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Module 1

Introduction to Geothermal




| Module 1. Learning objectives PSS-Gel

To understand the concept behind geothermal energy production
To understand the role of geothermal in energy transition strategy

To understand existing business context for geothermal market in World and Europe, main
challenges and opportunities




What Is geothermal? PSS-Gedd

A Geot her mal energy I s the heat that comes from tF
and fluids beneath the Earth's surface and can be found as hot water or steam. Itis a
renewable energy source because the Earth continuously produces heat, making it an
endless resource.

Geothermal energy can be used for:

Heating and Codliogn directly heat buildings through geothermal heat pumps.

Electricity Genera@@mmthermal power plants convert steam or hot water into

electricity.

Hot Water Sugplgpme areas, geothermal resources are used for hot water or spa

bathing.

This energy source is clean, reliable, and sustainable. It does not produce greenhouse gases
and is available 24/7, making it an important option for reducing our reliance on fossil fuels.

o Do Do Do Ix




The source of geothermal heat PSS-Getd

438 A Geothermal energy is derived from the Earth's internal heat. This T bewvOnt:
two primary sources: the planes k& hickness

A Residual Heam Earth's Formation: When the Earth was formed, i
mass, and some of that heat remains trapped within the planet. C
residual heat has been gradually radiating outward, providing a c
geothermal energy.

A Radioactive Debhg:Earth's crust contains radioactive elements, s
thorium, and potassium. As these elements decay over time, the
process known as radioactive decay. This heat contributes signif

internal temperature.

Earth's Mantle

semi-liquid layer forming
80% of Earth’s volume with
a predominance of iron and
magnesium compounds.

Inner Core

solid part of the core
primarily composed of iron
and nickel.

Outer Core

liquid part of the core with
the processes enabling

the existence of the Earth's
magnetic field.

A Together, these two sources generate the heat stored in the Eart
which is accessed in geothermal energy systems. The heat rises S b
volcamc activity, hot sprlngs geysers, and tectonic activity, and casrie ﬁamessed for

: : . : downloads/images/structure -of-the-earth-87
A Seismic fractures make it easier for groundwater to flow




Convection by geothermal fluid? PSS-Gel
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Picture is taken from opensource article:

Jie Zhuet all, 2022 324

Geothermal Resource Exploration in Magmatic Rock Areas Using a Comprehensive
Geophysical Method https://doi.org/10.1155/2022/5929

https://onlinelibrary.wiley.com/doi/10.1155/2022/5929324



https://onlinelibrary.wiley.com/authored-by/Zhu/Jie
https://doi.org/10.1155/2022/5929324
https://doi.org/10.1155/2022/5929324
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Location of the most prolific geothermal areas

B A Geothermal energy is most abundant in 1>

high tectonic activity, particularly along tr

A Countries like Iceland, New Zealand, anc
rich in geothermal resources due to freqt

activity and tectonic plate movements. Ic|-

examlole, sits atop theaMiic Ridge, making
%Ioba
eating.

A Other notable geothermal regions include
African Rift, where countries like Kenya

geothermal energy from the splitting Afric|

t A California in the U.S. also has significant
| fields, especially in the Geysers region. N
Turkey also have substantial geothermal
contributing to their energy supply.

leader in geothermal enéergy for eli|:
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icture source:

Plate Tectonics and Our National Parks (2020)

Arext and lllustrations by Robert J. Lillie, Emeritus Professor of Geosciences, Oregon State
University [E-mail]

Aroduced under a Cooperative Agreement for earth science education between the National Park
Service's Geologic Resources Division and the American Geosciences Institute.

https://www.nps.gov/subjects/geology/plate -tectonics -the-unifying-theory-of-
geology.htm#collapseCollapsible1581436791893


https://www.nps.gov/common/utilities/sendmail/sendemail.cfm?o=798AD9BE8FC7E1909DB71FA6FC37A4BF439A49814FA28D8B5A51AB830B&r=/subjects/geology/plate-tectonics-the-unifying-theory-of-geology.htm
https://www.americangeosciences.org/
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& Types of geothermal resources

RESOURCE TYPE BASED ON | GEOGRAPHICAL AND USE/TECHNOLOGY
TEMPERATURE GEOLOGICAL LOCATION

High: >200C Globally around boundaries of Power generation with conventional
tectonic plates, on hot spots and steam, flash, double flash, or dry
volcanic area steam technology

Medium: 150-200°C Globally mainly in sedimentary =~ Power generation with binary power
geology or adjacent to high plants, e.g., ORC or Kalina technology

temperature resources

Low: <15C0C Exist in most countries (average Direct uses (space and process
temperature gradient of 30C/km heating, etc.) and, depending on
means that resources of about  location and power tariff offered,
150°C can be found at depths of power generation with binary power
about 5 km) plant

ALow and high temperature resource type isaalsdchigtiehibalpy
systems
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Geothermal Power Generation

Geothermal power generation harnesses heat from the earth's core to create steam, which drives a
turbine connected to a generator to produce electricity. Water is pumped underground to be

Geothermal pOwer plant generates eleCtr|C|ty by harneSS” heated by the earth's heat and returned to the surface as steam. This steam is then used to turn the

. . . . turbine and generate electricity. Geothermal energy is renewable and emits little to no greenhouse
deep within the Earth, typ|ca||y from geothermal reservoire gases, makingg itanattractiveo);)tionforsuslainab?genergyproduction. ’
steam) found below the surface. This heat is used to prod |

drives a turbine connected to an electricity generator.

Geothermal plants require access to geothermal resource
steam) underground, meaning they are best suited for reg,
geothermal activity (e.g., Iceland, California, New Zealanc

Low enthalpy geothermal are likely to be not profitable

HOT WATER . NJECTION WELL

Designed byreepik

https://lwww.freepik.com/free -vector/geothermal-power-generation
infographic_39988674.htm#fromView=keyword&page=2&position=19&
uuid=38eacf3d-e69e-4e7c-a9b7-
c72dalec9dbc&query=Geothermal+Power+Station

10
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m ry Steam Plants Precedence Geothermal Power Market Share, By Plant Type, 2023 (%)
Alash Steam Piant:
. 60
MBinary Cycle Ptant: -~
48
36%
36
24
13%
B
. Dry Steam Plants Fash Steam Plants Binary Cycle Power Plants
Source: https://www.precedenceresearch.com/geothermal-power-market

11




AW

Mry Steam Plants
A DefinitioThese plants use steam directly from the geothermal

reservoir to drive the turbine.
A Howitwotks The steam extracted f

fluid.

world.

the generator directly, without the need for a secondary heat t

A Exampl&@h€&eyseia California is the largest dry steam field in tt

PSS-Ge&

| Types of geothermal by tech==!~~-

' H% Generator
A )
e I_--——._Txl
Pal——= j@ﬁj —> | Condenser
e Turbine
Separator Lﬂ
1:7} :
Wellhead Wellhead?<

Ground surface

i ——

Subsurface
injection

— O Steam E\
S8 water

Source of image:
https://en.wikipedia.org/wiki/File:Diagram_HotW
aterGeothermal_inturperated_version.svg

