth: 1,000 m

16 Aspé.
Rock Type: Granite
Depth: 450 m

17 Mont Ternr
Rock Type: Clay
Depth: 300 m

18 Grimsel
Rock Type: Granite
Depth: 450 m

19 Yucca Mountian
Rock Type: Volcanic tuff
Depth: 300 m

20 Pinawa
Rock Type: Granite
Depth: 450 m

21 NELSAM
Rock Type: Quartzite
Depth: 3,800 m
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Yucca Mountain in the News

Off-Again?

[NYT, January 29, 2009]

New Panel Will Study Disposal Of Waste

By MATTHEW L. WALD

Published: January 29, 2010 .
fd FACEBOOK

WASHINGTON TWITTER

. . RECOMMEND
The Energy Department plans to announce on Friday the formation

of a "blue ribbon" commission to study the disposal of nuclear waste. = EMAL

SEND TO PHONE
The commission is to be led by Lee H. Hamilton, a former member of = prine
Congress and co-chairman of the Sept. 11 commission, and Brent
Scowecroft, a retired Air Force general and former presidential adviser,
said a staff member of a member of Congress from Nevada.

[@ REPRINTS

SHARE

The Obama administration promised to appoint such a study group almost a year ago,
after announcing that it would cease study of Yucca Mountain, a volcanic structure about
100 miles from Las Vegas that had been chosen by Congress as the leading candidate for
nuclear waste disposal.

The Senate majority leader, Harry Reid, Democrat of Nevada, had made killing the Yucca
Mountain option a priority. Energy Secretary Steven Chu has said that the commission will
not consider Yucca Mountain. Dr. Chu has spoken of alternatives to the burial of nuclear
waste, including new reactors that might reuse some of the waste by turning it into energy,
and the commission will consider those possibilities.

The federal government faces billions of dollars in damages in lawsuits by utilities, because
in the early 1980s it signed contracts agreeing to begin taking the waste in 1998. The
utilities, in exchange, paid the government one-tenth of a cent per kilowatt-hour
produced by the reactors. On Jan. 12, the United States Court of Appeals for the Federal
Circuit ruled against the Energy Department's most recent argument, that it could not be
forced to pay because the delay was unavoidable.

g3.ems.psu.edu
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Yucca Mountain in the News

Or On-Again? Administration Cannot Drop Bid for Nuclear Waste
[NYT, June 29, 2010] Dump in Nevada, Panel Finds

By MATTHEW L. WALD

Published: June 29, 2010

WASHINGTON — In a setback for the Obama administration, a K] FaceBoOK
panel of judges at the Nuclear Regulatory Commission ruled on ] TWITTER
Tuesday that the Energy Department could not withdraw its AECOMMEND
application to open a nuclear waste dump at Yucca Mountain in SION N TO E-
Nevada. MAIL
= PRINT
Making good on a campaign pledge by
NEVADA President Obama, the Energy @ reprnTs
SHARE

Department had formally sought to
N\, AYUCCAMOUNTAIN  grop its plan for Yucca Mountain, a

\'\ volcanic structure about 100 miles CONVICTION
\ . . :
. Las Vegas from Las Vegas. But states with major
N\ ® accumulations of waste from nuclear
N . .
. weapons production had petitioned to prevent the
CALIFORNIA \ department from doing so.

50 miles . \\\} In a 47-page decision, the three-member panel of
e new vore Tmes - administrative judges said the Energy Department lacked
Congress seleciad the Yucca the authority to drop the petition because it would flout a

Mountain location in 1987.
law passed by Congress.
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The New US Plan
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One Wedge: 700 GW in 50y
40 Tcf/y
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Sub-Surface Energy/Engineering Solutions

Low-Carbon Fuel Solutions?
Unconventional Hydrocarbons
* Gas shales
* Coalbed methane
* Methane hydrates
Carbon Management Solutions?
 Carbon Capture and Sequestration
Zero-Carbon Solutions?
* EGS Geothermal - The new landscape
* Nuclear power
» Hydropower/Pumped storage/CAES
« Wind
* Solar PV and thermal



The Green New Deal

. »
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Sustainable Energy in New Zealand
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Sankey Chart for NZ Energy Consumption
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Renewable Energy in NZ
(1000 PJ total)
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Concluding Remarks

Our current predicament is carbon-energy constrained.....

Low-carbon, carbon-neutral and carbon-negative solutions offer a
potential path forward that: /

May mitigate climate change issues
Are an orderly - non-Malthusian solution
For low(er)-carbon fuels (Natural gas) P
Avoids the policy-based "tragedy of the commons"l/%".va:-f.,,.,,_, 3
Industry driven with an appropriate profit mo‘rivekgmwr’i’:’?,%‘f
For others (CCS/EGS/Nuclear/Intermittency Solving) Hlidcy
Significant investment needed (sub-economic)
Government-sponsored R&D/legislated/subisdy-abating
Fascinating science-based problems to solve (IS..)
Your choice for which are Good, Bad or Ugly.... but

g3.ems.psu.edu 63 derek.elsworth@psu.edu



2. THERMAL CHARACTERISTICS



2. THERMAL CHARACTERISTICS

2.1 Sources of Geothermal Heat
2.2 Thermodynamics



2_1 Heat Flow in the Earth
Recap:
Budgets -  US 20% of world energy use/capacity - 100 Quads = 100 EJ = 100 TCF CH4

Hydrates: 1076 EJ
Geothermal - US-Hydrothermal 1074 EJ; US-EGS 1077 EJ

Movies:

Plate Tectonics: https://www.nationalgeographic.org/media/plate-tectonics/

Resources: WG2 + AG2

Plate Tectonics: http://www.columbia.edu/itc/ldeo/v1011x-1/jcm/Topic3/Topic3.html

Earth's Internal Heat Budget: https://en.wikipedia.org/wiki/Earth%27s_internal_heat_budget
Geothermal Gradient: https://en.wikipedia.org/wiki/Geothermal_gradient

Motivation:

1. Motivation [10%] Provide context for the topic. Use of relevant public domain videos are a useful
method for this. Why is this particular topic or sub-topic important in the broad view of geothermal
energy engineering?
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Scientific Questions:

2. Scientific Questions to be Answered/Outline [10%] What questions arise from the motivation.
What are the sub-topical areas that address these scientific questions.

Origin of Earth's Geothermal gradient?
Why high and low in different locations?

Is heat flux sufficient to resupply or is heat reserve sufficiently large?



Origin of the Earth's Heat/Geothermal Gradient:

3. For Each Sub-Topic:
a. Detailed Explanation of the Topic [40%] Describe the physical principles in detail and at a pace
that is tutorial for an audience.

Continental crust

Lower mantle

Upper mantle

Oceanic crust

Descending

limb

Ascending
limb

FIGURE 2.1 Interior of the earth, shown in a cutaway that depicts the outer edge of the liquid core (reflecting
orange sphere), the lower mantle (yellow), the upper mantle (pink and purple), and the crust. Ascending limbs
of convection cells are shown as the orange-tinted plumes extending from the lower mantle through the upper
mantle to the base of the crust. Descending limbs of convection cells are shown as the darker purple features
extending into the mantle from the base of the crust. (From United States Geological Survey, http://geomag
.usgs.gov/about.php.)

Formation of the Earth - ~4,560 Ma - accretion from solar nebula - spherically differentiated
Moon - likely a product of meteoritic impact - tectonically dead.

Radius of Earth - ~4,000 miles / ~6,400 km

Core is solid iron (r=1,200km) and molten to (r=3,480 km)
Differentiated by density
T ~5,700K to 4,000K

Earth's tectonic evolution over time from a molten &

Lower then upper mantle - liquid but highly viscous state at 4.5 Ga, to a single-plate lithosphere, 2l to

modern plate tectonics sometime between 3.2 Gal?']
and 1.0 Gal?2

Rigid/solid plates ~70km

TABLE 2.1

Heat Supply: 40% from core / 60% from |Ong- Heat Generation of the Primary Heat Producing Elements

lived radioactive isotopes Material K v h
Heat production (W/kg of element) 3.5x%x 107 96.7 x 10°° 26.3 % 106

Source: Beardsmore, G.R. and Cull, J.P., Crustal Heat Flow: A Guide to Measurement and
Modeling, Cambridge University Press, Cambridge, 2001.




Plate Tectonics

Plate Tectonics: http://www.columbia.edu/itc/ldeo/v1011x-1/jcm/Topic3/Topic3.html

Continental and Oceanic crust - only interested in continental?
Evolution over time - continental drift
Current plates and their boundaries - constructive and destructive.

Subduction
zone volcanoes

Rift @ Spreading

+—zone—» /A center Continental
crust

Subduction ‘

zone

FIGURE 2.5 Schematic diagram showing the configuration of the main elements that compose plate tectonic
structures. The arrows indicate local motion of convecting mantle material. The gray, irregular masses repre-
sent magma bodies as they ascend from the mantle into the crust. Note that the bulk of magma that occurs in
the earth is found at spreading centers, subduction zone volcanoes, or rift zones.

Crustal plate boundary

LS 4 Coastlines and political boundaries

FIGURE 2.6 Global map showing the locations of earthquakes (red dots) that indicate plate boundaries (yellow lines), political boundaries (in white), and the locations
of the world’s geothermal power plants (stars). The directions of some plate motions are shown by the green arrows, with the length of the arrow corresponding to relative
velocity of plate motion. Note the strong correlation between power plant sites and plate boundaries. There are many more power plants than stars because many sites
have several power plants. The global map, earthquake data, and boundaries are from the National Oceanic and Atmospheric Administration Plates and Topography
Disc and the power plant sites from the International Geothermal Association website (http://iga.igg.cnr.it/geo/geoenergy.php).



Internal Heat Budget

Earth's Internal Heat Budget: https://en.wikipedia.org/wiki/Earth%27s_internal_heat_budget
Contributions from:

Radioactive decay ~60% ~15-14 TW
Proimordial heat (core) ~40% ~12-30 TW

Total flow: ~47 TW (note fossil budget ~10-15 TW) 47 TW ~ 92 mW/m”"2

Overall heat flow: Contribution from radioactive decay
Result of heat flow - on surface AR
110 4
wo N
\
\
\
80 -+ \
\ — = Total
\ a0y
\ 235
\ 238,
\ 2321

Time

4.5 Gaago present

An estimate of the present-day major heat-producing isotopes/?]

Heat . Mean mantle
Half-life ) Heat release
Isotope release concentration .
w yeare kg isotope kg mantle
kg isotope kg mantle
282Th | 26.4x107® | 14.0x10° 124 x107° 3.27 x10712
238y | 94.6x107° | 4.47 x10° 30.8 x107° 2.91x10712
f
0K | 29.2x1078 | 1.25x10° 36.9x107° 1.08 x 10712
285y | 569 x107% | 0.704 x10° 0.22x107° 0.125 x10712
' =2
e TABLE 2.2
| ) .88 . . .. g
— i Heat Production from Radioactivity (J/kg-s)
"0 10 Material K U Th Total
.78 10 40 Upper continental crust 9.29 x 1071 2.45x 10710 2.77x 10710 6.16 x 10710
Average continental crust 4.38x 10" 9.82x 107" 6.63 x 107! 2.07 %1070
Global map of the flux of heat, in mMW/m?2, from Earth's = Oceanic crust L46x 107! 491107 23910 876x 10"
. . 1] Mantle 398 x 10 491x 1073 265 x 1072 7.96 x 10°13
interior to the surface.!'! The largest values of heat flux Bulk earth 690x10%  196x1042  195x10 46010
COInCIde WIth mld ocean ndges’ and the sma“eSt Values Of Source: Van Schmus, W.R., Natural radioactivity of the crust and mantle. In Global Earth Physics, ed.
heat flux occur in stab|e continental interiors_ T.J. Ahrens, American Geophysical Union, Washington, DC, 1995.

)g"



Glassley — Heat flow map

0 40 60 85 120 180 240 350
mW/m?

FIGURE 2.7 Low resolution global map showing the distribution of heat flow at the surface. Compare this
figure with that in Figure 2.6 to see the relationship between plate boundaries, geothermal power plants,
and heat flow. (From International Heat Flow C ission, http:/www., ik.rwth-aachen.de/THFC/
heatflow.html.)

ECOPY

Blackwell = SMU - heat flow

Heat flow map of North America 2004

7
e

o

15-19

2024 2529 30-34 3539 404 4549 5051 5559 60-61 6569 7074 7579 80-84 85

89 90-94 95

99 100-109 110-119 120-149 150+

Miles Kilometers
125 230 375 50 150 300 450 600

FIGURE 2.9 Heat flow map of North America 2004. (From Geothermal Laboratory, Southern Methodist
University. http://smu.edu/geothermal/2004NAMap/Geothermal_MapNA _7x10in.gif.)

Glassley - Crustal heat flow

Sediments

Upper crust
10-25 km
Total thickness Middle crust
usually between 5-15 km
35 km and 45 km

Lower crust

10 km



Heat Flow - Influence on Geothermal Gradient

Geothermal Gradient: https://en.wikipedia.org/wiki/Geothermal_gradient
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TABLE 2.3 [ 1
P . _ L Quartz ]
Thermal Conductivity of Some Common Materials (W/m-K) sof — ]
Material 25°C 100°C 150°C 200°C 5 ]
Quartz* 6.5 5.01 4.38 4.01 2 sol 1
Alkali feldspar® 2.34 - - - E [ ]
Dry sand® 1.4 - - _ % r ]
Limestone® 2.99 251 228 2.08 g4r Limestone ]
Basalt* 2.44 223 2.13 2.04 N e ]
Granite* 2.79 2.43 2.25 2.11 S s0f 5~ Granite .
Water® 0.61 0.68 0.68 0.66 El s === _ 1
£ 5oL ’ ]
Sources: * Clauser, C. and Huenges, E., Thermal conductivity of rocks and minerals. In Rock 20 : \Alkah feldspar N Basalt j
Physics and Phase Relations, ed. T.J. Ahrens, American Geophysical Union, Washington, F A ]
DC, 1995 o Dry sand Ve ]
b Sass, J.H., Journal of Geophysical Research, 70, 4064-4065, 1965 3 - 1
¢ Weast, R.C., CRC Handbook of Chemistry and Physics, CRC Press, Boca Raton, FL, 1985. 00 s "I\" ]
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where:
o is the coefficient of thermal expansion
B is the coefficient of compress1b111ty
V is the molar volume
T is the absolute temperature (K)
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Convection
Free-Convection: http://www.columbia.edu/itc/ldeo/v1011x-1/jcm/Topic3/Topic3.html

Note: Two types - (i) Free-convection in the mantle
(i) Free-convection of water in a porous medium

TABLE 2.4

Dynamic Viscosities of Geological and Common Materials

Material Temperature (°C) Viscosity (Pa-s)
Water 20 0.001

Honey 20 10.0

Tar 20 30,000
Molten rhyolite* ~1400 ~3.55 x 10"
Upper mantle® ~1000 ~1x 10"
Lower mantle* ~3500 ~1 % 10* to ~3 x 10

F Sources: *Webb, S.L. and Dingwell, D.B., Journal of Geophysical Research, 95, 15695-15701,

b Hirth, G. and Kohlstedt, D., Geophysical Monograph, 138, 83-105, 200
¢ Yamazaki, D. and Karato, S.-1., American Mineralogist, 86, 385-391, 2001.
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Plate Tectonics - Distribution of Geothermal Resources

M -0 cenn) SBPUCTUN] 2gnuE
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FIGURE 2.8 Schematic cross section through a subduction zone similar to that in Japan. (Modified from
DuHamel, J., 2009. Wry heat—Arizona history Chapter 5: Jurassic time. http:/tucsoncitizen.com/wryheat/

tag/subduction/.)

Three Principal Environments

Destructive boundaries - subduction zones - e.g. The Geysers, CA

Constructive boundaries - mid-ocean ridges - e.g. Iceland

Hot spots - volcanoes - e.g. Hawaii

See prior photos by location

Crustal plate boundary

Coastlines and political boundaries

FIGURE 2.6  Global map showing the locations of earthquakes (red dots) that indicate plate boundaries (yellow lines), political boundaries (in white), and the locations
of the world’s geothermal power plants (stars). The directions of some plate motions are shown by the green arrows, with the length of the arrow corresponding to relative
velocity of plate motion. Note the strong correlation between power plant sites and plate boundaries. There are many more power plants than stars because many sites

have several power plants. The global map, earthquake data, and boundaries are from the National Oceanic and A

Disc and the power plant sites from the International Geothermal Association website (http:/iga.igg.cnr.it/g
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FIGURE 2.10 Heat flow map of Europe. (Modified from the European Community Nr. 17811.)



Simple Calculation

b. Example Hand-Calculation [10%] Simple calculation to demonstrate the technique.

