
 

 

EGEE 497/EME 597 
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1. INTRODUCTION 
  



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/~fkd/courses/eme_497/index.html 
Texts:   Selected texts on reserve in EMS Library and on canvas.psu.edu.1 
Instructor:  Derek Elsworth      231 Hosler  elsworth@psu.edu 
Prerequisites:  None, but understanding of EME 301 & 303, recommended. 
Grading:    
 
 
 

 
 

Topic  Sub-Topic Reading1 Week 

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

WG1 + 
AG1 

#1 

2. Thermal Characteristics    

2:1 Sources of 
Geothermal Heat 

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

WG2 + 
AG2 

#2 

2:2 Thermodynamics First law, second law, Gibbs function and Energy, Efficiency. WG3 #3 

3. Fluid Flow and Geochemistry   

3:1 Subsurface Fluid 
Flow 

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

WG4 #4 

3:2 Simple 
Quantitative 
Models 

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

AG2-3 #5 

3:3 Chemistry of 
Geothermal Fluids 

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

WG5 #6 

4. Resource Exploration and 
Characterization 

Geology (WG6), geophysics (WG7), resource assessment (WG8), 
drilling (WG9), interpretation of downhole measurements (AG4), 
downhole measurements (AG5), measurements during drilling (AG6), 
well completion (AG7), production testing (AG8). 

WG6-9 + 
AG4-8 

 

#7+#8 

5. Geothermal Energy Recovery and Conversion   

5:1 Geothermal Power 
– Hydrothermal 

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

WG10  #9 

5:2 Geothermal Power 
– SedHeat 

Key issues in SedHeat and EGS, behaviors, fluid flow and heat 
transport modes, utilization of O&G technologies. 
https://youtu.be/8wOTesyA66c 

 #10 

5:3 Geothermal Power 
– EGS 

Concept, resource size, characteristics, methods of stimulation and 
permeability evolution, history. Reservoir management and 
sustainability. https://youtu.be/EzeE0DlarUg 

WG13 #11 

5:4 

 

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

WG12 #12 

5:5 Low Temperature 
Geothermal – 
GSHP 

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

WG11 + 
MR5+6 

#13 

5:6 Underground 
Thermal Storage 

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

MR4 #14 

 
 

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% 

Total 100% 

https://personal.ems.psu.edu/~fkd/courses/eme_497/index.html
mailto:elsworth@psu.edu
https://youtu.be/8wOTesyA66c
https://youtu.be/EzeE0DlarUg


 
References1/Resources: 
 

1. Grant, M.A. and Bixley, P.F. Geothermal Reservoir Engineering. Second Edition. Elsevier. 2011. [AG] 
2. Glassley, W.E. Geothermal Energy. Second Edition. CRC Press. 2015. [WG] 
3. Rosen, M.A. and Koohi-Fayegh, S. Geothermal Energy. Sustainable Heating and Cooling Using the Ground. 2017. [MR] 
4. Penrose SedHEAT:  https://www.youtube.com/channel/UCBHQHy4hVyBJQFogrKvKUAg 
5. Great Lakes SedHEAT: https://igws.indiana.edu/glsn/speakers 

 
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 
 
Per AD 42-27 class attendance for this course is encouraged. “A student should attend every class for which the student is scheduled 
and should be held responsible for all work covered in the courses taken.” Reasons for late deliverables should be appropriately 
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   
 1  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] 
15 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   
 1  2  3  4  5  6  7    8  I-c  4.2 Resour. Exp. & Charac. – Drilling/completion  [WP] 
 8  9 10 11 12 13 14   
15 16 17 18 19 20 21    9  I-c  5.1 Hydrothermal Systems     [JF]/[GB] 
22 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       
 5  6  7  8  9 10 11 12 I-c  5.4 Direct Use       [PF] 
12 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  6  7  8  9  
 
 Assignment submissions 
 
*Class modalities 
I-c  In-class or alternatively completed asynchronously online and verified by quiz  
O-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/
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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 
CO2 sequestration

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

New Zealand Energy Picture

THE ENERGY NEW DEAL
RELATED TO SUBSURFACE ENERGY OPTIONS

Derek Elsworth (Pennsylvania State University)
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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
to solving all of the rest of the problems –

from water to population”
--Richard E. Smalley

“After four decades of studying these issues, I’ve concluded that
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
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Energy & Environment: Complementary Drivers?