12
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Types of geothermal by tech=~ =~

B Generator
Alash Steam Plants 2] )
A Definitiomhese plants use hot water from the geothermal resel s @)r===Condenser
high pressure. When pressure is reduced (flashed), some of ti 5 Turbine __
steam, which is then used to generate electricity. Separator [ﬂ
A How it worksot water is extracted, and its pressure is quickly ri — .
portion of the water to flash into steam, which drives the turbir Wellhead wellead 5

Ground surface

A Exampl€ommon in pladéevikéealamdicelandvhere geothermal
reservoirs are under high pressure.

i ——

Subsurface
injection

— O Steam E\
S8 water

Source of image:
https://en.wikipedia.org/wiki/File:Diagram_HotW
aterGeothermal_inturperated_version.svg
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Types of geothermal by techrolom:

Ainary Cycle Ptants

Condenser

Generator ~

A DefinitioThese plants transfer heat from geothermal water to & -
with a lower boiling point, which then vaporizes and drives the = —g@%

A How it workehe geothermal water never comes into direct cont r - __I
turbine. Instead, it heats a secondary fluid in a heat exchangel
vaporized to power the generator. Heat exchanger |

A Exampl®ften used in areas with lower temperature geotherma ol & telnead
as parts ©alifornend urkey

Jl
Subsurface
injection
E E%Isobutane %\

“5 water

Source of image:
https://commons.wikimedia.org/wiki/File:G
eothermal_Binary System_(alt_version).svg

14
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d Pros and Cons of geothermal technologies

Plant
Type

Binary

Cycle

Flash

Steam

Dry

Steam

Pros

- Works with low-temperature resources

- Closed-loop system with low emissions

- Environmentally friendly with low emissions

- More efficient than binary cycle with medium-

temperature resources

- Widely used and established technology

- Moderate to high power output

- Highest efficiency and power output

- Direct use of steam

- Reliable power generation

Cons

- Lower power output compared to other

types
- More complex and expensive installation
- Secondary fluid maintenance required

- Requires higher temperature geothermal

resources (above 350°F)

- Risk of resource depletion without

reinjection

- Can release harmful gases, needing

management

- Limited to rare dry steam resources

- Higher environmental impact due to

emissions

- High initial infrastructure and drilling costs

15



Pros and Cons of geothermal power

There is some
(increasing) ability to
respond to demand

ADVANTAGE

Globally inexhaustible (renewable)

Low/negligible emission of CO, and local air
pollutants

Low requirement for land

No exposure to fuel price volatility or need to
import fuel

Stable base-load energy (no intermittency)

Relatively low cost per KWh

Proven/mature technology

Scalable to utility size without taking up much
land/space

Source | Authors.

DOWNSIDE/CHALLENGE

Resource depletion can happen at individual
reservoir level

Hydrogen sulfide (H,S) and even CO, content is
high in some reservoirs

Land or right-of-way issues may arise for access
roads and transmission lines

Geothermal “fuel” is non-tradable and location-
constrained

Limited ability of geothermal plant to follow
\oad/respond to demand

High resource risk, high investment cost, and
long project development cycle

Geothermal steam fields require sophisticated
maintenance

Extensive drillings are required for a large
geothermal plant

PSS-Ge&
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8 Geothermal power vs other power sources

Criteria

Energy Source

Environmental

Impact

Reliability

Cost of

Generation
Capacity Factor

Scalability

Geothermal

Renewable,

continuous

Low emissions

24,7, stable,

baseload

High initial, low

operating
High (70-90%)

Limited by

location

MNatural Gas

Fossil, non-

renewable

High emissions

Dispatchable, on-

demand

Moderate initial,

variable operating
Moderate to high

Highly scalable

Wind

Renewable,

intermittent

Low emissions

Intermittent,
weather-

dependent

Moderate initial,

low operating
Variable (20-40%)

Scalable with land

and wind

Solar

Renewable,

intermittent

Low emissions

Intermittent,
weather-

dependent

Moderate initial,

low operating
Variable (15-25%)

Highly scalable

17



Use: Power generation by location and PSS-Geld

technology

Worl dés installed capacity

<100 MW Installed

100-500 MW Installed

. >500 MW Installed

| North America: !' S

3.45GW

USA: 3,450 MW

Mexico: 1,017 MW

Guatemala: 52 MW
El Salvador: 204 MW
Nicaragua: 159 MW
Costa Rica: 207 MW

Latin America: ‘

1.64GW

Europe: 7
| 2.13GW

Germany: 27 MW Russia: 82 MW

Austria: 1 MW
Iceland: 665 MW
-

France: 16 MW B | ‘ Asia Pacific: l

s ; 4.81 GW
Italy: 916 MW .. \ | I———
Japan: 519 MW

Portugal: 29 MW Turkey: 397 MW §

China: 27 MW

. Philippines:
....Ethiopia: 7 MW Al,‘Phlhpplnes. 1,870 MW

. F——— \-!_.K,A" _____Papua Nuova Guinea: 50 MW

Indonesia: 1,340 MW

I Africa: | ¥
L (‘)\fs"éaw \ Australia: 1 MW 4‘ew Zeland: 1,005 MW

A nhttps://geothermalresourcescouncil.blogspot.com/2016/01/glokmltlook-for-geothermalindustry.html

Binary
9%

Back Pressure

/
/
Dry Steam '/ 4%
249% ~ .

Single Flash
—  42%

v

Double Flash
21%

Source | Adapiation from Bertani 2010.

Document Library/FINAL_Geothermal%20Handbook TRA0Reduced.pdf

18
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How geothermal energy Is used for
heating & coolkheat pump schematic

Increasing the pressure
raises the vapour temperature

Heat is transferred
Heat Pump to the building's

The ground loop transfers heat
to a working fluid in the heat pump

istribution
Heat System
Pump he distribution system can
be either underfloor heating,
radiators or forced-air system

Ground

Loop The working fluid expands
causing it to cool Melissa Climo et all, 2012
Bl A network of pipes is https://www.researchgate.net/publication/316919670_The_rise
/* buried in the ground or _and_rise_of_geothermal_heat_pumps_in_New_Zealand

| immersed in a water source

19



https://www.researchgate.net/profile/Melissa-Climo-2?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoicHVibGljYXRpb24iLCJwcmV2aW91c1BhZ2UiOiJfZGlyZWN0In19

How geothermal energy Is used for heating &
Heat pump schematic

How Geothermal Heat Pump Works
Awinter Operation (Heating Mode):
A The system pumps a fluid through the underground loops, where the temperature of the ground
is warmer than the outdoor air in winter.
A The heat transfer fluid absorbs this geothermal heat as it passes through the pipes.
A The heat pump extracts the thermal energy from the fluid and compresses it, raising the
temperature further.
A This warm air is then distributed into the building through ducts or radiant systems to heat the
indoor space.
ASummer Operation (Cooling Mode):
A In summer, the process reverses. The heat pump moves heat from the indoor air into the cooler
ground through the underground loops.
A The heat transfer fluid absorbs the heat from the building and carries it underground, where it is
released into the cooler soil or water.
A The nowcool fluid is circulated back into the building, lowering indoor temperatures.
A The system provides cooling by transferring heat from the indoor air to the ground, which remains
at a stable and cooler temperature yearound.