"

Geothermal - US-Hydrothermal 1074 EJ; US-EGS 1077 EJ?? oA 2 e Wla—'—m
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Compares with MIT/Tester Report (2006)
Table 1.1 Estimated U.S. geothermal resource base to 10 km depth by category.
The FUture Of Category of Resource Thermal Energy, in Reference

Geothermal Energy Exajoules (1EJ = 10"%))

Conduction-dominated EGS

Impact of Enhanced Geothermal
Systems (EGS] on the United States Sedimentary rock formations 100,000 This study

in the 215t Century

Crystalline basement rock formations 13,300,000 This study

Supercritical Volcanic EGS* 74,100 USGS Circular 790
Hydrothermal 2,400 - 9,600 USGS Circulars 726 and 790
Coproduced fluids 0.0944 - 0.4510 McKenna, et al. (2005)
Geopressured systems 71,000 - 170,000** USGS Circulars 726 and 790

*  Excludes Yellowstone National Park and Hawaii
** Includes methane content



CALCULATION OF TEMPERATURE AT DEPTH

Input values: Measured Heat Flow (3,), Mantle Heat Flow (a,),
Thermal Conductivity (K], Temperature: surtace [T,) or at depth [T),
Radioactive Heat [A), Radicactive depth variable constant (r),
Layer Thickness (X], Subscript “b"= basemant and “s”= sediment.

1 b

Sediment Contribution Basement Contribution
2.7 e
]}-QL"L_,’J_XE 7;=M_4.’)|‘¢'
o A £, £
Where 4,1 pWim* Where 4=(Q, .o scaimensQu )T
Temperature at depth
T=T,+T,

AAPG 1972 BHT Well Temps.
10°C - 50°C
50°C - 75°C
o 75°C - 150°C T+T,
@ 150°C - 265°C

Correct for surface temperature

For 3to & km K,was from BHT data; below & km K, =Ky«2.6;

For most of the United States r « 10 km, Whera sediment thickness

e Heat Flow Database exceeds 3 km then r« 13-X,, The following input boxes are used to
e Geothermal Database generale the Thermal Energy (O] per depth slice equation below.

* Equilibrium Logs Average | pooy | pear | Volumeof | Thermal
Temp., T, Density | capacity rock slicesin | Energy

for each p=2550 | Ci=1 zoreifrom | perslice

zone 3 s maps, inzone i,
A it Rt (R (R

Figure 2.2 All BHT sites in the conterminous United States in the AAPG database. BHT symbols are
based on depth and temperature |heat flow is not available for all of the sites, so some were not used for
preparation of the Geothermal Map of North America). The named wells are the calibration points. The -

regional heat flow and geothermal database sites are also shown. O = pGrF [A7;] = pCLV[(T)[— 70']

Figure 2.3 Flow chart for calculation of temperature and heat content at depth.
Note: 1 kW-sec = 1 kJ and angle brackets denote depth-averaging.

L I
FEEELE

Figure 1.5 Temperatures at a depth of 10 km.
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Figure 1.4 Temperatures at a depth of 6.5 km.

Figure 1.3 Temporatures at a dopth of 35 km.
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28x 10°EJ
r i 2% Conservative 20% Midrange 40% Upper Limit
I | +— Estimated Recoverable EGS Resource —i Resource Base
0
100 150 200 250 300 350 400

Temperature at depth, °C
Temperature label centered under 6.5 km bar

Table 1.2 Estimated land area and subsurface reservoir volumes needed for EGS development.
Note: Above 100 MW,, reservoir size scaling should be linear.

Plant size in MW, Surface area for power plant Subsurface reservoir
and auxiliaries in km? volume in km®

25 1 15

50 1.4 2.7

75 1.8 39

100 21 5.0

1. Assuming 10% heat to electric-power efficiency, typical of binary plants.

2. Introduces a factor of 4 to surface area and volumes to deal with redrilling of reservoir at s-year
intervals over a 20-year projected lifetime.
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Case Study - N/A
c¢. Case Study [10%] If appropriate.

Conclusion
4. Conclusion [20%] Summarize important/key points from the presentation.

Geothermal Resources - result of heating by close (40%) and radiogenic heat (60%)
Earth budget controlled by:
Convection at depth in molten mantle - Free convection - Rayleigh No.
Conduction across crust - Fourier's law

High gradients at plate boundaries and hot-spot volcanic centers



2. THERMAL CHARACTERISTICS

2.1 Sources of Geothermal Heat
2.2 Thermodynamics



3_1 Thermodynamics and Geothermal Systems
Recap:

Heat supplied to the crust (~70km deep) by convection - but conduction dominates
in the crust Hydrothermal regimes concentrated in - destructive, constructive and
hot-spot areas

EGS low-grade power ubiquitous

Recovery of thermal energy - requires a heat-transfer mechanism
Generating power requires an energy conversion mechanism - flash to steam

Movies:
Allam Cycle: https://www.youtube.com/watch?v=vFcbevi1TkoU Resources: WG3
Thermodynamics: https://en.wikipedia.org/wiki/Laws_of_thermodynamics

General understanding of heat flow and thermodynamics, follows:

1/22/22 Derek Elsworth - elsworth@psu.edu 1
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VARIATION oF RANATION WITH LocATIoN § SEASON

Axial tilt - Wikipedia, th,e free encyclopedia
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7.5 USEFUL THERMODTINAMIC QUANTITISS
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3_2 Thermodynamics and Geothermal Systems

Recap:

Heat supplied to the crust (~70km deep) by convection - but conduction dominates in the crust
Hydrothermal regimes concentrated in - destructive, constructive and hot-spot areas

EGS low-grade power ubiquitous

Recovery of thermal energy - requires a heat-transfer mechanism
Generating power requires an energy conversion mechanism - flash to steam

Movies:
Allam Cycle: https://www.youtube.com/watch?v=vFcbeviTkoU
Resources: WG3

Thermodynamics: https://en.wikipedia.org/wiki/Laws_of_thermodynamics

Motivation:

1. Motivation [10%] Provide context for the topic. Use of relevant public domain videos are a useful
method for this. Why is this particular topic or sub-topic important in the broad view of geothermal
energy engineering?

1. Generation of electricity requires conversion of energy - heat to work to electricity
2. Dissolution and precipitation of minerals (scaling) is controlled by thermodynamics
3. Water in geothermal reservoirs exists in vapor and liquid and may transit between states

Scientific Questions:

2. Scientific Questions to be Answered/Outline [10%] What questions arise from the motivation.
What are the sub-topical areas that address these scientific questions.

Background on Laws of Thermodynamics:

1. First Law:
a. Conservation of Energy

Energy can neither be created or be destroyed - it is conserved
All forms of energy are equivalent

b. Internal Energy
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AEwE,~F I I “The heat added to o emoved from the system a constantpressure i calld the enthalpy () and

nedas

which sttes i (4B equal tothe £y of the system in P Bt By P = B
its inalsate () minus the initial iternal cnergy (E). H = Hy=H, = B PVl = L+ PVl =g, 66

“This simple equation is profoundly important. It =subhsh=s the significance of knowing the ‘which results in
Enthalpy is an important sysiem property in geothermal power pplicaions bcause i prosides a
nd ot dcrmines o mucheery s reired o et e senerae powet ool a b= Bt bbb b= Bk s fo etblshing the behavir o syt i the subsurface and allows for viluaion of the
o the fnal sttes . useflenergy thatcan e extrated from a working fuid. 1t has units o ke, We will considerthis
"

T absluely n gndeance fo he ehange i tcrnal enceg. For cxampl, imagine  volume of
is. it will notallow heat
iobe added to o e from th s contin. magine, o, i ne nd ofte cylnder s
). There are an ways 1o get from ital state
(he cylinder on the lef of the figure) to the final stat (the cylinder on the right of the fgure), two
of which are depicted in the figure. In the sequence AL — A2, the gas undergoes simple compres-
sion in a single step. I this case, the pressure (1) and temperature (7) of the gas in the iniial state
are increased to Py and T, respectively, and the internal encrgy change (AE) is equal to £, ~ E, In

topic i more detail in Chapter 10,
"

the inernal energy
final stats.

Pressure-Vorume Work

el o bt ot and any beat @ added
the sequence BI 1o B2 1o B3 to B4 to BS, the gas undergocs a scries of changes in pressurc and sl of tho work (1) ¢ .

temperature before reaching the same Py and T, as inthe A to A2 sequence, Each step resuts in a ¥

change inthe internal energy: AE=gew o

AE = Ey, + By + Eyo + Eas ~ By

Mechanical work is performed when a force applied to a point, surfice, or volume resulis
in displacement of that point, surface, or volume. As an cxample, consider the changes in the
eylinder in Figure 3.1. As the piston moves from its position in B1 o ts position in B2, if
there is an external force applied to the piston, mechanical work s performed by the gas as
its volume inereases and forces the piston to move. Hence, the clement of mechanical work is
defined by

dw=-PxaV @
By convention, mechanical work done an a system is positive, whereas work done by a system is

negative. Work performed is, therefore, equivalent to the difference in volume between the two
states:

W Px(V- V)= -PxAV @y
ExTaLey
chanical
work is performed and any change in internal energy is soley relsted o heat added to or removed
from the systems
AP=g. an
The subscriptvis used to similarly,a a
FIGURE31 Diag [

h hange in
. whereas also added to or removed from the system, the change in internal enerey is
path (b involves o expansion and 1o compression stages. For both patbways, the change in the internal

Cnergy () s the same. The hsc dot inthe cylnder schemarcalyrepesent the gas molecus n ey,

c. Pressure-Volume Work (above)
d. Enthalpy (above) Enthalpy b= & «74
ond : MELLTN-{ATA)_kL?_ Vi §+j(%mf %j—; Qpetin + Wy

2. Second Law:

Entropy always increases :

a. Efficiency Efctno, = —\W/Q

b. Carnot Cycle Py = A BT

T=T, T=T, T=T, T=T,
V=V, v=v, V=V, V=V
P=P, P=P, P=P, P=p,

— H
L |
I
(| |
—— ——i | | AQ ~ve | |
Yy @ vy
FIGURE3.2 Di i ion of a i following the steps ina Carnot cycle. Subscripts i Vi Vs Vi V2
and f represent, respectively, initial and final condmons The arrows at the base of the cylinders in steps 1 Volume

and 3 indicate the direction of heat flow, relative to the heat reservoirs that are indicated by the boxes at the

FIGURE3.3 Pressure versus volume graph for the series of changes for the Carnot cycle depicted in Figure 3.2.
bases of the cylinders.

c. Heat Capacity :
|~ Joruv-al-i C:A‘—Zﬂ/o&_(_ o— C dT = OLG{/\
Alsz" AH: A(E—f— PXV’):&I‘/\
A.‘i’cmgw ?MQM (A'D:D);» ,AH':@—> le-L:CJ-_,oLT

[~
Mt sttt e (£¢=0Y: AB =9 —> 4E=CudT



d. Entropy gﬂ WP&A | A4S = J%/r

A peasSu~ ﬁ( U natloin olale hadT.

A
T=T, T=T
V=V V=V
P=p P=p
S=5; 1 $=5
>
©
E
51
g 4 A v 2
g
2
<
T=T, 3 T=T,
V=V, V=V,
P=P, P=p,
s=$; §=S$,
>
>

Entropy

FIGURE 3.4 Temperature versus entropy graph for the same pathways indicated in the pressure versus
volume graph in Figure 3.3.

3. Gibbs Function and Gibbs Energy (dG):
MM‘!‘L\-& W PV SN w’.m o SJSL«—« o a
pefomce  hots —5 oA Tomefen Fu sty

—f"LJ Sa_('.cw_ —l—o Aw wavl’c,/ /s-&»(r;s-’f—\——k \H o~ o Ther
s A

Then  AH-g = O PN oaqu—ug

<lh & clo godt inv e riot” 93;1»4”) &7\—; C 417-

T T T

AGpr = AHp 1 ~TxASp 1, + f AC,dT - T x f (AC,/T)dT + f AVdP (3.15)
T T Py

where:
AG,;is the Gibbs energy at P and T
AHp 7, is the enthalpy at some standard state, which is usually selected to be 1 bar (0.1 MPa)
pressure and 25°C (298 K)
ASp, 1, 1s the entropy at the standard state
AC, is the constant pressure heat capacity
AV is the change in volume
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Standard State
GP,T - GSTP = (HP,T - HSTP) - T X (SP,T - SSTP)
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FIGURE 3.5 The isobaric changes in Gibbs energy at 0.1 MPa and 1.0 MPa as a function of temperature, for
liquid and vapor H,O. The temperatures at which the isobaric curves intersect are indicated.
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4. Thermodynamic Efficiency:
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Thwe —~ T, = lnc‘h«.ﬁ %PA‘»—« M
T = aelad Pud Gy 270D

0.70 [T T T T
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FIGURE 3.6 The thermodynamic efficiency that can be achieved for working fluids that begin at the
temperature indicated on the horizontal axis and have an exit temperature as indicated by the arrowed
lines. For example, a fluid that began at 200°C and had an exit temperature of 65°C would achieve an
efficiency of 0.29, whereas that same fluid would achieve an efficiency of 0.39 if it had an exit temperature
of 20°C.

TABLE 3.1

hip between T
Geothermal Reservoir Systems

es and Efficiencies for Some Hypothetical

Reservoir Reservoir Temperature (°C)  Cooled Temperature (°C)  Efficiency (e)
Low-temperature resource 100 25 0.20
Moderate-temperature resource (winter) 200 10 0.40
Moderate-temperature resource (summer) 200 35 033
High-temperature resource 300 25 0.48

High-temperature resource 450 25 0.59




5. Thermodynamic Properties of Water and Water-Rock Interaction:

Temperature (°C)

-73 27 127 227 327 427 527

104 1T 171 I 1T 1T 1 | 1T T 1 | 1T T 1 | 1T 1T 1 I 1T T 1 5

- 10

E Meters

B Liquid
103 & 10% ~30,000
102 103 ~3,000
10! 102 ~300

Critical point

oL 1 ~30
s 10° £ \ 0t
S - Power =
10t E 10° 0
102 107
E Vapor
1073 3 Triple point 1072
10_4 = 10—3
= Solid
1075 i LI B S A B S SR R A BN S ST S N A B AR 1074
200 300 400 500 600 700 800

FIGURE 3.7 Phase diagram for water. Temperatures are indicated in degrees Celsius (upper horizontal axis)
and Kelvin (lower horizontal axis), and pressures are indicated in megapascals (left vertical axis) and bars
(right vertical axis). Also indicated on the right of the figure is the approximate equivalent depth, in meters,
below the earth’s surface, for the corresponding pressures. The gray band indicates the range of pressure—
temperature conditions encountered with depth in the earth. The shaded boxes enclose those sets of conditions
appropriate for ground source heat pump applications (medium gray), direct-use applications (light gray), and

Temperature (K)

power generation (gray gradient).



TABLE 3.2

Constant Pressure Heat Capacity (C,) of Some Common Materials Important
for Geothermal Applications at Atmospheric Pressure (1 bar) and 25°C (273 K)
and 300°C (573 K); Units Are k)/kg-K

Material 25°C, 1 bar 300°C, 1 bar
Water? 4.18 2.01
Air® 1.00 1.04
Potassium feldspar® 0.66 1.05

Sources: *“Bowers, T.S., Rock Physics and Phase Relations, ed. T.J. Ahrens, American Geophysical Union,
Washington, DC, 45-72, 1995.
b Rabehl, R.J., Parameter Estimation and the Use of Catalog Data with TRNSYS. M.S. Thesis, Mechanical
Engineering Department, University of Wisconsin-Madison, Madison, WI, 1997.
¢ Helgeson, H. C. et al., American Journal of Science, 278-A, 229, 1978.
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FIGURE 3.8 Enthalpy versus pressure diagram for water, with the corresponding regions for various geo-
thermal applications, color coded as in Figure 3.7.

TABLE 3.3

Temperature, Pressure, and Enthalpy of Coexisting Steam and Vapor

along the Liquid-Vapor Saturation Curve

10,000.00 f——
1,000.00 E
400°C ]
100.00 |- g
H ]
=3
2 10.00 |- -
]
2
&
100 Vapor
0.10 .
! Liquid + Vapor !
! I 1 I
0.01 PR | FUN | FEEE | N S| I P 1 O
0 500 1000 1500 2000 2500 3000 3500
Enthalpy (k/kg)

FIGURE 3.9 Pressure versus enthalpy diagram, contoured for temperature. The heavy black line encloses
the region where steam and liquid coexist. The dashed lines are lines of constant mass percent steam coexist-
ing with liquid water. The arrowed paths indicate the pressure—enthalpy path followed by a liquid at 250°C
that ascends from 1000 bars and exits a wellhead at 1 bar and 100°C.

Temperature (°C) Pressure (bar) Enthalpy (1/gm) of Vapor Enthalpy ()/gm) of Liquid
20 002 2538 8196
28 003 2547 1049
L1 04 2556 1258
s 006 2565 146.7
0 007 2574 1676
48 010 2583 1584
5 012 2592 2005
55 016 2601 2%.2
o0 0.20 2610 2511
65 0.28 2618 2720
" on 2627 2910
75 0.39 2615 539
80 047 2604 AR
85 0.5% 2652 3559
90 070 2660 3769
98 ORS 2668 198.0

1 00 1.01 2676 419.0

110 1Ay 2691 A61.3

120 199 2706 5037

1% 270 2720 5463

140 161 270 5891

150 496 2746 6322

160 618 2758 6755

170 192 2769 792

180 1002 2778 7632

190 12.54 2786 8076

200 15.54 2793 §524

210 19.06 2798 LLTR

220 2318 2802 9436

2% 2798 254 990.1

240 s 2504 1037.00

280 39.7% 2502 1085.00

260 649 2197 11300

20 S499 27%) 1185.00

280 6412 2780 123600

290 7436 2766 1289.00

300 8581 2749 1344.00
310 98.56 21 1401.00
120 11270 2700 1461.00
LR 12840 2666 152500
0 14580 2622 1594.00
150 165.10 2564 1671.00
Source: Keenan, JH. et al, Steam Tables: Thermodynamic Properties of Water Including Vapor, Liquid and

Solid Phaves (International Editton-Metric Units), John Wiley & Sons Inc., New York, 1969,
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3. For Each Sub-Topic:

a. Detailed Explanation of the Topic [40%] Describe the physical principles in detail and at a pace

that 1s tutorial for an audience.

