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Last time
SEQUL NATIONAL UNIVERSITY
+  Assessment + Texthooks
- Homework :30%, ~1 homeworks /2 | DiPippo R, 2008, Geothermal Power Plants: Principles,
weeks, Applications, Case Studies and Environmental Impact,
e Elsevier, 2nd Ed.
- Mid/Final exam :30%
) \ Gupta H, Roy H, 2007, Geothermal Energy - An alternative
— Term project : 30 % (Very Important!) resource for the 21st century, Elsevier
- Participation : 10 % (attendance + eTL | MIT, 2006, The future of geothermal energy - Impact of
discussion & FAQ + o) Enhanced Geothermal Systems (EGS) on the United States in

the 21st century, US Department of Energy,
http://www1.eere.energy.gov/geothermal/future _geothermal.ht
ml

« Tester JW et al., 2005, Sustainable Energy - Choosing among
options, The MIT Press, (chapter 11)

| Zoback MD, 2007, Reservoir Geomechanics, Cambridge
University Press

§ Scanned copy and handouts will be distributed as needed

Expected self-study for this course: ? hours/week
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Introduction
Term Project

SEQUL NATIONAL UNIVERSITY

+ An enjoyable learning experience - become familiar with the technical,
economic, political, and environmental issues associated with the topic
that they are exploring.

— Both report and presentation should be in English
— Make a group of 3

— Select (or suggest) a topic of your own interest

— Timeline

w14 Sept Finalization of instruction

w25 Sept Submission of proposal (~1 page)

5 30 Oct Submission of progress report (~5 pages)

a4 Dec Submission of final report (~20 pages)
w7 Dec, 9 Dec Presentation of term project

Useful courses for taking courses in
English

SEQUL NATIONAL UNIVERSITY
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Homework #1

SEQUL NATIONAL UNIVERSITY

+ Watch the 45 minutes-video on geothermal energy by Dr
Carol Bruton at the Lawrence Livermore National Laboratory
in the US

* http://www.youtube.com/watch?v=pA27aEamWzY

+ And submit a report (1-2 pages) on the video. The report
should contain the summary of the video and your own views
on her lectures.

+ Note that the content of her lecture is also part of this course.

+ Due date: 12pm on 13 Sept, and 12pm 15 Sept(with 20%
penalty)

Content of the lecture

SEQUL NATIONAL UNIVERSITY

What is Geothermal Energy? And the origin.
* Types - indirect/direct uses

The elements — what is needed

History and Status

Types of Geothermal Power Plants

Advantages/disadvantages

Environmental Impacts
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What is Geothermal Energy

SEQUL NATIONAL UNIVERSITY

+ Geo: Earth
* Thermal; Heat

+ Geothermal Energy is the heat contained within the Earth

Regions of the Earth's Interior

The Earth

Crust
~

v
Mantle____* 2

AV ;

F
Quter core \_f
Inner core /"‘:;"br

http://geothermal.marin.org

Tester, MIT, OCW

The origin of geothermal energy

SEQUL NATIONAL UNIVERSITY

 Two mechanism:
— The interior is hot (the center is ~6000°C);

- Decay of long-lived radioactive isotopes:
aTh (Thorium 232), U (Uranium 238), K (potassium 40), ~ "tPfgecthermalmarin.org
| Concentrated in upper crystal rock.

‘| Account for about 80% of the surface heat flow

+ Geothermal Gradient; the rate at which earth temperature
increases with depth, typically: 25 — 30 °C/km

« Surface heat flow

— Global means: 87 mW/m? (Pollack et al., 1993), In boundaries between plates: 300
mW/m?
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Types of geothermal resources

SEQUL NATIONAL UNIVERSITY

* Indirect use (Electricity)
- Hydrothermal field
- Enhanced Geothermal System (EGS)
— Geopressurized

- Magma Energy
* Direct use of heat (non-electric)

- Various usage of heat
- Geothermal Heat Pump (GHP)

