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I WHAT IS GEOTHERMAL ENERGY?

Geothermal Energy is the exploitation of the thermal energy
naturally produced from the earth

Comes from the greek
geo (yem): earth
thermas (Oeppog): warm

- €nergies
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- Geothermal power a stable production output, unaffected by climatic variations,
-> high capacity factors (60% to 90%)
-> suitable for baseload production

- The resource is not equally distributed
(e.g. at 1000m up to 200°C in Iceland and about 40°C in the Netherlands)

- Two main elements are to be looked for to securely developed a geothermal
project: temperature & flow

- €nergies
Qanongfes
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RENEWABLE ENERGY: THE PLACE OF GEOTHERMAL ENERGY Renewable
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Renewable energy consumption by technology, 2017-23

2017
2017 e Geothermal: 21.7 Mtoe H

2018-23 Growth ‘

0 250 500 750 1000 1250
Mtoe

@ Bioenergy @ Hydropower Wind Solar PV @ Solar Thermal @ Geothermal @ Marine

Source: IEA (https://www.iea.org/renewables2018/)
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STATUS AND EVOLUTION OF GEOTHERMAL ENERGY:
ELECTRICITY GENERATION S

Total installed capacity (end 2018)
for electricity generation: 14 600 MW

Roadmap vision of geothermal power production by region
(TWh/y) (IEA roadmap, 2011)

1 600 — 4%

Indonesia
. A 1400- 4 35%
C~Atintngs i
c"‘é’;’f"é | Philippines 1200+ " [ 3% _ Share of global
) 1,868 B o == electricity generation (%]
| ’ '_J
10007 I 25%  QECD North America
‘ L
w Turkey 800 ‘#,f 204 B OECDEu rope
| o OECD Pacific
600 - = 15%
N\ New Zealand e M Other
L 400 1% . .
| Mexico B !ndiza and China
lceland 755 = 200 mmmmmmem=™ 0.5% M Developing Asia
Kenya 676 : .
| Japan 542 = 0 0% B Africa and Middle East
Source: Thinkgeoenergy.com Other 925 2010 2015 2020 2025 2030 2035 2040 2045 2050 Source: IEA
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STATUS AND EVOLUTION OF GEOTHERMAL ENERGY: DIRECT USE gErms

World-Wide Utilization (with heat pumps), TJ/yr

0.25%

m Geothermal Heat Pumps
H Space Heating

= Greenhouse Heating

B Aquaculture Pond Heating
= Agricultural Drying

= Industrial Uses

= Bathing and Swimming

= Cooling / Snow Melting

Lund ar;a"B'dyd,"2015 Orhers

World-Wide Utilization (without heat pumps), TJ/yr

0.99% 0.55%

m Space Heating

m Greenhouse Heating

® Aquaculture Pond Heating
® Agricultural Drying

¥ Industrial Uses

® Bathing and Swimming

u Cooling / Snow Melting

m Others

3.98% |0.77% -4-55%
Lund and Boyd, 2015
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EIA roadmap vision of direct use of geothermal heat by region,
excluding ground source heat pumps (EJ/y)

OECD North America
M OECD Europe

QECD Pacific

B Other
B india and China
| Developing Asia

B Africa and Middle East
2020 2025 2030 2035 2040 2045 2050
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STATUS AND EVOLUTION OF GEOTHERMAL ENERGY: EUROPE Renewable

energies

Installed capacity for

&S00 30 PRl
Ground Source Heat Pump geothermal electricity and
(2015) E district heating in 2016 (in
SO0 25
g 4 MW)
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Source: EGEC
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I GEOTHERMAL ENERGY
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GEOTHERMAL ENERGY CLASSIFICATION

Renewable

energies

Moeck, 2014
1978 1988 1990 1988
Muffler [8] (“C) Hochstein [9] (*C) Benderitter and Cormy [12] (*C) Haenel et al. [10] (*C)
Low enthalpy =90 = 125 = 100 =150
Moderate enthalpy 90=150 125=225 100=200 -
High enthalpy =150 =225 = 200 = 150
Samyal [13] Mon-electrical (C) Very low (°C) Low (“C) Moderate (“C) High (“C) Ultra high {“C})
2005
= 50=100 100=150 1530=180 180=230 230=300 =300
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Geothermal classification was relying on two aspects:
- temperature of the system (enthalpy)
- the usage of the system (electrical generation vs direct heat use)
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GEOTHERMAL ENERGY CLASSIFICATION

Renewable

energies

Enhanced
Hot sedimentary geothermal Ground source
aquifers systems heat pumps

¥

Conventional vs Unconventional R

A
Conventional _ - Sandstone
5 &) Volcanic +
w | extensional
[~ i
) ' - settings
[} WlL -
g : Unconventionai :
S| la 150°¢ —" |
= :
1
.
. [ 200°C__—
+Rosemanowes
>
Permeability (; D Grergies
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“Plays” is a concept developed in the petroleum industry

A play is “groups of accumulations and prospects that resemble each other closely geologically, sharing similar source,
reservoir, seal and trap conditions”

a very human concept, popular and useful just because it is not a precise, scientific concept, but...

This concept is needed because:

e To identify where and to what objective future exploration activity should be directed. i.e. which areas or trends are
likely to become core future productive areas,

e Management of the risks associated with drilling mapped prospects by grouping them into families and comparing
them with successful analogue fields,

e Prediction of future possible volumes using successful analogue fields or statistical techniques,

e Helping estimate the potential value of exploring in areas or for particular prospect types

e |dentification of the technologies needed to explore for particular types of prospect as well as those needed to
maximize the commerciality of discoveries through field development,

e Deciding when a type of prospect is no longer worth pursuing or when an exploration venture should be terminated.
e ...in short, plays rather than individual prospects should form the basis of exploration strategy definition

[ 'f €Energies
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GEOTHERMAL ENERGY CLASSIFICATION:
APPLICATION OF THE CONCEPT OF “PLAY”

Convection-dominated geothermal plays

Renewable

energies

Moeck, 2014

1| Volcanic field type Plutonic type Extensional domain type
2 Java-Kamojang Larderello Bradys (Basin and Range)
: Metamorphic core complexes
Magmatic arcs Young orogens B Eri jens P
Mid oceanic ridges , ack-arc exiension
Hot spots Post-orogenic phase Pull-apart basins
3 Intracontinental rifts
Magma chamber, intrusion Young intrusion+extension Thinned crust = elevated heatflow
4 | Active magmatism (volcanism) Recent plutonism Active extensional domain

5_.—9
==

" - Fault controlled
+ Magmatic -
1 — Play type 4 — Geologic habitate of potential geothermal reservoirs
2 — Typus locality 5 — Heat transfer type
3 — Plate tectonic setting 6 — Geologic controls.
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GEOTHERMAL ENERGY CLASSIFICATION:

R bl
APPLICATION OF THE CONCEPT OF “PLAY” energies.
1| Volcanic field type Moeck 2014
— ypP Upflow Zone
2 Java-Kamojang , N _ Outflow Zone
Meteoric Water Acidic Sulfur Springs
Magmatic arcs Argilic :
. . : Meteoric Water
Mid oceanic ridges l l Alteration Condensate Near Neutral pH
3 Hot spots Spring Chloride Hot Springs
Propylitic o — Travertine
Magma chamber, intrusion Alteration /' fo Sy S — Tt
0,780, ratio increasing —
e Outflow 3 -
4 | Active magmatism (volcanism) — ¥ .
5| _
B + Zv
: Two-phase region of . .
- Intrusive heat source 2oa watef liquid ar?d TSR E Sediments and/or older volcanics

€nergies
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I GEOTHERMAL ENERGY CLASSIFICATION:
APPLICATION OF THE CONCEPT OF “PLAY” G

Plutonic type Moeck, 2014

Larderello @
Young orogens ©

Post-orogenic phase
Fumaroles Hot springs

J\\
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Young intrusion+extension o km

Recent plutonism

' Convection dominated systems -

Fault controlled
Magmatic

-2 km
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I GEOTHERMAL ENERGY CLASSIFICATION:
APPLICATION OF THE CONCEPT OF “PLAY”

Extensional domain type

Bradys (Basin and Range)

Metamorphic core complexes
Back-arc extension
Pull-apart basins
Intracontinental rifts

Thinned crust — elevated heatflow

Active extensional domain
+
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GEOTHERMAL ENERGY CLASSIFICATION:
APPLICATION OF THE CONCEPT OF “PLAY” energies

energies

Conduction-dominated geothermal plays

Moeck, 2014
1| Intracratonic Basin Type Orogenic Belt Type Basement Type
2 Paris Basin Unterhaching (Germany) Habanero (Australia)
Intracratonic/Rift basins Fold-and-thrust belts Intrusion in flat terrain
3 Passive margin basins Foreland basins Heat producing element rock
Sedimentary aquifers Sedimentary aquifers Hot intrusive rock (granite)
Permeability/porosity with depth Permeability/porosity with depth Low porosity/low permeability
Fault and fracture zones Fault and fracture zones
4 hydrothermal hydrothermal petrothermal
5| —
5 Fault/fracture controlled +
+ Litho-/biofacies controlled -
1 — Play type 4 — Geologic habitate of potential geothermal reservoirs
2 — Typus locality 5 — Heat transfer type
3 — Plate tectonic setting 6 — Geologic controls.