Summary - in terms of EME 303

net in

Wshaft

net in

First law of P PV )
thermodynamics — J epdV + J (ﬁ + =+ —++ gz) pV - f1dA = Q..

. p 2 -
(Conservation of ov e "
energy)

y . Vi — Vi .
Conservation of power rh[hou[ — h, + = > = + 8(Zow — Zin)] = Qe T
Conser\{ation of Pow V2, P v2
mechanical energy p + BN t 8% = — T 2 + 8Zin T Wnar — lOSS
net in

b. Example Hand-Calculation [10%] Simple calculation to demonstrate the technique.

c. Case Study [10%)] If appropriate.

Conclusion:

4. Conclusion [20%] Summarize important/key points from the presentation.

+ Wshaft (5 ‘64)

(5.69)

(5.82)
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3. FLUID FLOW AND GEOCHEMISTRY

3.1 Subsurface Fluid Flow
3.2 Simple Quantitative Models
3.3 Chemistry of Geothermal Fluids



4 1 Subsurface Fluid Flow

Recap:
Thermo - Defines behavior of fluids and minerals in the crust

Importance of First and Second Laws

Phase change is an important mechanism for heat transfer fluids
Movies:

Fractional Fluid Flow: https://www.youtube.com/watch?v=cNDUKylb4Ds
Resources: WG4
Reative Permeabilities: https://www.youtube.com/watch?v=A9cOvRU_Jko&feature=youtu.be

Darcy's Law: https://www.youtube.com/watch?v=mxPuiryMjJs&feature=youtu.be

Motivation:

1. Motivation [10%] Provide context for the topic. Use of relevant public domain videos are a useful
method for this. Why is this particular topic or sub-topic important in the broad view of geothermal
energy engineering?

,./]D'C - _‘r-l/( \
& | :
dz
¥ 250N 5o (-

Fluids present naturally or introduced.... and function as a heat transfer medium
Convective (rather than conductive) heat transfer often necessary

Fluids may be naturally occurring water/brine or artificially introduced CO2 (v. exotic)

Scientific Questions:

2. Scientific Questions to be Answered/Outline [10%] What questions arise from the motivation.
What are the sub-topical areas that address these scientific questions.

What controls fluid movement (modulated by permeability and storage)?
Impacts of multiple phases (vapor/liquid) and changes in permeability?

What rates of thermal recovery may result - and what are the controls?
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Relative Permeability
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y_Relations for Permeability
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— Karst limestone —— 4
(a) Permeable basalt ——
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Figure 2. (a) Values of permeability (k) and hydraulic conductivity (K) for different geological
materials. Notice that the K values for the fractured igneous and metamorphic rocks
(between the blue bars) vary 5 orders of magnitude. Unfractured crystalline rocks have
extremely low K values and are comparable to shale and clay (modified from Freeze and
Cherry 1979).

TABLE 4.1
Permeabilities for Some Representative Geological Materials
Highly Well-Sorted  Very Fine Sand
Fractured Rock  Sand, Gravel and Sandstone  Fresh Granite
K (cm?) 10-3-10-¢ 10-5-10"7 10-5-10-"* 10-1-10-%
x (millidarcy) 105108 10%-10¢ 10%-1 10--10~*

Kozeny—CARMAN EQUATION

The factors that determine permeability were formally quantified by Kozeny (1927) and later modi-
fied by Carman (1937, 1956). The final form of the equation they developed is

| n’l(1-n)* |
(5% Sy)

(4.2a)

where:
n is the porosity, as a fraction
S, is the specific surface area of the pore spaces per unit volume of solid (cm?/cm?)

Equation 4.2a is known as the Kozeny—Carman equation. This equation allows the dependence of
the permeability on the porosity of a porous sample to be determined. Implicit in this relationship
are all of the factors discussed above regarding flow in the porous rocks. Of particular importance
for permeability is the tortuosity of the flow path—the more tortuous the network of pores through
which fluid must flow, the lower will be the permeability. Tortuosity can be accounted for by recast-

ing Equation 4.2a as
n*I(1- n)?
1c=co><T><[—21 4.2b)
A
where:

T is the tortuosity which is equivalent to the ratio of a straight path of length L connecting two
points to the actual path followed along some tubular route L,, that is, L/L,
¢, 18 a constant characteristic of the system

Generally, ¢, X T = 0.2, thus reducing Equation 4.2a to 4.2b.
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PERHABIL TY [ COWDCTIVITY  OF FRACTUCMS
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Fracture Permeability - Nomograph
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FIGURE 4.6 Theoretical relationship between fracture permeability (air) and fracture porosity. The
bulk porosity and permeability for a given fracture width (or aperture) and spacing of those fractures
is found by locating the intersection of the width and spacing of interest. It is clear that permeability
is a function of both fracture width and spacing, both of which affect bulk porosity. (Modified from
Reservoir Characterization Research Lab, University of Texas, Austin, TX, available at http://www.beg.
utexas.edu/indassoc/rerl/rckfabpublic/petrovugperm.htm; Lucia, E.J., American Association of Petroleum
Geologists, 79, 1275-1300, 1995.)

Crustal Permeability at Depth
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FIGURE 4.8 The variation of permeability as a function of depth. For reference, the depth of the deepest
drilled oil well in the world is also portrayed. (Modified from Manning, C.E. and Ingebritsen, S.E., Reviews
of Geophysics, 37, 127-150, 1999.)
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3. FLUID FLOW AND GEOCHEMISTRY

3.1 Subsurface Fluid Flow
3.2 Simple Quantitative Models
3.3 Chemistry of Geothermal Fluids



5_1 Simple Quantitative Models - of Geothermal Reservoirs

Recap:

Fluid Flow - Defines rates of fluid transmission - controlled by Darcy's Law
Reservoirs may be liquid or vapor or mixed (multiphase) - Relative permeability
Geometry of flow matters (flow nets)

Movies:

??:

Resources: AG2&3

I\/Iass/Enérgy Balance: https://www.youtube.com/watch?v=P-wSRZIPJcg&feature=youtu.be

Motivation:

1. Motivation [10%] Provide context for the topic. Use of relevant public domain videos are a useful
method for this. Why is this particular topic or sub-topic important in the broad view of geothermal
energy engineering?

g o) dx
B

What changes in P&T result in a reservoir during production?
How do these changes impact rates and longevity of production of hot fluids?
What simple models describe these systems? Describing output (Power) and duration?

What are intrinsic differences between Lumped (box) and Distributed Parameter models?

Scientific Questions:

2. Scientific Questions to be Answered/Outline [10%] What questions arise from the motivation.
What are the sub-topical areas that address these scientific questions.

Define rates of fluid flow and energy production with time - thus productivity and longevity

Overall behavior of geothermal reservoirs - under production - Mechanisms of depletion
Lumped parameter models - pressure and heat recovery

Distributed parameter models - radial flow

Thermal breakthrough

Limits of heat rate recovery

A\



1. Overall behavior of geothermal reservoirs - under production - Mechanisms of depletion

General form of reservoir:

T '260' T '4(')0. T '660' T Depth (m)

Temperature °C | 0

<— boiling [ 1000
begins
2000

3000
4000
5000
6000

7000

8000

FIGURE 2.2 Model of the large-scale circulation of fluid in the natural state of a geothermal
system. Source: White, D.E., 1967 “Some principles of geyser activity, mainly from Steamboat
Springs, Nevada” Am. J. Sci. 265, pp641—684.

Pressure versus Depth
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FIGURE 2.6 Pressure distribution with depth in three New Zealand geothermal fields. \
|
Source: Grant 1981.
4000

FIGURE 2.7 Reservoir pressure in vapor-dominated systems (Travale is part of greater

Larderello). Source: Allis, 2000.

Impact of Depletion and Reinjection
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FIGURE 2.9 Fluid distribution in natural and exploited states of a liquid-dominated reservoir.



2. Lumped parameter models - pressure and heat recovery
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3. Distributed parameter models - radial flow

3.3. PRESSURE TRANSIENT MODELS

The simplest model is a vertical well, circular in cross section, that fully
penetrates a uniform horizontal aquifer of infinite radial extent that is sealed
above and below, as shown in Figure 3.1. There is no spatial variation of rock
properties (especially permeability). The only spatial variations of pressure
(and temperature and saturation, if relevant) that need to be considered are
those pertaining to radial distance from the well. The fluid in the aquifer is in
vertical equilibrium with depth at all times, so there are no effects due to
gravity.

1’4, e

/Radial Distance

FIGURE 3.1 Basic well model for pressure
transients.

Pressure

3.3.1. Single-Phase Aquifer Fluid

Darcy’s law in the radial (axial) form is:
k oP

s = 3.21)
In similar form, the conservation of mass equation is:
dp 14
o + ; g(rpv,) =0 (3.22)
or
0P 10d( k 0P
‘PCPE =5 E(P;’E) (323

It is assumed that the compressibility is constant and that changes in the
viscosity may be ignored in comparison with changes in pressure. This gives:

QucdP 19 /( 9P
K a  ror\"or @29
This is the diffusivity equation, with the hydraulic diffusivity:
k
K=— 3.25
one (3.25)

Many solutions of this equation are available from the literature on heat
conduction, which obeys the same equation.

If a well begins withdrawal at time 7 = 0, at a constant rate g or W = pg, the
pressure in the aquifer is given as a function of radial distance and time by:

2 2
_pop, = kg (oKt _ Wy (omer
AP =P—P, = 47rkhEl< 4kt ) = ankh ‘( 4kt ) @.26)
where
=1
Ei(x) = / —eVdy 3.27)
oy

E|(x) is tabulated by Abramowitz and Stegun (1965). (The function Ej(x) is
denoted by —Ei(—x) in the petroleum literature.) For small values of the
argument x, or long time:

The pressure at any point changes linearly with the logarithm of the time.
In Eq. (3.26) the parameters of the aquifer and fluid enter in two groups:

B
4mkh
and
puc @ch
—_— = 3.30
K~ jw @30

By suitable observation of the pressure change, it may be possible to fit an
observed history to theory and identify the two parameter groups kh/u, the
transmissivity or mobility-thickness, and ¢ch, the storativity. (k/u is called the
mobility.) If the fluid viscosity u is known, the permeability-thickness k4 can be
identified. Thus, in principle, two parameter groups are identifiable. One, the
storativity, measures the aquifer’s capacity to store fluid, and the other, the
transmissivity, measures its ability to transmit fluid.

Ei() ~ ~In(x) — v 329)
where y = 0.5772 is Euler’s constant. Using this asymptotic for Eq. (3.26) gives:
Wy 4k
P-P, = —m{ln(t) + ln(m) - y} (329
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4. Thermal breakthrough
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5. Limits of heat rate recovery

Contrasts Between EGSs & SGRs
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3. FLUID FLOW AND GEOCHEMISTRY

3.1 Subsurface Fluid Flow
3.2 Simple Quantitative Models
3.3 Chemistry of Geothermal Fluids



6_1 Chemistry of Geothermal Fluids

Recap:

1. Overall behavior of geothermal reservoirs - under production - Mechanisms of depletion
2. Lumped parameter models - pressure and heat recovery

3. Distributed parameter models - radial flow

4. Thermal breakthrough

5. Limits of heat rate recovery

Movies:

?7:

Resources: WG5

Motivation:

1. Motivation [10%] Provide context for the topic. Use of relevant public domain videos are a useful
method for this. Why is this particular topic or sub-topic important in the broad view of geothermal
energy engineering?

>4ttt t——t 4+ dr
— — .
25 (6. 5% (e

What chemical reactions and dissolution and precipitation impact:
1. Piping and wells
2. Surface facilities

3. Subsurface reservoirs - injection and recovery

Scientific Questions:

2. Scientific Questions to be Answered/Outline [10%] What questions arise from the motivation.
What are the sub-topical areas that address these scientific questions.

Define rates of fluid flow and energy production with time - influenced by chemistry

1. Chemistry of geothermal fluids

2. Units of concentration

3. Chemical equilibrium and Law of Mass Action
A. Chemical activity

B. Affinity

Solubility

Kinetics and reaction rates

Reservoir/Plan response

o 01 b



1. Chemistry of geothermal fluids

TABLE 5.2

Chemical Composition of Waters from Diverse Geothermal Systems
Location pH* Na
Wairakei, New Zealand (W24) 8.3 1,250
Taubhara, New Zealand (THI) 8.0 1,275
Broadlands, New Zealand (BR22) 84 1,035
Ngawha, New Zealand (N4) 7.6 1,025
Cezro Prieta, Mexico (CPMI9A) 1.27 1370
Mahia Tongonan, Philippines (103)  6.97 7155
Reykjanes, Iceland (8) 64 11,150
Salton Sea, California (IID1) 52 62,000
Paraso, Solomon Islands (A3) 2.9 136
Paraso, Solomon Islands (B4) 28 9

K Ca Mg
210 12 0.04
03 14 ,
04 143 0.1
%0 29 0.11
1660 418 035
2,184 255 041
1,720 1,705 1.44
21600 35500 1,690
n 51 1.1
3 17 10

cl
2210
2222
1,705
1,475
13,800
13,550
22,835
191,000
295
2

288
38
51
1,080
14.4
260
8.8
481.2
5
2

oBEE8LERS

300
415

HCO, Si0,
3 670
19 726

213 848
298 464
52 808
24 Lolo
87 631
220 1,150
81

97

Sowrces: Henley, RW. et al,, Fluid Mineral Equilibna in Hydrothermal Systems, vol. 1. Reviews in Economic Geology. Chelsea, MI: Society of Economic
Geologists, 1984; Solomon Islands from Gaggenbach, W.F., Proceedings of the World Geothermal Congress, Florence, Raly, 995-1000, 1995,

Norte:  All concentrations are in mg/kg. The paranthetical expressions are the identifiers for the wells from which the analyses were obtained.

* This 1s the pH measured in the laboratory at 20°C and 15 not the pH of the fluad in the reservoir.

2. Units of concentration
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3. Chemical equilibrium and Law of Mass Action

B 6.3 Chemical Equilibrium and the Law of Mass Action

mma-—mmuuma.wmmum
tional to the active masses of the participating substances (Hem 1985). If there are two
substances, A and B, reacting to form two other substances, C and D, and if the process
i reversible, then the reaction can be writtien as

A+ CodD (6.2)
The rate of the forward reaction, R, &
R, =k;[A]"[8]" ©3)
whereas the rate of the reverse reaction, R, is
' d
Ky = k5[] [D] (64)

where:
[A] = active concentration of substance A
¥, = proportionality constant for the forward reaction
¥, = proportionality constant for the reverse

uummn.mmuwmmhmna

FEVErse reaction rate, then
k(A B = &y (Cl{ DM 6.5
Equation 6.5 can be rearranged to yield the following expression:
‘ '
(Cl:LDl o X
e (6.6)
(s #2
where K is the equilibrium constant.
If two or more jons react to form a solid precipitate and the reaction is reversible,
then it can be represented as
aA + bB = cAB 6.7
The equilibrium relationshsp of this reaction is:
(A)° (3}’
Kot 2 A 2 (6.%)
L 4 (M]‘

where K is called a solubility product. The activity of the solid together with the
mn&bduﬂ;%mbambeudwmdnm

of a solute in equilibrium with a solid phase, either via dissolution of the solid into
an undersaturated solution or following precipitation of the solid from a saturated
solution.

If one & dealing with a very dilute aqueous solution, then molal concentrations
can be used to determine chemical equilibrium. However, for the general case, one
must use chemical activities o employ the law of mass action.

mwmamx,m.hmnmwmdmm
times a factor known as an activity coefficient,

(X] = m (6.9)



A. Chemical activity (see above)

B. Affinity

AFFINITY

Establishing whether a chemical reaction such as the halite dissolution reaction will actually take
place is accomplished by comparing the composition of the solution to the value of the equilibrium
constant using the following expression:

A-RxTxln(g) (5.6)
K

where:
A is called the affinity (J/mole)
R is the universal gas constant (8.314 J/mole-K)
T is the temperature (K)
Q is the activity quotient for the relevant species in the applicable reaction
K is the equilibrium constant for that same reaction

If the measured solution composition results in an activity product that is equal to K, the affinity
will be 0, indicating that the solution is in equilibrium with the solids, and no net dissolution or
precipitation will occur. If the affinity were greater than 0, the concentration of the solutes exceeds
the equilibrium value and the solution would begin to precipitate solid. This situation is one in
which the solution is supersaturated in the solid involved in the reaction. For affinities less than 0,
the reactant (in this case, our halite solid phase) would continue to dissolve until it is completely
dissolved or the activity product of the solutes becomes equal to K, and equilibrium would be
achieved.