20




How geothermal energy Is used for heating &
Heat pump schematic

Ground
source heat
pump

>

>

l i §exchanger

Pond spiral
heat

Shallow geothermal (house heating)

Ground Ground spiral Ground
vertical heat horizontal

heat exchanger —eat”
exchanger exchanger

iversity UPGPiolesti campus:
oregisters for extraction of ground
heat. Innovation Norway Grants

— Deep geothermal wgl]

Source of image https://basc.pnnl.gov/resource -guides/ground-source-heat-pumps 21



o | PSS-Geld
Geothermal plant district heating

Geothermal heat pumps can be scaled up to meet an entire
O2YYdzyAiéeQa KSFGAy3a FyR 0O2:
as depicted in this graphic.

I
I
—

ENERGY STATION = -
Inside the energy station, heat
is transferred to or from closed il B B . Geothermal district-scale
ground loops using heat pumps systems can provide
or heat exchangers. L] | heating and cooling to

= [E— == residential, o?mm(.erc.ial,

and community buildings.
— — —

Warm Water

Cool Water

In the winter, the energy station pumps hot water
¢—— Closed-loop geothermal systems through pipes to heat buildings on the district The pipes are about the depth
circulate a fluid through tubing system, and the cooled water returns to the energy of an average natural gas system.
buried in the ground or under water. station for reheating. In the summer, the energy
station pumps cold water through pipes to cool
buildings on the district system, and the warmed
water returns to the energy station for recooling.

Geothermal District Heating & Cooling 101 Source of image:

https://www.energy.gov/e
This illustration is one configuration of a geothermal district heating and cooling (GDHC) system, in this case using geothermal heat pumps. There are many other GDHC solutions that might also work for your community. ere/geothermal/geotherm

al-district-heating-cooling
22




Geothermal plant district heating. Exampl < 275y
station RomaBeaus

Figure 14.: Layout of the current district heating system

Source of image
TRANSGEX SA

Source of image

https://www.energy.gov/e
ere/geothermal/geotherm
al-district-heating-cooling

23




Geothermal plant district heating

Vent A, ’/\
,E'J\/\/\/—‘l = 80°C /\/A\V/\/ 350C
9 C ./ ./ N/ O
89°C 89° Peaking station
A Heating
Storage tanks , v
Pumping O O
station
A P
° M
Reykir field Lineshaft 89°C X9 | Vgoec 35°C
1500 kg/s pumps O /\/\/\/ —0
A Heating
Vent \v '
—> Q O
Ellidaar field Lineshaft A
180 kals pumps v /\
125°C 125°C 80°C 35°C
S ANV E=o
Mbdng Heating V

The simplified flow diagram of
ageothermal district
heating(Gudmundsson, 1988

Lineshaft
pumps

Laurganes field
290 kg/s

Drains

PSS-Ge&

Geothermal heat
pumps can be scaled
up to meet an entire
O2YYdzy A e Q:
and cooling needs on a
single network, as
depicted in this
graphic.

Here is example of
heating from multiple
fields

24


https://www.sciencedirect.com/topics/engineering/geothermal-district-heating
https://www.sciencedirect.com/topics/engineering/geothermal-district-heating
https://www.sciencedirect.com/science/article/pii/S0959652620340543#bib33
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Types of Geothermal Baths
A Natural Hot Springs: Often found in volcanic regions, these springs are a
direct result of geotherm heat rising
A Artificial Geothermal Pools: Created by drilling into the geothermal
reservoirs to access hot water, which is then piped into specia
Spa pools. - o
A Thermal Spas: These spas are powered by geothermal
providing a variety of treatments such as hot tubs, stea
therapeutic baths.
Geothermal Spa Operations
A Hot Spring Extraction: In geothermal spas, water is dra
underground reservoirs or from surface hot springs.
A Water Recycling: Many spas incorporate water recycling t?o‘t']’r@e[‘c!%a%e‘?’
where the geothermal water is used multiple times beforenheingwsagledan.commworld/2023moviod/iceland -blue-lagoon-
o and released or reinjected into the gl’OUﬂd. geothermal-resort-closes-seismic-storm-volcanic-eruption-fears
\ . A Energy Efficiency: Geothermal spasfmierdrsrgguse they
- utilize the Earth's natural heat, minimizing energy costs for heating water.

25
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8 Geothermal energy efficiency

AHigh Capacity Factor: Geothermal power plants generally operate at a high capac
7090%), meaning they can produce electricity consistently and reliably, unlike intel
like solar or wind.

AThermal Efficiency: Geothermal plants typically have a ti2@%naTaffidetiey of 10
percentage of thermal energy from the Earth that is converted into usable electricit
lower compared to some other forms of energy, the continuous and predictable na
energy compensates for this.

26
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{
Make- up-water
Heat reservoir Cooling
exchanger
o

Reservoir
monitoring

| Geothermal projects enhancement technolog

Enhanced Geothermal Systems (EGS)
MDefinitioEGS involves creating artificial geothermal reservoirs in areas

without natural hydrothermal resources by injecting water into hot dry rock

Observation g

Observatiol
borehole ¢
5
o
(2]

borehole

KoalExpands geothermal energy potential to regions where traditignal

geothermal systems are not naturally present.
MrocesdVater is injected into deep wells, fractures are created in the roc
:
H

and the heated water is then pumped back to the surface to generate electricity.

g
d: s
£
T §
‘ T
,% | o
%\ e 100 ™
‘,/
Geothermal Explorer LTD 2005
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C®Based Enhanced Geothermal Systems A ——

. e . . . vi urbi Electri
Pefinitiottilizesipercritical Bi@stead of water to enhance t GLR L onerator  voco,
extraction from geothermal reservoirs. d S co,

from

cold
air

KGoallmprove heat transfer efficiency and reduce environr
C®can be injected back into the Earth, potentially contribt
sequestration. = —
Benefitncreases geothermal energy production and allov csg’fé;-'g{%: 84%’{3::{255
integration of geothermal energy with carbon capture initi: D B —

caprock / trap (low permeability)

Compressor emitter

Saline Long-term,
aquifer permanent
CO, storage

co,

, T —
Se—
\ o4 MAAAY M2

_ geothermal heat flow

Source of image
https://lwww.thinkgeoenergy.com/university-spin-off-plans-on-using-co2-for-
the-extraction-of-geothermal-heat/
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Closetbop systems

MDefinitioTechnolBgydroopThbnsists of lasydélshaped wells
at depths of around 3 km, with several km of multilateral hori
Two drilling rigs are operated simultaneously from both sites
multilateral wellbores at depth. Water is circulated in the inle
the parallel wellbores to extract heat by conductive heat tran
rock. The water then rises up the outlet wellbore at a higher -
density and temperature difference between the inlet well an
create a thermosiphon which drives the flow, without any pu
MBenefitwith the use of conBawtibwes not require a permeable
reservoir to produce fluids, like traditional geothermal. Their |
requirement for a reservoir is heat.