€nergies
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GEOTHERMAL ENERGY CLASSIFICATION:
APPLICATION OF THE CONCEPT OF “PLAY” e

1| Intracratonic Basin Type

Om s T oo e A rrwTil STTLASTILIIT ~10°C
2 Paris Basin S e T QL T
Intracratonic/Rift basins 1000 m 45°C
3 Passive margin basins
Sedimentary aquifers 2000 m 80°C
Permeability/porosity with depth | \
3000 m 115°C
4 hydrothermal
5 — 4000m I8 150°C
5| + 5000 m | 190°C
A — Geothermal plays above 3km depth with
temperature suitable for district heating, 6000 m 235°C

B — Deep geothermal plays below 3km depth e B = ;‘:;" zhale [ granne :u S+ shaie g.
suitable for heating and electricity e ocksat [l volcarics T mart

C — Very deep geothermal plays below 4km
depth as potential HDR systems (.f

€nergies
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GEOTHERMAL ENERGY CLASSIFICATION:
APPLICATION OF THE CONCEPT OF “PLAY”

Renewable

energies

Foot hills Foretand basin
— 4
ARap GRnMena Manstes
sodmants - 2
hydrodhermal
o 0 km
as.l.
R e M NI S T W .- I C -2
Orogenic Belt Type -
o
Unterhaching (Germany) oy
Fold-and-thrust belts
Foreland basins
Sedimentary aquifers
Permeability/porosity with depth
Fault and fracture zones
hydrothermal
Fault/fracture controlled (if ot
Litho-/biofacies controlled N~—



GEOTHERMAL ENERGY CLASSIFICATION:

APPLICATION OF THE CONCEPT OF “PLAY” e

Basement Type

Habanero (Australia)

Intrusion in flat terrain
Heat producing element rock

Hot intrusive rock (granite)
Low porosity/low permeability
Fault and fracture zones

petrothermal
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Moeck, 2014
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GEOTHERMAL ENERGY CLASSIFICATION:
APPLICATION OF THE CONCEPT OF “PLAY”

00

90° 180°

=== Divergent type: Mid-oceanic ridges transected by transform faults
= Convergent type: Subduction zone

== Transform type: Strike-slip zone

Examples of geothermal play types with current production

CV1 - Magmatic - Volcanic field type:
CV1 - Magmatic - Plutonic type:

CV3 - Extensional domain type:  [OBradys (Nevada/USA),
CD1 - Intracratonic basin type: A Neustadt-Glewe [heat] (Germany),
CD2 - Orogenic belt/foreland basin type: @ Unterhaching (Germany),
CD3 - Basement (hot dry rock) type: @ Habanero (Australia)

B Taupo (New Zealand),
HLarderello (ltaly),

@Kamojang (Indonesia),
©The Geysers (USA)
O Kizildere (Turkey),

452
Central America
00
Pacific Plate
a
45%
Antarctic Plate
Iy o ) = l I° o
180 90 0° 90 180°
Plate boundary types

Major zones of active volcanism

} Intracontinental rifts

00

B Installed geothermal fields (pilots + commercial)

O Soulz-sous-Forets (France),
@ Paris Basin [heat] (France)
@ Altheim (Austria)

@ Reykjanes (Iceland),

A\ Puna (Hawai/USA)

/\Olkaria (Kenya)

23 © | 2021 IFPEN

Renewable

energies

Moeck, 2014.

Geothermal fields installed worldwide in a plate tectonic setting.
Geothermal play types with example fields:

CV — Convection dominated heat transfer,

CD — conduction dominated heat transfer. (List of geothermal
fields from http://geothermal-powerplant.blogspot.com;
www.thinkgeoenergy.com; Zheng and Dong (2008); plate
tectonic map based on Frisch and Loschke (2003).
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I GEOTHERMAL ENERGY
Introduction to geothermal energy
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DIFFERENT USE OF GEOTHERMAL ENERGY Renewable

GEOTHERMAL ENERGY

energies

ELECTRICITY GENERATION

Dry steam Plant

Flash Plant _
Binary Plant

s

Ground Source Heat Pump
ATES
Agriculture & -

Aquaculture District Heating

Muffler [8] (*C) Hochstein [9] (“C) Benderitter and Cormy [12] (*C) Haenel et al. [10] (*C)

Low enthalpy = 90 = 125 = 100 =150

Maoderate enthalpy S0-150 125-225 100-200 -

High enthalpy =150 =225 =200 = 130

Samyal [13] Mon-electrical {*C) Very low (°C) Low (°C) Moderate (“C) High {*C] Ultra high {*C)
< 50-100 100-150 150-180 180-230 230-300 = 300

25 © | 2021 IFPEN
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DIFFERENT USE OF GEOTHERMAL ENERGY Renewable

energies

GEOTHERMAL ENERGY

Dry steam Plant

ELECTRICITY GENERATION

Flash Plant .
Binary Plant

Aquaculture 3 g

Muffler [&] (“C) Hochstein [9] {(°C) Benderitter and Cormy [12] (*C) Haenel et al. [10] (*C)

Loww enthalpy = 90 = 125 = 100 =150

Moderate enthalpy 90-150 125-225 100-200 -

High enthalpy =150 =225 = 200 =150

Sanyal [13] Non-electrical (*C) Very low (°C) Low (*C) Moderate (*C) High (*C) Ultra high (*C)
= 50-100 100-150 150-180 180-230 230-300 =300

26 © | 2021 IFPEN
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DIFFERENT USE OF GEOTHERMAL ENERGY -

Renewable
ELECTRICITY GENERATION f
Low Fluid Content High
(<1%) <« ¢, porosity » (>20%)
10
c 20
@ Low Grade Low Grade Binary Plant
-8 30 Conduction- Hydrothermal
6 Dominated
EE L
ot
EGS g S 50 Flash Plant
QJ o) ? >
£ A 60 Mid Grade qatO"‘“’m"" Dry steam Plant
SE EGS A%
UIRY, 70 High Grade
v Conduction-
8 80 DO”E“C':‘“(‘d X High Grade
ydrotherma
z 90 Supercritical
100
Low <K>, permeability High
(<1 md) < > (>1000 md)

Natural Connectivity
(Adapted from J. Tester)

- €nergies
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DIFFERENT USE OF GEOTHERMAL ENERGY -

ELECTRICITY GENERATION

Electricity generation: Dry steam plant

28 © | 2021 IFPEN

Renewable

energies

Dry steam power plant
Load
Turbine Generator
|
| 2
) @
A - =
A Y
A Y
A Y
[l Y Rock layers
Production Injection
well Yo well

JQuulLe. UO vepalteliieiit vl et gy

First system to be developed (1904 in
Tuscany) with the steam being delivered
directly to the turbine to generate electricity.

- €nergies
Qanong'iss
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DIFFERENT USE OF GEOTHERMAL ENERGY -
ELECTRICITY GENERATION

Flash steam power plant

Flash
tank Turbine Generator

Electricity generation: Flash plant

-

\

Production
well

dSource: ud vepdriement or energy

Most commonly used system. A flash chamber
allow a drop of pressure that creates steam
that is then used by the turbine to generate
electricity.

[ Energies
Qanom‘;‘glss
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DIFFERENT USE OF GEOTHERMAL ENERGY -
ELECTRICITY GENERATION energies

Renewable

Electricity generation: Binary plant Binary cycle pever piumt Load

Turbine Generator

I Heat exchanger
> ~ ) | with working fluid
. v
i v
s ' Rock layers
Production € Injection
: well ' well

Source: UsS bepartement or energy

The heat from geothermal hot water is
transferred to a working fluid that is vaporised
to run the turbine, generating electricity.

€Energies
wpnou%les
N
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DIFFERENT USE OF GEOTHERMAL ENERGY - EGS

Renewable
(ENHANCED GEOTHERMAL SYSTEMS) energies
In EGS:
- the reservoir is created or enhanced using mechanical or chemical methods. Following the creating of the
- the temperature is already available and only the heat transport is created reservoir the resulting plant depends

on the resource (heat + reservoir)

U
i ]
£

Jh_‘
»

N v e AR AV

' P\ g | e~
/ u (]

R LIMWe € e i rend .