[Hans Rosling http://www.gapminder.org/]

http://www.gapminder.org/
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Close-Out Editorial on 2008-2016 US Administration

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

Electricity from Gas:
21% 2008
33% 2015

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

GapMinder Linkage:
US Energy use 2.5% less in 
2015 vs 2008 but economy 
10% larger

[Obama, Science, 2017]
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US Energy Consumption 2015 – Key R&D Strategies 
~100 Quads = 100 EJ = 100 tcf CH4 (~20% of World)
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Global Carbon Cycle

[Sarmiento and Gruber, Physics Today, 2002.]

Anthropogenic
Natural

5.4 PgC = 5.4 GtC
5.4 GtC = 20.1 Gt CO2
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Climate Change – Equivocal –versus- Unequivocal

CO2 versus historic time – IPCC Global Mean TemperaturesParsing Filter
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Science is Parsed through a Legislative Filter
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Science is Parsed through a Legislative Filter



derek.elsworth@psu.edug3.ems.psu.edu 12Pat Dehmer, DOE Office of Science, March 2009



derek.elsworth@psu.edug3.ems.psu.edu 13Pat Dehmer, DOE Office of Science, March 2009
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Capacity Needs – Socolow Wedges

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

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



derek.elsworth@psu.edug3.ems.psu.edu 17

Capacity Needs – Stabilization Wedges

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

2 billion cars at 60 mpg 
instead of 30 mpg

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

Zero carbon: 800 GW
(~40 tcf/yr)

Zero carbon: 700 GW
(~40 tcf/yr)

Zero carbon: 800 GW
(~40 tcf/yr)

Zero carbon: 800 GW
(~40 tcf/yr)

Baseload 
Geothermal

Global Energy Budget
~10-15TW
~500 Quads/yr
~500 EJ/yr
~500 tcf/yr

~300GT/1.5C

~2024
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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
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Low-Carbon Fuel Solution? – Gas Shales
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Implications for Energy Independence, Energy Security and 
for Climate Change?
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US Shale Plays
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Projected Growth and Opportunities

Natural Gas Utilization

[Science, Oct 18, 2012]

Downstream

Upstream

[Nature, 2011]

17Tcf
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Microbially-Enhanced CBM (MECBM)
Methods of production

[Nuccio, 2000][Science, Oct 18, 2012]

MECBM Scheduling

Geographic Distribution

Projected US Gas Production
Principal Issues 
Environmental Effects
Rate Limits on Production

Dewatering
Desorption - Capacity
Advection – Perm Evolution
Sequestration

[~100 Tcf recoverable]



Low-Carbon Fuel Solution? – Methane Hydrates

Projected Clathrate Reserve/Resource: - / 105-106 Tscf
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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 

CO2coal/CO2gas ratio is ~1.78 for 
equivalent thermal energy 

Pulrose Gas Power Station, Isle of Man, UK

~80 Tcf/yr Natural gas
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Zero-Carbon Solution?- Carbon Capture and Storage
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Capacity Needs – Socolow Wedges

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

~40 Tcf/yr Natural gas
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Zero-Carbon Solution? - Enhanced Geothermal Systems

Challenges
• Prospecting (characterization) 
• Accessing (drilling)
• Creating reservoir
• Sustaining reservoir
• Environmental issues

Observation
• Stress-sensitive reservoirs
• T H 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

Permeability
Reactive surface area
Induced seismicity

Resource
• Hydrothermal (US:104 EJ) 
• EGS (US:107 EJ; 100 GW in 50y)
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Hydrothermal v Engineered Geothermal Reservoirs
SedHeat Initiative

http://geothermal.tcu.edu



derek.elsworth@psu.edug3center.org 48

Can EGS ever be Viable?