[Picture: The conceptual model of a closedloop heat exchange through connecting wells
in hot rock settings to extract the heat, here the concept of the pilot project by Eavor
Technologies, Inc. From Canadga picture source: Eavor Technologieg

PSS-Ge&
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https://eavor.com/about/technology
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A Geothermal Energy Storage

i D hed with
A Technology Folnisgratihgrmal solaccollagars orieirods Lol
energy stora@dS) with geothermal |

systems to store excess thermal ent O\ s >
later use. S8 -
A GoalAddress intermittency issues by -
energy generated during peak prodi %’ //’>\
releasing it when demand is higher « 559 s il \

with short- || I I I District heating loop

generation is low. term thermal  f (below grade) connects
. . .y ° <«— Borehole seasonal to-homes in:community
A Benefitmproves grid stability and all (long-term) thermal

geothermal to contribute to balancin storage

renewable energy sources like solat
http://www.dlIsc.ca/index.htm

Gudrun Saevarsdottir, ET1

30




Thermal energy storage

Heat might be produced at a steady "baseline" power, for example by Waste
To Energy Plant. Thermal Power for district heating demand is variable,

following season.

PSS-Ge&

.. - ncyck’:GO% COP=4
Geothermal has a limited ability to respond to ¢
Fuel cCoT Electricity GHP ,
L : 100 units 60 units 20 | o
Distribution also needs for short or long period units| Cooling
, _ 20 units HVAC
Rejected | 40 units »| Low-grade buildi
Two Types of thermal storage: neat vavvv\/\ ot | heato I
VWA |
-Associated with temperature change 20 Waste heat
units \to environment

AE mcAT
-Latent energy:

Associated with phase change. T = constant
molten salts, salt hydration

Subsurface geothermal
heat storage reservoir

Source:Reykjavic Univesity
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& Geothermal projects enhancement technologi

A CeProduction of Geothermal and Other

. e . Several successful projects demons 3 Mﬁmgeothermal energy in oil
A Definitiosimultaneously extract geothermal poge Ogiﬁ\(“;\és SEgeot 9y
en_ergyl arr\fd ot;ler {éesourceﬁit:rl?uuh ?sb ~ pxploring©f p fhrpers @R AR mal ER: Chevron has been a leader in
minerajnresnwaterom geO erma I’IneS.COnSum\n |nte ating geothermal energy into its oil and gas operations. At its Kern
L. . . River ail field in California, Chevron uses geothermal energy to generate
A G0a||\/| aximize resource extracuon, |mprove the steam for enhanced oil recovery. The project has improved oil recovery rates
eCOnomICS Of geothermal pl’OjECtS, and help meet while significantly reducing emissions and energy costs.
demand for critical materials (e.g., lithium for et st e U, b s
batterles) . U.S. The project involves using geothermal heat to power drilling rigs and
e . provide steam for EOR, with early results indicating significant operational
A Benef|D|VerS|f|eS revenue StreamS and enhanCGS savings and sustainability improvements.

the SUStaInabI“ty Of geothermal OperatlonS * Pertamina’s Geothermal and Oil Integration (Indonesia): Pertamina,

Indonesia’s state-owned oil and gas company, has successfully integrated

geothermal energy into its operations. In Indonesia, where geothermal

potential is high, Pertamina uses geothermal energy for both power

https://www.linkedin.com/pulse/geoth generation and enhanced oil recovery, reducing its reliance on fossil fuels

ermal-gas-harnessing-earths-heat- and lowering emissions.
power-oil-future-malvin-delgado-

csemf/?trackingld=y60J%2F2uuQwCn

IODH9Z1Jaw%3D%3D
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W Geothermal projects enhancement
¢ technologies. Cascade system

Multipe use: Electricity to Agriculture to District heatit
Tourism
A Costs recouped across ns

A Strengthens business ¢

A Community oriented

O
o
@
B
3
B
©
L
P
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£
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Sorce of image
Geotropy
https://geotropy.is/iwhy-geothermal
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B Geothermal market. Status

Figure 1: Global geothermal installed and connected capacity in 2022 (MW)

Oceania:1.323

Turkey: 1.691 Africa: 956
Iceland: 757
Central America: 724
South America: 51 ltaly: 772
Germany: 46
. Portugal: 29
North America:3.712 . 4
“ EU27: 877 = France: 16
Croatia: 10
Hungary: 3
Russian Federation: 74 Austria: 1

Asiard.i11

SR |

Source: Author'sown elaboration, based on: Renewable Capacity Statistics 2023, IRENA, 2023; Eurostat [nrg_inf
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Accordingittos://www.egec reort

A As of 2023, Europe boasts an installed capa\ite gotrezrénal
electricity, distributed among 143 operational plants. These facil
generate approximately 20 TWh/year, with the EU specifically cc
TWh/ year.

A Despite its potential, regulatory uncertainties pose a substantial
EU legislation acknowledges geothermal energy as eligible for
concrete implementation has been delayed, particularly impacti
Turkey and Italy, where reforms to financial incentives and awaitéd subsi
schemes (FER 2) have slowed progress. “ '

A The COWPpandemic further complicated matters by causing delays.in ‘ | |
permitting processes and disrupting supply chains crucial for geotherma' d
Concurrently, the political situation negatively impact equipment availabili
inflation, thereby straining project financing efforts. &

ties colle
ntributir

ilos
sl -
] i

ELECTRICITY (MwWe] H
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Geothermal market. Development Eurupe.

https://www.egec.org/wp -
content/uploads/2024/07/
EGEC_202XKey
Findings_Market
Report.pdf
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Geothermal market. Development Europe.

Power

Number of geothermal power plants: installed, planned and under investigation
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36

10 A 2 o =

o 12 3 10

Number of plants
(in largest European markets)

crl

[taly Turkey Germary France lceland Croatia

Number of plants
(inemerging European markets)

Accordingittos://www.egec reort

https://www.egec.org/wp-
content/uploads/2024/07/EGEC_2022Key
Findings_MarketReport.pdf

M Mumber operational
W Mumber in development
W Mumber planned

W Mumber operational
H MNumber in development
H Number planned
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Geothermal market. Development Europe.
Heating

Mapping of main geothermal district heating and cooling reservoirs with existing systems and temperature

Number of geothermal district heating ahd cooling operating and in development (largest and emerging
European markets)

133 Ly

B Mumber of plants operating Number of plants in development

https://www.egec re@ort

https://www.egec.org/wp -content/uploads/2024/07/EGEC_2022Key-Findings_MarketReport.pdf
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Geothermal market. Development Europe.

Heating

Mapping of main geothermal district heating and cooling reservoirs with existing systems and temperature

Number of emerging geothermal district heating ahd cooling operating and in development (largest and
emerging European markets)

atia
€
]
Denmark
Tuga
3

B Mumber of plants operating Number of plants in development

https://www.egec re@ort

https://www.egec.org/wp -content/uploads/2024/07/EGEC_2022Key-Findings_MarketReport.pdf
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. ABB Limited
. Aboitiz Power Corporation

. Calpine Corporation

. ENEL Green Power SpA

. Energy Development Corporation

. Kenya Electricity Generating Company PLC
. Ormat Technologies Inc.