Map of earth’s lithospheric plates

SEQUL NATIONAL UNIVERSITY

Figure 9.1 Map of the eardh’s Ichospheric plates indicating the relativs 1peeds of moticn by the lengths of the ammows
{gerrally =10 cm per annum). Large docs indicas i o peothermal energ g areee Boyle, 2004, Renewable Energy
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The elements of geothermal resources

SEQUL NATIONAL UNIVERSITY

+ Three important elements;
- Alarge heat source (must be natural)
— A supply of water (can be artificial)

— A permeable reservoir (can be artificial)

+ Other elements
— An overlying layer of impervious rock (cap rock)
— Areliable recharge mechanism
— stability of rock formations

— economic factors (well drilling/completion costs, surface plant
COsts)

The elements of geothermal resources

SEQUL NATIONAL UNIVERSITY

* The intent of a geothermal development project is; to locate
such systems and produce them by strategically drilled wells.

Boyle, 2004, Renewable Energy
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The physics of geothermal resources

SEQUL NATIONAL UNIVERSITY
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Schematic model of a hydrothermal geothermal system (DiPippo, 2008, Fig.1.4)

Geothermal Power Generation analogy
Can steam spin a turbine?

SEQUL NATIONAL UNIVERSITY
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http://pathstoknowledge.files.wordpress.com/2009/07/boiling1.jpg Cookingfor.us
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Unit of Power and Energy
W vs. Wh

SEQUL NATIONAL UNIVERSITY

 W: unit of Power (IW =1 J/sec)

— rate at which energy is converted from one form to another
: a few hundred MW

— Conventional coal- or oil-fired station
: 30-50 MW

— Geothermal station

 Wh: unit of Energy
— 1 kWh =1000 (W) x 1 hour = 1000 x 3600 (sec) = 3.6 MJ

+ TOE: Tonne of Oil Equivalent
— Energy produced by burning one tonne of crude ol

- 1TOE =42 GJ = 12,000 kWh

Unit of Power and Energy
How big is big?

SEQUL NATIONAL UNIVERSITY

(49] © 1024KWh)

(B 1-11) MUz 9y wasHy
EE HxE 7|t Y

78 | 2@ | oo¢ | goe | 4g
2007 50 45 150.2 17.8 78.4 1429 42 (41

(2 1-12) 43 HIE 0| (B9 %)

+8 | FOE | RO | 4% | 71 | HE¥ | 7jE | uWEE
2007 1.3 1.1 373 44 195 365 1.1 0.0
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AITHA 0l L XI%4 A, 2007

* 403 x 10° (kWh) / 365 (days) / 24 (hours) = 46x10° kW = 46 GW
* 1 GW ~ for 1 million people (for Korea), IMW ~ 1,000 peple.
worthwhile to remember!
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History of Geothermal Energy
Larderello, Italy

* Greek & Roman times

— Hot water from the earth used for medicinal, domestic and leisure
applications.

» 1904 - First Power Generation
— Larderello, Italy, 250 kW (1913)

.3 The Larderwbo 1 scanon. which producm |30 HW roem bis tarbin v
Tie grcttar el epmion et ConitE, O a1 it S10e] et el i, s
P st comrmd with shemsssarn plais

Boyle, 2004, Renewable Energy

History of Geothermal Energy

SEQUL NATIONAL UNIVERSITY

+ 1958, Wairakei, New Zealand
- Currently ~180 MW

+ 1960, The Geysers (name of a location*), USA
— Currently largest in the world
— ~100 km north of San Francisco
— ~750 MW with 22 power plants

*geyser: 2HE& 2 &, a hot spring characterized by intermittent discharge of water
ejected turbulently and accompanied by a vapour phase (steam).