Economic viability – 100 kg/s/well
 
!H = !M fΔTf cf
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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
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Zero Carbon Solution? – Nuclear Power
Connected Cycles [Ewing, 2007] Waste Disposal and Politics

Intense Process Feedbacks

Carbon 
Cycle

Fuel 
Cycle

Wea
pons

Radion
uclide 
Cycle
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Zero Carbon Solution? – Nuclear Power
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URLs Worldwide
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Yucca Mountain in the News
Off-Again?
[NYT, January 29, 2009]
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Yucca Mountain in the News

Or On-Again?
[NYT, June 29, 2010]
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The New US Plan

[http://www.forbes.com/]

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



derek.elsworth@psu.edug3.ems.psu.edu 59

The Green New Deal
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Sustainable Energy in New Zealand
Annual Consumption – 1 EJ (NZ)

100 EJ (USA)

NZ Energy consumption 1 EJ/yr ~ 30 GW 

Typically 50/50 Electricity/Transportation

Thermal – 1400 MW (Huntly)
Gas (360 MW)
Coal (4 x 250 MW)

Wind – 2000 MW (Capacity??)
Hydropower – 2000 MW (Capacity??)
Geothermal – 1040 MW
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Sankey Chart for NZ Energy Consumption 

1 
EJ

/y
~3

0 
GW

USA 100 EJ/y~3000 GW (3 TW)
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Renewable Energy in NZ 
(1000 PJ total)

0.35 EJ of 1 EJ total NZ 
Consumption
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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)
Avoids the policy-based “tragedy of the commons” 
Industry driven with an appropriate profit motive?

For others (CCS/EGS/Nuclear/Intermittency Solving)
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
………..  any selection is ultimately subject to policy choices 

..…(hopefully) based on sound scientific input…..



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: 10^6 EJ
Geothermal - US-Hydrothermal 10^4 EJ; US-EGS 10^7 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?  
 
 
 

 
 
 
 
 
 
 
 
 

 
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? 
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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. 

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

Lower then upper mantle - liquid but highly viscous

Rigid/solid plates ~70km

Heat supply: 40% from core / 60% from long-
lived radioactive isotopes
 
 
 
 



 
 
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.

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 



 
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

 
 
 
 
 
 
 
 
 
 

 
 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Glassley - Crustal heat flowGlassley - Heat flow map

Blackwell - SMU - heat flow  
map



 
Heat Flow - Influence on Geothermal Gradient 
 
Geothermal Gradient: https://en.wikipedia.org/wiki/Geothermal_gradient
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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
(ii) Free-convection of water in a porous medium
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Plate Tectonics - Distribution of Geothermal Resources 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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 
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Simple Calculation 
 
b. Example Hand-Calculation [10%] Simple calculation to demonstrate the technique.  
 
Geothermal - US-Hydrothermal 10^4 EJ; US-EGS 10^7 EJ?? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Compares with MIT/Tester Report (2006) 
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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 

RATES OF RECOVERY

How gueckly can heat be recovered



2. THERMAL CHARACTERISTICS 
 

2.1 Sources of Geothermal Heat 
2.2 Thermodynamics 
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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=vFcbev1TkoU Resources: WG3

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

General understanding of heat flow and thermodynamics, follows:
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List of thermal conductivities - Wikipedia, the free encyclopedia
1/22/22 4Derek Elsworth - elsworth@psu.edu

http://en.wikipedia.org/wiki/List_of_thermal_conductivities
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Axial tilt - Wikipedia, the free encyclopedia
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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=vFcbev1TkoU

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?  
 

Generation of electricity requires conversion of energy - heat to work to electricity1.
Dissolution and precipitation of minerals (scaling) is controlled by thermodynamics2.
Water in geothermal reservoirs exists in vapor and liquid and may transit between states 3.