. Pertamina Geothermal Energy

. Mitsubishi Hitachi Power Systems Inc.
. Toshiba Corporation

. Korea Electric Power Corporation

. Siemens AG

. EDF Group

. Yokogawa Electric Corporation

PSS-Ge&
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RIGSIS GEOTHERMAL ENERGY

F”  DEVELOPMENT PROJECT PHASES

PHASE RESOURCE EXPLORATION RESOURCE ASSESSMENT PLANT CONSTRUCTION OPERATION DECOMMISSIONING
STEPS 1. Preliminary Study | ~>{ 4. Appraisal drilling and | =] 6. Production drilling } >| 8. Reservoir, steam field . 10. Plant
) s S l ey | o Source of image RIGSIS
! https://rigsis.com/2021/
2 Detailed Surface || | 5. Feasibility study and | J§ [ 7. Power piant design & Pisraa O4/geothermal-energy
Exploration ESIA construction and Ly feontas .
" commissioning opes development-project-
phases/
3. Well siting and I .,
exploration dniking E— .
uding district heating these
stages often are combined
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Geothermal Project costs

| nvest ment and financial need for g&e@dotlh@rmahgﬁacemndodisgictheating

030 Mio. depending on project type (e.g. electricity, district heating or P). are capital (PX) intensive. The main cc
generated by initial investments for pre
and injection wellshdimrand surface fee
pumps, pipelines and distribution grids
and control equipment, peaking statior
storage tanks.

A Operating expenses (PX), nevertheles
lower than in conventional systems, cc
pumping power, system maintenance,
and control.

exploration

1-2 Mio. € 10-15 Mio. € 0,5 Mio. €

power plant (4-5 MWTH) energy center

1-2 Mio. € 1 Mio. € 10-15 Mio. €

Source: GEODH Report 2014
http://geodh.eu/wp -content/uploads/2012/07/GeoDH-
Report2014 web.pdf
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Exploration wells have a relatively high Buwbekiity of Success (%)
rate (800%) in developed regions and |owo
success rate@@o) in not yet explored aregs.
To establish a comparison, in oil and gas
exploration a success ratio of 20% is conidered
as rather good, taking into account the 4,
geophysical campaign carried out before (with

Exploration

A

Development

huge associated cost)which allows for a h
better prognosis of geological conditions which-is— : : : : : . : : . .
not the case in geothermal exploration. @Q ,ﬁ’ o --$~°g @"‘Q’ & _%Qq, %&e _@o} .@g &
E""') cj‘) ‘{{}& Q{\ (S l;;\ Q‘\\ G’D Q"\\ Q\\ ;\\}{J
© ® (:)*Z«DQ O & & S 2 & LS &
& & & t?& e’“{@ b\}(}\ ‘*%& c
b & ;
Source: GEODH Report 2014 N &R Q@“ | %q@ ¢ @ ¥
http://geodh.eu/wp - &

content/uploads/2012/07/GeoDH-
Report2014 web.pdf
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Power Generation Direct Use

& Use of geothermal for diff Sl

Mirecsh Recowery

m' P Covwreww ort Wosdorl e
m.c l;.uul-..n. s
f—_— - . . . . @ rorslve Ascidtiors
Today, geothermal energytiisseeitinger in power generation (electricity). B | e mrmirncnn
- . 00 T Aoot wabora O .
or directly in the form of he &fm S omeig a ) | ed” Adirec

¢ Hydeogen
f?“ Production

80" F
1770

Bnary
Gocthermal 250" F
Power Paras tc
G ,E,\ Concrete

150" F Housing () Bloch
" C ; Dryng

p—

2 Cement and

!

—
* Dy

Fatvc Dywg ara

Pulp and Paper (J'\

Mocessirg/ . o
fomd Lurmber Deyng
frocesung

: Buking
Heating
. . . . . .. Frh ang Cooling
Picture: An adaptation of the Lindal Diagram in the U.S.GeoVisionreport by the U.S. fanmirg
Department of Energy, p. 14z source: Cactrenmal
[https://www.energy.gov/sites/default/files/2019/06/f63/2 -GeoVisionChap2-opt.pdf Haat Pumgs
Source ofadaptated picture
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https://www.energy.gov/sites/default/files/2019/06/f63/2-GeoVision-Chap2-opt.pdf
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Module 2

| GeoSciefareGeothermal Projects
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ATo understand key principle what is geothermal reservoir

ATo understand what are the main parameters of geothermal reservoir to be asses:
ATo understand main geophysical methods used in G&G studies for geothermal
ATo understand in more details benefits from use of geophysical surveys
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steam, or hot rocks.

fluid flow.

artificial fluid injection).

A Ageothermal reserisa subsurface area where he
stored within the Earth's crust, typically in the for

A The reservoir consisteaifsourcageothermal fluid \‘
(hot water or steam)pandeable roayer that allows

A Reservoicain beydrotherm@atebased) oot dry &
rocksystems (where heat is stored in dry rock, re|

A
)Ye‘

N
Geothermal well ,‘ﬁé

\ lmpermeablecaprock
" (lhermalconducluon)

L Reservorr

Flow of heat
(conduction)

|mpevmeable rock
(thermal conduction)

Picture is taken from opensource article:
Jie Zhuet all, 2022 324

Geothermal Resource Exploration in Magmatic Rock Areas Using a Comprehensive

Geophysical Method https://doi.org/10.1155/2022/5929

https://onlinelibrary.wiley.com/doi/10.1155/2022/5929324
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Content PSS-Geldl

Module 1
Geothermal energy concept overview
Geothermal business. How does it look?

Setting the scenaaimdion

Module 2
Geoscience for geothermal

Geophysical methods for geothermal

Module 3
Geothermal in Romania
Case study exsu(sglearate presentations)

1. Geothermal energy penjddeasibility study for implementing of Electric
Seismic surveys

2. ExampleBeiusnd asnggothermal progdmisiness aspects

3. Reprocessing of legacy seismic data possibility in Romania
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A Low grade geothermal is pumped up from boreholes.

A High temperature geothermal fluid flows spontaneously up the \~
A Depletion of the resource depends on the relative magnitude of - =
the rock and fluid flow through it. |
A Fluid flow constraints lead to receding water level in well. Pumg. ..
production. |
8 A Thermal constraints lead to decreasing temperature. Value of fl
{  with temperature.

A Sustainable production is possible.
A Depleted areas can renew capacity if rested
A Fluid must be reinjected to sustain reservoir pressure

LLLLL

www.hr.is
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Geoscience Iin Geothermal Energy Projects

1. Reservoir characterization

AGeological Survigentify locations with the right geological conditions (e.g., volcanic activity, fault zones, and hc
structural geology, interpretation of results geophysical methods.

AGeophysical Methdsis techniques like seismiamafieetiote]ly@desl resistivity surveys to map subsurface structures
determine resource potential.

AGeochemical Analysisly fluid chemistry from hot springs or wells to assess temperature, salinity, and mineral ¢
estimating the resource's longevity.