*Fumarole: = 2|3, an opening in Earth's crust, often in the neighborhood of
volcanoes which emits steam and gases
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Status of geothermal energy
production (1)

SEQUL NATIONAL UNIVERSITY

Installed capacity, MW

~9 GW as of 2005
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Status of geothermal energy

production (3) — share of Geothermal in
electricity production

El Salvador (967)
Kenya (1,088)
Philippines (9,253)
lceland (1,483)
Costa Rica (1,145)
Nicaragua (271) ;*
Guadeloupe (France) (102)
New Zealand (2,774)
Indonesia (6,085)
Mexico (6,282)
Guatemala (212)

Italy (5,340)
USA (17,917)
Japan (3 467)

SEQUL NATIONAL UNIVERSITY

0% 5% 10% 15% 20% 25%

Figure 6. The fourteen countries with the highest %o share of geothermal energy in
their national electricity production (Fridleifsson, 2007). Numbers in parenthesis give
the annual geothermal electricity production in GWh in 2004 (Bertani, 2005).

Fridleifsson, 2008, In: O. Hohmeyer and T. Trittin (Eds.), 59-80

Status of geothermal energy
production (4)

SEQUL NATIONAL UNIVERSITY

+ Geothermal Heat Pump (GHP) utilization in Europe

Table 3. Estimated number of GHP units and total installed capacity in EU countries
(Geothermal Energy Barometer, 2007)

. 2005 3006
Countries Number | Capacity (in MWg) | Number | Capacity (in MWs)
Sweden 230004 2070.8 | 270111 24310
Germany 61912 681.0| 90317 9057
France 63830 7021 | 83856 9224
Denmark 143252 8212| 432532 8212
Finland 20106 6243 | 33612 7219
Austria 32916 5702 | 0151 664.5
Netherlands 1600 2535|1600 2535
Ttaly 6000 1200 7500 150.0
Poland 8100 1046 8300 106.6
Czech Republic 3727 610 5173 830
Belgium 6000 643 7000 6.0
Estonia 3500 340| 3000 490
Ireland 1500 196 1500 196
Hungary 230 65 350 150
United Kingdom 550 102 550 102
Greece 100 50 100 50
Slovenia 300 34 420 16
Lithuania 200 13 200 43
Slovakia g 14 8 14
Latvia 10 02 10 02
Pormgal 1 02 1 02
Total EU 25 493236 6158.0 | 599511 7328.3
Source: EurObservER 2007

11
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Types of geothermal resources
|nd|rect uSe SEQUL NATIONAL UNIVERSITY

* Indirect use (Electricity)

Hydrothermal field
| Vapor dominated — The Geysers (USA), Larderello (ltaly)

yLiquid-dominated — except above two major fields

Enhanced Geothermal Systems (EGS) or Hot Dry Rock (HDR) or
Hot Fractured Rock (HFR)

Geopressured geothermal resources

§geofluid found in near-offshore petroleum deposits, containing significant
amounts of dissolved natural gas at very high pressure and high
temperature

|Uses thermal (hot brine), chemical (natural gas), mechanical (hydraulic)

— Maama enerqv

Types of geothermal resources
direct use (non-electric)

+ Direct using
— Aquaculture
- Greenhouses
- Industrial and agricultural processes
- Resorts and spas
— Space and district heating/cooling

— Geothermal Heat Pump (GHP) also known as Ground Source
Heat Pump (GSHP)

12
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Content of last lecture

SEQUL NATIONAL UNIVERSITY

+ What is Geothermal Energy? And the origin.
+ Types - indirect/direct uses

+ The elements — what is needed

* History and status

+ Types of Geothermal Power Plants

+ Enhanced Geothermal System (EGS)

+ Geothermal Heat Pump

+ Advantages/disadvantages

* Environmental Impacts

Types of power generation

SEQUL NATIONAL UNIVERSITY

* Dry steam power plant

* Flash steam power plant
— Single flash
— Double flash

* Binary cycle power plant

13
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Types of power generation _
Dry steam power plant (ZA S IIEAD) oo

— Dry steam spin the turbine
- The most efficient type

— However, dry steam reservoir is not common

air and

|,-‘

=4 T
Lt geothermal zone

production well

(a) dry steam power plant
Boyle, 2004, Renewable Energy

Types of power generation
Flash steam power plant (

ol

23S

SEQUL NATIONAL UNIVERSITY

A
==)
— Use separator to separate into distinct steam and liquid phase
— Mainstay of geothermal power industry

— Single and double flash

(b) single fiash steam power plant

Boyle, 2004, Renewable Energy

Week 2 Introduction 7 & 9 Sept 2009

14
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Types of power generation
Binary cycle power plant

SEQUL NATIONAL UNIVERSITY

lower boiling point than water:
pentane, butane

(ORC) plant

power.