 
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:

First Law:1.

a. Conservation of Energy

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

b. Internal Energy



c. Pressure-Volume Work (above)

d. Enthalpy (above)

2. Second Law:

Entropy always increases

a. Efficiency

b. Carnot Cycle

c. Heat Capacity

Enthalpy I It Plp
and incant hin Vat v3 19 Zant Zin Qnetin tweetin

Efficiency W Q

Pt n RT

Work AaÉÉÉ's

away workoutautre

EE

In general C day at a Cdt day

Also AH A Et Pet q
Atconstant pressure Dp o Alt g dHCpdt

Atconstant value At 0 DE g Ide cudt

and dw Cdt



d. Entropy

3. Gibbs Function and Gibbs Energy (dG):

Bydefinition DS dq 1T

A measure of unattainable heat

Defines the energy analable with a system at a

referee state and therefore the ability of
that system to do work relate to another

state

DH A Et Pvt q
Then DH q 0 forexample g.dq Tds

in a closed invariant system Ldg C DT

AG genes the change in energy within

the system



Standard State

4. Thermodynamic Efficiency:

AGibbsEnergy D Enthalpy Tx BEntropy

1MPa

o 1MR
A

1 At constantpressure DT infurrees

vapor more than a feud
2 At modest pressures 0 I and IMPa

liquids andsolids insensate to pressure

For a closed system no heatsupply

Efficiency Iq AI
9

If no heatsopply then write as tempnoties

Efficacy Ti Te
Ti

All temperatures in Kelvin



Thus Ti initial temperature fund
Tz coded fluid say 290k

Effaagtw.tn temperatureof
geothermalfluid



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



Energy recovered from water 250C

Q Xp G DT M Cp AT

Mass

so far bT Me Me 1kg Il

Q l x 4180 J kgK x l K 4

Total enthalpy is H M cp.TT
25 273 K

H 1kg x 418017kg 298K

or Q x 300

charge in enthalpy
boo O 33

QED



 
 

 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 

PHASE CHANGE IN SYSTEMS



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PHASE CHANGE

Largest energy rearry with please
charge

Raped recovery of halt water at depth

Ap but Dt O

Conservation

i Mass AM O

2 Eiitholepy At D

Example Water 250 C

p 40 bar 1500in
414Pa

Enthalpies hequad 2500440bar 1.0854kg

100041bar 0.419 Tkg

Vapor 100 11bar 2.6764kg

Solve fu legend facteen X

X 70 and l X 30



 
 
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.  
 
Summary - in terms of EME 303 
 

 
 
 
 
 
 
 

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.  
 
 
 
 
 
 
 



3. FLUID FLOW AND GEOCHEMISTRY 
 

 

 

 

 

  



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=A9c0vRU_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?  

 
 
 
 
 
 
 
 
 

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? 
 
 
 
 


































































































Simultaneous Flow of Two Fluids (water & vapor):




































































































Darcy's Law
















































































































































































































































































































Relative Permeability
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Fracture Permeability - Nomograph

Crustal Permeability at Depth



Conservation ofMass Momentumants y ÉÉit

get q 0
y

x f

g
G Ein

n I

gens Edge 0

PETE II et
887 8 II If

7 EYE
I

Compressibility
n

ofreservoir ta
E 109Pa 10 109Pc

U C water Ewater29Pa

C I
Cvapor Egas P



Crn ncaa In I Engg t

Heads h Ey En
h Ig

t

Sw Saw I

Pc Pnw Pw

Ctcf n KILI a Petroleum
Geo then

Ss II Igt Groundwater

FLOW NETS
Streamlines

Equipotential

h const









































































































































































































11
SIMPLIFIED RELATIONS FOR FLOW

HYDROLOGY
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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

Mass/Energy 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?  
 
 
 
 
 
 
 
 
 
 
 
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 depletion1.
Lumped parameter models - pressure and heat recovery2.
Distributed parameter models - radial flow3.
Thermal breakthrough4.
Limits of heat rate recovery 5.