2. Thermal Gradient and Heat Flow
Aremperature Profiliigasure the temperature at different depths to identify geothermal gradients and estimate t|
Earth.

AnvelLoggin@onduct temperature, pressure, and resistivity logging in exploratory wells to assess heat distributi
characteristics.

3. Reservoir Modeling and Simulation
ANumerical Modédlse computational models to simulate heat transfer, fluid movement, and pressure changes in |
over time.

Reservoir Dynanficglyze the capacity and sustainability of the geothermal retsooT gerfoedaticog doagpotential

risks like reservoir depletion.
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& Key parameters of geothermal reservoirs

A Thermal gradient,
A porosity,

A permeability,

A fault/fractures, i
A |ith0faCieﬂdninera|ng Import, QC and visualization
A fluid volume andluidhknteraction. -

v

AccordingBohnsastkal9], fractures, porosity, and —
]
|

Structural
modeling

permeability of the rock matixiiGodiiare steering
elements concerning the storage and transfer of fluic | -

Facies '
modeling

Uncertainty

Traditionally geothermal projects data acquisition prc estimation
often very limited to almost absent. In general indust  volume

calculation

from lack of data base and access to well, geophysic -~ .~ " Patntere]

estimation [E i modeling

BERRNRANARNN 0 )

Source: WachowiczPyzik A.,t | 2lRapiernik B. & Michna, M.,
2015. The application of numerical modeling to geothermal
investments Computer Assisted Methods in Engineering and
Science?22: 385395


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/lithofacies
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/mineralogy
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/karstification
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Thermal gradientand hr ;2 2 @ w0  «
?{ fes . Contact metamorphism e a
Geothermal gradient v e, :
Conductive heatffisixelated togdethermal gralojéft<d7dz 104 %2 realte é‘a\fz - Amphiboliter
whereis théhermal conducandyfidzis the geothermal gradie W, : *?3% O¢ %0, 1
rockssranges from approximately 1.5 to WairéGhiawitl® mo: = ‘-‘%,é; \‘\’%@,9‘ Y Granulite
igneous rocks falling into a narrower range loetasreh 3\B f1§—20 ] ‘.:;; o ,Of?,,{ “s-:’
(m°C)¥or granites (Roy et al., 1981). In older, stablegdimd & Loose G,eenschist\%% |
geothermal gradient may be &€l ashtdeas in active vol ° b ’f: | .;")
regions it may be more t@km1@0typical geothermal gradie C‘?@ %, '_%
of& 25°Ckrhlgives a conductive heatGlm\oka 30 - N, & %,
Conditions v % a ”.
that don't T ’o. Eclogite = ¢
Aremperature Profiligasure the temperature at differentd a0 L2522 ., S : P

to identify geothermal gradients and estimate the heat flow with$auige of image

Chapter 7 Metamorphism and Metamorphic Rocks

Earth.
A/?/ ) ... Electronic textboolhysical GeoloaVy 2nd Edition
elLoggin@onduct temperature, pressure, and resistivity I0ggiigsHlopentextbe.caigeology/chapter/7 -3-plate-

exploratory wells to assess heat distribution and reservoir tectonics -and-metamorphism/
characteristics.
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https://www.sciencedirect.com/topics/earth-and-planetary-sciences/thermal-conductivity
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/basalt
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/craton
https://opentextbc.ca/physicalgeology2ed/
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Thermal gradient and heat flow

Conductive vs convective flow Heat Transfer
AConductive heat flow dominpersnedbility rocks and stable Conduction :
regions transfer of energy between adjacent molecules movgr:e::l‘t’gf:Loo?ﬂuid

/

AConvective heat flow occurs in areas with high fluid circulat
magmatic activity

Aviixed conductiweective systems found in many geotherma
reservoirs

AConvective systems typically exhibit higher heat transfer ra
geothermal potential
Radiation

Adeat flow regime influences reservoir temperature distribut o of
recharge mechanisms electromagnetic rays

sciencenotes.org
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Porosity & Permeabillity in geothermal

A Mainly profitably operated geothermal
reservoirs arecatied hydrothermal

A EGS reservoirs are relatively recent
concept however with promising potentia

10-1

A Important for geothermal, espemallyélow
enthalpy, reservoir is continuity of <

reservoir, relatively small variation of "}

Type 2. micritic

. Carbonate rock
Vl)rrttl :( minated g ! porosit-,'
( G - permeability
G Type 1: dolomitic
vuggy by soluted fossils

Porous rock
proportionality

properties 2 10w oo
e T—
A If in oil and gas dominant reservoir typg,iss.~=

porous, in geothermal often is fractured
reservoir. Prediction of fractures is one o

important task in geothermal geoscien€é

Source of image

IngaS.Moeck Catalog of geothermal play types based on geologic
controls, Septembe2014, Renewableand Sustainabldnergy
Reviews37(1853):86¢882

DOI10.1016/j.rser.2014.05.032

Crystalline rock

40 porosity

Porosity in % - permeability
EGS EGS
petrothermal hydrothermal hydrothermal
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https://www.researchgate.net/profile/Inga-Moeck
https://www.researchgate.net/journal/Renewable-and-Sustainable-Energy-Reviews-1364-0321?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicHJldmlvdXNQYWdlIjoiX2RpcmVjdCJ9fQ
http://dx.doi.org/10.1016/j.rser.2014.05.032

PSS-Ge&
Fractures and faults. Types of fractures

A Classificatiasf naturalcracks(Ronaldh
NelsoiBPAmoc200t

A Tectoni@risinglueto externahfluencés
relatiototherock)

A Region@risinglueto externahfluencés
relatiototheroclorinterngrocessesthe * . - obai “ :
roclandhawr@‘egmnaktenmﬂ‘constant Igthgs:IISCI -hub.se/https://doi.org/10.1144/1354 -079305- Ronald A Nelson. BP Amoco 2001
closeoconstaparameters)

A Contractionracks (causedy processes
occurringnsidehe rockd dryingthermal
coolingtc physicahemicakathering)

A Exogenoasickgarisingn the processf
stresselieflurintheemergenakockothe
surfaceyeathering)

Ronald A.Nelson, BP Amoco 2001
B, WD T AR

Digitized Cave Map
NNE-SSW Tunnel
NW-SE Tunnel

£ Tunnel

500 750 1000 m w

Ronald A.Nelson, BP Amoco 2001 (Boersma et al. 2019).




| Influence of Mechanical Properties of Rock on Fracture Inte.E‘.?‘,S”GeE

A Thenechanipebpertiedtheroclareakeyaspedanpredictitigefracturiraftectonigenesis
A Mechanipebperfyredictigsanindireanethddrpredictirigactureands usedhconjunctisitrthemappimdfractureonesasednattribute
analysis

Low FI
Intensity v
v ) e Pt Limestone [€58
’ ‘ | ¢ i ‘, >
High FI
Carb Sh

Intensity
"8 Dolomite

c.1’(30.48 cm) |

" . . -. ! |

5 g l‘
5 ) = ¥
I & 4 A
3 e o A
L’i{?m»’ ¥ .