— Uses a secondary working fluid with a

— Also known as Organic Rankine Cycle S5

— With geofluid temperature < 150°C

— 162 units in operation which is 32% of
all geothermal units (DiPippo, 2008).
But this generate only 4% of the total

1 geothermal zone

production well infection well

{€) binary cycla power plant

Boyle, 2004, Renewable Energy

ZtNEAAE

Enhanced Geothermal System (EGS)

SEQUL NATIONAL UNIVERSITY

— Also known as Hot Dry Rock (HDR)
or Hot Fractured Rock (HFR)

stimulation of a hot (T > 100°C) but
comparably impermeable (k < 10-16
m?) rock mass at depth (~3 km) to
create an artificial geothermal
reservoir (volume ~ 2 km?).

— Suitable heat exchange surface is
then created by opening pre-
existing fractures or generating new
fractures.

— EGS is a system that uses hydraulic |

o
10,000-30,000 r Dapth

-------
.........

. ey~
R
5 5

MIT, 2006, Future of Geothermal Energy

15
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The future of EGS

SEQUL NATIONAL UNIVERSITY

* Astudy by a panel of

The Future of _
Geothermal Energy experts on EGS in the US

im t of Enhan nal

(2006).

» Total resource base up to 10
km = 130,000 x annual
consumption of energy in the
US.

+ 100 GW from EGS by 2050
in the US with reasonable
investments in R&D.

http://www1 eere.energy.gov/geothermal/future_geothermal.html

History and status (1)

SEQUL NATIONAL UNIVERSITY

7 o | B Testing completed

Cooper Basin
|:| Projected tests a r

E
2
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B Soultz Deep Phase |l
@ 5 ] —
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Year

Figure &£.1& Evolution of estimated electrical power output per production well, with time from EGS
projects. The Fenton Hill, Coso, and Desert Peak projects received, or are receiving, major funding from
the U.S. DOE.

MIT, 2006, Future of Geothermal Energy
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History and Status (2)
Austral ia SEQUL NATIONAL UNIVERSITY

= 48 companies hunting hot rocks

Growth in Australian Hot Rock Projects (7 may 09)

Growth in Australian

= 383 licences applied-for Rock & Hot Sedimentary Aquifer Projects

covering >358,400 km2 on a
variety of plays. More to come

= 10 ASX geothermal companies.
= Work programs (2002-13) worth

>Aus$1,500MIn & this excludes
upscale/deployment

Australian G'ments committed
A%112Min for research & proof-
of-concept since 2000. Includes
A$50 Min to co-fund deep

drilling under the Fed.

Geothermal Drilling Program &
this excl. Aus$500Min to co-

fund demo of renewables from -
Fed & States (

y lopment Framework,
ned the USA and Iceland in the International Partnership

» In 2008, Australia’s Fed. < or Geothermal Technologie

G'ment | ¥ Announced its renewable energy target and the design of its
emissions cap and trade scheme

Goldstein BA, 2009, http://www.geothermal.pir.sa.gov.au

Enhanced Geothermal System (EGS) ¥l
Challenges

Flow short circuiting — too rapid temperature drop, especially the
distance between two borehole is small

High injection pressure - > min. in situ stress at a point of injection
Water losses

Instrumentation at high pressure & temperature

Rock-fluid interaction (Geochemical impacts)

Induced seismicity — can be felt in the surface

Inherent issues for geological engineering:

§Fracture design model — no credible model available for hydraulic fracturing
in discrete fracture network

s Fracture mapping & rock property quantification

17
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Drilling Cost

JAS = Joint Association Survey on Drilling Costs.