Overall behavior of geothermal reservoirs - under production - Mechanisms of depletion1.

General form of reservoir:

Pressure versus Depth

Impact of Depletion and Reinjection

BP
BEsteam
Liquid



2. Lumped parameter models - pressure and heat recovery
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3. Distributed parameter models - radial flow
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4. Thermal breakthrough
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5. Limits of heat rate recovery





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:

Overall behavior of geothermal reservoirs - under production - Mechanisms of depletion1.
Lumped parameter models - pressure and heat recovery2.
Distributed parameter models - radial flow3.
Thermal breakthrough4.
Limits of heat rate recovery 5.

Movies: 

??: 

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?  
 
 
 
 
 
 
 
 
 
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

Chemistry of geothermal fluids1.
Units of concentration2.
Chemical equilibrium and Law of Mass Action3.

Chemical activityA.
AffinityB.

Solubility4.
Kinetics and reaction rates5.
Reservoir/Plan response6.



Chemistry of geothermal fluids1.

2. Units of concentration

By mass putterof water umsgft.iosgkEpf5

Equivalentweight Formulaweight
Electricalcharge coin

Milliequivalentsper htt concentrateinMgk
Formula weight

1 Molal 1mole solute in 1000g 1 Later ofsolvent

1 Mota 1mole solute in 1000g ofsolution

Fordeletesolutein less than
seawater

Molality Mgk x 1

Formulawt



3. Chemical equilibrium and Law of Mass Action



Chemical activity (see above)A.

  B. Affinity



4. Solubility
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RELEVANCE OF GIBBS ENERGY
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[3:3]!Mass!Transport!

Recap! !

Reactive!transport!

! Sorption!

! FirstNorder!reactions!

! Multiple!reactions!

!

!

!

!

!

!

!

!

!

!

5. Kinetics and reaction rates



Reaction Rates  

 ( ) ( )i
i i i i

c
c D c R

t
s

� � ¸ � � ¸ � �
s

u  (1) 

 

For the reaction: 

 1

2

k

k
A B C� ZZZXZYZZZZ  (2) 

 

 
1

2

Forward rate [ ][ ]

Reverse rate [ ]

k A B

k C

�

�  (3) 

At equilibrium:    Forward rate = Reverse rate 

 1 2[ ][ ] [ ]k A B k C�  (4) 

 2

1
[ ][ ] [ ]

k
A B C

k
= �  (5) 

For closed system and one mole each of [A] and of [B], with 1 21 and 10k k� � , then: 

 

 
2[ ][ ] (1 ) 10

[ ] 1
A B X
C X

�
� �  (6) 

 

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

 

Implementation: 

 
1 2

1 2

1 2

[ ][ ] [ ]
[ ][ ] [ ]
[ ][ ] [ ]

A

B

C

R k A B k C
R k A B k C
R k A B k C

 (7) 

Generalized: 

 
1 1

[ ] [ ]
r r
j j

N N
f f r r

i i j i j
j j

R k c k c  (8) 

 

Heats of reaction: 

 i i iH R H  (9) 
And heat balance requires: 

 ( ) ( ) i
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c T T H
t

S M
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6. Reservoir/Plan response - Sauty (1980) and EnvSE 408 Section 3.2
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What is the importance?

Observation
Drift

Connecting
Drift

Heated
Drift

Wing Heaters
Thermal
Mechanical
Hydrological
Chemical

HDR/EGS/Conventional HLW

CO2 Sequestration 

and Petroleum Recovery



Observation
Drift

Connecting
Drift

Heated
Drift

Wing Heaters
Thermal
Mechanical
Hydrological
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?