2T/

= 3
b 78 N

o e usa) | '\‘\"'7‘:;;}\""" B
2. Water injection e : s |\

Injection well T e ema e Production well

Habanero Australia)
IMWe

e < In January 2018, 18 EGS system were in
= : production/development

3. Fracturing 4. Production
f €nergies
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DIFFERENT USE OF GEOTHERMAL ENERGY -
SUPERCRITICAL (IDDP PROJECT) G

DATUM IS TOP r
OF WELL FLANGE | [

1

f

; #-1 FLANGE
5 5 | @12", ANSI Class 2500

00

2km

Supercritical
fluid

4@“'.’-@-—

" SURFACE CASING
832157, X56, Welded

785 m

1835 m

T INTERMEDIATE CASING 1
©Z24Y4", 162 Ibfit K55, Welded

400 F

1949 m

_——INTERMEDIATE CASING 2
o18%", 114 Ib/it , K55, BTC

0026

2072 m

ANCHOR GASING

Top 290m: a13%", 88.2 Ib'fi,
T95, Hydrl 563
290-2400m: 013%", 72 Ibift
K55, Hydril 563

T~
L ‘\'“‘-PRODUCTION CASING
R 3 89%", 53.5 Ibfft, K55, Hydril 563
R

300 p

= 1 km

Oril 8it a16%" |
~ PEAK C-FLEX RPL P-110
Cementing Valve 94", 810.4", SC 09 004

200 k2 km

Pressure, bars
£
|

Nk N SLOTTED LINER
NI g 47 o, K85, BTC

INTO MAGMA 3% TIME

D
'] Del Bit 01218

e ) 1777 Bettom Fill 19m
1 . 1DOP-14 G
""" - _ SORREERLE  INTO MAGMA 1= nME/:“"”“ m%E\INTO MAGMA 214 TIVE
Liquid + Steam "

- — 300°€————~-

Depth {hydrostatic)

oGk

T

Baoiling pi.
curve W

Dew pt.
curve >

L0} km
0 00 TN 1500 200 2500 SO0 2500

Enthalpy, Joules gm" Critical point for fresh water is 374°C and 22.1 Mpa (Krafla)

( 'f €Energies
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DIFFERENT USE OF GEOTHERMAL ENERGY -

Renewable
SUPERCRITICAL (IDDP PROJECT) energies
f *}, R weled P
S STV S
o< ”“f”“ii% = 5MW v 50MW
2 ‘f/ ¥ - ¥ q Typical power output of Predicted output of
g?ma"g* 7*’ /«%’ i ol " 7 I ageothermal well a“supercritical” well g isae_ Reykjanes
- “¢ Nesjavellir “i‘ ' i SOURCE: DOLORG/FMPP3D -.ﬂ:: IDDP-2
—— ‘ 4 2 -> - = - m :. By M0 1 M4 20 R aﬁ:-Tu::;:r:;;;
‘? 3:_;-:|: : ] X300
saoal—| {aa00
£ = -
Reykjanes field have a salinity of seawater so the critical point is reached at 406°C and 298 bars = l_?:t:ﬂ_:; N o
O AU N FOUOYPOUO FOU SUOH Bowoevowuerosh P

Preszure |oar]

Final depth: 4659m - Max. temperature: 427°C — Max pressure: 340 bars.

Supercritical for geothermal is still at the research stage and many question still need answering!! ( 6 energies
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I GEOTHERMAL ENERGY

Renewable
energies
Introduction to geothermal energy .
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DIFFERENT USE OF GEOTHERMAL ENERGY

GEOTHERMAL ENERGY

Renewable

energies

T

Ground Source Heat Pump

Eahadl Agriculture &
R
Aquaculture District Heating
I
I
Recreational
Muffler [8] (°C) Hochstein [9] (°C) Benderitter and Cormy [12] (°C) Haenel et al. [10] (°C)
Low enthalpy = 90 =125 = 100 =150
Moderate enthalpy 90-150 125-225 100-200 -
High enthalpy =150 =225 = 200 =150
Sanyal [13] Non-electrical (°C) Very low (“C) Low (°C) Moderate (“C) High (°C) Ultra high (°C)
< 50-100 100-150 150-180 180-230 230-300 = 300

35 © | 2021 IFPEN
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DIFFERENT USE OF GEOTHERMAL ENERGY - DIRECT USE

36 © | 2021 IFPEN

HOUSING,
LEISUREE & HEALTH

B  Heat pump for heating and cooling I
I Underfloor heating L I n d al
- [ Swimming pool .
B  B:incotherapy di agram
I  Pre-heating (water-air)
I Domestic hot water
I District heating

AGRICULTURE &
FOOD-PROCESSING

M Fish farming
B Greenhouse heating through the floor
I Greenhouse heating through the air
I Pre-heating (water-air)
I  Drying of agricultural products, wood, fish
I Cannery

INDUSTRY

I Frc-heating (water-air)
I Fre-heating (water-air)

I Vool washing - tincture
I Orying of industrial products
I  Power generation (binary plants)
- I  Absorption refrigeration

I  Cxtraction of chemical substances

I  Freshwater distillation

I \\etal recovery
I Power generation (from steam)

I Evaporation of concentrated solutions

B Paperpulp

I Ncgative cold production (ammens asorstion syserm)
10°C 30°C 90°C 150°C
\éen?;]laol‘g; Low-enthalpy Mid-enthalpy High-enthalpy

Renewable

energies
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DIFFERENT USE OF GEOTHERMAL ENERGY - DIRECT USE Renewable

energies

HOUSING,
LEISUREE & HEALTH

AGRICULTURE &
FOOD-PROCESSING

INDUSTRY

Underfloor heating
I Svimming pool
I Domestic hot water
I District heating
I Greenhouse heating through the air
B Pre-heating (water-air) ATES
I Drying of agricultural products, wood, fish
! I Cannery
Agriculture &
‘I ool washing - tincture
I Orying of industrial products Aquaculture
I  Cxtraction of chemical substances
I  Freshwater distillation
B \cgative cold production (anmens asarsien sysensi
10°C 30°C 90°C 150°C

B  Baincotherapy dlag ram
I Fish farming
I Pre-heating (water-air)
I  Power generation (binary plants)
District Heating
I MVetal recovery
Very low-

I  Heat pump for heating and cooling i
I L In d a I
I  Pre-heating (water-air)
Ground Source Heat Pump
B Greenhouse heating through the floor
I Fre-heating (water-air)
I  Absorption refrigeration
I Power generation (from steam)
H Evaporation of concentrated solutions Recreational
B Paper pulp
enthalpy Low-enthalpy Mid-enthalpy High-enthalpy

( 'f €Energies
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DIFFERENT USE OF GEOTHERMAL ENERGY -
RECREATIONAL: SPA & BATHING G

- €nergies
Qanou%iss
N ——
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DIFFERENT USE OF GEOTHERMAL ENERGY -
RECREATIONAL: SPA & BATHING energies

Renewable

Hungary

Spa have developed in tectonic and
geodynamic settings naturally favourable

i'=leRan T v

L Ak 0 Jh o a6 s

n ][] L

Apuseni  Transylvanian
Dinarides Dacia Tisza Mountains basin

E Carpathians E
2
1
0

," 0

a Q%ps and osn':r's‘fe's" - [ Neotethys [l iszaMega-Unit:  [l] Dacia Mega-Unit  [] Alpine Tethys

mhznextemal D basin fill . Europe s.I.

( f €nergies
Q nouvelles
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DIFFERENT USE OF GEOTHERMAL ENERGY -
RECREATIONAL: SPA & BATHING e

Iceland — Blue Lagoon

The Blue Légoon is._iihe “by-product” of the Svartsengi Power Station at 40°C
Svartsengi Power Station is in operation since 1977 and have now a capacity of 76.5 Mwe.

- €nergies
Qanong'ies
\‘-q._/
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DIFFERENT USE OF GEOTHERMAL ENERGY -
RECREATIONAL: TOURISM G
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DIFFERENT USE OF GEOTHERMAL ENERGY -
DISTRICT HEATING G

1st district heating network (14t century) in Chaude Aigues - France

The Chaudes Aigues fault bring the water
at the surface at 822C

Chaudes

- Basalte
+7 3| Granite \ Faille

| | Gneiss - Circulation de I'eau

- €nergies
Qanou%iss
N
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DIFFERENT USE OF GEOTHERMAL ENERGY -
DISTRICT HEATING S

SCHEMA DES RESEAUX

Meaux District Heating:

CHAUFFERIE CENTRALISEE
{GEOTHERMIE ET FlouL)

' CHAUFFERIES APPOINT OU SECOURS
- CENTRALES GEOTHERMIQUES
e N Installed since 1982
s ORCUITS EAL GEOTHERMIQUE (EAU PROPRE)
s CIRCUITS EAL GEOTHERMALE (EAU SmEE)

« Foraces pfvifs PRODUCTION
w ForRAGE DEVIE INJECTION

_ Reservoir (Dogger) depth 1760 m
s  Mawux Deowvel |7 Number of Doublets: 4
Temperature: ~752C

Network length: 43 km
Annual production by geothermal energy

N
A
1 LS

oe 80 000 MWh
w
5 NORMANDIE ILE DE FRANCE CHAMPAGNE LORRAINE VOSGES
i 158 1 S The district heating can be fed by geothermal as well as

o other source in coordination

- 3000

Rapport : longueur /hauteur = 20

€nergies
@Pnou%lss
\\-._-"'
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DIFFERENT USE OF GEOTHERMAL ENERGY — GREEN HOUSES Renewable

' = RN TN S Lower Cretaceous reservoir
. il RSN Temperature 60°C

Flow rate 160 m3/h
Capacity 4-5 MWth
Heating 2x7 ha of tomato green house
Avoiding 3 million m3 of gas per yr

energies

Aarcwarmtebron: 30 60 graden

€nergies
wpnou%les
\\_/
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DIFFERENT USE OF GEOTHERMAL ENERGY - AQUACULTURE Renewable

