
         
      

Lecture# 18 
Geothermal Energy 

Ahmed F. Ghoniem 
April 8, 2020 

Material in this lecture is based on Prof J Tester’s (previously at MIT and 
currently at Cornell) lecture on the same subject. 
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 Geothermal energy resources 

• Hydrothermal: liquid and 
superheated water 

• Hydrothermal: Vapor and dry 
steam 

• Geopressure: methane, 
hydraulic and thermal energy 

Image courtesy of Idaho 
National Laboratory. 

• Magna: Hot dry rock or 
Enhance Geothermal Systems 
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Commons license. For more information, see https://ocw.mit.edu/fairuse. 2

https://ocw.mit.edu/fairuse


in the Earth's Geosphere 

Asthenosphere 

Utho her 

Mesosphere 

Oceanic 
crust 

0 

2 

50 
�
-

100 E
0 

:::.:: 

150 

200 

Looking to "inner space" for opportunities 

Con nental 
crust thickn ss 
greatly exa erated 

Tam er ture 
esosp 
e to i h pre 

ut rand pressure re: hot tron 

increase sure 

with d pth 

Lithosphere: 
cool ri "d, bri 'e 

tel 

© John Wiley and Sons, Inc. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/fairuse. 
3

https://ocw.mit.edu/fairuse


        

      

 

   

 

        

   

 

      

   

Geothermal energy: 

• Renewable, non depleteable on a short time scale (renewal time ~ 2-3 time 

depletion time 

• Reasonably well distributed: available everywhere at 6 km depth, and at 

shallower depths (3-6 km) in “high-grade” regions 

• Provides low grade heat, 100-200 C. 

• Scalable: 5-50 MW modules 

• Dispatchable: high capacity factor (90%) suitable for base load, no need for 

storage 

• Clean energy, low emission, low footprint 

• Uses of-the-shelve power plant equipment 

• Cost competitive especially for high grade hydrothermal systems 

• BUT EGS require deep drilling 

4



    
  

 

Note that 40 C/km 
is high quality 
geothermal energy! 
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    The temperature gradient is the most critical factor! 

© Blackwell and Richards, SMU. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/fairuse. 

6 km is the limit of economic drilling, mostly used for oil and gas 
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     US Annual use ~ 100 EJ 

Figures courtesy of Hildigunnur Thorsteinssona, Chad Augustinea, Brian J. Andersonb, Michal C. Moorec, and Jefferson W. Tester. Used with permission. 

• Hydrothermal resources depend on high permeability to naturally bring hot water and steam 
to the well. Water comes up under its own pressure. 

• EGS: Enhanced Geothermal Systems, futuristic systems that rely on heat conduction to heat 
up a fractured well where water is injected to recover the heat and brings it to the surface. 
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Geothermal energy in Iceland is a 
significant part of their energy sources. 

Courtesy Elsevier, Inc., http://www.sciencedirect.com. Used with permission. 

© Source unknown. All rights reserved. This content is excluded from our Creative 
Commons license. For more information, see https://ocw.mit.edu/fairuse. 

© Tony Batchelor. All rights reserved. This content is excluded from our Creative Commons 
license. For more information, see https://ocw.mit.edu/fairuse. Larderello started producing on 1904 

…. Still going strong! 9
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© GlobalData Plc. This content is excluded from our Creative Commons license. 
For more information, see https://ocw.mit.edu/fairuse. 

© Source unknown. This content is excluded from our © Omegatron. License: CC BY-SA. This content is excluded
Creative Commons license. For more information, see from our Creative Commons license. For more information,
https://ocw.mit.edu/fairuse. see https://ocw.mit.edu/fairuse. 

• Geothermal electricity generates a good fraction of the standard renewables (GWS), more than 
solar but less than wind. 

• It is also used for heating (probably less than solar). 
• It enjoys a high capacity factor. 
• It has grown steadily but less than wind and solar, which enjoy 20-30%/y over the past few years 

because of the price drop. 10
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Geothermal energy today for heat and electricity 

• From its beginning in the 
Larderello Field in Italy in 1904 
nearly 10,000 MWe of capacity 
worldwide today © Geothermal Education Office. All rights 

reserved. This content is excluded from our • Additional capacity with Creative Commons license. For more information, 
see https://ocw.mit.edu/fairuse. 

geothermal heat pumps ( e.g 
> 100 000 MWt worldwide) 

• Current costs -- 7-10¢/kWh 
• Attractive technology for 

dispatchable base load power 
for both developed and 
developing countries Image courtesy of NREL. 

© Source unknown. All rights reserved. This content is 
excluded from our Creative Commons license. For 
more information, see https://ocw.mit.edu/fairuse. 

Condensers and cooling towers, The Geysers, being fitted 

with direct contact condensers developed at NREL 
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J Tester, Energy Env. Sci 

More than 30% of the US primary 
energy is used at T < 200C 

© Source unknown. All rights reserved. This content is excluded from our Creative 
Commons license. For more information, see https://ocw.mit.edu/fairuse. 