This situation with respect to the values of affinity suggests that, mathematically, A must be
equivalent to the Gibbs energy function of a reaction as indicated in Equation 3.16 (given below)

A= Gpmducu = Ureactants = (Hproducls - rcac(ams) -Tx (Sprodum - rcmuts)
This relationship leads to the fundamental expression
AG = -RxT xIn(K) 5.7)

which is a statement of the relationship between the activities of the species involved in a reaction
and the conditions under which they will coexist in thermodynamic equilibrium.

At 100°C, the value for log K for the halite dissolution reaction is about 1.6 (Figure 5.2). On
a molar basis, and assuming ideal behavior of the ions in solution, this means that a little more
than 6 moles, each, of Na+ and CI- must be dissolved in solution to achieve saturation. Given that
the molecular weight of sodium is about 22.99 g/mole and that of ClI is about 35.39 g/mole, the
respective masses of Na and Cl in a saturated solution will be a little more than 145 g and 220 g.
Clearly, our original 10 g of salt added to the pan would completely dissolve, the solution would
remain strongly undersaturated, and the resulting affinity and Gibbs energy would be much less
than zero.

For the quartz in the pot, the situation is different. The value for K at 100°C is about 0.001
(Figure 5.2), which translates into a total SiO, (aq) concentration of about 0.06 g at equilibrium, or
approximately 60 parts per million. Clearly, in this case, we have added to the pot of water much
more quartz than would ever dissolve. In fact, so little would dissolve that it would not be noticeable
unless we carefully weighed it before and after our experiment. In other words, quartz has a low
solubility under these conditions.
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5. Kinetics and reaction rates

[3:3] Mass Transport

Sc+|K,+K,|]c=q+R
Recap B

Reactive transport
Sorption
First-order reactions

Multiple reactions



Reaction Rates

For the reaction:

A+ B Z C
2

Forward rate = Fk[A][B]
Reverse rate = k[C]

At equilibrium: Forward rate = Reverse rate
k[A][B] = k[C]

ww=%m

(2)

3)

(4)
)

For closed system and one mole each of [A] and of [B], with 4 =1 and &k, = 10, then:

[A][B] _ (1—X)* _ 10

C] X 1

And (1 — X) = [A] = [B] = 0.916 and X=[C] = 0.0839.

Implementation:
R, = —k[A][B] + k,[C]
R, = —k[A][B] + K,[C]
R. = +k[Al[B] - KlC]
Generalized:

N N
R =—k']le,/ 17 +k'T]le,1°
Jj=1 Jj=1

Heats of reaction:
H,=RAH,
And heat balance requires:

orT

pc—=—+V-(Tu)—V-(A\VT)=H,

ot

(6)

(7)

(8)

)

(10)



RoacTion) RATES
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FIGURE 5.5 Variation of the reaction rate plotted as a function of the Gibbs energy of a reaction.

Graphically, this relationship appears as shown in Figure 5.5. Hence, any equation describing
this behavior must be able to account for the far-from-equilibrium behavior as well as the behav-
ior close to equilibrium.

One such general reaction rate equation, written in a form that uses the measured dissolution rate

for reference, is given by

w

R=SAxkxT,:ACxax¢xHa,-x(l;<Q) (5.8)

where:

R is the rate (moles/s)

S is the effective surface area exposed to the fluid (cm?)

k is the far-from-equilibrium rate constant (moles/cm?-s)

T,,. 1s the temperature correction factor for the rate constant k (usually an Arrhenius function)

o is a power function that accounts for changes in the rate close to equilibrium conditions

@ is a function that modifies the rate for precipitation relative to that for dissolution

a; accounts for the dependence of the rate on the activities of specific components in solution
(often this is mainly a reflection of the activity of the hydrogen ion, H*)

QO/K is the same as in Equation 5.6

o is the power dependence that accounts for the particular dissolution or precipitation mechanism
(for details see discussions in the works of Lasaga et al. [1994] and Glassley et al. [2003])
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2.4. THE RATE LAW
We can show experimentally that for the general irreversible reaction
A+2B+... -P+2Q...

reactants products

we can write the rate law,

d{A
Mé[-.i_t_] = ~k[APR[B]°[P]°[Q]°. . . (2-1)
where
dia] _ .. : : .
T time rate of change in molar concentration of species A,
k = reaction rate constant, and
a, b, p,q.... = constants

In this book, [ ] is used to signify concentration in moles/liter. We may
use concentration units other than moles/liter in the rate law but in doing
so we should use the same concentration unit for each species and realize
that both the numerical value and units of the reaction rate constant will
differ from those found when molecular concentrations are used.

Using our knowledge of the stoichiometry of the reaction, that is, the
relative number of moles of species reacting and the relative number of
moles of products being formed as the reaction proceeds, we can state
that

diA] _1d[B] _—d[P] _-1dIq] 2.2
dt 2dt ~°  dt 2 dt 7 )
because 1 mole of A reacts for every 2 moles of B that react, and so forth,
and 1 mole of P is formed for every mole of A that reacts, and so forth, We
can determine the reaction order from the rate law. The overall reaction
order is

= —— v

a+b+p+qg... (2-3)
while the order with respect to A is a, the order with respect to B is b, and
so forth. If the reaction is irreversible, thenp, q. . . .. the exponents of the
product concentration, are usually zero. For example, if

d(A]

—2 = —k[A]{B]?
~ = —k[Al(B]

then we would say that the reaction was first order with respect to A,
second order with respect to B, and third order overall. It is important to
note that reaction order is generally not determined by the stoichiometry
of the overall reaction. Laboratory experimentation is necessary to de-
termine the order.

The following example illustrates several points that are important for
a good understanding of the rate law.



Integrated forms of the rate law are very useful for analyzing rate data
to determine reaction rate constants and reaction order. Let us first
consider the irreversible reaction

A — products

which has the rate law

d[A]
——= = —k[A
7 [A)°
To determine the behavior of [A] as a function of time, we must integrate
the rate expression with respect to time. We will do this for several values

of the reaction order, n. When n = 0, the reaction is zero order, and

d[A]
= ~k[A]® = ~k -4
di [A) (2-4)
Upon integrating, we obtain
[A] = [AJo —kt (2-5)

where [A], = the concentration of A att = 0, that is, the initial concentration
of A. The half-life, t,,,, or time for 50 percent of the initial concentration
to react can be obtained from Eq. 2-5 by setting [A] = 0.5 [A], when t =
ty. Then

0.5[A],
ha =

When n = 1, the reaction is first order, both with respect to A and
overall, and we can write,

d{A] _
T k{A)] (2-8)
Rearranging Eq. 2-6 and solving the integral,
1A} t
f T e
i, [A] .
we find
n[A] = In[A], — kt (2-7)
or
(A] = [Aloe™ (2-8)

Examination of Eq. 2-7 suggests that the rate constant k may be determined
experimentally from a plot of In [A] versus t, which has a slope of —k.
Also, from Eq. 2-8, when [A] = 0.5 [A],, we find the hali.life to be

- 0.693
12 = k
If the reaction is greater than first order, then we can write
dlA] = —k[A]" (2-9)

dt
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REACTION ALGORITHMS FOR MULTICOMPONENT SYSTEMS

Mathematical descriptions of reaction systems

The multicomponent, muiti-species systems typical of those which occur in porous media
require some special treatment, both because they involve multiple unknowns and because they
are usually nonlinear. The mathematical description used, however, will depend on what form
the reactions in the system are assumed to take. It is instructive to derive a general approach to
handle muiticomponent, multi-species reactive systems. Formulations for arbitrarily complex
reaction systems characterized by both equilibrium and non-equilibrium reactions have been
presented by Lichtner (1985), Lichtner (this volume), Friedly and Rubin (1992), Sevougian
et al. (1993), and Chilakapati (1995). A clear discussion of one possible way of doing so is
given by Chilakapati (1995). His approach begins with the most general case, a set of ordinary
differential equations for each species in the system and reactions between the species described
by kinetic rate laws. A system containing N, species and N, reactions can be expressed as

- -— = v R.
Idt v (H

The raised dot indicates matrix multiplication. I is the identity matrix of dimension Ny X
N1, C is the vector of solute concentrations of length N,o, v is a matrix of dimension N, X
N,, and R is a vector of length N,. For example, the matrix v and the vector R have the form

Vit vz o VLN R
Vi Va2 ottt VAN R
ve=| o R=| "2 (2)
UNipel YNy 2 °°° YNpot Ny RN’

The mutltiplication of the identity matrix by the derivatives of the individual species concen-
rrations results in an ODE of similar form for each of the species in the system.

As an example, consider an agueous system consisting of Ca*?, H*,OH™, CO;z, HCO3,
H,CO3, and CaCOs(s) (calcite). We ignore H,O for the sake of conciseness. In additon,
we assume that the following reactions occur, without yet specifying whether they are to be
considered equilibrium or kinetically-controlled reactions,

CaCO; = Ca*?+CO;* Ry 3)
HCO; = CO7* +H* R, @)
H,CO3 = CO72+2HY  R; (5)
H* +OH™ = H,0 Rs. (6)

In the above equations R; symbolizes the rate expression for reaction i. We also make no
assumptions at this stage about whether the set of reactions included are linearly independent
(although the reactions listed above are). We have shown the reactions to be reversible here (thus
the symbol =) but the results below apply whether the reactions are irreversible or reversible
since at this stage, one can think of the reaction rates as simply time-dependent expressions of
the mole balances inherent in a balanced chemical reaction. The reversibility or lack thereof
only determines whether the sign of the reaction rate can change. The term reversible is
generally used by thermodynamicists to refer to equilibrium reactions (Lichtner, this volume),
although we prefer to use it to refer to reactions which are sufficiently close to equilibrium
that the backward reaction is important. It is quite possible in a steady-state flow system, for
example, for backward reactions to be important and yet not to be at equilibrium (e.g. Nagy et



al., 1991; Nagy and Lasaga, 1992; Burch et al., 1993). According to this definition, the term
irreversible is used for those reactions which proceed in only one direction (i.e. those that can
be represented with a unidirectional arrow, —>).

For our example aqueous system, the rates for the individual species can be writien

d[H;CO3]

d
d[HCO7]
— = R | (8)
d[CaCOs] _

di
d[iOH™]
dt

d[H*]
dt
diCa*?]
dt
d[C03%
dt

In matrix form the system of equations becomes

—R3 @)

-R) ®)

= ~ R4 (10)

= R2+ 2R3 — R, (11)

= R (12)
= Ry + R2 + Rj. (13)
[~ diH» 1

di
d{HCOT)
aicon

E

i

(14)

COoOOOO O —
COOOD —~O
COOO—OO
COO—OOO
CO-OOO O
OO OO
—_ O OO0

[~

E

¥

i

i
—_——oo!l oo
—_—o—oo ! o

—ONOOO
|
L2

L dr

As written in Equation (14), the stoichiometric reaction matrix, v, is referred to as being in
canonical form (Smith and Missen, 1982; Lichtner, 1985; Lichtner, this volume). The system
of equations is partitioned into the first four rows where the associated species (H,CO3. HCOy,
CaCOs(s), and OH™) are involved in only one reaction while in the remaining three rows the
species are involved in multiple reactions. The first four species are referred to as secondary or
non-component species, while the last three are the primary or component species (Lichtner,
this volume). These are also referred to as basis species because they form a basis which spans
the concentration space. In this example, we have written all of the carbonate reactions using
the species CO;2 precisely so as to restrict all of the other carbonate species to involvement
in a single reaction. This is an essental first step in obtaining either the canonical formulation
(Lichtner, 1985; Lichtner, this volume) or to writing the reactions in tableaux form (Morel and
Hering, 1993), both of which assume that one is dealing with a set of linearly independent
reactions, but it is not essential for what follows below. The procedure will also work if,
for example, the formation of H,COz involved H™ and HCOj rather than 2 H™ and CO:{E,

although we will not obtain the conserved quantities (total H™. total CO;z. etc.) found in the
tableaux method without additional manipulations.

The system of ODEs could be solved directly in the form of Equation (14} if the reactions
are all described with kinetic rate laws. Alternatively, one can apply a Gauss-Jordan elimination



process to the matrix v and simultaneously to the identity matrix I until there are no pivots left
(Chilakapati, 1995). The resulting ransformed set of ODESs is now

dC
M. — =v"-R (15)
dt
which partitions the system of equations into N, ODEs associated with reactions and N,
conservation laws with zero right-hand sides (i.e. no associated reactions). The number of
conservation laws or mole balance equations is equal to

IVC = IV{(;; - rank Of v = Nrof - Nr. (16)

N,. therefore, refers to the number of linearly independent reactions between the species in
the system. For the sake of clarity, we make the first N, rows of the matrix M the ODEs with
associated reactions and the next N, rows the conservation equations, so that the left hand of
Equation (15) takes the form

My o My NN, i %T:‘L 7
Mn, 1 o M, NN dCnp
\ ) di a7
My, =11 - MN.+LN, _
: . dCN‘+N
st Al st
 My,aney o MNaN NN ] LTTd -

In our example. the Gauss-Jordan elimination is carried out on the the mauix v on the right
hand side of Equation (14) and the same row transformations are applied to the identity matrix,
1, yielding

~d[HCOa] ™
J -
J{HC“O;'] 0 0 =l

(18)

—ONO OO —
R o
—_-—_ O O — OO
col —ococo
COoO—O0O0O O
OC—_OOO 0O
—_ O OO0 OO
[ -
3
a-Ee-
H
li
cool ooco
- ]

OO0
CSOOOCOO0Q

S r— i
L dr 4

The stoichiometric reaction matrix, v*, now consists of a nonsingular 4 by 4 matrix (¥, by
N,) and three rows of zeros corresponding to the N, conservation equations. Writing out the
ODEs in Equation (18), we find

d[H:C03] _

- -R3 (19)
i?.*_a‘.:;_oﬂ = —R (20)
ﬂ.(_:%?gl}. = —Ry (21

d[OH™] = —Rs (22)




Table 1. Tableaux for carbonate system. neglectng
H,O as a species and component.

Components
H*  Ca*? €07l
Species H,CO; 2 1
HCO; | 1
CaCOs 1 1
OH~ -l
H* 1
Cat? 1
CO7? 1
and
d - i
= ([H*] + 2[H,C05] + [HCO; ] — [OH J)=0 (23)
d
- (ICa*?] +[CaCOs]) =0 (24)
d } -
- (€3] + [HzCO5] + [HCO3 ] + [C2CO03]) = 0. (25)

From the example, it is apparent that we have eliminated the reactions in the equations originally
corresponding to the species H, Ca*?, and CO;2 by making use of the relations in the first
four equations. The last three equations are mole balances for total H*, Ca*?, and CO;‘2

TOTH* = [H*] — [OH"] + [HCO7 ] + 2[H2CO3] (26)
TOTCa** = [Ca*?] + [CaCOs] @27
TOTCO;? = [CO3?] + [H,COs] + [HCO7 ] + [CaCO;s]. (28)

Note that the canonical form of the stoichiometric reaction matrix is identical to the
tableaux form popularized by Morel and coworkers (Morel and Hering, 1993; Dzombak and
Morel, 1990). By transposing the last three rows of the matrix M in Equation (17), we can
write the matrix in tableaux form (Table 1).

The procedure has yielded expressions for the total concentrations of the N, pnimary or
component species. A more general form is given by

Ny
TOT,=C,+ Y _w,X, (29)

=]

where C, and X, refer to the concentration of the primary and secondary species respectively.
Note that the number of secondary species is equal to N,, the number of linearly independent
reactions in the system (i.e. the rank of the matrix v). Equation (27) and Equation (28)
are recognizable as the total concentrations of calcium and carbonate respectively. The total
concentration of H* is written in exactly the same form as the other equations, although its
physical meaning is less clear because it may take on negative values due to the negative
stoichiometric coefficients in the expression. The mole balance equation for total H¥ is just
the proton condition equation referred to in many aquatic chemistry textbooks. Oxidation-
reduction reactions are also easily handled with this method. If the redox reactions are written
as whole cell reactions, there is no need in any application not involving an electrical current

(see Lichmer, this volume) to introduce the electron as an unknown. Writing the reactions as
whole cell reactions allows redox reactions to be treated exactly like any other reaction.
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6. Reservoir/Plan response - Sauty (1980) and EnvSE 408 Section 3.2
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What is the importance?

Connecting

Observation

Wing Heat|
Thermal
Mechanica
Hydrologi
Chemical




What are the roles of:
Stress fields and paths [M]
Thermal fields and paths [T]
Chemical potential fields and paths [CB]
In the evolution of fluid transport [H] behavior?
Specifically..... where fractures are present — what is the

transmission sensitivity?... and ...

Specifically..... whether fracture permeabilities increase or
decrease with net dissolution/precipitation,
pressure-solution, ..... ? And how quickly do
they do this?

............ and what are the controls on these processes?



Typical Modes of Analysis for THMC Systems:
THM - GeoMechanics THC - GeoChemistry

Direction
of Flow

o, = 0 MPa
o,= 0 MPa

e
Qo
3]
E

50 -40 30 -20 -10 0 10 20 30 40 50
[meters]
EETTTT T
-6.4 5.4 -4.4 3.4 24 -16
CO, Concentration [Log Volume Fraction]

Borehole 74 Interval 3

o, = 20 MPa

24 30 36
Test Duration [Months]

e.g. K-B. Min (2004) [Courtesy: E. Sonnenthal]

What is the form of the THMC linkage C-to-M?.... And is it important?