Temperature °F

energies

-

Several well used to balance the

% - - o 104 temperature and salinity

100 e P o Rearing temperature is about 9-11°C
g N ></
E wlZ 7 X\ N\ o
‘é [ Trout -‘\ // I/\\ \\ Total production is about 1,000 tons per
£ o R year of salmon
% Shrimp Catfish
= 40 =5 Z
8
E a0 / / raMm.-t-:aayu

/ 1/

nAToHERY Silfurstjarnan fish farm, Northern Iceland

: L |7

0 10 20

Temperature °C

Optimum growing temperature (Dickson and Fanelli, 2005)

HATCHERY NURSERY TANK GROW-QUT TANK HARVEST TANK

- o
-© i :
3 el 1
system |
Junior  Senior

REARING TANKS

— = |
< e
S G- //

== 7=

30 40

SEDMENTATION

-+
B

SALMON ; Mees S NN 2-4kg q, ::
Temperature °C 8 10 10 9.5 _— - = Tk
Salinity %o 0 < 10 10 Eﬂmn ’
ainity% 0 10 e (A S0 A0 Gl O est g
Year 0.5 1 1 0.02 s-6c 1 lg;g[){n‘i‘mm
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I DIFFERENT USE OF GEOTHERMAL ENERGY - ATES
(AQUIFER THERMAL ENERGY STORAGE) s

\‘/ 11 >|< 1]
o= nmn T
r decrz?nd j" | [ ] deHrr?::\d B
— N V N— ! > A%

-AQUIFER

€nergies
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DIFFERENT USE OF GEOTHERMAL ENERGY - ATES
(AQUIFER THERMAL ENERGY STORAGE) G

model_temperature
1.5900e+02

118.75

875

5 -+

*

week: 0.000000

- €nergies
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DIFFERENT USE OF GEOTHERMAL ENERGY - ATES
(AQUIFER THERMAL ENERGY STORAGE) G

ié\_\(i Energy balance for heat ATES (simulated)
' ATES of the

Biﬂ'mel\\ Al ! n ! ¥ _ i Summer mean production temp. 20°C
CHP: heat, |——tetk German Parliament in Berlin (loading)  injection temperature “0°C
el power stored heat 2.650 MWh/a
ca B0 m Winter production temperature 65 ..30°C
below (retrieving)  heat retrieved 2 050 MWh/a
ground 0 I . I , I 0
| . ) Balance energy for pumping 280 MWh
Rupel|clay (Aquitard 104 ratio of heat retrieved 77 %
=300 m 8 to heat stored
below -f:;
ground =z 7 Energy balance for cold ATES (simulated)
Paul-Lobe- marie-Elisavetn{ ~ Sanner et al., 2005 2 1 :
Building Liders-Bldg, S 50- Summer production temperature 6..10°C
E (retmeving) 1injection temperature 15 .. 28°C
E a0 cold retrieved 3950 MWh/a
£
Reichstag- E Winter mean production temp. 22°C
ildi 50
puldng | (loading)  injection temperature 5°C
60 4———————T——T———# cold stored 4250 MWh/a
Jakob-Kaiser- 9 10 11_ ;mpe: ;zlure EEC} 14 15 Balance energy fDl'p ] g 220 MWh
s ot st ’Efm’;::l ratio of cold retrieved 93 %
Cold storage to cold stored
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I DIFFERENT USE OF GEOTHERMAL ENERGY - ATES
(AQUIFER THERMAL ENERGY STORAGE) e

Aquifer Thermal Energy Storage (ATES) are an excellent outcome for optimised multi-generation heat system
The Netherlands is at the forefront of its development

: s fow s
- : ':.-'.. ‘..
» 0. %2
o.o LY S S »
Fs (e
‘:2’ ’ AL . %
o‘r{! > A ."?O'F"::: p »
b.' ™ ’;‘;‘i’::'.* ’o '.
.. ? ¥ g .0*..;.0'*\...‘
: { / & T
= e .;‘gt;
ity A
a ‘ \ Y : s L
b ":,b"; N
10 200 1500 -
1990 2000 2010

( fP €nergies
K nouvelles
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DIFFERENT USE OF GEOTHERMAL ENERGY -
GROUND SOURCE HEAT PUMP (GSHP) gl

Thermgl Pump Tin Heating
Thermal Response Test (TRT): '"s“'a{" TR ’ Mass
A Thermal Response Test (TRT) measures the thermal conductivity ——— AT )

of the ground at a specific location.

={ GRT Unit with Data Logger |
To evaluate thermal response test data we can make use of the R S e R
line source theory. An approximation is possible with the

following formula, given in Ekl6f & Gehlin (1996): k:L
ArHA 4

7.2 Unsaturated Zone -
e i e

Saturated Zone
k Inclination of the curve of temperature versus

logarithmic time
Q heat injection/extraction 20
H length of borehole heat exchanger i
A effective thermal conductivity (incl. influence of

groundwater flow, borehole grouting, etc.)

\\\\\\\\\\\\\\\\\\\\\\u

To calculate thermal conductivity, the
formula has to be transformed:

Temperature (°C)

Fractured Formation

—— Measured inlet temperature

:1"" = === Mcasurcd outlet temperature
Q d “-----++ Caleulated outlet temperature
Aﬂf = pob——1 111111 ] s
An HK 0 1 2 3 4 5 6 7 8 9 10 1 /////

Days

g
?
Z
7
A
/
/
%
%
2
2
7
I

, '\\§\\\\\\\\\\\\\\\\\\\\\\\\

( f €nergies
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DIFFERENT USE OF GEOTHERMAL ENERGY -
GROUND SOURCE HEAT PUMP (GSHP)

Further investigation:

- the thermal conductivity of each

individual layers

- Temperature logging (e.g. for

aquifer)
- Modelling

S

Y 600
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200

€£.00

OO m

Renewable
energies

——vor Testheginn
——1,0 h nach Tesiemnde
— 2,0 hnach Tesiende

M 16 1B 2
Temperatur [°C]  Sanner et al. 2008
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Principle of heat pump?

According to the second law of thermodynamics heat cannot P s
spontaneously flow from a colder location to a hotter area; work
is required to achieve this. Carnot cycle
The operating principle of the second law of thermodynamic is o o
the Carnot Cycle .
1.Reversible isothermal expansion of the gas
at the "hot" temperature, TH (isothermal T
mf’ww ClE: heat addition or absorption).
NEAT — HOW FRST DOES IT Go? ) . . . .
2.Isentropic (reversible adiabatic) expansion of 3 T
DEPENDS HOW (DL 1T 1S OUTSIDE. ) . .
the gas (isentropic work output). >
3.Reversible isothermal compression of the V

gas at the "cold" temperature, TC.
(isothermal heat rejection).

4.Isentropic compression of the gas (isentropic
work input).

- €nergies
Qanomfgles
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DIFFERENT USE OF GEOTHERMAL ENERGY -
GROUND SOURCE HEAT PUMP (GSHP) e

What is a heat pump?

A heat pump is a device that transfers heat energy '

. . Compressor
from a source of heat to what is called a heat sink. |

Heat pumps move thermal energy in the opposite 4
Heat Pump
Cycle >

direction of spontaneous heat transfer, by absorbing
heat from a cold space and releasing it to a warmer

Evaporator ® e
Expansion valve

one.

\

Coefficient Of Performance (COP)
The COP of a heat pump is given by the following
equation:

Condenser

COP = Desired Output/Required Input = Heating Effect/Work Input = QH/Whnet,in

The higher the COP the better

( f €nergies
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DIFFERENT USE OF GEOTHERMAL ENERGY -
GROUND SOURCE HEAT PUMP (GSHP) G

Ground Coupled Heat Pumps (GCHP)

a.k.a. closed loop heat pumps

.

vertical horizontal

v

Source: Geo-Heat Center

- €nergies
(Qanou%iss
N~
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DIFFERENT USE OF GEOTHERMAL ENERGY -
GROUND SOURCE HEAT PUMP (GSHP) e

Groundwater Heat Pumps (GWHP)

a.k.a. open loop heat pumps
A

two well

Disposal to lake,
pond, river,
creek, etc.

single well

Source: Geo-Heat Center

€nergies
@Pnou%lss
\\_-"'
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DIFFERENT USE OF GEOTHERMAL ENERGY -
GROUND SOURCE HEAT PUMP (GSHP) gl

Surface Water Heat Pumps (SWHP)
a.k.a. lake or pond loop heat pumps

indirect

Source: Geo-Heat Center

( f €nergies
Q nouvelles
\\-—-/'
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I GEOTHERMAL ENERGY

Renewable
energies
Introduction to geothermal energy .

- What is geothermal energy?