Geothermal energy, like low 
grade solar thermal energy, 
works well for heating 
applications. 

© Royal Society of Chemistry. All rights reserved. This content is excluded from our 
Creative Commons license. For more information, see https://ocw.mit.edu/fairuse. 
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Very effective use of Geo resources 
Central/district heating 

© ADEME. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/fairuse. 13
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Geothermal power 
plants tend to be small, 
20-80 MWe. 
Some are smaller! 

With low T resource, 
ORC are ideal. 

© Source unknown. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/fairuse. 
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Working fluids requirements for Rankine Cycles:
1. High Tc for efficiency but low pc for simplicity 
2. Large enthalpy of evaporation 
3. Non toxic, non flammable, non corrosive, cheap .. 

Water: pc=22.088 MPa Tc=374 C, most common 
CO2: pc=7.39 MPa, Tc=30.4C (low p) 

Renewable sources (low to very low T for solar and geothermal):
Ammonia: pc=11.63 MPa, Tc=132 C. 
Propane: pc = 4.26 MPa, Tc = 97 C 
Isobutane, Freon 

© Ahmed F. Ghoniem 15
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   Max T is low, and Supercritical Cycles 
must be used to improve efficiency 

• Availability of working fluid increases sharply when heat is 
added at constant T, and in the supercritical region. 

• Supercritical operation reduces availability loss between 
source (geo fluid) and working fluid. 16



  

     
    

      
    

   

         
       

   

Surface Plant: Binary 

An ordinary Rankine cycle with an 
organic fluid used as a working fluid. 

The working fluid is heated in two 
stages (E and PH), expanded in a 
turbine, condensed and pumped 
back. 

The Geo fluid is used to supply heat to 
the working fluid (E and PH) and is 
returned back to well. 
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Organic Rankine Cycles All are Refrigirants, Tb: the boiling point, ODP: Ozone
Depletion Potential, GWP Global warming potential 

Used in Waste Heat Recovery” as well Tchanche etal, Fluid selection for a low temperature solar organic Rankine
cycle, Applied Thermal Eng., 29:2468-2476 (2009) 

T-s diagram for 

different organic 

fluids, normal 

and “overhang” 

! 

Courtesy Elsevier, Inc., http://www.sciencedirect.com. Used with permission. 

Substance Physical Data Environmental Data 
MW 

(kg/kmol) 

Tb 

(◦C) 
Tcrit
(◦C) 

Pcrit 

(MPa) 

Lifetime ODP 

(y) 

GWP 
(100 y) 

1 
2 
3 
4 
5 
6 

 

 

   
 

  
 
 

 

 

 

 

R123 152.93 27.8 183.7 3.668 1.3 0.020 77 
R134a 102.03 26.1 101 4.059 14 0 1430 
R152a 66.05 -24 113.3 4.520 1.4 0 124 
R245fa 134.05 15.3 154.05 3.640 7.6 0 950 
R290 44.10 42.10 96.68 4.247 0.041 0 ∼ 20 
R600 58.12 -0.5 152 3.796 0.018 0 ∼ 20 

(left) The T-s diagram of an ORC using a fluid with 
an overhang saturation curve, and (right) using a 
number of different working fluids. The analysis 
applied realistic models for the different cycle 
components and working fluid equation of state. 
The cycle operates on engine exhaust 250 oC. 
Results show the impact of the cycle high pressure 
Tian et al.,  Energy, 47, 125–136, 2012. 
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Surface Plant: Flash 

A simpler cycle in which the Geo fluid 
is used as a working fluid. 

First it is flashed to a lower pressure, 
with steam then expanded in the 
turbine, condensed, pumped back and 
returned to the well. 

The water remaining after flashing is 
returned to the well directly. 

The geo steam is conditioned before 
expansion. 
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Example 9.1 

• Hybrid plant: single flash to separate 
the geo-fluid into steam and liquid. 

• A steam turbine extracts work from the 
steam. 

• A binary cycle (iso-butane) heated by 
the liquid produces more work. 

See solution. 
Efficiency of steam by itself is 7.6% 
Efficiency of hybrid plant is 10.6% 
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© Source unknown. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/fairuse. 

Significant fraction of the land area has 20 C/km gradient or higher. At 6 km deep, it is 
possible to recover heat at 120 C or higher that can be used in low grade geothermal plant. 
However, there is little fluid down there! 
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© Source unknown. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/fairuse. 

“fracking is necessary: crack the rock by drilling deeps well, first vertically then horizontally, 
inject water (and sand and possibly some chemicals) to further fracture the rock and keep the 
small cracks open Now inject cold water and recover it as warm water from another well” 

23
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© Source unknown. All rights reserved. This content is excluded from our Creative 
Commons license. For more information, see https://ocw.mit.edu/fairuse. 

Drilling deep holes may cause micro seismic events (and sometimes more than 
micro that can lead to shutting down the operation). 24
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 Two photos (same image with different sizes) of geothermal energy plant © Warren Gretz. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/fairuse. 

All the other images © Source unknown. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/fairuse. 

Cost depends on nature of rock, location, formations, etc. 27
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