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Fuel use through history

Industrial activity and economic growth
require access, control, and maintainence of
fuel sources

Example: 85% of the energy used in the US
comes from wood, coal, oil and natural gas,
which are not renewable resources

Coal, oil, natural gas reserves take millions
of years to form

The rate of extraction far exceeds the rate of
formation

Joules (x 10'?)
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Population growth and per capita energy use

B T o o A e O B
« Global population has increased by 5x between - Er:ergylconslumpt;on o ]
1850 (1.3 billion) and 2010 (6.9 billion) " per person since 1700 E

» Global population is projected to increase by 57%
between 2000 and 2050

Joules/person/yr (x 101°)

* Energy use per capita has increased by more than
15x between 1850 and 2010

1650 1750 1850 1950 2050
Take home points: (b) Years

I
s
o

(,0TX) uonendod [eqoH

— 3.0
« Global population is increasing - Population of the planet 320
- since 1700 ]
 EACH person uses more energy now than in 1850 R J1.0
-I L1l I L1 11 I L1 1.l I | I L1 11 I | I L1 11 I L1l I: 0.0
1650 1750 1850 1950 2050
(a) Years

Source: Glassley, W. E., Geothermal Energy



Population growth and per capita energy use

8.0 RARAE RAARE RAAAS RAALE AR R DAL B
2oE Energy consumption E
' L per person since 1700 :
S 60 -
S ]
Loss of access to energy has societal, i;f: >0 ] E
economic, industrial, and political : L0 e 8.0
implications. S 30F E 170
= n ] ]
2 20F E d60 o
L . J =)
1.0 F - 350 g
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Source: Glassley, W. E., Geothermal Energy



Greenhouse gas emissions

« Carbon-based fuels increase
greenhouse gas (CO,, CH,)
concentration in the atmosphere

» Greenhouse gases reduce the
transmissivity of the atmosphere to
thermal energy: the atmosphere traps
heat

» Surface temperature increases

Land average temperature (°C)

10.0

9.5

9.0

8.0

1750

Change in global average land

surface temeprature, from 1753 to
2011
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Source: Rohde et al. (2013) Geoinformatics & Geostatistics: An Overview



Greenhouse gas emissions

35.0 T 5000
30.0 _ Per capita emissions ‘- ] .
PR — 4000
- - e >
o _ T 250 3
« Total global CO, emissions from burning 5 i <
. . en i N
fossil fuels increased by 16x between 1750 < '+ 3000 g
and 2011 s 5
é’ Total global emissions =
@ 150 ’ A
CSJ — 2000 g'
. . . . @) 7 ©
* Per capita CO, emissions increased almost - z
30x between 1750 and 2011 L i Q
B — 1000 =
50 F J
0.0 b N L oI U T T T P BT iy
1750 1800 1850 1900 1950 2000 2050

Years

Source: Glassley, W. E., Geothermal Energy



EROEI: Energy Returned On Energy Invested

* You need to use energy to produce energy e L L [ I L I L
. Energy obtained from an energy source L Oil and gas i
 EROEI
" Energy expended in exploiting an energy source 100 [~ (Domestic) ]
« EROEI is difficult to quantify and to normalise » g
across all energy resources globally: i P
« Example of oil production: Energy invested in - L i
exploiting the resource includes initial resource g 60 N Oil ]
. - . . . : F - (Imported) -
exploration, drilling wells, pumping oil, transporting oil to £ R i
a refinery, processing oil at refinery, transporting fuel to A0 | )1 | 7
distribution stations, environmental maintenance, B O " ’
cleanup of site post-production or in case of spill, i O | i
marketing 20 L Natural gas g -
. B (Domestic) """ ==== = -
 EROEI drops as fuel becomes more difficult to 3 T T
1 1 1
access 2920 1940 1960 1980 2000 2020

Years

Source: Glassley, W. E., Geothermal Energy



What do we use energy for?

 Total CO, emissions in the US in
2012: 5.292 x 102 kg

« >50% of CO, emissions result from
generation of electricity for:
« Commercial
* Residential
 Industrial
« Transportation sectors

« Electricity generation accounts for
>50% of all greenhouse gas
production

CO, emissions (kg x 1012)

3.000

et
o
S
o

1.000

[ Electricity
CO, emissions of the US ' generation
economy in 2012 Transportation

n Industrial 1.816

1.482

. . Residential
Commercial 1056
| 0938 -~

N ——— ————— Generation
emissions
Total emissions 5.292k>< 1012 5 039 x 1012
g kg

Source: Glassley, W. E., Geothermal Energy



Supplying electricity to the power grid

Electricity generation, transmission, and distribution

fransmission lines camy

ook electricity long distancas o
distribution lines camy

generates electricity
”"" B electricity to houses
m : lm
transformers on poles
. | step down electricity

\ransformer steps R before it enters houses
up voltage for transformer steps

transmission down VD“agE

Source! Adapted from Mational Energy Education Development Project (public domam)

 Electrical grid links power generators and power users
» A system of distribution and transmission lines

« Commonly segmented into regions supplied and administered by operators and regulators