Road Map

Observations of anomalous C-M coupling
Constrained experiments
Observed response
Constraints on behavior



Experimental Configurations

Matrix Porosity

Temperatures, ° C
Effective Stress, MPa

ENEERS
Diss. Rate, k, [Mol.m=2.s1]

Precip. Rate, k [Mol.m=2.s1]

<0.01%
20-150
3.5
DI
~107
~107

G/w & DI
~10



Experimental Arrangement
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Apparatus
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Outlet ‘ Qmmass

Insulation
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h X-ray CT
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Confining

Qf,i=Constant
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Arkansas Novaculite (99.5% Si; n<0.01%




Typical Response
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Hydraulic Measurements of db/dt

Aperture Closure Rate, db/dt (m/s)

0 200 400 600 800 1000
Time [hr]



Mineral-Mass Measurements of db/dt

: dMidt = O X Cpareat 80°C
dMidt = O X Cporeat 120°C
—— JMidt = QX Cpore at 150°C
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Imaging-Derived Aperture Changes
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Road Map

Mechanistic models for response
Lumped Parameter Models
Granular systems
Fractures



Dissolution Processes
Approaches to Determine 4k or 4b

“7 Ab ‘G

dissolution

Time YUYy

N

precipitation

diffusion




Component Model

Interface Dissolution v, . « (zdzwj )
4 c

. . dcC d
*Interface Diffusion J==Dy Ju="2mrab, (d_cj

*Pore Precipitation

dr = Vpore Mk— (Cpore B Ceq )

[Yasuhara et al., JGR, 2003]



Mass Transfer Modes — Essential Components

Contact geometry evolves with interpenetration

(a)

diffusion  precipitation

¢ = <1>—><2>—><3>
2)C - +_> 7, +_>C]3
(1) G,y C, C,
B\C,,

Pore concentration allows mass balance for
arbitrarily open or closed systems



Matching Compaction Data o
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[Experimental data from Elias and Hajash, 1992]



Constraint on Fracture Apertures and Fluid Concentrations

(a

4

Asperity Local contact area, - . . ‘
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Increasing fracture closure
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[Yasuhara et al., JGR, 2004]
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Projected Response

of Novaculite

Define projected
behavior for varied
temperatures

....and mean stress
magnitudes

Aperture [um]

Aperture [um]

1 I I I
12 1 < Reach equilibrium in order of 1.0x 10° day
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EER G ) © R

©0000000000:0-000000000000000000000000000000 0000000000000 00

U 000000000000000000000000000000000000000000000000000000000 -
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=8 1P:
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O~ 10.00) N1Pa

|
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2500

[Yasuhara et al., JGR, 2004]
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Fractured Limestone — Features of Response
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Fractured Limestone — Features of Response
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Novaculite — 20 week response
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...and Lumped Parameter Prognostic Model for Novaculite ...
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.....and CT Observations......



Overview

Observations of anomalous C-M coupling
Constrained experiments
Observed response
Constraints on behavior

Mechanistic models for response

Lumped Parameter Models
Granular systems
Fractures
Scaling relations in space and time
Distributed parameter models
Conclusions




Distributed Parameter Models — Applied to Novaculite ...

@) 1.0 mUmin Reversed flow (20 °C) ®)
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2. Apply I.C. and B.C.

3
— Obtain velocity distr. in a fracture by solving Reynolds’ equation V( 11; ij =0
y7;

3. Dissolution at contact area and free-face (reaction)

é — Obtain concentration distribution + Modify aperture distribution due to dissolution
©
g dm ™ _ 37erngk+ (0,—0.)4, ; dm _24k Ceq -C,

dt 4RT dt y

4. Lagrangian-Eulerian method (Advection-diffusion)
— Obtain concentration distribution within and out of domain
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Distributed Parameter Model — Results for Novaculite ...

T T T _J T T
\\FF:ZOO FF:20 FF:12

Element size: 2.0 x 2.0mm?
Time step: At = 100 sec

Experiment
—O— Prediction

0 400 800 1200 1600 2000 2400 2800 3200

Time [hr]

Si concentration [ppm]

10.0

8.0

6.0

4.0

20

0.0

—— Experiment
—O— Prediction

OOy,

(OB | ]

800

1200 1600 2000 2400 2800 3200
Time [hr]

» Numerical model is capable of better replicating experiment — multiplier on k. is
greatly reduced over lumped parameter case.



Reynolds’ Flow Vectors and Measured/Predicted Aperture

Distribution in Sample

Wood’s metal cast CT image

(a) CT image

(b) Prediction
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Observations

1.

Transport properties change in sometimes surprising modes as
controlled by:

e Stress )
e Thermal _
>
«  Chemical-potential Fields and paths
« Advective flux )

Coupled Mechanical and Chemical feedbacks can be both significant
and relatively rapid — especially for systems far-from-equilibrium

Locations of mass redistribution exert a fundamental control on the
form and strength of permeability change

These fields and paths exert strong control on bulk transport [and
mechanical] properties — related mechanical properties are manifest as
a creep-like response (visco-elastic/plastic)

Understanding these complex interactions seem a prerequisite to
predicting behavior at prototype scales
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7_1 Exploration and Characterization - Geological Setting

Recap:

1. Dissolution/precipitation important within reservoirs and external plant
2. Equilibrium chemistry defines modes of precipitation/dissolution
3. Reaction rates determine rates of precipitation/dissolution

Movies: You now know enough to benefit from these

Reservoir Characteristics - Interpreting Temperature and Pressure Measurements from Wells
Rick Allis, Utah Geological Survey
https://www.youtube.com/watch?v=fClumFc3n5Y &t=2312s

Predictin{; and Detecting Natural and Induced Flow Paths for Geothermal Fluids in Deep
Sedimentary Basins - Stuart Simmons, EGI, University of Utah
https://www.youtube.com/watch?v=Z0OJWIWzWLDg&t=2997s

Others as on the syllabus - at the Penrose SedHeat Meeting:
https://www.youtube.com/channel/UCBHQHy4hVyBJQFogrKvKUAg/videos

Resources: WG6

Motivation:

1. Motivation [10%] Provide context for the topic. Use of relevant public domain videos are a useful
method for this. Why is this particular topic or sub-topic important in the broad view of geothermal
energy engineering?

T (o \
- | (°C

ey

25N Spe (-

Quality of resource defined by Thermal_power = Mass_rate * ¢ * delta_T
Therefore prospect for:

(i) High Mass_rate/permeability/overpressure and

(ii) High T at shallow depth

Less crucial in "engineered" systems - "EGS" and "GSHP"

Scientific Questions:

2. Scientific Questions to be Answered/Outline [10%] What questions arise from the motivation.
What are the sub-topical areas that address these scientific questions.

1. What geological habits/characteristics are indicative of geothermal reservoirs?
2. What methods are available to discover them and characterize the resource?
A. Geology/Geophysics
B. Drilling/Instrumentation
C. Well completion/Testing



GEOLOGY

1. What geological habits/characteristics are indicative of geothermal reservoirs?
A. Analysis of geology at a variety of scales - plate boundary to local
a. Reports
b. Surface features - remote sensing and imagery
c. Dirilling records
B. Initiate local investigation
Geochemical signatures
Geophysical investigation
Drilling and sampling
Well completion then well testing

aoow

Classification of Geothermal Systems - Regional Perspective (WG6)

TABLE 6.1
Geological Settings That Host Geothermal Systems
Depth to Surface
Type of System Topography Resource (m) Manifestations Permeability
Isolated continental Mountainous Moderate to deep Hot springs, pools Low to moderate
volcanic centers (A) (2000 to >4000)
Andesitic volcano (B) Mountainous Moderate to deep Restricted, depending  Low to moderate, but
(2000 to >4000) upon depth and fracture permeability
groundwater level can be high
Caldera (C) Rugged ring Shallow to moderate  Springs, pools, geysers, High permeability in
fractures, gentle (1500-2500) mud pots common tuffaceous units, some
floor fault permeability
Extensional sedimentary ~ Rugged on horsts, = Usually deep Normally along Mainly along bounding
basin and spreading gentle in grabens (>2500 m) bounding faults faults or transverse
centers (D, E) faults
Oceanic basaltic Rugged Shallow (<2000 m)  Lava flows, hot High horizontal
provinces, hot spots (F) springs common permeability along flow

Source: Paul Brophy, pers. comm.

units/breccias, etc.; low
vertical, mainly fractures
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s Elevation (ft asl)

A. Isolated continental volcanic centers (e.g. The Geysers)

B. Andesitic volcanoes (e.g. Cascade volcanoes incl. Newberry, Montserrat, BWI)

C. Calderas (e.g. Valles Caldera, NM (Fenton Hill), Yellowstone, Crater lake, OR,
Long Valley, CA)

C. Yellowstone & Long Valley

COAST SAN JUAN ISLAND NHP
RANGE
OLYMPIC NP (Including MOUNT RAINIER NP
Olympic
Mountains)

Juan De Fuca

Puget Sound/
Plate Willamette Valley
Juan De Fuca 50 CASCADE
Ridge =

=, VOLCANOES

SW NE

Mammoth Long Valley caldera
Mountain Resurgent dome—)' |ng:iain

0 BOST,
‘

Cascadia earthquake sources

Source Affected area Max. size Recurrence
* Subduction Zone West. WA, OR,CA M9 5(00-6)00 years
1700)
* Deep Juan De Fuca Plate West. WA, OR M7+  30-50years
(1949, 1965, 2001)
%% Crustal faults WA, OR, CA M7+  hundreds of years?
(CF 900, 1872)

A. The Geysers

B. Soufriére Hills Volcano, BWI

@
I- Normal
Temperatur
| Reservoir
_5240"0 Q)




D. Fault-bounded sedimentary basins (e.g. Rhine graben France/German and Soultz
EGS, Salton Sea, CA)

Landau Bruchsal |
Soultz
Pechelbronn ** CrOT‘EI'\biurg l

v i , A
A1 ’
N’ %!

N

' l‘ ry La)
- 49

Tm ~160-170°C T =100220°C

e =230+20°C

Depth (km)

E

Tm ~200°C

B Triassic
I Granite

[ Jurassic / Fracture zones in granite

Miocene, Pliocene and Quaternary
Oligocene

production:  160°C
relnjection: 70°C

upper reservoir,
3000-3400m,
11.25 km*

-4000-

-50004 ""BW(

E. Fault bounded extensional complexes (e.g. Taupo Volcanic Zone, NZ, East Africa Rift)

Taranaki Taupd Volcanic Zone Hawke's Bay Cover

Caldera subsidence Post-accretion sedimentary and
—_—

volcanic rock and loose sediment;
[/

Taupo Volcanic Zone in darker gray
Taupo

Basement Rock Volcanic

D Torlesse Composite Terrane Auckland,

- Waipapa Composite Terrane

- Caples Terrane
[ eitai Terrane-Dun Mitn Ophioite
I ik Terrane

- Brook Street Terrane
PACIFIC

Takaka and Buller terranes
PLATE l:]

Median, Karamea, Paparoa,
and Hononu batholiths

AUSTRALIAN
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F. Oceanic basaltic provinces (e.g. Hawaii, Canary Islands, Azores, Iceland)

’Conory Islc;nds

Cape Verde

wQ-.AusmAum‘\\ o

U

Plate boundary @l» Oceanic plateau @ Proposed hot spot

Adsaa subduction zone Volcanic ridge

Miuna Lew




These geological settings control the location of largely hydrothermal resources

What determines the optimal placement of wells? What methods are available to de-risk
exploration

What about EGS in widespread locations and sedimentary aquifers

Figure 1 | A Conceptual Representation of Risks and Costs during the Different Stages
of a Geothermal Development

Upstream Resource Development > Downstream Plant Construction/@peration}

High 100%

=

é Moderate 50% @

Z 8
-
=
=
3

Low === = T 0%

” | | ]] v v

e Surface Exploration Production SAGS + Operation +

@ Reconnaissance Drilling Drilling Power Plant Maintenance

($1-2 mil) ($20-30 mil) (~$20-120 mil) (~$20-200 mil)

earc-s  JNNeBRID Time

Source: Adapted from Geothermal Handbook (ESMAP 2012).
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7_2 Exploration and Characterization - Geophysics

Recap:

1. Geological setting provides information on global location of resources
2. Location specific structure will differ in various environments

Movies: https://www.energy.gov/eere/forge/sandia-national-laboratories-west-flank

Resources: WG7

Motivation:

1. Motivation [10%] Provide context for the topic. Use of relevant public domain videos are a useful
method for this. Why is this particular topic or sub-topic important in the broad view of geothermal
energy engineering?

MIDC

x| Wi

251N Spe (e

Quality of resource defined by Thermal_power = Mass_rate * ¢ * delta_T
Therefore prospect for:
(i) High Mass_rate/permeability/overpressure - define fast flow paths, and
(ii) High T at shallow depth
Less crucial in "engineered" systems - "EGS" and "GSHP"

Scientific Questions:

2. Scientific Questions to be Answered/Outline [10%] What questions arise from the motivation.
What are the sub-topical areas that address these scientific questions.

1. How do we locally define the reservoir and the distribution of:
A. Temperatures - as shallow as possible
B. Permeable pathways - as distributed as possible or high flow rates

GEOPHYSICS

1. Geomagnetic methods

2. Geoelectric methods DC/AC/EM
3. Seismic methods

4. Gravity methods

5. Borehole methods - Well logging
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Table 2.1. Specific resistivities

Rock type/Matenal Specific resistivity [2m)]
Lz:.) wy:j comeliefine. L‘d“ Rach g

clay, marl, rich 3I- 3
clay, marl, meagre 10~ 40
- :ﬂ.dﬁ 25 - 150
- S va (.“ ¢ with clay $0 - 300
: i sand, geavel in ground waler 200 - 400
¥ ; sand. gravel. dry 800 - 5000
New -un.q,-ywu. Corvel Smet rubble, dry 1000 - 3000
himestone, gypsum %- ;ﬁ
Synloared betaven salt beds and sah domes > 10000
granite 2000 - 10000
e 400 - 6000

Deposiied refuse
domesiic 12- 30
debnis and dumped soil 200 - 350
industnal mud 4 - 20
scrap metal 1- n
pieces of broken glass and poreelain 100 - 550
cashing 400 - 1600
(wet) 70 - 180
contaminated plume of domestic-garbage dump 1- 10
used oil 150 - 700
tar 300 — 1200
ing clothes and matenals 30 - 200
used lacquer and paint 200 - 1000

s- 2
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Fig. 2.8, Theee-layer masier curves in a log-log graph of the INGESO atlas. The resistivities of
the thiee bods are 1 the ratios 1 7:0.1; fiest layer © second layer : third layer The sounding cur-

ve, which has been drawn on log-log graph paper 1n the field, is laid on top of the master curve
and moved around until one of the master eurves tallies with the ficld curve. The thickness of
the second layer, which has heee seven tmes the pa-value of the first layer (see the resistivity
values at the top night) can be found by the number of the curve no.13. On the thickness beam
al the 10p left, which is divided from 0 10 16, the thickness h; can be directly determined



Edwards AFB, CA — Thermal Remediation Monitoring with ERT

Edwards Air Force Base, Edwards, CA

Contaminants Treated: TCE

Hydrology: Groundwater at 30 feet bgs

Geology: Fractured granite

Starting Contaminant Levels: DNAPL expected

Cleanup Levels Achieved: Project Awarded m 2000

Remediation Time Period: May-June 2002

Chient Reference: Scott Palmer. Earth Tech, San Jose CA, (408)-232-2826
Remediation Design Engineers: Dr. Gorm Heron. Dr. Steve Carroll. Mr. Hank Sowers

ERT data planes

21

r Example ERT data plane




Magnetotellurics

Measure electrical resistivity from current generated by the Earth's (natural) magnetic field.

e.g. West Flank Coso:
https://www.energy.gov/eere/forge/sandia-national-laboratories-west-flank

ety
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Figure 23. MT survey points throughout the Coso Volcanic Field starting in 2003 through 2011. The West Flank
FORGE test area polygon is pictured for reference.
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Figure 24, Map of MT conductance at ~600 meters depth of a 1D inversion. The red dashed line is the mapped
extent of the hydrothermal system at Coso. The West Flank FORGE test polygon is drawn on top for reference.