Geothermal Energy in the Renewable Energy mix, status, and evolution

Classification

Different use of geothermal energy; Resource <-> Usage

Electricity generation & Direct use

- Thermal processes in the earth system

Geodynamic and surface heat flow

Lithospheric thickness and composition

Punctual thermal perturbation:

Kinematic, magmatism, radiogenic heat production, hydrology

- Geothermal energy in sedimentary basins

General principles on sedimentary basins

Modelling geothermal energy

Geothermal energy potential in India (ifienergies

57 o | 2021 IFPEN ..\‘_/nouveﬂes



THERMAL PROCESSES IN THE EARTH SYSTEM Renewable

energies

Crust Lithosphere

Upper
Mantle
1000 Astheno-
sphere . .
e Surface gradient is average 20-30 °C/km
2000 Mesosphere
(Lower
£ Mantle) * Surface gradient is much higher than in
£ 3000 D" layer ~
= mantle and core
=
o
A0S Outer core * Gradient varies depending on location
5000
Inner core
6000

0 2000 4000 6000 8000
Temperature (°C)

Copyright © 2005 Pearson Prentice Hall, Inc.

- €nergies
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I THERMAL PROCESSES IN THE EARTH SYSTEM

Q5 = SurfaTe heat flow (mW/m?2) Q:=Qp+tA.H
___.-"‘-_-"'-..____
Continental crust
thickness F A= Volumic heat production (LW/m?)

__-—-'-'-'_____-_'_'—-—-__

e —

T

Qm = Heat flow from mantle (mW/m?)

Heat production : 20 TW

Measured heat flow Qg =44 TW Average heat production by radioactive disintegration:
in continental crust ~ 1.0 pwim?
In oceanic crust ~ 0.5 pwim?
in mantle ~ 0.02 pwim?

€nergies
@Pnou%lss
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I GEOTHERMAL ENERGY

Renewable
energies
Introduction to geothermal energy .

- What is geothermal energy?

Geothermal Energy in the Renewable Energy mix, status, and evolution

Classification

Different use of geothermal energy; Resource <-> Usage

Electricity generation & Direct use

- Thermal processes in the earth system

Geodynamic and surface heat flow

Lithospheric thickness and composition

Punctual thermal perturbation:

Kinematic, magmatism, radiogenic heat production, hydrology

- Geothermal energy in sedimentary basins

General principles on sedimentary basins

Modelling geothermal energy

Geothermal energy potential in India (ifienergies
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GEODYNAMIC AND SURFACE HEAT FLOW: PLATE TECTONIC Renewable

energies

I O

NORT

EURASIAN PLATE

S\ AMERICAN

PLATE ho d i
> y : ‘Qiumwm
| | T\ PLATE

m

AMERICAN
PLATE

N\

f A * s : | g l WORLD TECTONIC PLATES
MR M NG LN ANTARCTIC PLATE
o - Plate interaction generates enormous forces
(1012-1013 N/m)
This will result in several deformation
processes at tectonic plate boundaries:

- Earthquakes

- Volcanism

- Orogenesis Energies
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I GEODYNAMIC AND SURFACE HEAT FLOW:
LITHOSPHERE THICKNESS e

Artemieva, 2008

f €nergies
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GEODYNAMIC AND SURFACE HEAT FLOW:
LITHOSPHERE COMPOSITION e

( €nergies
Qf?nougies

63 © | 2021 IFPEN




GEODYNAMIC AND SURFACE HEAT FLOW:
VOLCANOES S

SOUTH

 AMERICA

1
ANTARCTICA

(ifPsme
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I GEODYNAMIC AND SURFACE HEAT FLOW Renewable

energies

@ The average heat flow
@ for the earth 87 mW/m?2,
@ for continents 65 mW/m?2,

@ for oceanic crust 101 5 vnr
mW/m2

@ Considering a total global J_t 3 0 M&' : r k& Q {
surface area of 5.2 x 1011 m2, rii w
Mi ,.,,,._

the total heat flow or power -
output is about 4.7 x 1013 Wor X
47 TW (thermal). ‘\\ “‘3“ ’W ""‘"/_’7
@ For comparison, the total 4
installed world power capacity \ N i ”’ . "

in 2012 was 5.55 TWe (EIA, SN / ———

2016).

70 80 90 100 110 150

0 40

Global representation of heat flow based on observational data, supplemented with estimates derived

65 © | 2021 iFren from digital maps and empirical correlation with age (from Vieira and Hamza, 2018). (fP‘f;’::g;gg



I GEOTHERMAL ENERGY

Introduction to geothermal energy
- What is geothermal energy?
Geothermal Energy in the Renewable Energy mix, status, and evolution
Classification
Different use of geothermal energy; Resource <-> Usage
Electricity generation
Direct use
- Thermal processes in the earth system
Geodynamic and surface heat flow
Lithospheric thickness and composition
Punctual thermal perturbation:
Kinematic, magmatism, radiogenic heat production, hydrology

tomorrow: Geothermal energy in volcanic settings

€nergies
(f nouvre%!es
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I LITHOSPHERIC THICKNESS AND COMPOSITION: HEAT
FLOW CHARACTERISATION

Renewable
energies

Q:=Qp+A.H

Qg = SurfaTe heat flow (mW/m?)
e

Continental crust

thickness H. A= Volumic heat production (LUW/m?)

T

Qm = Heat flow from mantle (mW/m?)

Heat production : 20 TW
Measured heat flow Qg =44 TW

€nergies
wpnouv’g'fes
\_____,«'



LITHOSPHERIC THICKNESS AND COMPOSITION: HEAT

FLOW CONTRIBUTOR

Sediments
— radioactive shale or sand

Crust

— strong variations with crust
nature/age

— concerned upper crust

Lithospheric Mantle

— varies with age and composition of
the lithosphere

Asthenospheric
— convective mantle
— main radiogenic source

In « simple » and steady
conditions, the heat flow
increases toward the surface.

68 © | 2021 IFPEN

I Radiogenic contribution

0-5 mW/m?

granitic : 20 to 60 mW/m?
basaltic : almost 0 mW/m?

mafic : 0 to 20 mW/m?

I Moho |

peridotite : 0 mW/m?

[1333°C|

Inner earth : 30 to 40 mW/m?

Renewable

energies

€nergies
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LITHOSPHERIC THICKNESS AND COMPOSITION: HEAT
FLOW MEASUREMENT e

Heat flow (mW/m?2) =
thermal conductivity (W/m/K) x geothermal gradient (° C/km).

<
Lab measurement \
Thermal conductivity (W/m'K)

I P P Well measurement
Igneous rock (samples) 0 ______________
Granite (665) — - e
Andesite (130) — - S
Tuﬁ'(|64)_ \\\
Diorites (58) — [ — 9 \“
Feldspar porphyry (38) — - BN N e
Andeporphyry (7) - N N s Larderello (ltalien)
Gabbro (1) — [ — T
Sedimentary rock E 4 S ‘Soultz SOUS Foréts T
Sandstone (270) — - — “«_. (Frankreich)
Limestone (53) ~ - ‘..C_' ¢ .
Shale (35) — - Y Grold Schonebeck
Mudstone (23) — [ I ! (= 6 KTB " (Deutsch|and)
Conglomerate (16) — .
Siltstone (12) -m- (Deutschland)
Dolomite (5) — — 5
Metamorphic rock 8
Gneiss (701) — } I |
Schist (66) — — |
Phyllite (52) — —
Quartzite (50) — t ! | 0 1 00 200 300 400

Temperature [°C]

( f €nergies
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I LITHOSPHERIC THICKNESS AND COMPOSITION:
RADIOGENIC HEAT PRODUCTION S

Radiogenic heat generation A [uW.m3] is a function of relative abundance of
radiogenic minerals in rock. It influences the steady state geotherm

Temperature (T) =

d—T(z):qs,/k—Az/k
dz

AN Depth (z)

€nergies
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I LITHOSPHERIC THICKNESS AND COMPOSITION:
RADIOGENIC HEAT PRODUCTION S

120

based on Arevalo Jr et al., 2009

Heat flow (TW)

-
'\..