HDR/EGS/Conventional

HLW
CO2 Sequestration 

and Petroleum Recovery

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:

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

THM - GeoMechanics THC - GeoChemistry

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

Observation
Drift

Connecting
Drift

Heated
Drift

Wing Heaters
Thermal
Mechanical
Hydrological
Chemical



Road Map

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



Experimental Configurations

Qfluid

Qmass

x-ray CT
Δk

Novaculite Limestone

Matrix Porosity <0.01% <0.01%

Temperatures, °C 20-150 20
Effective Stress, MPa 3.5 3.5

Permeants DI G/w & DI

Diss. Rate, k+ [Mol.m-2.s-1] ~10-9 ~10-6

Precip. Rate, k- [Mol.m-2.s-1] ~10-7



Experimental Arrangement





Qmass

X-ray CT

Qfluid=Constant

Apparatus



Arkansas Novaculite (99.5% Si; n<0.01%)



Typical Response
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Imaging-Derived Aperture Changes

•Observed mean aperture 
change of 10 μm 

•Resolution of 37 μm  too low

•In areas of large absent chip, 
aperture changes are of the 
order 100 μm

•This amplification results from 
core rotation around a fulcrum
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Figure 3. Schematic of discrete technique. (a) Pore space is divided into two elements of axisymmetric form, where 
each has the volume of Vp/2. Node 1, 2, and 3 are placed at the interface of the grain-to-grain contact, pore space, and 
interface between pore fluid and the free-face of grain, respectively. Thus, concentrations at nodes 1, 2, and 3 are 
regarded as Cint, Cpore, and Ceq. (b) Elements 1 and 2 are only controlled by diffusion and precipitation, respectively. 
Each one can be formulated by considering mass conservation.
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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



…..and Lumped Parameter Prognostic Model for Novaculite …

…..and CT Observations……
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Reynolds’ Flow Vectors and Measured/Predicted Aperture 
Distribution in Sample

Wood’s metal cast CT image



1. Transport properties change in sometimes surprising modes as 
controlled by:

• Stress
• Thermal
• Chemical-potential
• Advective flux

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

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

4. 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)

5. Understanding these complex interactions seem a prerequisite to 
predicting behavior at prototype scales

Observations 

Fields and paths
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7_1 Exploration and Characterization - Geological Setting



Recap:

Dissolution/precipitation important within reservoirs and external plant1.
Equilibrium chemistry defines modes of precipitation/dissolution 2.
Reaction rates determine rates of precipitation/dissolution3.

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=fCIumFc3n5Y&t=2312s

Predicting 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=ZOJWIWzWLDg&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?  
 
 
 
 
 
 
 
 
 
Quality of resource defined by Thermal_power = Mass_rate * c * 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.  
 

What geological habits/characteristics are indicative of geothermal reservoirs?1.
What methods are available to discover them and characterize the resource?2.

Geology/GeophysicsA.
Drilling/InstrumentationB.
Well completion/TestingC.



GEOLOGY

What geological habits/characteristics are indicative of geothermal reservoirs?1.
Analysis of geology at a variety of scales - plate boundary to localA.

Reportsa.
Surface features - remote sensing and imageryb.
Drilling recordsc.

Initiate local investigationB.
Geochemical signaturesa.
Geophysical investigationb.
Drilling and samplingc.
Well completion then well testingd.

Classification of Geothermal Systems - Regional Perspective (WG6)



A. Isolated 
continental 
volcanic 
centers

B. Andesitic 
volcanoes

C. Calderas

D. Fault-
bounded 
sedimentary 
basins

E. Fault 
bounded 
extensional 
complexes

F. Oceanic 
basaltic 
provinces



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

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

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

A. The Geysers
B. Soufrière Hills Volcano, BWI

C. Yellowstone & Long Valley



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

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



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



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 ......
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7_2 Exploration and Characterization - Geophysics



Recap:

Geological setting provides information on global location of resources1.
Location specific structure will differ in various environments 2.

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?  
 
 
 
 
 
 
 
 
 
Quality of resource defined by Thermal_power = Mass_rate * c * 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.  
 