Well costs updated to USS lyr. 2004) using index madse from J-year maving
average for each depth interval listed in JAS [1976-2004] for onshere, completed
US oil and gas wells. A 17% infLation rate was assumed for years pre-1976.

100 - N - SEQUL NATIONAL UNIVERSITY
E . 3
- Geothermal - 7
- Well Model b 9
- Predictions L’ -
¥ a0 . &
] | “h
= \ ¢
= B ' o
% & | i l:”-Il:ﬂ o /
§ 10 el : ’/ w/
- C r TR
g o &@ L i o M JAS Oil and Gas Average A HOR/EGS Actual
= - L v O JASUlra Deep Oil and Bas & HDR/EGS Predicted
= - o X / @ The Geysers Actual ¥ Soubz/Cooper Basin
g 3 e @ Imperial Valley Actual —— Wellcost Lite Model
3 & Other Hydrothermal Actual < Wellcost Lite Base Case
E O Hydrothermal Predicted V' Wellcost Lite Specific Wells
=
2
z
a
E
=3
o

Oil and Gas

Ultra deep well data points for depths greater than & km are either individual

Average wells or averages from a small number of wells listed in JAS [1994-20001.
4. "Other Hydrothermal Actual” data include some non-US wells |Source: Mansure 20041
| } } 1 } il
5000 10000 15000 20000 25000 30000
01 i1 1 |_ PR DT TR N N B J I -1
2000 4000 &000 8000 10000

Depth [meters)

Figure 6.1 Completed geothermal and oil and gas well costs as a function of depth in year 2004 U.S. $,
including estimated costs from Wellcost Lite model. MIT, 2006, Future of Geothermal Energy

Geothermal Heat Pump

SEQUL NATIONAL UNIVERSITY

Temperature °C

[:]
: R
%&‘:‘?&ﬁw 2 September 1987
40
September 1988
?‘:#Eém'; g ¥ Soptombor 1989
& 0
— Seprember 1990
70
Seprember |99]
Earth remains at a relatively constant
Sapeamber 1996 \ temperature throughout the year
oo September 1997 \
Septembeer 1998
(1]

Figure 9.11 (3) The geothermal heat pump (GHP) concept used to extract heat from warm shallow groundwater

o supply a single domestc dwelling. In the winter heat s removed from the earth and delivered in a concontrated

form via the heat pump. Because electricity is used, In effect, to increase the temperatune of the heat, not to produce

it, the GHP can deliver three to four tmes more energy as heat than the energy content of the electricity it

consumas; (b) Measured dara from a Swiss GSHP Installation. Afeer an initial drop, the ground temperature balow the

selar-dominated surface zone (see Box 9.6) recovers to the same value year after year. This appears to be a truly

renewable operation Boyle, 2004, Renewahle Energy

18
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Geothermal Heat Pump

SEQUL NATIONAL UNIVERSITY

Temperature in the underground remain constant regardless of
seasons (15+£5°C) at ~200 m.

Uses the earth as a heat source (winter) and a heat sink (summer)

http://www.youtube.com/watch?v=-ajgiPe 9Ko

Relies on heat transfer by conduction from the walls of borehole

= COLD"

Status of direct use (1)
worldwide

SEQUL NATIONAL UNIVERSITY

28 WA F A XY Al 2Y 0l #&(1995~2005).

Al 88 (capacity),
MWt
2005 | 2000 | 1995
g GHEHIAAR) 15384 5275 1,854
x|t 4,366 3,263| 2,579
241t 1,404| 1,246) 1,085
LAY 616| 605/ 1,097
SHE U 157 74 67
Aol 484| 474|544
28 ¥ =9 5401 3.957| 1,085
HA N 114 115
7|E} 86 137 238
g oA @)1 5,145 8664