INDuCED PcLaliZATION (InDuced PeTEwTIAL)

Induced polorization [time domain)
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TIME - DOMAIN ELECTROMAGLETICS (TDMD
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FIELD METHODS

=

Ground

HLEM
bC EM-39 39 kHz |
e o g

Figure 3-22 Frequencies Uscd By Electrical Geophysical Methods

Table 2.3. Diclecuic constams (K), electnc conductivity (6), clectric velocity and attenuation
(a) at a frequency of 100 Miz. Davis and Anan (1989)

Matenial K ‘otmS/m) vim/ns) a(dB/'m)
Air 1 0 03 0
Freshwater 0 00 033 2:10
Seawater 80 300 00 0,1

Dry sand 4 om 0ls 001
Wet sand, Aquifer 25 oL 0.06 0.03
Limestone 6 0s: 012 0,04

Fat clay $-3%5 005 0.06 1,0-300
Granite s 0.1 013 001
Rock salt 6 01 0,13 0,01
Slate 518 003 0w 1.0-100

T

Velowty of EM wame emab(ua caled afun

Dieledrc conet defimes Tha pofertal (o atfomvot

Amplitude

R2

Fig. 2.17. Principlk of ground radar measurements
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3. SEISMIC HETHODS
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3.1 SE(SMIC REFRACTION
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. QRAVITY METHODS
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5. WELL LOGGING
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Table 24, Logging methods, measured parameters and objects of investigation

Symbol Parameter Result Object
GR count of natural natural radioacti-
gamma radiation vity of rocks clay content
D counts of compton density of rocks fracturing,
scattered rays porosity
N counts of sccondary Tithadagy stratigraphy
NCULTON -Newtron ray's porosity
% resisaity resustivaty hydraulics,
MLL at borehole wall smull scale hydraulics
focuscd wnduction
FEL, focused clecunic true resistivity of lthology
LL hog rock
sp seif-potenmal (probe- sources of electric oxadizing
to-sarface) potentials ‘bodies
SAL resistivaty of bare- salinity total salt content
hole fluid of Amd
TEMP temperature of bore- geothermal figld thermal
bole fluid gradient
SONIC travel tume of sois- seismic velocity sevsImic
sV mic waves welocity
CAL borehole diameter shape of borchole correction of
walls other logs
FLOW revolutions of & velocity of flud zomes of in-
spinner Now and gutflow
of water
bv compass and dipmecter inclmanon + ar- spatial dnll path
‘murth of borehole
video signals, sune of barchole direct view
photography walls of lithology

Fig. 2.24. Companison of different logs with the lithology of cores.

SP = self-potential survey, ES = electrical survey measures resistivity in 16” and 64” point
array; FEL = focused electrical log for thin layers; IEL = induction electric log measures clec-
ﬁcmny:GR-mmmmwmo-Mmeynﬁftmm-
ma source and detector



Table 2.4. Logging methods, measured paramcters and objects of investigation

Symbol P Resul Obi
GR count of natural natural radioacti- petrography
gamma radiahion vity of rocks clay content
D counts of compeon densaty of rocks fractunng.
scattered rays parosty
N counts of scconéary lithalogy stratgraphy
ACULTON-ACULIOr, Fays [parosity
EL, apparent resisitivity ftrue resistivity Ihydraulics,
ES lithology
ML, apparcal Fosistivity ‘truc resistivity lithology.
MLL at borehole wall smatll scale hydraulics
1EL app. conductivity, ‘true conductivity lithology
focused induction
FEL, focused clectric itrue resistivity of lithology
(88 log Tock
sP scif-potential (probe- sources of electric oxidizing
1w-surface ) potentidls bodies
SAL resistivity of bore- salinity ftotal sal content
hole flud of fluid
TEMP temperature of bare- geothermal Ficlé thermal
hole flud gradicm
sV mic waves velocity
CAL borchole dameter shape of borchole camection of
walls other logs
FLOW revolutions of & velocny of flwd zomes of -
spinner flow and outflow
of water
v compass and dipmeter inchmaton + an- spatial drill path
‘muth of borehole
oPT video signals, state of borchote direct view
photography walls of lithology
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Fig. 2.25. Probes for geophysical well logging
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4. RESOURCE EXPLORATION AND
CHARACTERIZATION

4.1 Geology
4.2 Geophysics
4.3 Drilling



8_1 Exploration and Characterization - Drilling

Recap:

1. Geophysics provides 3D view of the reservoir/site at high granularity

2. Uses only proxies for permeability and temperature - and no samples or p,T,x measurements
3. Geophysics low cost but only slightly reduces investment risk

Movies: (GSHP Installation) https://www.youtube.com/watch?v=IMO9jvwIHFg

West Flank Coso: https://www.osti.gov/servlets/purl/1455367/

Resources: WG9

Motivation:

1. Motivation [10%] Provide context for the topic. Use of relevant public domain videos are a useful

metho d for this. Why is this particular
topic ) i or sub-topic important in the broad
view of geothermal energy engineering?
& |\ e
dx
N Bpe(le—

Quality of resource defined by Thermal_power = Mass_rate * ¢ * delta_T
Therefore prospect for:
(i) High Mass_rate/permeability/overpressure - define fast flow paths, and
(ii) High T at shallow depth

Less crucial in "engineered" systems - "EGS" and "GSHP"

Scientific Questions:

2. Scientific Questions to be Answered/Outline [10%] What questions arise from the motivation.
What are the sub-topical areas that address these scientific questions.

1. How do we locally define the reservoir and the distribution of:
A. Temperatures - as shallow as possible
B. Permeable pathways - as distributed as possible or high flow rates
.. by direct access.....

DRILLING

1. Soil - Trenching/Augering/Tricone drilling
2. Rock - Tricone drilling/Core drilling
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Table 9-3. WMMJW(WMA&QLMGH.
1967; Rehm et al, 1985; USEPA, 1967).

CMETBOD . | U APPLICATIONS/ADVANTAGES Lo U IMITATIONS
HAND AUGERS ~ A hand suger o Shallow soll fsvestigations (0 10 15 ) ¢ Limited 10 very shallow depths
ia advanced by tarning it isto the * Soll sampies collecied from the suger (typically < 15 1)
soll until the bucket or screw s cutling edge * Usabic 10 pesctraie exromcly dousc
filied. The anger is then removed o Water-bearing 3one identification or rocky or gravelly soil
from the hole. The sample s ¢ Conlamination presence CXRmination; * Borehole stability may be difficult to
dislodged from the anger, and sampic saintain, particularly beneath the
drilling continnes. Motorized uaits | Shallow, small diameter well imstallation wmter table
arc also available. * Experienced wer can identify stratigraphic * Potential for vertical cross-
imterfaces by pemctralion resistance contamination
difforcnces as woll su sasaple imepuction o Labew intonaiue
* Highly mobile, and can be wed in confined
spaces
* Various types (Le., bucket, scrow, eic.) snd
sizes (typically 1 %0 9 inches in diameter)
* Incxpensive to purchase
SOLID-FLIGHT AUGERS ~ A * Shallow solls imvestigations (< 100 ft) e Low-quality soll samples unicss split-
cutter bead (2 24ach diameter) s | * Soil sampies are coliecied from the auger spooa or thin-wall samples are taken
stiached (o multiple suger flights. Nights or wsing splitspooa or thiv-walled ¢ Soil sampie data limited to aress and
As the sugers are rotated by a samplers if the hole will not cave upoo depths where stabic solls are
rotary drive bead and forced down retrieval of the sugen
by cither & bydraulic pulldown ora | * Vadose 300¢ monitoring wells ¢ Unabie to install monitor wells in
feed device, cultings are rotated up | * Momitor wells in saturated, stable solls mos! unconsolidated aquifers
10 ground surface by moving along | * Identification of depth 10 bedrock because Of borehoic caving upon
the continwous Oighting. * Faat and mobile; can be ueed with small suger removal
rgs * Difficuit penetration in loose
* Holes up to 3-N diameter boulders, cobbics, and other material
* No fluids required that might bock wp suger
¢ Simpic 10 decostaminaic ¢ Moaitor well diameter kimited by
suger diameter
L (mmm
matcrak
* Potential for vertical cross
conlamination
HOLLOW.STEM AUGERS - * All types of soil iovestigations to <100 it « Difficulty in preserving sample
HOUOW SICID AUGCTIngG B GO o & chow o mlcgrity i borving (ruaning sand)
similar manner 10 solid-Oight * Permits high-guality soil sampling with formations
sugering. Small-diameter drill rods splil-epoon or thin-wall samplcrs o If water or drilling mud i weed 10
and samplers can be lowered * Waler-quality sampling control heaving will isvade the
through tbe hollow sugers for * Monitor well installation io all formation
sampling. If mecessary, sediment sscomsolidated formation ¢ Potential for cross-contamination of
within the bollow stem can be e Can scrve s 8 lemporary casing for coring aquifers where annular space sot
cleaned out prior 10 ineerting » rock positively coalrolied by water or
sampler. Wells can be completed * Can be weed in stable formations 10 set drilling mud or suriace casing
below the waler tabie maing the sur{sce casing * Limited suger diameter mits casing
sugers m lemporsry casing. ¢ Can be weed with small rigs in confined size (typical sugers are: éVedn OD

spaces
* "Does not require drilling Ouide

with 3¥ein ID, and 12-in OD with é-
i ID)

¢ Smearing of clays may seal off
imterval 10 be moaitored




9.9

Tabic 9-3.  Drilling methods, applications, and imitations (modified from Aller et al, 198%; GRI,
1987; Rehm et al, 1985; USEPA, 1987).

1 METHOD U L APPLICATIONS/ADVANTAGES 0 'LIMITATIONS
DIRECT MUD ROTARY - ¢ Rapid drilling of clay, silt, aad ressonably * Difficult 10 ressove drilling mud and
Drilling fuid js pumped down the compacted sand aad gravel 10 great depth wall cake from outer perimeter of
drill rods and through & bit (>700 0) fiter pack during development
stiached 10 the botiom of the rods. | * Alows split-epoos and thin-wall sempling ¢ Bestonite or other drilling Ouid
The fuid circulstes up the annular i wacomsolidated materials edditives may influcnce quality of
space bringing cuttings 10 the * Allows drilling sad core-eampling in ground-waler samphos
surface. Al the surface, drilling comsolidated rock * Potential for vertical cross-
fuid and cuttings arc discharged * Abundast and ficxible range of tool sises comtamination
into 2 baflled sedimentation txak, and depth capabilitien * Circulaled cutting ssmples are of
Poud, OF pii. The wak siOwent - Suptisucsecd o illing sl med progsmee poor quality; difficulkt to determine
overflons (oto a suction pit where svailable sampic depth
drilling Ouid is recirculated back * Geopbysical borehole logs ¢ Split-epoon and thin-wall samplcrs
through the drill rods. The drill are cxpeosive and of queslionable
stesm is rotated at the surface by cos! effectivences ot depths > 150 1t
top bead or rotary table drives and * Wircline coring techniques for
down pressure is provided by pull- sampliag both unconsolidated and
down devices or drill collar. comsolidated formations ofien not

svailablc locally
* Drilling fluid isvasion of pcrmcable
BOBes may compromise imlegrity of
subsequent moaitor well samples
* Difficult 10 decontaminste pumps
AIR ROTARY ~ Alr rotary drilling | * Rapid drilling of semi-comsolidated and * Surfsce casing frequently required o
Is similar to mad rotary drilling comsolidated rock 1o great depth (>700 ft) protect top of hole from ceving
exceplt that air is the circulation * Good formation samplcs * Drilling resiricted 10 semi-
mwedium. Compressed air injected (particularly i small quantities of drilling comsclideted and comsolidaied
through the drill rode circulaies Duid arc weod) bocause casing provests formations
cuttings and groundwater up the mixture of cottings from bottom of hole * Sampies relisbic, bul cocur as small
aanulus to the surface. Typically, with collapsed masierial from sbove chips tha! may be difficull 10
rotary drill bits are weed in * Allows for core-sampling of rock
sedimentary rocks and down-bhole ¢ Bquipment generally svailable * Drying effect of sir may mask lower
baoc Ui me vl i bhaves = Albows vy aod guick meatificetion of yicld wmicr producing noees
igneous and metamorphic rocks. lthologic changes * Air stream requires contaminant
Monitor wells can be completed a8 | * Allows identification of most waler-bearing filtration
open bole intervals beneath 2008 ¢ Air may modify chemical or
cdescoped casings. * Allows estimation of yiclds in strong water- biological comditions; recovery time
produciag soscs with sbort “down Lime” is umcenain
¢ Potential for vertical cross-
conlamInaLion
* Potential cxists for kydrocarbon
contamination from air compressor
or down-hole hammer bit olls
AIR ROTARY WITH CASING ¢ Rapid driling of wncomsolidaled sands, ¢ Thin, low pressure waler-bearing
DRIVER ~ This method wees 2 silts, and clays soncs esslly overfooked i drilling mot
casing driver 10 allow sir rotary ¢ Drilling in alluvial maierial (mchuding stopped at sppropriste places 0
drilling through msstahie boulder formations) obscrve whether or pot waler levels
wacossolidated malerial. * Casing supports borehole, thereby are recovering
Typically, the drill bit s extended 6 maintaining borebole inlegrity and reduciag | ¢ Samples pulverized s in all rotary
10 12 inches shead of the casing, potential for vertical cross-coslamination drilling
the casing is drives down, and thes | * Eliminstes circulation problems common * Air may modify chemical or
the drill bit is wead 40 clean - - ~with direct mud rotary method biclogical conditions; recovery time
material from within the caing, ¢ Good formation samples because casing s wncertain




Table 3.  Drilling methods,
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and limitations (modified from Aller ot al, 198%; GRI,
W;MCLMUSEPA.M

St METEOD 3 ﬂ-"f"fi it i Beids APPLICATIONS/ADVANTAGES S0 L AMITATIONS
DUAL-WALL REVERSE * Very rapid drilling through both * Limited borehoic siac that hmits
ROTARY ~ Circulating fiuid (air smcossolidated and consolidated formations dismeter of monitor wells
or waler) s injected through the * Alows comtineous ssmpling im all typos of * In mestablc formations, well
sanulus between the outer casing Sormatioss dismeters are kmited 10
sad drill pipe, fows into the drill * Very good represestative semples can be - approximately 4 inches
pipe through the bit, and carries obtained with reduced risk of * Bquipmco! svailablc more common
cuttings 10 the surface through the coatamination of sempic and/or weser- i the southwest US. than cleewhere
drill pipe. Similar 10 rotary drilling »00e * Alr may modify chessical or
with the casing driver, the outer * Allows for rock coring biclogical conditions; recovery time
pipe stahilives the horehole and * In stable formations, wells with diameters s encertain
reduces cross-costamination of as large as 6 inches can be installed in opea | * Unsable 10 imstall Bher pack unices
Duids and cutlings. Various bits hole compictions completed opea hole
can be weed with this method.

CABLE TOOL DRILLING -~ A * Drilling in all types of geologic formations * Drilling is slow, aad frequeatly mot
drill bit is attached 10 the botiom * Almost sy depth aod diameter rnge cost -effective a8 & result

of » weighted drill stem that s * Essc of moaitor well instaliation * Hesving of wacomsolidstod materiake
sttached 10 » cable. The cable and | ¢ Esse and practicality of well development must be controlied

drill stem are suspended from the * Excelicnt samples of coarse-grainod media ¢ Equipment svailability more common
drill rig mast. The bit is can be obtained in central, morth central, and
alternalively raised and lowered « Potential for vertical cross-contamination is sorthesst sections of the US.

|10 e formation. Ceungs mc redeced bocassc casing i advasced with

periodically removed wsing &

bailer. Casing must be added »s ¢ Simpic equipmen! and operation

drilling proceeds through uasiable

formations.