Paleozoic Carbonates Sawtooth Mnts. Montana

From Nelson (2001)
Ronald A. Nelson, BP Amoco 2001
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The scale of fracturing relative to different methods of study. umuuuﬁ]f

N\ resolution of methods.

f A Seismidatdavéowesolutiamdireableéodisplay
onlyargéaults

A Wellatdhasahighetesolutidoytdoesotshowhe
exterdflargéaultandractures

A Therisalaclofinformatitetwedhetwatypesf
datawhiclcanonlybe filledby studyingnalogs,
outcropspnceptunabdeling
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Rock thermal properties

A Thermal conductivity of |
influences heat transfer
gradient steepness

A I—_Ii%h conductivity rocks (
rich) efficiently transfer r
potentially lowering local

A Low conductivity rocksch
act as insulators, potenti
increasing local gradient

A Specific heat capacity af
rock's ability to store the
energy

A Radiogenic heat product
certain rock types (grani
increase local geothermi
gradients

Fine sandstone (n=91)
Medium sandstone (n = 349)
Coarse sandstone (n = 114)

Arkose (n =29)

Greywacke (n = 36)
Limestone (n = 108)

Marl (n=43)

Dolomite (n=24)

Marble (n = 38)

Coquina (n = 48)

Gabbro (n=84)

Gabbrodiorite (n=17)

Diorite (n = 24)

Granodiorite (n=72)
Granite (n = 153)

Basalt (n=75)

Andesite (n = 46)

Rhyolite, porous / massive (n=16/63)

Thermal conductivty

PSS-Ge&

Compressional wave velocity

0

—{T— } {13 i
—a_— Clastic —_—
H— sediments -
HIH HI
i —
—;— — -
HH t = i
HH Carbonates — .
HH .—
HI— i
- -
H-H HH
HiH Plutonites -
—=— f {==]s] {
1 — — ==
— - f———
i Volcanites H— -
HO HI HI—H HID
] v | v || J | v 1 1 | v | v 1] ¢ | v 1
1 2 3 4 > 'O 2 4 6 8
Ain WmT K v, in km s

P. Mielkel, K.Bér, . SassTechnische Universitat Darmstadt, Department of Geothermal Science and Technology,
Germany, Journal of Applied Geophysics 140 (2017) 13314
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| Fluid composition in geothermal

1. pH

A_Sif?nificanc'éhe PH level indicates the acidity or alkalinity of geothermal fluids
Influence mineral scaling, corrosion, and fluid behavior’in the reservoir.

ATmpi(_:al Ran%eothermal fluids usually range from migyaoelutrgpldrdslightly
alkaline (p#).

2. Dissolved Gases

ASignificand@issolved gases sacbasdioxideRjC®drogen sulfiddS{H _
| methane f(M,‘,I—Ian_tiydroge_nl’()Hire crucial for understanding reservoir chemistry
potential for acid corrosion, and geothermal fluid behavior.

& AlmpactGases lilB8 Bre toxic and corrosiv&naay c®tribute to greenhouse gas
574 emissions.
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3. Major lons and Salts

A Significancghe concentrations of key ions in the geothermal flui
composition of the fluid and help identify the source and geologi
characteristics of the reservoir.

A Common lons Measured
A Chloride @lIindicates the presence of seawatarroedgemthermal fluids.

A Soldiut? @andPotassiumpKCommon in geothermal brines and help ass
salinity.

A Calcium (@gMagnesium @yginBulfate (¥8): Important for
understanding mineral precipitation and scaling potential.

4. SilicsS(®)

A Si _nifitcancﬁ Si | ti C ad I S a rr(lja%_j 0 Ir_| hC _Ic_) mp oGomosion and scaley@ablgmsg e ot h e |
indicator of temperature and reservoir conditions. High silica con r :
often point to-tegiperature reservoirs. el @@&ﬁ\sfrequently n

A ImpactSilica can precipitate as scale, clogging wells and equipm

IEly{drothermal systems
S xample from article AnikoN. Toth1,
A6 PeterSzucs2018
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Type of geothermal

5. Trace Elements and Metals

A SignificancBhe presence of trace eleansaisdikgsoron (Bjuoride (Fjon (Fegopper (Cuand others help assess potentis
environmental impacts, toxicity, and scaling issues.

A ImpactHigh concentrations of these metals may require mitigation strategies to prevent pollution or equipment darr

6. Total Dissolved Solids (TDS)

A Significance TDS measures the overall salinity of cglgot her
potential, and reinjection feasibility.

A ImpactHigh TDS can lead to scaling and reduce fluid mobility in the reservoir.

7. Isotopic Composition

A Significancstable isotopes of elengai®tle®H) oxygen {YD) andarbon ¢3Ckan provide insights into the source of the
geothermal fluid, age, and mixing processes.

A UseHelps determine whether the geothermal fluid is ruseeeid) (caimagtaatic (derived from deep saurites) favhich is
resource management.

https://geocom.geonardo.com/assets/elearning/3.2.Corrosi
on&Scalling.pdf
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8 Types of geothermal systems

AConvection dominated geothermal
AMagmatic
ANomagmatic

AConduction dominated geothermal
Algneous

ANomagmatic (Huratonic
basins & orogenic belts
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ANomagmatic active
geothermal play syst
active extensional te
with different types C
reservoirs

Source: articlalog of geothermal play tyy a§
based on geologic controls Inga §.Moeck,
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i Types of geothermal systems

AGeothermal play type rels
an active volcanic field tyy
for amagmatic arc setting
above a subduction zone

Source of image

IngaS.Moeck Catalog of geothermal play types based on
geologic controls, Septembe2014, Renewableand
Sustainablé&nergyReviews37(1853):86¢882
DOI10.1016/|.rser.2014.05.032

Upflow Zone
Outflow Zone
Meteoric Water Acidic Sulfur Springs
Argilic ;
— Alteration Meteoric Water

Condensate Near Neutral pH
Spring Chloride Hot Springs

T

Propylitic / Travertine
Alteration / fo —~—
- p—
T
—
/. Chloride Water \
Recharge /é() /
/3 oC,
[V Q0 /
( L Zv )
\
\
Recharge
. 5| Two-phase region of . .
O .
- Intrusive heat source water liquid and steam D Sediments and/or older volcanics
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https://www.researchgate.net/profile/Inga-Moeck
https://www.researchgate.net/journal/Renewable-and-Sustainable-Energy-Reviews-1364-0321?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicHJldmlvdXNQYWdlIjoiX2RpcmVjdCJ9fQ
http://dx.doi.org/10.1016/j.rser.2014.05.032
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& Types of geothermal systems

AGeothermal play types in

1 1 Source of image
Orogenlc be“: and adjacent IngaS.Moeck Catalog of geothermal play types based on
I geologic controls, Septembe2014, Renewableand
fo re | an d baSI nS - Sustainablé&EnergyReviews37(1853):86¢882
DOI10.1016/.rser.2014.05.032
Mountain belt Foot hills Foreland basin
4 L 4
; deep geothermal resources
2 — ~s 80" sediments — 2
|, suansreebiog ’;_‘* o ' hydrothermal
0 km , N ——— 2 0 km
as.l. F 8gec IS a.s.l
DT N A NG ke oo GO e =D
= -~ ' D]+ | ) SR
4 A 120°C b asement rock 4
petrothermal
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https://www.researchgate.net/journal/Renewable-and-Sustainable-Energy-Reviews-1364-0321?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicHJldmlvdXNQYWdlIjoiX2RpcmVjdCJ9fQ
http://dx.doi.org/10.1016/j.rser.2014.05.032

Exploration for geothermal PSS-Gel

Geothermal Play TygGeological Characteristics Exploration Methods

- Surface Geothermal Gradient Surveys (heat flow mapping)

- Magnetotell(WEE) (detect molten rock)

- Geochemical Surveys (sampling fumaroles, hot springs, and volcanic gas
- Geological Mapping (identify recent volcanic activity, fault systems)

- Active volcanic regions with she
magma bodies or hot volcanic rc
- High heat flow and abundant fl.
reservoirs.