AURH 2 0il LA X1 24 A1, 2008
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Status of direct use (2)
Korea SEQUL NATIONAL UNIVERSITY

» Korea,
— Total installed capacity 16.9 MW (Song et al., 2005)
— Drastic increase in the past five years

— Company installing heat-pump increased to 380 in 2007 from 10 in

(8 3-38) Az ¥ x| Wty AAY 22 22 (2001~2006).
T e 2001 2002 2003 2004 2005 2006 & A
23 82RT) 88 207 670 | 1,768 | 2,331 | 10,007 | 15,071

*RT(Refrigeration Ton): power required to freeze one short ton (2000 Ib) of ice at 0°C in 24
hours. 1RT ~ 3.5 kW
A1 TH A4 0l L XI 4 A, 2008

Four Types of Geothermal Heat Pump(1)
Closed loop

* Horizontal
— Generally most cost effective

- Use large land

— Deeper than about 4 feet

* Vertical

- For large buildings

— Up to 200 m deep or more

+ Pond/lake

— When there is water (pond)

Week 2 Introduction 7 & 9 Sept 2009

20
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Four Types of Geothermal Heat Pump(2)
Open loop

SEQUL NATIONAL UNIVERSITY

* Open loop

- Use groundwater as the heat exchange
fluid

— Production/injection well

+ Choice of system (open & closed loop)

Open Loop Systems

depends on the climate, soil
conditions, available land, local
installation cost.

Geothermal Heat Pump
Installation

SEQUL NATIONAL UNIVERSITY

Casing 150mm

Steel Pipe)

Grouting
(Bentonite)

KOTEC Engineering, www. koteceng.net

21
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Geothermal Heat pump -
Advantages SEQUL NATIONAL UNIVERSITY

— Do not depend on the presence of water-bearing rocks

— They can be exploited almost anywhere

- Thousands of operations (Switzerland, Germany, Sweden)
— 400,000 units (US)

— Particularly valuable when cooling is required as well as heating.

Advantage of Geothermal Energy (1)

SEQUL NATIONAL UNIVERSITY

- Provide base load power (Reliable). Wind and solar energy
generate power intermittently

Electricity at stable prices

Emit very small amount of CO2 (no mine, no combustion)

Economic development potential — employment, tax-payer

Direct use application

Geothermal [N 01

MNatural Gas 598

oil 883

400 800
g CO,/kWh
Figure 14. Comparison of CO; emission from electricity generation from different

energy sonsces in the USA. Data from Bloomfield et al. (2003).
Fridleifsson, 2008, In: O. Hohmeyer and T. Trittin (Eds.), 59-80

22
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Advantage of Geothermal Energy (2)

SEQUL NATIONAL UNIVERSITY

geothermal power plant, Costa Rica (DiPippo, 2007)

Disadvantage of Geothermal Energy

SEQUL NATIONAL UNIVERSITY

Not strictly limitless — can be depleted

Siting processing takes long

Exploration and drilling remain expensive and risky

project

| Drilling alone can account for as much as 1/3 or %2 of the total cost of a

Not economic to transport hot water/steam over long distances

23
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Environmental Impact of Geothermal _
energy SEOUL NATIONAL UNIVERSITY

Ground subsidence: usually in liquid-dominated fields millimeters
~ centimeters

- Induced seismicity: lubrication and increase of hydraulic pressure,
usually associated with reinjection

- Induced landslides

— Noise Pollution, Disposal of drilling fluids

— Disturbance of natural hydrothermal system

- Disturbance of wildlife habitat, vegetation and scenic vistas

Content of this week’s lecture
- largely qualitative

+ What is Geothermal Energy? And the origin.
+ Types - indirect/direct uses

+ The elements — what is needed

* History and status

+ Types of Geothermal Power Plants

+ Enhanced Geothermal System (EGS)

+ Geothermal Heat Pump

+ Advantages/disadvantages

* Environmental Impacts

Week 2 Introduction 7 & 9 Sept 2009
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