ROCK CORING ~ A carbide or * Provides high-quality, sadisturbed core * Relatively expensive sad slow rale of
diamond-tipped bit is altached 0 sampies of stiff 10 hard clays and rock penctration

the bottom of » hollow core barrel | * Holes can be drilled at any angie * Can losc 8 large quantity of drilliag
As the bit cuts decper, the rock * Can detect location and nature of rock water inlo permeable formations
sample moves up into the core fractures * Potestial for vertical cross-

tube. With » double snll soee & Man ses srwe boles In run 8 svmplets anile onmtamineison

barrel, driliing Owid circulates of geophysical logs

between the two walls and does * Variety of core sizes svailable

pot contact the core, allowing * Core boles can be utilized for ydraulic

better recovery. Clean waler s tests and monitor well compietion

vsually the drilling fuid. Standard | * Can be adapted to a variety of drill rig

core tubes are atiached (o the types and operations

botiom of a drill rod and the
enlire sinng Of roas MUl be

removed afler each core ren.
With wireline coring, aa iaser core
barred is withdrswn through the
drill string weing an overabot
device that s Jowered on 8 wireline
im0 the drill atring.
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Table 8-3.  Drilling methods, applications, and lmitations (modified from Alier et al, 1989; GRI,
1967; Rehm et al, 1985; USEPA, 1967).

we soalod with growt from the boticom wp
wpon rod ressoval
* Porows probe sampiers can be weed to
collect groundwater sampies with mimimal
loss of volatile compounds
* Soll gas sampling can be conducted
log of contiowously sampied soll at | * Fleid sampling from discrese inlervals can
ao adjscest location. be conducted weing special tooks (e.g., the
™ manutactured by Q.ED.
References: Robertsos and Eaviroamental Systesss of Asa Arbor,
Campanella (1986), Lurk et al Michigan)
(1990), Smolicy and Kappescyer
(1991), Christy and Spradlin
(1992), Edge sad Cordry (1989),
and, Chiang et al. (1992). ;




ble 1. Well-Drilling Selection Guide

e et

gence requires

devices to obtain.)

used. For example, large,

|
Nominal
| Type of Rangeof | Sam
D Drilling Casing Drilling Ohhll'::lo Coring | Reference
Drilled ” Sizes, in 2)
in ft1_J - i
Power None, Water, .
(Hollow Stem) e Yes un::u <180 | 5-22 S.F Yes | 62
Power Auger Mud No | A <180 | 210 B Yes | 6.3
(Solid Stem) | Nater. wm ! .-l
= T VI ) '
None, Water Soil,
Power Bucket Auger | (below water No Weathered <180 18 48 s Yes 6.4
table rock N
7 ' | <70 (Above [
Hand Auger None | No Soll lv&at:nﬂ 2-8 S l Yes 65
DirectFluid Rotary | Water,Mud = Yes | SolRock | >1000 | 2-38 SR Yes 73
o | |
Direct Air Rotary | ALY | yoq Sol, Rock = >1500 2-26 S.RF Yes 74
o Alr, Water, Rock,
DTHMammer | o i Yes Bouders | <2000 4-18 R Yes 75.1
Wisine | AWML | ves | SolRook | 1000 5 8.RF Yes 76
Reverse Fluid Rotary | Waler,Mud |  Yes | Sol,Rock = <000 | 12-3 8.R.F Yes 78
— - .
Reverse Alr Retary “i:' Yos Seil, Rock = >1000 12 28 &R F Yoo 77
3 F a1 8. R, F (F- Below
CableTool Water Yes Soil, Rock | <5000 68 Woter Tabie) | YO 8
Casing-Advancer | AFUMSIEL | yg ‘:‘::“T <2000 216 8.R F Yes 9
- — - — —— -
Direct-Push Technology|  None | Yes Soul <100 15-3 3 Yes 10
< -
I . |
Sonic (Vibratory) mﬁ' v | 42 | SRF ves 1
Jet Porcussion Waler = Mo Soil <50 2.4 | s N | 12
Jetting | et | Yes Soil <50 .- 4 8 No 12
1/ Actual actwevable drilled depths will vary depending on the ambient conditions existing at the site and size of driling

high-torque ngs can drill to greater depths than their smaller counterparts under favorable site
. Boreholes drilled using air/air foam can reach greater depths more efficiently using

positive-displacement

having the capability of developing working pressures of 250 to 350 psi and 600 to 760 cfm (particulerly when
higher pressures) The smaller rotary-type compressors are only capable of producing 8 maximum working
pressure of 125 psi. and produce 500 to 1200 cfm. Likewise, the rig mast must be constructed to
loads expected. To allow for contigencies, it is recommended that the rated capacity of the mast be at least twice the anticipated weight
load or normal pulling load. 2_/ Soil = § (Cuttings), Rock = R (Cuttings), Fluid = F (Some samples might require accessory sampling

safely camy the anticipated working
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History ) e,

= First Oil Well in US — Drake’s 1859

" First Geothermal Projects
= Larderallo, Italy 1913
= 250 kw, expanded in 1935
= Sold electricity to the electric railway system
= Geysers, USA 1921
= 250 kw, just for use at the Geysers Resort
= Commercially developed in 1962, PG&E sold into grid system
= Wairakei, New Zealand 1958




Relative Size by Active Rig Count @

= Qil and Gas Rigs Worldwide
1,448*
= USA 424
= Canada 69
= International 955

= Geothermal Rigs Worldwide
~15-20

* From Baker Hughes Rotary Rig Count, June 2016 RS 3




Geothermal Drilling vs O&G )

= Hot

= Often

= Larger diameters

By definition

High matrix strength
Abrasive

Fractured

Underpressurized formations
Corrosive fluids

12 %" dia. bottom-hole common

Drilling Costs can Exceed 50% of a Developer’s Capital Investment




Different Purposes For Wells

Gradient Holes

Test or Exploration Wells
= Core Holes
= Slim Holes

Production Wells

Injection Wells

Sandia
National
Laboratories




Different Drilling Processes ).

= Cable Tool/Auger
= Continuous Coring

= Rotary
= Mud
= Air, Mist, Foam




Basic Components of the Drilling System

= Bits

= Drilling Fluids
= BOP

= Casing

= Cement

Sandia
National
Laboratories




Bits in Geothermal ) 2.

= Used to extend the hole
= Roller / Drag Bits (e.g., PDCs)
/Hammers/Diamond Impregnated
= Roller bits most common in
geothermal drilling

= “QOld” technology — Source of Howard Hughes
fortune (Hughes Tool Company founded in
1909 by dad)

= Durable in hard fractured formations but slow
and inefficient rock reduction tool

= Significant research over past couple decades
(bearings, cutting structure, ...) but
footage/day remains low in geothermal.

= Bits are part of the bottom-hole-assembly
= Collars / stabilizers / reamers/ jars / ...




Rock Reduction in Broader Industry @=.

= Polycrystalline diamond compact (PDC)

= ~2/3 of world footage drilled with PDC’s and
all high $SS 0&G wells

= Efficient, high performance tools
= Viable for geothermal with recent advances

= Percussive hammers (air)
= Extensive use in mining industry
= Efficient, robust tool for hard rock limitations
have been addressed
= High speed motors / turbines with
impregnated diamond bits

= Excellent results in O&G in drilling high
strength rock

Rock reduction systems used in other industries can be applied to geothermal
drilling to substantively improve daily drilling rates




Drilling Fluids h) B,

= A circulation system (fluid/pumps/cleaning)

Clean the hole of cuttings
Cool and clean the bit
Wellbore stability
Lubricate the drill string
Form filter cake

Well Control




Drilling Fluids in Geothermal ) s,

= \Water-based muds

= Bentonite primary viscosifier, polymers used but degrade
at HT

= \Water uptake in solids greater at high temperatures,
cleaning important

= Mud coolers often used

= Air/Foam/Mist drilling common in geothermal
= Prevents fouling of fractures
= Probably not a big issues with EGS

= Clean water
= Used with high lost circulation and drilling without returns

11
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Blow Out Prevention Equipment )
— Well Control

R W
: AR
» ‘\.

Blowout
prevention
equipment
(BOPE) in
geothermal
drilling is
necessary

12




Blow Out Prevention in Geothermal @&x.

= BOPE is used to control “kicks” and potential outflow

= Different components (rotating head, annual preventer, pipe
rams, blind rams, shear rams)

= Deepwater Horizon demonstrated why they are not called
blow out stoppers
" Protects against unexpected steam or gas flow
= Circulating hot water to surface which can flash
= Higher temperatures or pressures than expected
= Loss of drilling fluid in the well can result in flashing
= Lost Circulation

= Some air drilled wells are advanced while producing

Mud is the first line of defense; BOPE and cemented casing are the

second.
13




Casing and Cement ) e,

= Driven by Well Design
= Well design is a bottom up process

= Casing and Cement
= Provides aquifer protection
= Part of the well control system
= |solates troublesome formations
= Can define production zones
= Provides fluid pressure control

= Geothermal casing is cemented to surface
= Eliminates trapped water
= Restrains unacceptable growth




Cement and Casing )

15m

= Casing and Cement need to
= Retain strength at high temp.

244m

= Withstand corrosive fluids 1067m

= Cementing to surface often -
problematic . ! .
= |nside out common L g

= Qutside in being used (reverse circulation)

= Geothermal specific cements have
been developed by DOE

= e.g., “Thermalock”




So what are Well Cost Drivers? ) s,

HOLE Information CASING Information
CONDUCTOR CONDUCTOR PIPE
. 48into 80 ft 40 in, Line Pipe to 50 ft
= An exercise SURFACE HOLE SURFACE CASING
S Sy
" 6km (20’000 ft) well PRODUCTION L-1 TIE-
. . BACK
= Analytical flow calculations 133,720 10
performed to determine wells INTERMEDIATE HOLE 1 INTERMEDIATE CASING 1
ability to meet MIT report Bt Somminag BT

recommended flow rates (80 kg/s
@200 °C, 5 MWe)

= ThermaSource Inc. per‘for‘med PRODUCTION HOLE 1 PRODUCTION LINER 1
" R ” . 17-1/2 in to 10000 # 13-5/8 in, 88.2 ppf, P-110, BTC,
drllllng On paper exerCISe seamiese Top of 13-&/8 in Production

Liner 1 at 4800 ft

describing operational steps, tools,
materials and costs

= Drilling script provided by
ThermaSource is subsequent basis
for well construction analysis ERODUCTION HOLE 3

PRODUCTION HOLE 2
12-1/4 in to 17000 ft

PRODUCTION LINER 2
53.5 ppf, P-110, BTC, Seamless

Top of 9-58 in Production Liner
2 at 9800 ft

PRODUCTION LINER 3
7in, 32 ppf, P-110, BTC,
Seamless

Top of 7 in Production Liner 3
at 16800 ft

16



EGS Well Construction Costs

W Casing Consumables

M Drilling Consumables

BRunCsng
HRigU/D

OLog

8%

O Trip
1%

2%

0%

5%

1%

OWH Ops
1%

OBHA

59, @MBOP

1%

O Casing
21%

mRigU/D

ORunCsng
6%

BWH Ops
2%
OBOP
3%

1%

OBHA
13%

OCirc

W Cement
3%

ELog
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@ Drill
41%

Bl OCement
D Dri 0,
23% 19% B Trip

W Circ 22%

2%
0 . .
Well cost (%) breakdown by task. Well construction task time percentages.
Drilling Casing

Phase Drill Trip Circ Consumabl| BOP BHA Casing RunCsng [ Consumables| Cement | WH Ops Log RigU/D [ Grand Total |Cost/ft
1 Surface $109,728 $36,070 $6,278 193,155]  $81,620 148,916 $170,000 31,392 $258,171 $43,949 130,813 24,183 1,234,276 $2,469
2 INT-1 $987,550 203,561 $14,116 582,450 $62,785 153,840 $950,000 94,177 $1,258,078 $75,341 165,691 12,557 $4,560,146] $912
3 PROD-1 $909,173 309,909  $34,045 354,380 $0 291,501] $1,123,200 94,177 758,349 200,569 12,557| $4,087,861] $818
4 PROD-2 $1,786,996 768,065 $132,817] $352,590 $0 252,146 $705,600] $125,569 577,114 241,261 6,278 $4,948,436| $707
5 PROD-3 $852,750 833,203 $155,906 185,492 $0 264,786 $217,600( $125,569 $368,342 270,326 6,278| $3,280,253]$1,093
6 PL1-TB $6,278 100,455 $12,557 $81,620 213,468] $1,128,000| $43,949 690,428 $69,063 6,278| $2,352,097
General $255,000 $255,000
Grand Total $4,652,477| $2,251,263] $355,720( $1,668,067| $226,024| $1,324,657| $4,294,400| $514,834 $255,000{ $3,910,481] $188,354| $1,008,660| $68,132| $20,718,069
SAND2008-7866 (2008) 17



Well Cost Exercise )

= Results consistent with proprietary drilling records
= Drilling, casing and cementing costs are obvious

= QOther costs such as tripping and BHA handling are
not trivial

= Task and consumable cost structure changes with
depth and design

= Relative impact of new technologies and methods
will be dependent on well specification

= Non-hole making tasks are significant cost drivers
= Tripping and BHA handling are not trivial contributors

There is no economic silver bullet! Reducing well
construction cost will require multiple focus areas

18




Geothermal in Sedimentary Systems®z.

= Drilling will be closer to the O&G experience, but not
the same.

= Large diameter wells, High temperatures, Casing
approaches, ...

= Higher ROPS likely, but cost will be comparable
= Many drivers on cost that are agnostic of application

= Economic pressures will remain (leverage co-production?)

= Completion schemes will likely be different than
“traditional” geothermal

= Simple slotted liners may not be viable

19




High Temperature Challenges
in Geothermal Drilling and
Resource Exploration




High Temperature Failures ) .

= A high temperature environment by itself can be a primary failure mode
with electronic components, seals and circuit boards
= High temperature can also accelerate other failure modes
= |ntermetallic growth and voiding
= Materials outgassing
= Corrosion from wellbore fluids
= Hydrogen darkening of optical fiber

= Stress induced failures from CTE mismatch




Standard Open Hole Logging Tools

= Temperature, Pressure, Spinner (Flow)

= Spontaneous potential

= Resistivity (induction and laterolog)

= Gamma (total and U, K, Th spectrum)

= Gamma density (can include photoelectric factor)
= Sonic (porosity, stress estimate from dipole tool)
= Neutron porosity (can include formation sigma)

= NMR (pore size, porosity, permeability estimate)

= Borehole imagers (microresistivity and ultrasonic)

Sandia
National
Laboratories




Other Logging/Monitoring Tools @&

= Cased Hole
= Multi-arm caliper
= Casing inspection (ultrasonic, EM and Hall effect imagers)
= Cement Bond Log (sonic and ultrasonic)

= Seismic
= Vertical seismic profile

= Fiber optic
= Distributed temperature sensing (DTS)
= Seismic

23



MWD/LWD ) .,

= Measurement While Drilling (MWD)

Pressure and temperate

Shock and vibration

Direction and inclination

RPM, weight on bit, torque on bit

Data is transmitted in real time (EM or mud pulse telemetry)

= Logging While Drilling (LWD)

Most of the open hole logging measurements

Measurements are stored for later download




Commercial HT Tools =

= Most open hole logging tools are available in a HT versions up
to 260°C

= Dipole sonic tools, microresistivity imagers and NMR tools are the
exception

= Dewar heat shields are typically used above 177°C
= Logging time can be between 4 and 12 hours

= MWD/LWD systems are typically limited to 180°C

= Halliburton claims a 230°C system with directional, drill string
dynamics, pressure and gamma information

Significant costs incurred if tools are run over their max

temperature!
25




National

Electronics )

= Most commercial HT tools use automotive or MIL-SPEC
components and heat shields

= High temperature SOI devices provide limited analog and
digital capability up to 300°C

= SiC power devices and GaN RF devices offer additional
functionality at temperatures exceeding 300°C

= Barriers to adoption
= Cost
= Component selection

Packaging
= Everything else (solder, sensors, seals, cables...)




Passive Components th

=  Wirewound resistors are typically used
at high temperature

= Become large as values increase

= Coatings can degrade over time

= Metal film resistors can be susceptible Resistor Test
to the downhole environment 17800 e wrewauns Rosir
= Only ceramic capacitors can be used o0 RS
above 225°C o200
= Values are low for stable dielectrics e W R 0

® Fail shorted

=  Currie Temperature becomes and issue
for magnetic components as operating
temperatures increase




Packaging and Circuit Substrates = @i

Polyimide boards begin to fail above
250°C

Ceramic boards show promise for
applications above 300°C, but are

difficult to manufacture for large aspect
ratio boards (ex. 18” X 1”)

Small multi-chip modules show promise
for HT packaging
= Die attach CTE mismatch must be solved
for a wide range of systems
= Die -Si, SiC, GaN
= Substrate - Al,O;, AIN, Si;N,
®= Die bond pads must be matched to bond

wire to avoid issues with intermetallic
formation and Kirkendall voiding

L4 . " E
e 4 2 e mm L oSSR
s ™ 2 & L 1 - p : : --
. 4 4 . N 1
[ 3 -_= i s = LRI SRR 2
- - L e - . m
" 2 e ® e’ -3 - ‘&
gy % et SE =17 |
- i s LS T T R S |
. - .o, . = e b |
|
* L " ML P B &
&
4) 3R ™

Hybrid Circuit in Metal Package
(courtesy Quartzdyne, Salt Lake City, UT)




Solder and Wire )

= Most HT solder alloys consist of
high concentrations of Pb with
either Sn or In

= High temperatures increase
intermetallic growth rate
" Cu-Sn, Au-Sn, Au-In
= Leads to brittle failures and voiding
= AuSn solder can help, but is
expensive and difficult to work
with
= HT electronics assembly
requires specialized tools




Seals and Insulation

= Polymers typically fail quickly
in geothermal environments

= Temperature, pressure, corrosive
chemicals

= Seals are typically changed
after a single HT logging run

= |nsulation and encapsulants
cannot be replaced easily

= Example materials:
= Teflon
= Kalrez
= PEEK
= Kapton

Weight Percent

106

th

Weight Change After Steam Exposure (250°C)
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Sensors rh) e

= Pressure and temperature sensors are available up to 300°C

= Some accelerometers can function up to 275°C, but
geophones are limited to ~200°C

= GM tubes and Nal crystals are limited to ~200°C
= PM tubes available for 175°C
= No commercial high temperature photodetectors

Widebandgap materials may provide a pathway to new
high temperature sensor designs

31




Fiber Optics ) .

= H, darkening is a major cause
of fiber optic sensor failure in

ge Ot h e r m a I We I I S 50 ft, 250C, 7?;?::ﬂf:lagressure of H2
0 T T
= Fiber embrittlementis also an 25 s |
. E | R e
Issue s j \\Wi — Intal
8 V
. . g -10 ——1.5hrs
= Pure silica core fiber and g T | —
. . 3 AN 3.75Hrs
hermetic carbon coatings help - lf’f*i —sam
N . E —THrs
at lower temps, but still fail at % 1 1®  16 |—ssm
3 Ooo C Wavelength, um

= H,scavenging gels can be
used, but also only buy a little
more time

32
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Special HT Considerations for e,
MWD/LWD and Drilling Tools

= Downhole power for MWD/LWD systems is typically provided
by mud driven generators and batteries

= Batteries are not readily available between 200°C and 300°C

= Supercapacitors may provide a solution

= Elastomeric seals in downhole motors begin to fail above
177°C

= Bearings in rollercone bits can fail at temperature

= Shock and vibration mitigation becomes difficult due to lack

of reliable elastomers
33
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Thoughts for Discussion ) e,

= Understand what kind of wells will be needed for EGS

= Well construction, completion, reservoir construction and
operations are all interrelated.