4.5 Ga . present
Time

H = 107%p (9.52 x Cy + 2.56 x Cpp, + 3.48 x Cy),

€Energies
71 (anouv’gfes
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GEODYNAMIC AND SURFACE HEAT FLOW:
RADIOGENIC HEAT PRODUCTION IN THE CRUST

72 © | 2021 IFPEN

depth (z) [km]

3

k (Wm'C™]
3

24 26 28
0

g 8 & B

120

140

160
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depth (2) [km]

A [uWm™] T[°C]
0 2 4 6 0 500 1000 1500
0 ]
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40 40
60 E 80 00mwW
80 B g
g 4mW
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120 07/60mwW

120

140 140

TmW

160 160

Energies
(l #muv’gf!es



I GEODYNAMIC AND SURFACE HEAT FLOW:
THERMAL CONDUCTIVITY S

Temperature is reconstructed using a steady state geotherm (conductive approach)

Heat flow q [MW/m2] is an important boundary condition in basin modeling. It determines the
temperature gradient in sediments in conjunction with rock conductivity k [W m C]

Temperature (T) =

dT
—=q/k
dz |

A Depth (2)

( f €nergies
Q nouvelles
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GEODYNAMIC AND SURFACE HEAT FLOW: THERMAL
CONDUCTIVITY (E.G. PARIS BASIN) e

b- Temperature (°C)
0 50 100 150

- ;
\. ABHTx
A, ®DST
£4 4

500

1000

1500

Profondeur (m)
2000

2500

3000

>
3500

.
10 100 200 - A

4000
>

Bonté et al., 2013
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GEODYNAMIC AND SURFACE HEAT FLOW: THERMAL
CONDUCTIVITY (E.G. PARIS BASIN) energies

Renewable

Low conductivity of the Lias
“Schiste Carton”

B Tertiary
[ Cretaceous
- Malm

[ Dogger
[ Liassic
[ Triassic

Thermal conductivity (W/m/K)
1.90 2.35

Bonté et al., 2013

( f €nergies
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THERMAL STRUCTURE OF THE LITHOSPHERE:
TRANSIENT THERMAL REGIME

Fast sedimentation in short time (blanketing effect)

76 © | 2021 IFPEN

»
»

\

Temperature . Temperature

v v
Steady state Instantaneous deposition
at surface temperature
Erosion
Temperature kY Temperature
Depth Depth \ Depth
v v )

Instantaneous removal of

Steady state )
upper section

Curvature of the gradient
Global cooling of the upper column

»

Temperature

Blancketing
Effect

A

Curvature of the gradient
Global heating of the upper column

Renewable

energies
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THERMAL STRUCTURE OF THE LITHOSPHERE:
EFFECTS OF FLUID CIRCULATION G

Water at surface
temperature

Hot spring ??

Water temperature ‘
\ equilibrated with rocks /W . |
ater cooler
Water hotter than rocks
than rocks

v
v

v

Temperature

Temperature S
~, fixed by water

fixed by watey

No pertubation
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LITHOSPHERIC THICKNESS AND COMPOSITION:
CASE OF EUROPE S

Geological Map of Western Europe

(Modified after Kirkaldy, 1967)
Quaternary
Drift

- s = W
g 5 g © 3 B %

Tertiary

Cretaceous

Jurassic FAEROES (Igneous)
Triassic and

Permian )

Lower Carboniferous HETLANDS
to Cambrian

Crystalline Rocks of
Pre-Cambrian and
Later age
Tertiary Volcanic
Rocks

& “DRKNEYS

FE
e ]
i
- Coal Measures
e ]
e
=
)
~

RDER™ N oRTH GERMAN
oo r,"'“f"{" S TR
BELGIUM Wi

CORSICA;

BALEARILS
—~ SARDINIA

10 12 14 16 18 20 22 24 28 28 30 32 24 30 38 40 42 44 49 42 50 52 H4 56 55 60 62 Kilometres
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LITHOSPHERIC THICKNESS AND COMPOSITION:
CASE OF EUROPE e
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Cloetingh et al. (2010)
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LITHOSPHERIC THICKNESS AND COMPOSITION:
CASE OF EU ROPE energies

Renewable
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I GEOTHERMAL ENERGY Renewable

energies

Introduction to geothermal energy
- What is geothermal energy?
Geothermal Energy in the Renewable Energy mix, status, and evolution
Classification
Different use of geothermal energy; Resource <-> Usage
Electricity generation
Direct use
- Thermal processes in the earth system
Geodynamic and surface heat flow
Lithospheric thickness and composition
Punctual thermal perturbation:
Kinematic, magmatism, radiogenic heat production, hydrology

tomorrow: Geothermal energy in volcanic settings

€nergies
(f nouvre%!es
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PUNCTUAL THERMAL PERTURBATION: KINEMATIC Renewable

energies

FAULT SYSTEMS Horst Graben
Assemblage of planar faults EEEETETE, ,\-\ /- [T

Assemblage of listric faults \: /7 :\ /; :\ /;

Intraman tlereflections
250 200 150 100 50 0

Neogene :
[ pa|gogene I Middle - Upper Triassic distance (km)

[ cretaceous [_] ?Devonian - Lower Triassic

[ Jurassic [ ] Basement

Moho !

—— e ——

Note: these faults accommodate a pure shear
deformation (also called non rotational

- Energies
(lanouveiies
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I PUNCTUAL THERMAL PERTURBATION: KINEMATIC S—

energies

Tectonic Numerical kinematic models predict temperature effects of lithosphere deformation.
The 1D McKenzie Model (1978) is a classic for continental lithosphere extension (rifting)

McKenzie heat flow
No Good:

e No crustal heat
production
e No sediment infill

McKenzie model: lithosphere is instantaneously
thinned by factor 3

€nergies
@Pnou%lss
\\-._-"'
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I PUNCTUAL THERMAL PERTURBATION: KINEMATIC Renewable

energies

Tectonic-heat flow should include sediments and heat production in the crust
(The single stretching factor is valid in certain cases but not all)

dT/dz dT/dz

€nergies
@Pnou%lss
\\_-"'
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PUNCTUAL THERMAL PERTURBATION: KINEMATIC S—

energies

Heat Flow in mW.m-2
and Neogene Volcanism
—— Cenozoic Tectonics 35
m Cenozoic basins g
- :J:Izg:;; and Quaternary 35
000N 30°00'E 40
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Cloetingh et al. (2010)

Totes 3 e

[WR
e- N i) 8] o G

85 © | 2021 IFPEN

( f €nergies
Q nouvelles
\___,«'



PUNCTUAL THERMAL PERTURBATION: RADIOGENIC
BODIES (CORNWALL) energies

Renewable
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PUNCTUAL THERMAL PERTURBATION: RADIOGENIC
BODIES (CORNWALL: UDDGP PROJECT) energies

Renewable
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PUNCTUAL THERMAL PERTURBATION: RADIOGENIC
BODIES (PARIS BASIN) Renewable

energies

15°C

B Tertiary

[ Cretaceous 15km

30 mMW/m?
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P
ff’/
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4-12“(3\\_/

sans granites

o 0s 1 18 25 3 as B 48 L}
Disance horijontale (m

Guillou-Frottier et al, 2011
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I PUNCTUAL THERMAL PERTURBATION:
HYDROGEOLOGY (SOULTZ-SOUS-FORET)

89 © | 2021 IFPEN

Renewable

energies

Geothermal gradient

. / measured (105°C/km)
\ s .
]400 e o — — — -.A ......... ..:.'é.,-‘—.— Interface
R4 ~ . Sandstone/Granite
.\. %
\l
—_ N
E .
STRASBOURG / j/é < 2500 1 \
s°"’ ’ \ 7 § \'
. Petomtial area for HOR \.
—ﬁ : l geethermal energy
27 L
E
o 10 20 30 42 0 km
5000 Al L) L] 1
0 50 100 150 200

Temperature (°C)

Pribnow et al. (1999)
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PUNCTUAL THERMAL PERTURBATION:

HYDROGEOLOGY (SOULTZ-SOUS-FORET)

ep
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PUNCTUAL THERMAL PERTURBATION:
HYDROGEOLOGY (SOULTZ-SOUS-FORET)
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Isotherme 140°C
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Guillou-Frottier et al, 2011
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PUNCTUAL THERMAL PERTURBATION: MAGMATIC R—
INTRUSION energies
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Renewable

PUNCTUAL THERMAL PERTURBATION: MAGMATIC INTRUSION _
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I GEOTHERMAL ENERGY

Renewable
energies
Introduction to geothermal energy .

- What is geothermal energy?

Geothermal Energy in the Renewable Energy mix, status, and evolution

Classification

Different use of geothermal energy; Resource <-> Usage

Electricity generation & Direct use

- Thermal processes in the earth system

Geodynamic and surface heat flow

Lithospheric thickness and composition

Punctual thermal perturbation:

Kinematic, magmatism, radiogenic heat production, hydrology

- Geothermal energy in sedimentary basins

General principles on sedimentary basins

Modelling geothermal energy

Geothermal energy potential in India (ifienergies
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energies

I WHAT IS A BASIN’) Renewable

Sedimentary Basin:
* A geologically depressed area with thick sediments in the interior and thinner sediments at the edges (Mitchell, A.H.C. and

Reading, H.G 1986)
* Any geographical feature exhibiting subsidence and consequent infilling by sedimentation and potentially uplift.

It is common to categorize sedimentary basins according to the mechanism of formation: tectonic compression (e.g., foreland basins,
caused by lithospheric flexure), tectonic extension (e.g., back-arc basins, caused by lithospheric stretching), and tectonic strike-slip
(such as pull-apart basins).

The study of sedimentary basins helps understanding the processes of basin formation and evolution.

[ Coastal Plain
- Estuarine / Deltaic enwv. R
E Shoreface
W Offshore

Middle East Well Evaluation Review Number 10, p. 8 .
fPEnergres
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I GEOTHERMAL ENERGY

Renewable
energies
Introduction to geothermal energy .

- What is geothermal energy?