1. Volcanic (Magmat

- Reflection seiswidcangeeasftemgive poor results
- Geochemical Sampling (hot springs and wells)
- Tectonic plate boundaries, cont- Magnetotell{NEE), AMT, (deep conductive zones)
zones, and sedimentary basins. -  Airbonmagnetic surveys
- Often deep geothermal reservo- Gravity Surveys (detect subsurface density variations)
high permeability. - Geothermal Gradient and Temperature Surveys (surface mapping)
- Analysis of fault evolution to idenbityctkeafailt
settings with higher fracture density

2. Rift and Basin

- High heat flow in areas with low- Seismic Reflection and Refraction (deep structure and fractures mapping
permeability, often in crystalline - Microseisidignitoring (monitor induced fractures)

3. HebryRock (HDR)rocks. - Geothermal Gradient Surveys (heat flow and temperature measurement)
- Requires engineered fluid circu- Drilling and Well Logging (rock characteristics and temperature at depth)
create a viable geothermal syste- Hydraulic Fracturing (enhance fluid cirpdatiealiitgwock)
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Exploration for geothermal PSS-Geld

Geothermal Play Typ Geological Characteristics Exploration Methods
2D/3D seismic surveys.
Reprocessing of existing seismic reflection data, existing well data|is often avi:
not always accessible) from hydrocarbon exploration.
Joint interpretatiomaghetotelland reflection seismic data

- Geological Mapping (identify active volcanic systems, fault lines)

-Magnetotellami@ gravity to detect the granitic body and

: - Higllemperature gradients in fracf f}%ation s_eismic o id_entify fra_c ture zones .

5. Crystalline Basem : - Geochemical Analysis (sampling fumaroles, hot springs, gases)

basement rocks (granite, basalt). g : .

Rocks ~Typically older continental regiO-GeosyStem analysis is neces_sary_to estlmate_stress field Qnd hydromecha
early, the first exploration well is drilled to obtain petrophysical and mineralg
verify the stress field for stimulation concepts.

- Geological Mapping (identify active volcanic systems, fault lines)

- Found in sedimentary rock layel
4. Sedimentary Basiraquifers or hot fluid reservoirs.
- Typically deep geothermal resel

Source of image

IngaS.Moeck Catalog of geothermal play types based on
geologic controls, Septembe2014, Renewableand
Sustainablé&nergyReviews37(1853):86¢882
DOI10.1016/].rser.2014.05.032
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https://www.researchgate.net/profile/Inga-Moeck
https://www.researchgate.net/journal/Renewable-and-Sustainable-Energy-Reviews-1364-0321?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicHJldmlvdXNQYWdlIjoiX2RpcmVjdCJ9fQ
http://dx.doi.org/10.1016/j.rser.2014.05.032

Potential for use of well geophysics

During drilling, the information derived from well logging is used to

A

o o o o I»

MD

111672

validate the predicted depth of the penetrated zone tops and geothermal reservoir.
correlate the geothermal well with the offset wells used to study the geothermal reserv
estimate reservoir parameters

to optimize the well design of the second well of the geothermal doublet.

layers —
Formation evaluation is the term used in the hydrocarbon industry to determine the%@
borehole to produce hydrocarbons.
ooooo ic (J) ¢

Conductive|

-2.317

gir]

In geothermal formation evaluation is used to determine the ability of the drilled réservi
produce geothermal fluids. This implies determining the ability of the geothermal resen
fluid flow by estimating its porosity and permeability as well as the depth and thickness
reservoir and the vertical location of its producing layers.

Top Triassic
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Many of well logs used in oil and gas are relevant for geothermal reservoir characteriz:

Low resistivity
Well logs used in open hole and cased hole (limited amount of methods), usetguing
MWD) and wireline Triassic

11800
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Base Triassic carbonates
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Well data - curtesy of TRASGEX company
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PSS-Gel
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Fluid testing and sampling . * *
Borehole imaging® | o=

- essentially qualitative use
+ semi-guantitative and quantitative uses
® strictly quantitative
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. _ PSS-Ge
Exploration: Resitivity surveys el

Magnetotellurics uses naturallyoccuring variations in earth's electromagnetic field to
measure resistivity.

Higher frequencies give better resolution but less penetration depth and vice versa.
Current induced from electrodes can also be used.

Inversion techniques are used to map out resistivity of subsurface. Resistive anomalies
can be interpreted.
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Source:Reykjavic Univesity 69




PSS-Gel
Potential improvements from using electric surveys (MT, TEM)

: A MT surveys are easier in execution Witk SoGE B pBEK km, |
Addressed parameter | Applicability of TEM | Applicability of MT mobilization fee

Geoelectric section High with high resolutic Medium resolution to greater d T fleld layout ol onmoon
Ex % Ey SEGaREIT RESISITIVITY
“THxyz L e
= il 1 10_ 300 1 10 100
StaticShift.tﬁ.'
High Contrast horizons n high high I 1
§ I ; ':.\Eycurvc g
Medium contrast, thin ho medium medium T E
mapping St
Faults mappin high medium : .
PPIng J Cumming W., Mackie R
Mapping of faults with hit low
temperatu re fIUIdS CENTRAL LOOP TEM SYSTEM TEM TEM
%/\ RECEIVER WITH DATA INTERPRETATION
TRANSMITTE! ey Ecﬁﬁcg:tl- P APPARENT
Mapping of zones with h medium sy s " O
ey 19 10 4 1000

porosity and therefore hi
water content within targ
interval

Identification of deep he: not possible because 0 medium

sources (intrusions, gran depth of investigation

bodies)

TIME (msec)

A To achiewékdn depth is required to use linear system, size

transmitter loop must be 500x500m and 1000x1GB6m to

depth
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PSS-Gels

Technical challenges of applying TEM for deep reservoirs in agglomeratea area

Innovative 2D, 3D and 4D survey technologies
with high spatial density, resolution and high sampling frequency
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Exploration: Gravimetry PSS-Geld

Gravimetric anomalies can indicate
variationgdiensitgnd might, in

some cases, imply temperature in
some cases.

Source:Reykjavic Univesity
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