= Leverage technologies and practices employed by
other industries.
= What can be adopted or adapted to geothermal conditions

= Continue development of enabling technologies and
known needs

= Continue with the obvious




Thoughts - Understanding Needs [

= Well field design
= Number of wells (Injectors/producers)
= Hole orientation
= Extended reach directional drilling (“horizontal”)
= Multilaterals?
= Casing design
= Cost reduction strategies
= |dentify tool/supply deficiencies
= QOptimize cementing practices
= Completions definition

= What approach is needed to meet EGS needs and what is the state of
the technology?

= Should consider reservoir creation strategy, stimulation applications,
production applications, intervention applications

35




Thoughts - Leveraging from Others @&:.

= Woo larger and similar industry service providers
= O&G is obvious
= Mining has similar mindset (lower margin)

= Adopt capabilities where possible
= Active monitoring of drilling efficiency
= Bit technologies

= Adapt to fit needs

= Reverse circulation cementing
= Expandable casing

" Look at wide bandgap development for power

electronics, SSL and harsh environment sensing
36
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Thoughts - Development Needs

= Enabling Technologies

= High temperature electronic components for logging and drilling
tools

= HT hard rock directional drilling tools

= HT production and intervention tools
= |mproved telemetry (copper and fiber)
= HT pumps

= HT smart completions

= HT H, tolerant fiber

= Known needs

Increase daily footage (not instantaneous ROP)
Leaner casing designs / new casing materials
Reduce tripping time

HT tools

Zonal Isolation

37



Application of Site Investigation to the
West Flank of Coso FORGE Site

https://www.osti.gov/servlets/purl/1455367/



5. GEOTHERMAL ENERGY RECOVERY AND
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9 1 Geothermal - Hydrothermal

Recap:

1. Geothermal Resource Characterizations by:
a. Environment/Geological Habit
b. Geophysics
c. Drilling - for exploration and production
2. Designed to reduce risk of projects - drilling is one of the most significant costs

Movies: (IGA): https://www.youtube.com/watch?v=ZjtimFfBTBBg
(Indonesia): https://www.youtube.com/watch?v=WBpjzBg1nRw

Resources: WG10

Motivation:

1. Motivation [10%] Provide context for the topic. Use of relevant public domain videos are a useful
method for this. Why is this particular topic or sub-topic important in the broad view of geothermal
energy engineering?

Quiality of resource defined by Thermal_power = Mass_rate * ¢ * delta_T
How is hot water/steam recovered. And once recovered - used to generate power?

Scientific Questions:

2. Scientific Questions to be Answered/Outline [10%] What questions arise from the motivation.
What are the sub-topical areas that address these scientific questions.

Hydrothermal

1. Plant layout

2. Recovery from wells

3. Friction losses in wellbores

4. Thermodynamics of energy conversion

A. Single-flash production
B. Double-flash production
C. Binary production



Introduction

2000 (MWe)

0.0
0.17
0.0
29.17
142.5
161
8.52
42
0
334
170
589.5
785
546.9
45
755
437

70

0

1,909

16

23
0.3
204

2,228

TABLE 10.1

Geothermal Generation Capacity by Country
Country 1995 (MWe)
Argentina 0.67
Australia 0.17
Austria 0.0
People’s Republic of China 28.78
Costa Rica 55

El Salvador 105
Ethiopia 0
France 42
Germany 0
Guatemala 334
Iceland 50
Indonesia 309.75
Ttaly 6317
Japan 413.7
Kenya 45
Mexico 753
New Zealand 286
Nicaragua 70
Papua New Guinea 0
The Philippines 1,227
Portugal 5
Russia 11
Thailand 0.3
Turkey 204
The United States 2,816.7
Total 6,866.77

7,974.06

2007 (MWe)
0.0
0.2
1.1

278
162.5
204.2

73
14.7
8.4

53
421.2
992
810.5
535
128.8
953
471.6

87.4
56
1,969.7
23
79
03
38
2,687
9,731.7

2012 (MWe)
1.1
1.4
24
201
204
73
16.2
12.1
52

1,333
883
535
205
983
762

124
56
1,904
29
82

03
99
3,129
11,180
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1. Plant Layout

Steamfield Design

BASELOAD
CAPITAL

Steam separation plant

Separator vessel Water vessel Atmosphere silencer

Separator Plant

Steam-water mixture Dry steam piped to the Separated geothermal
enters the separator power station steam water to waste or reinjection
vessel 200°C or less turbines - 130°C back underground

Production/ Injection Well

Examples of Power Generation

CAPITAL

Steam Condensing
Nga Awa Purua / Rotokawa 2010

2—pase Binary - Ngatamaiki 201

e \ ms - = |
Steam Condensing — Pohipi 1996




2. Recovery from Wells P&,
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3. Friction losses in wellbores
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B FIGURE 8.20
chart. (Data from Ref. 7 with permission.)
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Friction factor as a function of Reynolds number and relative roughness for round pipes—the Moody
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4. Thermodynamics of energy conversion

Examples of Power Generation

CAPITAL

Steam Condensing
Nga Awa Purua / Rotokawa 2010

Steam Condensing — Pohipi 1996

IV GensKA
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A. Single-flash production

Flash-Type Power Plants

BASELOAD
CAPITAL
Steam
K Separator
awerau
Dual Pressure Flash Gas Extraction
4 [——
Producti
“Well N/
Steam Turbine/ :
Generator Cooling
Tower
- Injection
NgaAwa Purua Rotokawa Well Condensate Injection Well
Triple flash, 325 t, 140 MWe
- —— Coall AT
- oil —
= Yy, T )
ST f\“’""rﬁa[ W Typically, geothermal power ~— Mewsisss|  m—m
/) i 3 5 . . Hydropower
[/ stations emit 5% of COz and 1% o
‘ of SO2 emissions of comparable Solar | m—
sized coal-fired plants. Wind
A S L
g/kWh
n L]
Te Mihi Power Plant (166 MWe gross, 2014)
BASELOAD
CAPITAL
e ey Te Mihi Unit Overview
Station output Total 156.0 MW

Geothermal Total 392.5 MW

Contact Total  1294.6 MW

]

Poihipi Reinjection

>R

—‘ O s S arga eren

Steam Turbines



Physics of energy conversion
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B. Dual-flash plants
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C. Binary plants

Wairakei A, B, Binary Plants

CAPITAL

Bioreactor

Sulphur eating
bacteria reduce
discharge of
dissolved H,S to
Waikato River.

Wairakei A (1958)
Wairakei B

BASELOAD
CAPITAL

ORMAT Two-Phase Binary Geo!

NS =
Ngatamariki 82 MWe Geothermal Power Station

(Mercury NZ / Tauhara North No.2 Trust)
1980's / 2004-2009 Wells drilled by the Crown / Mighty River Power exploration
Nov 2009 Resource Consent for development lodged
May 2010 Consent granted
Binary CyCIe geOtherma_l Sept 2011 - Dec 2012 | Development drilling campaign
plants have almost no air Sept 2011 82MW ORMAT Binary Cycle Plant Construction Began
emissions or IIqUId WEEEL Aug 2013 Ngatamariki Power Plant Commissioned

........... ey

Turbine
To
Out
v generator
~60°C % ’
~85°C
Geothermal l
fluid Heat
exchanger Condenser
~30°C
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~165°C  —p
~340 kg/s
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12 1 Geothermal - Direct Use

Recap:

1. EGS challenges:
a. Creating a low-impedance high-heat-transfer long-lived heat exchanger
b. Minimizing environmental effects, esp. seismicity

Movies: (Great Lakes SedHeat Network): https://igws.indiana.edu/glsn/speakers
(P. Fulton):  https:/psu.zoom.us/rec/share/
iuFAh64ngxbLUhZH18NtNC49ieLkSzubs4xwjUmmQoLtRhSr63DjdxdVzX9K_uoh.PYzJEaPv1juZxyn0

(MOZOU n) . https://personal.ems.psu.edu/~fkd/courses/eme_497/videos/2_v_alyammahimozoun.mp4
(Brent): https://www.youtube.com/watch ?v=6FrNdtsvW9U
(TI m) . https://personal.ems.psu.edu/~fkd/courses/eme_497/videos/6_v_bruggemantimothy.mp4

Resources: WG12

Motivation:

1. Motivation [10%] Provide context for the topic. Use of relevant public domain videos are a useful
method for this. Why is this particular topic or sub-topic important in the broad view of geothermal
energy engineering?

o US Energy Consumption 2015 - Key R&D Strategies
R A " . ~100 Quads = 100 EJ = 100 tcf CH, (~20% of World)
rray or possible uses ...
Flash &
Dry Steam - Elecs‘;f:;: ™| [Etectricity Distribution
. Geothermal < -
Power Plants £
2
Refrigeration Production &
0 B0y | || —— T
E] Geothermal i) Timber iwmﬁ“fi [ 2
g Power Plants - Pt:) | Drying | | :‘m"& s E = IE
& o et L | o e e
@ I | [om ] | T || || | 8
=y L = :
| W M W 2
| l — J l De:iong sol 2 Climate/Environmental Impacts
Emm\ k] =

[After Pat Dehmer, US DOE, Office of Science, 2009; Sankey Diagram from LLNL]
g3.ems.psuedu 6 derek elsworth@psu.edu

Utilize low quality heat without the penalty of conversion to electricity
Utilize the 50% "rejected power" from the Sankey diagram
Opportunities:

1. Low temperature resource

2. Cascade of successively lower heat uses

Scientific Questions:
2. Scientific Questions to be Answered/Outline [10%] What questions arise from the motivation.
What are the sub-topical areas that address these scientific questions.

Direct Use

1. What are the "highest" uses at each stage?
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13 1 Geothermal - GSHPs

Recap:
1. Direct Use:

a. Utilizes low heat/quality resource to fill a significant need
b. Potentially utilizes the ~50% rejected heat in the Sankey diagram

Movies: (Great Lakes SedHeat Network): https://igws.indiana.edu/glsn/speakers
(Jerrod) : https://personal.ems.psu.edu/~fkd/courses/eme_497/videos/3_v_anthonyjerrod.mp4
(Shreya): https:/drive.google.com/file/d/1MuDdfXslJnNfs1g8YcSj5PVVkrDgfZ5v/iview

Resources: WG11 & MR 5+6

Motivation:

1. Motivation [10%] Provide context for the topic. Use of relevant public domain videos are a useful
method for this. Why is this particular topic or sub-topic important in the broad view of geothermal
energy engineering?

Soil Temperature Regimes

Soil Map: https://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/use/worldsoils/?cid=nrcs142p2_054019

Utilize low quality heat without the penalty of conversion to electricity
Distributed power opportunity for off-grid and remote use
Broadly geographically available (in US) due to climatic zonations

Scientific Questions:
2. Scientific Questions to be Answered/Outline [10%] What questions arise from the motivation.
What are the sub-topical areas that address these scientific questions.

GSHPs

1. Mechanisms of heat flow in the shallow earth?
2. Mechanism of utilizing low quality heat -> high(er) quality heat?
3. Rate-limiting processes?



1.

Mechanisms of heat flow in the shallow earth?
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TABLE 11.2
Thermal Conductivity (W/m-K) aid the Constant

Pressure Heat Capacity (C, )/ ole-K]) of Some
Common Materials at 25°C

SHALLOW
Connection in series
SoBSuAACE

Material ky, C, Q m

Quartz: 6.5 445 1960 1285

Alkali feldspar® 234 203 2000 130

Calcite* 2,99 82 2103 120

Kaolinite* 02 240 2408 105 Parrallel connection
Water 0.61 753 4181 60

Source: * C, computed from Helgeson, H.C. et al., American Journal of
Science, 278-A, 229, 1978.

Note: The amount of heat, Q (kJ/m*-K), that must be supplied or removed,

per cubic meter of material, for 1°C of temperature increase or

decrease at about 25°C 1s shown. The number of cubic meters of each
material needed to supply 7 kW of heat is shown in the column m? (see
text for details).
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2. Mechanisms of utilizing low quality heat -> high(er) quality heat?

THERMODYMNAIC S of HESKT POMPAS

18

—
Cool liquid A\ Coldliquid_ ™
ﬂ " Valve
(@]
o Compressor
o o O
© o o 1Y ©
Hot ©)
° o o Fo0
High pressure side Low pressure side
(~1500 kPa (~100 kPa
or 15 bars) or 1 bar)
&
10°
10* jecks haat — S P= T:O)
(é BT=0; =2 " 3 &, (M.,,ba,(—. e, B o)A
10° 50°C 3 ’SU\‘W P e
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FIGURE 11.4 Enthalpy—pressure diagram for propane showing the two-phase liquid—gas region. For refer-
ence, the low-temperature limb of the liquid boundary for the water system is also shown (see Figure 3.8 for
details of the water system).
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TABLE 11.1

Thermodynamic Properties of Some Compounds Potentially Useful as Refrigerants
Molecular Melting Boiling Heat of Constant Pressure

Weight  Density Temperature Temperature Vaporization Heat Capacity

Name Formula  (g/mol)  (kg/m?) (°C) °C) (k)/kg) (k)/kg-K)

R134a H,FC-CF, 102.03 1206 -101 -26.6 215.9 0.853

Propane C,Hg 44.096 582 —187.7 —42.1 425.31 1.701

Isopentane CiH,, 72.15 626 -160 28 3444 2.288
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GSHPs

1. Mechanisms of heat flow in the shallow earth?
2. Mechanism of utilizing low quality heat -> high(er) quality heat?
3. Rate-limiting processes?

Hear Aowd (N ¢gaoTHeRMAC (WATER) SYSTEM.

Stmilo~r o EGS — Catoe Gotod

— Cugouered Cavshoctad).
Enauw
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f Pt @ffiﬁ.ﬂ *
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B Pt

A7
GASSET = Buldey L,"Tl 2k (nk elac (o<

Hexting (“Pf & a(L HZVJ>.

{(Cy)x[(COP -1)/COP] x [Rp +(Rsx Fyy)]}
(TL = Thin)

For a cooling loop, the corresponding equation is E% %““3 Boko =COP

Cocll"'*]

Ly(m) =

(11.4)

{(Cc)x [(EER +3.412)/EER] x [ Rp + (Rs x F )]}
(Tax — Th)

Le(m) = (11.5)

where:

R, is the resistance to heat flow of the pipe (which is equivalent to 1/thermal conductivity of the
pipe)

R s the resistance to heat flow of the soil (which is equivalent to 1/thermal conductivity of the
soil)

F; (F) is the fraction of time the heating (cooling) system will be operating

T, (Ty) is the minimum (maximum) soil temperature at the depth of installation

T in (11,4, 1s the minimum (maximum) fluid temperature for the selected heat pump

min
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FIGURE 11.7 Computed loop length for heating and cooling, closed-loop GHP systems. In these calculations,
it was assumed that the COP of the heat pump was 3.24 and the EER was 7.8. Pipe thermal conductivity was
assumed to be 14.8 W/m-K, the heating and cooling run time fractions were 0.5 and 0.6, respectively, and the
heat pump fluid 7, and 7, were 37.8°C and 4.4°C, respectively. For reference, the range of thermal conduc-
tivities for light, dry soil (Light dry soil); heavy, dry soil (Heavy dry soil); heavy, damp soil (Heavy damp soil);
heavy, saturated soil (Heavy sat. soil); and crystalline rocks (Various rock) are also shown.
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5. GEOTHERMAL ENERGY RECOVERY AND
CONVERSION

1.Hydrothermal

2.SedHeat

3.EGS

4.Direct Use

5.Ground Source Heat Pumps
6. Thermal Storage



14_1 Geothermal - Aquifer Thermal Storage

Recap:

1. GSHPs:
a. Utilize low quality heat without the penalty of conversion to electricity
b. Distributed power opportunity for off-grid and remote use
c. Broadly geographically available (in US) due to climatic zonations

Movies: (Great Lakes SedHeat Network): https://igws.indiana.edu/glsn/speakers
(Mark): https://personal.ems.psu.edu/~fkd/courses/eme_497/videos/7_v_collmark_LATE.mp4
(Ryan): nhttps:/psu.zoom.us/rec/play/zA3PZ8P2YeJQJgVwg1bQWsng2JwndddprhgGosmGb-
WijvHyyauBeRyWwzK1ICkJyH9ZuRn1UNTyx2N8_.SXQtldwyrRyQNzu9?startTime=1616982757000
(Brandon) . https://personal.ems.psu.edu/~fkd/courses/eme_497/videos/15_v_lindgrenbrandon.mp4
(JOh n) . https://personal.ems.psu.edu/~fkd/courses/eme_497/videos/20_v_pavlakovicjohn.mp4

Resources: MR 4
Motivation:

1. Motivation [10%] Provide context for the topic. Use of relevant public domain videos are a useful
method for this. Why is this particular topic or sub-topic important in the broad view of geothermal
energy engineering?

Net boad - March 31

Provide diurnal or inter-seasonal storage
Avoid issues of intermittency/dispatchability in renewables - load shifting

Address off-grid and local/distributed needs

Scientific Questions:
2. Scientific Questions to be Answered/Outline [10%] What questions arise from the motivation.
What are the sub-topical areas that address these scientific questions.

Aquifer Thermal Storage

1. Modes and layouts - closed-versus-open systems
2. Mechanisms of storage

A. Open

B. Closed