Geothermal Energy in the Renewable Energy mix, status, and evolution

Classification

Different use of geothermal energy; Resource <-> Usage

Electricity generation & Direct use

- Thermal processes in the earth system

Geodynamic and surface heat flow

Lithospheric thickness and composition

Punctual thermal perturbation:

Kinematic, magmatism, radiogenic heat production, hydrology

- Geothermal energy in sedimentary basins

General principles on sedimentary basins

Modelling geothermal energy

Geothermal energy potential in India (ifienergies
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DISTRIBUTION OF SEDIMENTARY BASINS Renewable

energies

From Halbouty (198@,, QISP S

LN
. N

Sedimentary Bassins in different tectonic context

1- Extension - Rifting
- Passive margin

2- Subduction - Fore-arc basin

- Back-arc basin
3- Convergent plate - Foreland basin
4- Transcurrentes - Pull-aparts

5- Intracratonic

©Beicip-Franlab
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SEDIMENTARY BASINS IN DIFFERENT TECTONIC CONTEXT Renewable

energies

DIVERGENT ‘ CONVERGENT ‘ WRENCH

A-Subduction B-Subduction B-Subduction

Intracratonic Sag Peripheral Foreland ©O-C Fore-arc O-O Fore-arc C-C Wrensh

= | == =% | =

O-C Retro-arc

0-0 Retro-arc

Rift Piggy Back Foreland B 0-C Wrench
= E§§l WI % i@
Retro-montane O-C Retro-arc 0-0 Retro-arc
Aulacogen extensional extensional extensional
M
Intra-montane O-C Intra-arc 0-0 Intra-arc

Passive Margin extensional

Different tectonic regimes and main types of sedimentary basins. (_f energles
_l Pnauvelies
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RIFTING Renewabls

energies

Uplift of a broad area
gtust hegtea and expanded

xample:
Colorado Plateau

Rift valleys formed
Em :Rm Valley
Rio Grande Rift

Oceanic crust and new
ocean forms

Erosion reduces height
of flanking continent

Example:

Continental crust, thinned by eroslon, cools,
contracts and sinks beneath the sea
Example:

Copysght 1799 Jobn Wiley and Sans, Inc. Al rights reserved (

Energies
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RIFTING
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TERRESTRIAL RIFT VALLEY FOSSIL RIFT ("FAILED OCEAN”)

PASSIVE MARGIN MATURE OCEAN
Hinge Zone Continental Terrace
¥ ¥

APPROXIMATE SCALE

L e
CRift Valley

Indian
Ocean
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I RIFTING
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PASSIVE MARGIN Renewable
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PASSIVE MARGIN Renewabls

energies

Stage « rift »

Lias (

Stage « break-up »

Stage
« young margin »

Stage
« mature margin »

@f Enen%es
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I PASSIVE MARGIN Renewable

energies

climat
insolation

/ /
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/
' végétation

erosion circulation  gstatisme

oceanique

contrainte
tectonique
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SUBDUCTION

Sumatra

Fault  Barisan
System Mountains

Outer arc/
Trench Fore arcf Fore arc Volcano
ridge basin |
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Oceanic /

1004 Crust Accretionary

prism/wedge  Subduction
complex

Heat convection
doming of mantle
and crustal thinning

0 100 km

Darman, 2014

200 km -

No vertical exaggerations
Basins and surface features
not to scale
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CONVERGENT Renewable

energies

N ' i orogen
Erosion g

Accommodation depends on uplift / subsidence (& sea-level)

Foreland basin

s<pc<pl<pa
A (ifPsme
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CONVERGENT

Sadiments
Water

c
: 5 Main reservoir
Orogenic belt Regional  onlapping onto  d Extensive severely
seal basement degraded tar sand

Non-degradad oils
in desper resenvoirs

B Unit contzining scurce rock 1
& B Unit containing scurce rock 2
S
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| Basement

50 km

(from IFP School Course, Mascle, 2007)

Horizontal distance (km)

=no/2
@ fo=pel Xy = 3na/4
\ 100 200 300 400
B 1 | 1
t=0 2 |

0—
E 1 -
= FOREBULGE
L 2
‘8 Foreland evolution through ]
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TRANSCURRENT : PULL APART Renewable

energies

Vi

Mer de Galilge

Mer Morte

golfe Akaba coupe transversale coupe longitidinale
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L e |

étirement lithosphérique sous la zone de relais
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INTRACRATONIC

Conventional petroleum fields

Hox Chateau Trverry ]

VERTLA.GRAVELLE  soupao)
@@

From IFP Report, 2002
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INTRACRATONIC Renewabls

energies

intra-cratonic basins: different hypothses for subsidence origin
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I GEOTHERMAL ENERGY

Renewable
energies
Introduction to geothermal energy .

- What is geothermal energy?

Geothermal Energy in the Renewable Energy mix, status, and evolution

Classification

Different use of geothermal energy; Resource <-> Usage

Electricity generation & Direct use

- Thermal processes in the earth system

Geodynamic and surface heat flow

Lithospheric thickness and composition

Punctual thermal perturbation:

Kinematic, magmatism, radiogenic heat production, hydrology

- Geothermal energy in sedimentary basins

General principles on sedimentary basins

Modelling geothermal energy

Geothermal energy potential in India (ifienergies
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EXPLORATION > BASIN SCALE - INTEGRATED APPROACH Renewable

energies

3D geological modeling
(facies, stratigraphy)

3D structural modeling
Fault juxtaposition analysis

Forward stratigraphic
==2=za modeling

Available data +
regional tectono-
stratigraphic setting. ., .

Sa :

Basin
modeling
Integrated

workflow

3D THMC
simulation

Porosity, Permeability,
Temperature,
Overpressure, Seal integrity

@ Ensrg.};'es
- \ nouvelles
Mattioni et al., 2022 N

Extraction of boundary
conditions for reservoir
scale simulations
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EXPLORATION > BASIN SCALE

@ Principles of the forward stratigraphic modelling

Renewable

energies

@ Constructing sedimentary basins by modelling basin scale processes (space — 10s to 100s of km / time — 1s to 100s of Ma)

@ The workflow is constraints by data: parameters estimated from seismic data and well logs constraining the simulation over the data

@ The workflow is driven by concepts: forward stratigraphic modelling of the stratigraphic processses.

Simulated processes in a digital stratigraphic model Example of a result for a digital stratigraphic model

R I, 1) Basin deformation
Ve 2 i
— 2) Inflow of sediments

* 2) Sediment transports
-——\

114 © | 2021 IFPEN
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EXPLORATION > BASIN SCALE - INTEGRATED APPROACH Renewable

energies

3D geological modeling
(facies, stratigraphy)

3D structural modeling
Fault juxtaposition analysis

Forward stratigraphic
3 modeling

Available data +
regional tectono-
stratigraphic set

Basin
modeling
Integrated

workflow

3D THMC
simulation

Porosity, Permeability,
Temperature,
Overpressure, Seal integrity

@ Ensrg.};'es
- \ nouvelles
Mattioni et al., 2022 N

Extraction of boundary
conditions for reservoir
scale simulations
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EXPLORATION > BASIN SCALE Renewable

energies

Tar
Deposit

Simulation THMC

Therzaghi; Pascal; Darcy

Schneider; Athy Fourier

Arrhenius

_> Major processes

—————P Local Processes

nouvell
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EXPLORATION > BASIN SCALE - INTEGRATED APPROACH Renewable

energies

3D geological modeling
(facies, stratigraphy)

3D structural modeling
Fault juxtaposition analysis

Forward stratigraphic
==2=za modeling

Available data +
regional tectono-

Basin
modeling
Integrated

workflow

3D THMC
simulation

Porosity, Permeability,
Temperature,
Overpressure, Seal integrity

@ Ensrg.};'es
- \ nouvelles
Mattioni et al., 2022 N

Extraction of boundary
conditions for reservoir
scale simulations
1 17 © | 2021 IFPEN



EXPLORATION > BASIN SCALE

@ Stratigraphic modelling of the Dogger in the Paris Basin
(Mattioni et al. 2022, target CCUS)

@ Achieve a simulations that allows a good fit with the data :
@ Total thickness of the deposits (Delmas et al., 2013)
@ Facies distribution (Delmas et al., 2013)
@ Stratigraphic cross section from the literature

73000
70000
‘a0 =
i
A
7 iy,
L

Ui

i uNum/mmunmnm

Mattioni et et al., 2022
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EXPLORATION > BASIN SCALE Renewable

energies

BASSIN -

non dépbt.s ]
i g .

(P Houwel, rapport IFPEN n* 63030, 2013)

@ The « sillon marneux » provides an efficient seal for HC, preventing its migration towards the western part of the Paris Basin.

@ Its presence is one of the major critical parameters (but not the only) that explains the lack of important HC accumulations in the
western part of the Paris Basin.

( 'f €Energies
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EXPLORATION > BASIN SCALE Renewable

energies

@ The THC modelling (Torelli et al., 2020) shows that the
thermal structure in the basin is dominated by the
conduction, no heat advection has been identified.

@ The obtained heat flow map at the base of the sediments
shows a variability mostly related to the structure and

| nature of the basement but also in relation with the

-\ overlying sedimentary cover (cold area = depocenter and

' permo-carboniferous basins). The impact of the couple

basement-cover on the map justify the couple modelling.

The flow varies between 65 and 85 mW/m?2.

@ A better understanding of the thermal history, a better
evaluation of the eroded volumes and therefore a better
calibration of the flowing mechanism.