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

GEOPHYSICS

Geomagnetic methods1.
Geoelectric methods DC/AC/EM2.
Seismic methods3.
Gravity methods4.
Borehole methods - Well logging5.
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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
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8_1 Exploration and Characterization - Drilling



Recap:

Geophysics provides 3D view of the reservoir/site at high granularity1.
Uses only proxies for permeability and temperature - and no samples or p,T,x measurements2.
Geophysics low cost but only slightly reduces investment risk3.

Movies: (GSHP Installation) https://www.youtube.com/watch?v=IMO9jvwlHFg

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 or sub-topic important in the broad 
view of geothermal energy engineering?  
 
 
 
 
 
 
 
Quality of resource defined by Thermal_power = Mass_rate * c * 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.  
 

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

.... by direct access.....

DRILLING

Soil - Trenching/Augering/Tricone drilling1.
Rock - Tricone drilling/Core drilling2.
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Application of Site Investigation to the 
West Flank of Coso FORGE Site

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



5. GEOTHERMAL ENERGY RECOVERY AND 
CONVERSION 
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1. Hydrothermal 
2. SedHeat 
3. EGS 
4. Direct Use 
5. Ground Source Heat Pumps 
6. Thermal Storage 

 

 



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=ZjtmFfBTBBg
(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?  
 
 
 
 
 
 
 
Quality of resource defined by Thermal_power = Mass_rate * c * 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

Plant layout1.
Recovery from wells2.
Friction losses in wellbores3.
Thermodynamics of energy conversion4.

Single-flash productionA.
Double-flash productionB.
Binary productionC.



Introduction



Plant Layout1.
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4. Thermodynamics of energy conversion



Single-flash productionA.



Turbine Efffurbu 0.85 1
28

Xs steam factor go.Y.joor
CARNOT CYCLE

T e AdiabeticCDp 0jDT O

Qi
Isentropic

o

d c V

t as

Qr

Rc I Iz
T

Q 1W Bh Q hb ha Wao

w his he CQ 0

hell x he X hg
s C X se t Tsg

Physics of energy conversion



CONSIDER Reservoir 7 3528 p
170bar

Discharge T 30 C p 0.04b

Nc I 273130
273 352

0.52

kJkg
Adiabatic T he has

O o
352C 1690 2548

hb

302 126 2556

Adiabaticflash
Q hbtr

thwflsutropic
o work

352 C 11 I

7
he

0436
52

F
E 4 4 g

set Xsg
r

5.181 yr 0.5930C f
x

7 0 7 7 1

vxno 59 rs l8 v he C F he Xhg
her 1560 kJkg

W hb hc 2548 1560 I 9881251kg



EFFICIENCY CONSTRAINTS

POWER
Erez Ngeneraff Yusuf POWERFHERR

ensure
0.85 470.59

I 0.85 X 0.8 0 68 not

VENERATOR N 90 200

Viable well fu payback is 100kgIs

100 Kgb 352 30 C

POWER
zpm

988129kg x I00kg1

100,000 KJIs

100 MWTERMAR

Gogo efficiency 60MW

Possible AT 302 is higherthan

expected
track along XE 60 steam hughett



Turbin exit 50 C

Cool to 25 C

Bit _Fling x 2487124kg
Ing

AHcodat tie BT
o c

r
O I f 25

105124kg 2592124kg

s 4 2k412g K
2592 05 n 2487

B. Dual-flash plants
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C.   Binary plants
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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/

iuFAh64nqxbLUhZH18NtNC49ieLkSzubs4xwjUmmQoLtRhSr63DjdxdVzX9K_uoh.PYzJEaPv1juZxyn0
(Mozoun): https://personal.ems.psu.edu/~fkd/courses/eme_497/videos/2_v_alyammahimozoun.mp4
(Brent): https://www.youtube.com/watch?v=6FrNdtsvW9U
(Tim): 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?  
 
 
 

 
 
 
 
 
 
 
 
 
 

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

What are the "highest" uses at each stage?1.
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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/view

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?  
 