Supplying electricity to the power grid

« Base load: Minimum amount of power a supplier must make available to customers

* Quantity is informed by the historical record

» Peak load: Load placed on grid by immediate conditions experienced at the moment, in excess of
the baseload
» Affected by extremes in weather, local emergencies
» Peaking capacity is the capacity to meet this temporary increase in load (also informed by historical records)
» The capacity of the grid is generally designed to exceed the peak load estimate by a few percent

» Load following: Ability to respond to changes in demand for power

 Ability to increase power output on a timescale of minutes to tens of minutes

» Power distributors must have generating plants capable of relatively rapid changes in power output or can buy power
at short notice from suppliers




How do we reduce our reliance on fossil fuels

1200

 Reduce demand for electricity Coal

900 -

=
* Replace fossil fuel-based electricity = Ol
generation with renewable energy sources Z
2 600 Natural
% gas
» Replace liquid fossil-fuels with other forms e
of portable energy sources © 300k
Geothermal
flash
0 L

Power generation technology

Source: Glassley, W. E., Geothermal Energy



Replacing fossil fuels

In 2020, renewable energy generated about 37% of

To replace fossil fuels, new fuel sources all electricty in the EU

need to meet certain criteria;:

Renewable sources generating electricity in the EU

- % of total, 202
 Sufficiently abundant to meet a i
significant percentage of the market OTHER
demand SOLID 8% =it
BIOFUELS ik 2B
» Obtained at a cost competitive with
existing energy sources
« Reduce or eliminate greenhouse gas l
emissions

* Renewable: is it self-replenishing? HYDRO
33%

Data do not add up to 100% due to rounding.

ec.europa.eu/eurostat i



Replacing fossil fuels

In 2020, renewable energy generated about 37% of
all electricty in the EU

Renewable sources generating electricity in the EU

Solar and wind energy are intermittent: % of total, 2020
« Their output does not remain constant due to OTHER
diurnal and seasonal variations SOLID 8% :51\}"1";
BIOFUELS =

SOLAR B
Geothermal energy is not intermittent: L
« Can be used as a baseload power source §
and, with management, can be dispatchable

Data do not add up to 100% due to rounding.

ec.europa.eu/eurostat i



What is geothermal energy?

Temperature (°C i
at SkF:n Q) Denmark (¥
y
> 240 & ; b
200- 240 : N

Geothermal energy: o A gy

140-160 akenheath RAF = "‘n'

120-140 enhall RAF £

100-120 v act IS
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60-80 :

<60 Ukraine

Coast Guard %
Army

Remnant heat from the °
formation of the planet4.5 | & i«
billion years ago .

No Information
Ridge

s Transformal
s Trench
a

+

Volcano

Radioactive decay of
naturally occurring radioactive
species

Represents only 0.03% of the g
heat radiated into space. £ M s | ot

Data for global plate boundaries courtesy of The University of Texas Institute for Geophysics, Non-CONUS military installations were

approximated using descriptions obtained from MilitaryTimes magazine, 2004 Guide to Military Installations Werldwide. Volcano data This map was produced by the ”Ea
courtesy of the Smithsenian Institute’s Global Volcanism Program. Temperature from European Deep Geothermal Energy Programme. National Renewable Energy Laboratory M )
=

1A\

for the US Department of Energy.
Author: Billy J. Roberts
0 250 500 750 1,000 International Miles November 29,2010 NATIONAL RENEWABLE ENERGY LABORATORY




Role of geothermal energy

* Direct heat use:
» Moderate heat flow

» Direct heating and cooling of buildings can reduce the
electrical demand on heating, ventilation, air conditioning,
and cooling (HVAC)

« Other uses: food processing, drying materials, aquaculture,
agricultural activities, greenhouses, paper manufacturing...

 Electricity generation
* High heat flow

» Depends on geological context: only 30% of the
geographical area of the US can support electricity
generation

* New technologies being developed to increase geographical
extent of electricity generation

Power Generation

4

Flash &
Dry Steam
Geothermal

Power Plants

Binary
Geothermal
Power Plants

700°F
371°C

350°F
177°C

250°F
121°C

200° F < Food
Q95° C ’ Processing

150°F
66° C

100°F
38°C

50°F
10°C

Direct Use

@ GeoVision Analysis
Modeled Applications

@ Electricity Production and
Minerals Recovery

@ Commercial and Residential
Applications

@ Industrial Applications

@ Agriculture and Aquaculture
Applications

Hydrogen
Production

I Cement and
Aggregate
. Drying

Fabric Dying and
Pulp and Paper
Processing/
Lumber Drying

Drying

é Green Concrete
Housing Block

Building {:}'/
i Heating

Fish and Cooling
Q Farming

Geothermal ok
Heat Pumps
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Global heat production in 2010: Electricity

In 2010:
25 countries
10.7 GWe
Geothermal Power Generation . : S Dt o
2005—2:)n1toh6;\)/\g;;fReport | o). : Ol Predicted 2015:
R o T - N 185 Gie

@ < 1000 MW

=T N
@ Py Q W S8 Predicted 2050:
e 7 k. 70 GWe

Forcast for 2015

(Bertani, 2010)

Courtesy of C. Dezayes, 2021




Global heat production in 2010: Heat

In 2010:
78 countries
43 GWth
‘. Uses:
3
Geothermal Direct Use ‘( t; : :
in the world o : :
2005-2010 Update Report # » 5 b % } Greenhouses
<100 MWth _ | g k| 5 Aquaculture
. O Residential heating
- e District heating

©< 15 000 MWth

Courtesy of C. Dezayes, 2021




Global geothermal potential

The International Energy Agency (IEA
2005) estimates that global
geothermal capacity is equivalent to
4.5 million MW.