,a" Heatflow(mW/mz)85
Y/ L7 I .

Torelli et al., 2022

(f €nergies
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EXPLORATION > BASIN SCALE - FAULTS AND FLUID
ADVECTION

Conceptual scheme:

Adapted from Dezayes, 2018
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I EXPLORATION > BASIN SCALE - —
HYDROTHERMAL SYSTEM MODELING enarglas

Seacions o, 612250511 Crust thinning 200km to 130km

Prescribed
T°=1330°C

- Energies
122 © | 2021 IFPEN Cacas-Stentz et G/., 2021 @/_nouveﬂes



EXPLORATION > BASIN SCALE -
HYDROTHERMAL SYSTEM MODELING

Fractured
corridors in
the basement
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Fault core
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EXPLORATION > BASIN SCALE -
THERMAL RESULTS WITH ADVECTION

Not Calibrated

2021 IFPEN

Water flow
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Advanced Basin Modelling Package
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I EXPLORATION > BASIN SCALE - Renewable
HYDROTHERMAL SYSTEM MODELING energles

Heat flow at base sediments TemiSFIDW““
Advanced Basin Modelling Package

Heat flux maps at the base of the sediments: 2 (mWw/m2) 100

N\

» Conduction only » Cond. + Advection
with fracture zones

- Energies
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I EXPLORATION > BASIN SCALE S—

@ Basin modelling allows:

@ the integration of existing data and testing different geological interpretations (calibration
data are required).

@ to test the sensibility of several parameters to identify those who have the most impact on
the overall geothermal potential and focus the acquisitions.

@ the creation of potential maps.

@ Modelling tools are appropriate for geothermal exploration, but can be completed to go
further

@ Requirements:

@ Ongoing work on the taking into consideration of the diagenesis in the stratigraphic
modelling.

@ Working on the recharge and its evolution through time.
@ Consideration of minerals rich in lithium and lithium mobility towards the geothermal fluid.

( f €nergies
Q nouvelles
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I GEOTHERMAL ENERGY

Renewable
energies
Introduction to geothermal energy .

- What is geothermal energy?

Geothermal Energy in the Renewable Energy mix, status, and evolution

Classification

Different use of geothermal energy; Resource <-> Usage

Electricity generation & Direct use

- Thermal processes in the earth system

Geodynamic and surface heat flow

Lithospheric thickness and composition

Punctual thermal perturbation:

Kinematic, magmatism, radiogenic heat production, hydrology

- Geothermal energy in sedimentary basins

General principles on sedimentary basins

Modelling geothermal energy

Geothermal energy potential in India (ifienergies

127 © | 2021 IFPEN ..\‘_/nouveﬂes



Renewable

GEOTHERMAL ENERGY — POTENTIAL IN INDIA energies

Puppala and Jha, 2018

Geothermal Field Geothermal Province Direct Uses

Puga Himalayan Refinement of Sulphur &
borax: Space heating: Poultry
farming: Mushroom cultivation - 35°N
Manikaran Himalayan Potato farming, Cold storage,
Hot water baths, Spa
Chumathang Himalayan Greenhouse cultivation:
Growing of vegetables
Tapoban Himalayan Green house cultivation:
Growing of vegetables -30°
Tattapani SONATA Mushroom cultivation: Cold
storage: Tourist development
(Spa): drying & caning of fish:
Cocoon boiling for extraction
of silk: Space heating purpose | o50
Uhavre Ked West Coast Fish drying; Curing of cement
Slabs, Spas, Cold storage:
Boiling of mineral water

70° 80° 90°

D Cretaceous to Recent sediments

Jurassic (Rajmahal) to
Cret.- Eocene (Deccan) basalts

U Carb-L Cret Gondwana basins|

Arabian

Sea
Unclassified rock formations of
Himalayas

WAJRAKARUR - Unclassified granites
KIMBERLITE D Proterozoic basins

1+15°

FIELD
" . Archaean-Proterozoic granulites
20 100 % . Archacan-Proterozoic gneisses |
‘ 10°N Granulite and mobile belts
\ Province I:I Archaean supracrustal rocks
l n dl an 0 c |e an I:I Archaean unclasmﬁcdlgncmcs
L 1

- NW- SE Himalayan Arc
- Gondwana grabens alz Delhi fold

- West Coast Continental margin

Roy and Mareschall (2011)

o 0 10° 10°
; - Son- Narmada- Tapti lineament N
A Major Geothermal Spots /0E 80 90
'Q Thermal Province Tempemture at Surface [°C) Tempemture at Reservoir (*C) Heat Flow [mW/m®) Thermal Gradient [“C/km)
o Himalayan Province =0 260 468 100
Yadav & Sircar(2021) modified from Chandrasekharam & Chandrasekharam (2015) Cambay Frovince 40-90 150-175 B0-93 70

West Coast Province 46-72 102-137 75-129 47-59
Sonata Province 60-95 105-217 120-290 60-90

128 © | 2021 iFPEN Godavari Province 50-60 175-215 o3-104 60




GEOTHERMAL ENERGY — WEST COAST RERSERE
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Depth
in

meters
o —
1000

ental margin
[ son- Narmada- Taptg lineament 2000
A Major Geothermal Spogs

%

Yadav & Sircar(2021) modified from
Chandrasekharam & Chandrasekharam (2015)

|
g%

Trupti et al (2011)
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GEOTHERMAL ENERGY - GUJARAT

- NW- SE Himalayan Arc
- Gondwana grabens nng Delhi fold
- West Coast Continental margin
- Son- Narmada- Taplg lineament

A Major Geothermal Spots
b
e

Yadav & Sircar(2021) modified from
Chandrasekharam & Chandrasekharam (2015)
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Sircar et al (2015)
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Dholera Hot Spring (50°C)

[ ——

130 © | 2021 IFPEN

¢ §uERmoen-

\

I EEEEEEE NN
{1 i
i

A HOT SPRING

Section at 3 km depth
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TEMPERATURE °C
P 50 §|£_) 7|0 K=-27
40 ' 50 &0 TQ K- 58
r T T !
K-27 ROCK TYPE
. { PERCENTAGE )
\ : EScLay or cLAYSTONE /. .
% == sanp or saNDSTONE [Seid
600} h
B3 sanoy cLaY e
0% CLAYEY SAND
g [EF] sanov suaLe
= Q EsHay sano
S s00}- . L %&- ol shaLe
= .S A, A siry sane
. sook o =5 sHaLy siLT
E g Edsiry suaLe
e b [ sMawy cuax
1000+ E ’
G
d
1000
&
w
1200
1saol K-58
Locality Basement depth  Averapge heat flow
(m) I cal./em? . sec
Cambay gasfield 2,200 2.3 96.3 mW/m:
Kathana oilfield 2,400 2.2 92.1 mW/m:
Nawagam oilfield 2,700 1.9 79.5 mW/m:
Kalol oilfield 3,000-3,200 1.85 77.5 mW/m:

Gupta et al (1970)
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GEOTHERMAL ENERGY = SON — NARMADA - TAPI RIFT (SONATA)

] NW- SE Himalayan Arc
- Gondwana grabens angl Delhi fold
- West Coast Continenzl margin
- Son- Narmada- Taptg lineament

v A Major Geothermal S;;ois
0
Yadav & Sircar(2021) modified from
Chandrasekharam & Chandrasekharam (2015)

Depth (m b.s.l.)
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Fig. |. Lincament map of central India with hot spring locations,
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manifestations

Foe

A o s00m o
X & & 5

B =

Temperature contours (C*)

Borenote nos

Proterazoic gneiss and gronite

Gondwana: sandstane - shale - conglomerote

100
Fig. 9. Distribution of temperature in boreholes in Tattapani hot spring area.

Shanker et al (1987)

Distribution of temperature in hareholes in Tatrapani hot spring area.

GW/ TAT/4A

GW/ TAT/ 7
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GEOTHERMAL ENERGY — WEST COAST

Yadav and Sircar (2020)

- NW- SE Himalayan Arc
- Gondwana grabens anfl Delhi fold
- West Coast Continental margin
- Son- Narmada- Taple lineament

A Major Geothermal Spots
b

HFB - Himalayan Frontal Boundary
MBT - Main Boundary Thrust

MCT - Main Central Thrust

AHT - Active Himalayan Thrust

NORTHEAST

Chamuthang
hot springs

Yadav & Sircar(2021) modified from

Chandrasekharam & Chandrasekharam (2015)
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Tibet (Chins)
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SEDIMENTARY ROCK
(INCLUDING OPHIOLITE)
BASIC, ULTRABASIC AND
SEDIMENTARY ROCK
METAMORPHIC ROCK
O AREA OF THERMAL
MANIFESTATION

PUGA VALEY
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Harinarayana et al, 2006
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I TAKE HOME MESSAGES:

- Geothermal has a role to play in the renewable energy mix

- For a better development of geothermal, a precise classification
IS important

- Geothermal can produce from electricity to single house heat
... however, this depends on the geological resource

- Basin scale modelling bring the first order to understand
geothermal occurences

( f €nergies
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