 
 

 
 

 
 
 
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.  

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

GSHPs

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



Check units Cop
T E K

R ICWkmKD mink

Lites WH
if IN mr

4

Suggests a length of boom



RATIONAR BASIS FOR DESCGN

T I dp.pe Sd soil

ftp.pekksoilxr r

xp.pe
15 what

I dare I w mk

4

STEADY STATE of TRANSIENT BEHAVIOR

Ty 7
Tin too

t To
to firstander

O f r ni

ans

E o



STEADY HEAT Tzow AROUND PIPE

1 What does it look like

2 What is heat flux to pipe
3 How long does it take

more than Ig

Same as water flow to well

Darcy's Lan of Koth ar Kadden
dr

Fourier's Lan of D DI
dr

Q 2tlEu
D

T20 12
f lucralr

1 I
r k

Qµ 2iTlNIz T
ro incur
l

u J This givessteady flex

But I Is steady
r P2 reached

2 If so What is r2



IS STEADY Feux REACHED

to n l Kt

re
rz 4 Kt

T T
101Tm4gr zyr

ra n JI n 4in

Steady flew to pepe if ran In

r I can 10 2in

Thermal load f house 10kW

Chat 1kW fueled
Q 104W

Soil conductivity X I wkm.ie

Temperature drop IIe DT

ln 41102 6.0

Qin Lite XIII l Q lefrak
inculr 21T K DT

l 10 W G

HT I w KJ 10 K



j

l 103in QED

HOW MUCH HEAT RELEASED FROM STORAGE

IN GETTINS TO STEADY STATE

Heat released
W tp_T

0
w f2trdrlpeI

I VrAr z

go
45

t
recover ft ftIn

Itr r i e set Q known

Gelrdthn
detour f ra

K
eEstimate

DT2

Tz v 7 r

1042
1000M



10

W V p.ci Ty
e p e

T
c a r

4M 2oookghis 10004kg't

W 50mi loom ooo kgm3

100051kg K x 5 C

W 102 103103 103 5 5 10 Jin'zg

5 10 Jin Ey

y 405 x 100 d E IES

Power is ht 5 10 T
lots

5 1041
5

112g

Power fan storage 50kW

Power fu steady state 10kW
7

Assumed house load f
steady state

Conclusin Radius of cooling in soil
less ten 4 on since storage

supplier X 5 ofsteadyfur
QED



How long to cool a car of Seltzer or

cook a steak

irk to KI n I
r

kept
o.su

Cm.k21O3kgm3.4 lkJ tg.k

K O 1 10
6 MTS

t n rye 2 10 17 0 no
6

4
4 x to

0.1 10 6
40 10

4 ooo s Go ane tha

Note scaling with r2

Cooking a steak Double the thickness

Quadruple to cookery
the



USE OF BIH HEAT EXCHANGER OR CRYPT

11
25m dea

WARMER
A

E f Ltr I 60mm
COLD

n 10kW 2.5mn nd lo

AXII Lx 60 10 I 10

2 5 10
3
an

104 2.5 102

60 102 1 10 FEWnÉ
LI 10445
L Lf u 50m QED

Volume of water needed to main temp
is 10kW 104W MCAT

M r 10451s DT
10
4.1 103.10



M r 0.25kg s

105secs 0.255105kg 25103kg d



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): https://psu.zoom.us/rec/play/zA3PZ8P2YeJQJgVwg1bQWsnq2JwndddprhgG0smGb-

WjvHyyauBeRyWwzK1lCkJyH9ZuRn1UNTyx2N8_.SXQtIdwyrRyQNzu9?startTime=1616982757000
(Brandon): https://personal.ems.psu.edu/~fkd/courses/eme_497/videos/15_v_lindgrenbrandon.mp4
(John): 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?  
 

 
 

 
 
 
 
 

 
 

 
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

Modes and layouts - closed-versus-open systems1.
Mechanisms of storage2.

OpenA.
ClosedB.