Global energy production from all

resources was 14.7 million MW in “‘ & L ‘E..'H.i
2005. L
| i— ¢
(régions tectonigues et vorqu ctives émergées)
Geothermal can contribute a s s g e rege s o)

quater of all global power q;‘mil—'—"’—
production.

High temperature resources
Electricity production

Low temperature resources
Heat production

Courtesy of C. Dezayes, 2021



Course description

Part I: The Basics
Week 1 (September 10): Introduction / Heat production in the Earth
Week 2 (September 17): Thermodynamics recap
Week 3 (September 24): Subsurface fluid flow

Week 4 (October 1): Geochemistry — Assignment 1 due

Part Il: Exploration to production
Week 5 (October 8): Exploration methods: Geochemistry
Week 6 (October 15): Exploration methods: Geophysics — Assignment 2 due
Mid-term break (October 22)
Week 7 (October 29): Resource assessment / Generating power using geothermal

Week 8 (November 5): Generating power using geothermal

*Lectures subject to some change, based on course progress.

ENERGY AND THE ENVIRONMENT

GEOTHERMAL
ENERGY §

SECOND EDITION

Renewable Energy
and the [

Envuronment

@




Course descri ption ENERGY AND THE ENVIRONMENT

GEOTHERMAL
ENERGY §

SECOND EDITION

Part lll: Specific geothermal types and associated environmental, societal, and economic Renewable Energy

mpacts . and the
Week 9 (November 12): Direct-use — Assignment 3 due — En\(»\l ronment

Week 10 (November 19): Enhanced Geothermal Systems

——
-

Week 11 (Novemer 26): Environment, Societal, and Economic considerations — Assignment 4 due _,
Week 12 (December 3): Oral exam preparation
Week 13 (December 10): Oral exam preparation

Week 14 (December 17): Oral exam

@

*Lectures subject to some change, based on course progress.



Course description

Week 1 (September 10): Introduction / Heat production in the Earth

Week 2 (September 17): Thermodynamics recap

Week 3 (September 24): Subsurface fluid flow

Week 4 (October 1): Geochemistry — Assignment 1 due

Week 5 (October 8): Exploration methods: Geochemistry

Week 6 (October 15): Exploration methods: Geophysics — Assignment 2 due
Mid-term break (October 22)

Week 7 (October 29): Resource assessment / Generating power using geothermal
Week 8 (November 5): Generating power using geothermal

Week 9 (November 12): Direct-use — Assignment 3 due

Week 10 (November 19): Enhanced Geothermal Systems

Week 11 (Novemer 26): Environment, Societal, and Economic considerations — Assignment 4 due
Week 12 (December 3): Oral exam preparation

Week 13 (December 10): Oral exam preparation

Week 14 (December 1): Oral exam

*Lectures subject to some change, based on course progress.

ENERGY AND THE ENVIRONMENT

GEOTHERMAL
ENERGY §

SECOND EDITION

Renewable Energy

and the “
Envnronment




Course administrative details

ENERGY AND THE ENVIRONMENT

GEOTHERMAL §

Alexandra Kushnir

alexandra.kushnir@epfl.ch E N E RG Y

GC C1 408 SECOND EDITION

Teaching Assistant: and the
Envuronment

Andrea Mazzeo
andrea.mazzeo@epfl.ch
GC DO 393

Cindy Mikaelian
cindy.mikaelian@epfl.ch
GC DO 393

3 credits

2 hours lecture, 1 hour exercises per week T
90h workload




Course assessment

50% 4 assignments
* To be done in pairs
* Followed by obligatory post-assignment survey

50% Oral exam

» Poster exam, done in pairs or groups of 3, depending on class
size
* 6 hours preparation

» 3 hours for presentations: 10 minute presentations per group,
plus 5-10 minutes of questions from the entire class

ENERGY AND THE ENVIRONMENT

GEOTHERMAL
ENERGY §

SECOND EDITION

and the
Envuronment

@. R(




(gen)Al and teaching

GEOTHERMAL |
EPFL guidelines: ENERGY !

SECOND EDITION

Should students make use of Al in their assignments, they Renewable Energy
are expected to acknowledge it explicitly and to apply I E and th% [
critical thinking (particularly with respect to sources, - nvironmen

potential biases, and data sharing).

Al should be used responsibly as a tool to support
learning, rather than as a substitute for students’ own

work.

@. R(
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